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Imprints of octupole collectivity in uranium-238 on relativistic heavy-ion flow observables
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Some atomic nuclei exhibit enhanced octupole collectivity, reflected in finite reflection-asymmetric multipole
correlations rather than necessarily in a rigid static pear-shaped ground state. Low-energy studies indicate finite
octupole strength in uranium-238, commonly interpreted as soft or vibrational in nature, in addition to its large
prolate quadrupole collectivity [F. K. McGowan and W. T. Milner, Nucl. Phys. A 571, 569 (1994).; T. Kibédi and
R. H. Spear, At. Data Nucl. Data Tables 80, 35 (2002)]. Here, we investigate how such octupole correlations can
be encoded in the initial geometry of relativistic heavy-ion collisions and mapped to final-state flow observables.
Using state-of-the-art hydrodynamic calculations, we demonstrate quantitative sensitivity to octupole-induced
features encoded in the initial-state geometry and suggest a modest effective octupole-correlation strength in
uranium-238 that is compatible with the latest high-energy experimental measurements [B. E. Aboona et al.
(STAR), Rep. Prog. Phys. 88, 108601 (2025)]. These findings provide a complementary probe of odd-order
nuclear collectivity and help constrain quark-gluon plasma initial conditions.

DOI: 10.1103/3n5q-m2kf

I. INTRODUCTION

The atomic nucleus, as a strongly interacting many-body
system, exhibits a variety of shapes from spherical to su-
perdeformed [1,2]. Nuclear deformation has been traditionally
inferred from low-energy spectroscopic measurements and
models of reduced transition probability between low-lying
rotational states, less than a few tens of MeV/nucleon beam
energies [3]. More recently, it has been demonstrated that
nuclear shapes can also be probed in high-energy nuclear
collisions in yoctosecond-scale (1072*s) resolution of nu-
cleon spatial distributions by taking advantage of the strong
responses of the hydrodynamics collective flow to the shape
and size of the initial state [4,5]. This paradigm has been
validated by measurements at Relativistic Heavy Ion Collider
(RHIC) [6,7] and at the Large Hadron Collider (LHC) [8,9],
aided by significant theoretical efforts [10-22].
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In modeling high-energy collisions, the nuclear density is
commonly parametrized by a deformed Woods-Saxon (WS)
profile [23,24]

p(r,0) o (1 4 exp[(r — R, ¢))/a) ™",
R0, ¢) = Ro(1 + B2[cos yY2 0 +siny Y2 5]
+ B3Y30 + BaYyo), (D

where Ry ~ 1.2A'73 denotes the nuclear radius and a is
the surface diffuseness (skin depth). The nuclear surface
R(0, ¢) is expanded in spherical harmonics Y;,,(6, ¢) in
the intrinsic frame, including only the most relevant axially
symmetric quadrupole (8;), octupole (83), and hexadecapole
(B4) deformations, while triaxiality parameter y (0° <y <
60°) characterizes deviations from axial symmetry [25,26].
In this work, the parameters S, in Eq. (1) are used as
effective amplitudes controlling multipole correlations in
event-by-event coordinate-space sampling. In particular, fs,
an independent degree of freedom orthogonal to even order,
should not be interpreted as evidence for a rigid static oc-
tupole deformation of the 2*®U ground state. Rather, it is a
model-dependent effective amplitude parametrizing the rms
strength of reflection-asymmetric octupole correlations that
contributes to the initial geometry sampled by an ultrarel-
ativistic collision and should not be equated with a unique
low-energy nuclear-structure parameter.

Using the “imaging-by-smashing” method, the STAR ex-
periment at RHIC has extracted effective shape parameters

Published by the American Physical Society
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FIG. 1. Illustration of relativistic heavy-ion collisions with sampled octupole-correlated nuclear configurations. Cartoon of collisions
involving nuclei whose event-by-event coordinate-space configurations contain reflection-asymmetric octupole correlations. The produced
charged particle tracks are measured in the detector [panel (a)]. Head-on body-body [panel (b)] and tip-tip [panel (c)] configurations are shown
together with the corresponding 3D profiles of the initial quark-gluon plasma, in which the arrows indicate the pressure gradients.

associated with the ground-state 28U, indicating a strongly
prolate quadrupole deformation (f,) and a small but finite
triaxiality (y) [7], consistent with low-energy constraints.
Model studies further suggest sensitivity to hexadecapole de-
formation B4 in 28U +2*¥U collisions [17,27,28]. Here, B4
can be correlated with the dominant $, in nuclear structure
calculations through multipole couplings in the deformation
energy surface [3,29-37].

The octupole collectivity in the heavy 23U nucleus, away
from the best known region of octupole deformed nuclei
centered at Z ~ 90, N ~ 136, remains less explored. Low-
energy spectroscopic studies of 23U have long established
finite octupole strength through E3 transition observables.
However, these data do not imply a rigid static octupole-
deformed ground state at zero or low spin [38-46]. The
octupole collectivity in 2*¥U is more commonly interpreted as
soft or vibrational in nature [2,43,44,47]. This octupole col-
lectivity plays an important role in nuclear structure models
[48], fission dynamics [49-51], with potential implications in
searches for atomic electric dipole moments [43,44,47,52,53].
The question addressed here is different from establishing a
static pear-shaped ground state. We ask whether the equal-
time coordinate-space octupole correlations associated with
this collectivity can leave measurable imprints on the initial
geometry of relativistic heavy-ion collisions and subsequently
on final-state flow observables.

II. MAPPING OCTUPOLE CORRELATIONS
TO TRIANGULAR FLOW

The “imaging-by-smashing” approach focuses on head-on
(near-zero impact parameter) collisions of octupole-deformed

nuclei [Figs. 1(a)-1(c)]. Each incident nucleus is a Lorentz-
contracted disk, generating a quark-gluon plasma (QGP)—a
hot, dense state of deconfined quarks and gluons [54,55].
The shape and size of the QGP overlap region are deter-
mined by the transverse (xy) plane projection of the colliding
systems, which directly mirror the shape of those collid-
ing nuclei encoded in the initial-state modeling. Body-body
collisions generate a larger, triangular QGP profile, whose
pressure-gradient-driven asymmetric expansion is illustrated
by the arrows in Fig. 1(b). In contrast, tip-tip collisions yield
a compact, circular QGP, leading to a faster but azimuthally
symmetric expansion [Fig. 1(c)].

The sensitivity to nuclear deformation arises from the
approximately linear mapping between the initial-state ge-
ometry and final-state anisotropic flow [7]. When deformed
nuclei collide in random orientations, they imprint dis-
tinct spatial anisotropies on the initial energy density
profile, characterized by eccentricity coefficients &,.; =
| [ re™e(r, p)d*r/ [ r"e(r, ¢)d’r|, where the local energy
density e(r, ¢) in the xy plane is derived from the overlap
region, although its precise magnitude depends on the hy-
drodynamic model used. Driven by pressure gradients, the
QGP undergoes hydrodynamic collective expansion, transfer-
ring the ¢, into azimuthal anisotropy of final-state hadrons,
described by a Fourier expansion of the particle azimuthal
angle distribution dN/d¢ o< 1+ 2 v, cosn¢p [56-59]. The
elliptic (v,) and triangular (v3) flows linearly respond to the
initial eccentricities ¢, [60], v, o &,, making them sensitive
to quadrupole and octupole collectivity.

Eventwise average transverse momentum ({pr)) quantifies
QGP compactness via the inverse area of the overlap d;

1/4/{x2)(y?) [61] and drives radial flow, following a linear
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relation, pr o 8d,, where Spr = (pr) — (pr)) and §d, =
d, — (d,) denote eventwise deviations from mean values
[7,62]. Here, ((pr)) represents the event-averaged transverse
momentum in event ensemble.

In collisions of spherical nuclei, &, primarily reflects the
impact-parameter-driven overlap ellipticity, while nonzero &3
arises solely from random fluctuations of nucleons [63-65],
leading to an anticorrelation (v%) ~ 1/A in the absence of
octupole deformation (B3 = 0). The presence of B3 and Sy
enhances the variance of v, following a quadratic form [66]
forn=2,3,

(v3) ~ a2 + b22B3 + b23B3 + braBopu.
(v3) ~ as + b3 33 + b3 4p;. 2)

B4 can affect v, by its nonlinear coupling with 8, [17], while
vs3 is not expected to be affected by B, [66]. Here, a, encodes
the system size and centrality dependence for spherical nuclei,
while the coefficients b, ,, are expected to be A independent.
These relations enable a data-driven method to constrain the
B, parameters by comparing collisions of two species of sim-
ilar sizes (see Refs. [10,66] for details).

In this article, we identify experimental signatures sensitive
to octupole collectivity in 238U using state-of-the-art hydrody-
namic calculations. We provide quantitative constraints on the
magnitude of B3y through two novel observables, triangular
flow and its correlation with transverse momentum, offering
new insights into pear-shaped collectivity that can be con-
trasted with recent high-precision experimental measurements
[67,68].

We emphasize that for a rotational invariant Hamiltonian,
the one-body density of a J™ = 0" ground state is spherical
in the laboratory frame [69]. While intrinsic deformations are
not directly observable, collective multipole correlations in
even-even nuclei can be inferred from electric transition rates
(B(E?)), within theoretical models [17]. In our approach, the
deformation parameters B, serve as effective intrinsic-shape
descriptors in event-by-event hydrodynamic modeling, char-
acterizing the strength of multipole correlations rather than
fixed laboratory-frame orientation or static symmetry break-
ing [23,24]. The observables studied here are multiparticle
correlation measures, sensitive to event-by-event fluctuations
and deformation collectivity encoded in the collision’s initial
state, for which orientation-interference effects decay expo-
nentially with increasing mass number [70].

III. HYDRODYNAMIC MODEL AND OBSERVABLES

To identify experimental signatures of octupole deforma-
tion in 2¥y, we simulate event-by-event (2 + 1)D boost-
invariant 2*U + 23U collisions at /sxy = 193 GeV and
Y7Au+""Au collisions at ,/sny = 200 GeV employing
the IP-Glasma + MUSIC + UrQMD framework. This model
consists of an initial state IP-Glasma model [71,72], coupled
with the hybrid framework of relativistic viscous hydrody-
namics, MUSIC [73-75], followed by hadronic transport,
UrQMD [76,77]. The energy density e(r, ¢) from the Yang-
Mills evolution is used to initialize the hydrodynamical
evolution. This model has been tuned to successfully repro-

duce collective flow in both small and large systems at RHIC
and the LHC [78].

For "7 Au, an odd-A nucleus, we adopt By au = 0.14 and
triaxiality ya, = 45°, guided by conservative low-energy es-
timates and model systematic comparisons with neighboring
nuclei [79,80]. While its odd-A character introduces polar-
ization effects associated with the unpaired nucleon that
complicate spectroscopic extraction of deformation parame-
ters [81], the bulk geometry of heavy nuclei is dominated by
collective mean-field properties [3,79,82].

To isolate the response to octupole correlations in 238U,
we vary an effective octupole amplitude, denoted by B3y
from O to 0.2 while fixing B,y =0.28 and yy =0° in
Eq. (1) (Table I). Hexadecapole effects are systematically
tested by scanning B4y between 0 and 0.09 [3,83,84]. The
minimum nucleon distance in nuclei dy;, is 0.9 fm in these
two collision systems. For each configuration, 100k—400k
high-statistics hydrodynamic events are generated, allowing
the precise determination of shape differences between these
two species. Each event is oversampled at least 100 times
during the UrQMD stage to ensure enough resolution for
anisotropic flow vectors and minimize statistical fluctuations
in the hadronic transport.

B, parametrizes the intrinsic-shape component of the
event-by-event initial geometry in deformed WS sampling.
Mapping it to laboratory-frame spectroscopic observables re-
quires additional nuclear-structure input, such as symmetry
restoration or rotational model relations [17], which is beyond
the scope of this article.

We study two-particle triangular flow, (v3), and its correla-
tion with transverse momentum, (v§8 pr1), defined as

(v3) = (cos[3(¢r — p)D)i.j
(v38pr) = (cos[3(¢; — dDI(prk — (PT))ijk-  (3)

Here, ¢; and pr; denote the azimuthal angle and transverse
momentum of particle i. The particle indices i, j, and k are
chosen such that only unique combinations are used. The
averages are first over unique particle multiplets in an event
and then over all events in a fixed centrality class. (v%) is
obtained using the two-subevent method with pseudorapidity
gap |An| > 1 and the covariance (v§8 pr) is calculated via
the standard method. Results are verified across four different
pr intervals. The observables in Eq. (3) are calculated in
isobarlike 24U + 2% U and '’ Au 4 '’ Au collisions with near
A, from which we construct the ratios

2
v a b b
Rv§ _ (23)U+U ~ B3 n 3,3 1332 n 3.4 1327 )
) (v3 >Au+Au Aa3Au a3Au Aa3Au
v26pT
Ry2sp = w ~ a — bp,p2. 5)
’ <U§8pT>Au+Au

These ratios suppress most system-dependent effects, includ-
ing final-state and odd-A specific effects, sensitive to the rms
strength of octupole correlations rather than to the sign or
fixed orientation of a static octupole moment. Their right-hand
sides, linked to two- and three-body nucleon distributions in
the intrinsic frame from Eq. (1), have a simple parametric de-
pendence on shape parameters [66,85], with @ and b in Eq. (§)
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TABLE 1. Woods-Saxon parameters used in IP-Glasma + MUSIC + UrQMD simulations of 28U 4+ 23¥U and !’ Au+ '°7 Au collisions.

dmin represents the nucleon minimum distance.

Species R (fm) a (fm) i (fm) B> B3 Ba vy (©)
197 Au 6.62 0.52 0.9 0.14 0 0 45
B8y 6.81 0.55 0.9 0.28 0.00, 0.05 0.09, 0 0
0.10,0.15
0.20

being empirical positive coefficients varying with centrality
[85]. The sensitivity of R,;, to octupole correlations re-

quires the presence of large quadrupole component, as in 233U,
making it a suitable system to probe f3. This particular sen-
sitivity would not appear in *°Zr 4+ °°Zr versus “°Ru + *°Ru
comparison to constrain the f3z, given the small values
of IBZ,Zr-

In Eqgs. (4) and (5), higher-order deformations in '*’Au
are assumed negligible based on low-energy studies, together
with the odd-A polarization and higher-multipole assumptions
noted above. The constraints quoted below should therefore
be understood as constraints within the adopted 23U / 1’ Au
reference scheme. Otherwise, the extracted shape information
corresponds to the difference between the two species, e.g.,
replacing 3 by B3 y-B3 au-

In the absence of deformation, the smaller ' Au + 7 Au
system is expected to exhibit larger fluctuations than
2By + B8y, yielding Rv% ~azuf/azan <1, as well as
R25,, ~ a < 1. The presence of B; then increases the values
of R, in central collisions to exceed unity—an inversion of
the hierarchy that provides a unique signature for S;—and
reduces Rz, further below unity, eventually inducing anti-
correlation behavior at large 83 magnitudes. Meanwhile, 8,4 is
expected to increase Ry in noncentral collisions [66], while
itsrole in R 25, is unclear. Our findings are discussed in light
of these mechanisms.

IV. RESULTS AND DISCUSSIONS

Three distinct features are identified: (1) For Bsy =
0.05, the ordering of (v_,z,) in ultracentral collisions (UCC,
0%-2% centrality) is reversed between 2¥U+2®U and
Y7Au+ "7 Au, ie., Rz > 1. (2) In the 2%-20% centrality

range, (v3) is still strongly enhanced by B3. (3) B4 increases
the values of (v%) in 2%-15% centrality, but has no impact
in 0%—2% centrality, consistent with findings from the initial
Glauber model [66]. It should be noted that a similar behav-
ior has also been observed in a multiphase transport model
calculations as cross-checks [86]. These trends follow the
expectation of Eq. (4) well, making them robust features that
can be verified experimentally. Such a hierarchical reversal
feature in 0%—2% centrality can be used to set a reliable limit
on f3.

The result of Fig. 2(a) demonstrates that finite octupole-
correlation strength in 2®U enhances the event-by-event
initial-state triangularity (e3) beyond the fluctuation-driven
baseline. The statistical uncertainties of current simulations,
represented by the shaded bands, are small enough to be

sensitive to a modest B3y, when compared to experimental
measurements [7].

Next, we focus on the UCC 0%-2% -centrality range,
where Rvg is mainly sensitive to B3. As shown in Fig. 2(b),
the predicted ratios exhibit linear dependence on ﬂ32U. As-
suming the magnitude of octupole strength B3 y = 0.08-0.10
[38,39,41], deduced from low-energy nuclear structure, we
predict R 2 & 1.05-1.12 indicated by the arrows. This range is
consistent with the current STAR measurement [67]. Note that
experimental results falling within this range would provide a
high-energy indication compatible with octupole collectivity
in 2®y. Future measurements with sub-percent-level preci-
sion, combined with additional sensitivity analyses, could
further tighten constraints on S;.

As a robustness test of the hydrodynamic response, we
also perform constrained Skyrme Hartree-Fock-Bogoliubov
(SHFB) calculations using the Skyrme-Hartree-Fock-
Bogoliubov equations using the transformed harmonic
oscillator basis (hfbtho) [87]. These calculations are not
used to establish a static octupole-deformed ground state of
238U, nor do they describe octupole vibrations by themselves.
Mean-field predictions of octupole minima in actinides,
including ?*®U, are known to be functional and model
dependent [88]. Instead, for prescribed multipole moments,
the constrained SHFB densities provide self-consistent radial
density profiles that can be used as alternative inputs to the
IP-Glasma + MUSIC + UrQMD framework. The agreement
between the deformed WS and constrained SHFB inputs
demonstrates that the predicted flow response is not an
artifact of the WS radial parametrization. The intrinsic axial
multipole moments are extracted from the SHFB density
pws(F) as Q0 = [ pws(F) r'Yio(0)d’r, from which the
deformation parameters ,B?FT = 41 Q, /(BN R") are defined.
The SLy4 interaction [89] is employed in the multiconstraint
SHFB calculations. We find that WS and realistic SHFB
densities lead to consistent results, indicating that WS
parametrization is sufficient to capture the deformation
features relevant for the 23U nucleus, as shown in
Fig. 2(b).

To gain further insight into nuclear shape, we examine
the three-particle correlator (v38pr). Body-body collisions
create a small d; with large 3 QGP shape, while tip-tip
collisions form a large d; with minimal &3 profile, as il-
lustrated in Figs. 1(b) and 1(c), leading to a pronounced
anticorrelation between d; and &3 and resulting in differ-
ent pressure-gradient-driven expansion patterns. Figure 3(a)
shows R,5, versus centrality for different B3 y. In central
collisions (0%—-5% centrality), Ry25py exhibits a near-linear

dependence on B,y ,832‘U, aligning with the parametric form
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&=== p_=0.10, B,=0.09
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mEE B3:0.10, 54:0.00

Centrality (%)

- (b)
| IP-Glasma+MUSIC+UrQMD
| ml<1,0.2< p, < 3 GeV/c

L 0-2%

- —e— Woods-Saxon

O 133;:0.10

i B,=0-08
Co oy v b v by v by vy by
0.00 0.01 0.02 0.03 0.04

Bz

3U

FIG. 2. (a) Ratios of (v}) between >*$U + 23U and '’ Au + ' Au collisions as a function of centrality for different 85 from IP-Glasma +
MUSIC + UrQMD using WS densities. Shaded bands denote statistical uncertainties. The dashed box marked the 0%—2% centrality region
that is most sensitive to B;. (b) The ratio (v3)y/(v3)au Vs ,332,U in 0%—2% centrality, assuming ﬂ32, au = 0. Arrows mark B3y = 0.08 and
0.10 from low-energy studies [38,41], comparable with recent STAR measurements [67]. Results with SHFB density yield consistent

trends.

predicted by Eq. (5), and provides complementary insights
into B3y constraints. The observed suppression is qualita-
tively consistent with the expected negative contribution of
Bs.u to (vi8pr).

It is observed that R s, also exhibits sensitivity to B4u.
A pure B4y = 0.09 has a negative contribution comparable
to that from B3y = 0.10 alone. However, when both B4y
and B3y are present, their combined impact is larger. This
suggests that terms like — 8,83 84 and —B, 87 should be added
to Eq. (5) in noncentral collisions. These couplings imply that
the signature of B3y and B4y requires larger B, y, making
2381 an ideal nucleus. For moderate values of B3,y and B4y
(Bsu < 0.1, gy = 0.05-0.1), RvgapT falls in the range of 0.5—
1 in central collisions, underscoring the need for combined

0.
2|2
gla |
B | IP-Glasma+MUSIC+UrQMD
\/0.0* n|<1,0.2< P, < 3 GeV/c
I == p,=0.00, B,=0.09
L E== p,-005, B,=0.09
- E=== p -0.10, B,=0.09
-0.5[~ &= p=0.15, B,=0.09
i B,=0.10, B,=0.00
0 I 1|0 ‘ 2|o ‘

Centrality (%)

observables, such as R, 2 and R 25pp> 1O constrain the correlated
region of the 3 and ,34 parameter space.
We validate the linear scaling of R,2;,, in 0%—5% central-

ity, shown in Fig. 3(b) as a function of 8,y ﬂ32‘U. This linear
scaling serves as another significant constraint on octupole
deformation in 2y in high-energy collisions, compared to
the recent STAR measurements [67]. Importantly, R,z;,, also
exhibits consistent agreement between WS and SHFB density
input.

Figure 4 shows the centrality dependence of R,; [panel
(a)] and R 2501 [panel (b)] calculated in four pr 1ntervals with
fixed B3y = 0.10. No variations with the choice of pr inter-
val are observed. This implies that the final-state effects are
almost completely canceled, leaving the model uncertainties

ok (b) IP-Glasma+MUSIC+UrQMD
L nl<1,0.2< p, < 3 GeV/c
i 0-5%
= - —e— Woods-Saxon
a’| 1,05~ —o— SHFB
< | L
=
o | v
Lo ,g. [
> N>(O -
@< 0.0~
2.2 [
ol |
©,| e L
08

I O.C;OO ‘
B B

2,U 3U

FIG. 3. (a) Ratios of (v28pr) between 23U +2%U and ""Au+'""Au collisions vs centrality for different B3y from IP-Glasma +

MUSIC + UrQMD calculations. Shaded bands denote the statistical uncertainties. (b) Ratio (

centrality. Results with SHFB density yield consistent trends.

v38pr)u/(V38pr)au Vs BoupBiy for 0%-5%
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IP-Glasma+MUSIC+UrQMD
[nl<1, Bs,u=0'1’ ﬁS,Au=0

Centrality (%)

0.2< p, < 2 GeV/c
0.5< p, < 2 GeV/c
0.2< p, < 3 GeV/c
0.5< p, < 3 GeV/c

10 20
Centrality (%)

FIG. 4. Centrality dependence of ratios of (v%) [panel (a)] and (v%S pr) [panel (b)] between 23U 4 233U and 7 Au + 7 Au collisions from
the IP-Glasma + MUSIC + UrQMD model for four pr intervals. The shaded bands denote the statistical uncertainties.

mainly due to the initial conditions. The 20% difference in
the mass numbers between °’Au and >®U does not lead
to any appreciable difference in the hydrodynamic response.
The stability of the ratio against varying pr intervals is cru-
cial to demonstrate that the impact of nuclear deformation
can be measured without the need to impose stringent pr
selections.

V. SUMMARY

We have investigated how effective octupole correlations
in 238U can be encoded in the initial geometry of relativis-
tic heavy-ion collisions and manifested in final-state flow
observables. The parameter 83 used here represents an ef-
fective rms octupole-correlation amplitude in event-by-event
initial-state modeling, rather than a rigid static octupole de-
formation of the 23¥U ground state. By constructing ratios
of the same observable between collisions of 2¥U +2¥U
and "7 Au+ """ Au within IP-Glasma + MUSIC + UrQMD
framework, we identify quantitative signatures associated
with octupole collectivity characterized by B3 y. In particu-
lar, a modest B3y leads to a characteristic reverse ordering
of (v%) ratio in UCC 0%-2% centrality, while hexadecapole
collectivity parametrized by B4y primarily affects noncentral
collisions. The recent STAR measurements are compat-
ible with a finite effective octupole-correlation strength,
Bsu ~ 0.08-0.1 [67], providing a valuable high-energy in-
terpretation. We further show that the ratio of (v%é PT)
exhibits complementary sensitivity to both 83y and B4y in
a centrality-dependent manner. (v%) increases linearly with
,832, while (v%B pr) exhibits a previously unexplored suppres-
sion, scaling linearly with 8,87. Importantly, we confirm that
WS and SHFB densities yield consistent results in heavy
nuclei.

Taken together, the combined analysis of these ratios
enables systematic constraints on higher-order collectivity, in-
cluding an upper limit on B4y, once B3 y is determined. Their
ratios are insensitive to pr cuts, demonstrating robustness
against kinematic selections. Overall, these observables can

be combined with Bayesian analysis to further refine quanti-
tative constraints.

By providing new constraints on initial-state modeling,
this “imaging-by-smashing” approach contributes to reducing
uncertainties in the description of QGP initial conditions, and
their subsequent dynamics and transport properties [4,90,91].
Moreover, these findings provide a complementary probe
of nonzero octupole collectivity in heavy nuclei [44,45],
complementing traditional nuclear-structure studies. While
low-energy measurements indicate finite octupole collectivity
in 238U [38,39], the interpretation in terms of static rigid or
soft vibrational modes remains model dependent and under
debate [92-94]. Future high-energy measurements of multi-
particle flow fluctuations, such as (v3{4}/v3{2})*, as explored
in Refs. [95,96], provide a complementary and experimentally
accessible probe of the sensitivity to these scenarios.

ACKNOWLEDGMENTS

We thank P. A. Butler, G. Giacalone, P. Garrett, and
K. Hagino for valuable comments and discussions. This
work was supported in part by the National Key Research
and Development Program of China under Contracts No.
2024YFA1612600 and No. 2022YFA1604900, the National
Natural Science Foundation of China (NSFC) under Con-
tracts No. 12025501, No. 12547102, and No. 12205051,
the Natural Science Foundation of Shanghai under Contract
No. 23JC1400200, Shanghai Pujiang Talents Program un-
der Contract No. 24PJA009, and China Postdoctoral Science
Foundation under Grant No. 2024M750489. J.J. and C.S.
were supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under DOE Awards No.
DE-SC0024602 and No. DE-SC0021969, respectively. C.S.
acknowledges a DOE Office of Science Early Career Award.

DATA AVAILABILITY

The data that support the findings of this article are avail-
able from the corresponding author on request.

033018-6



IMPRINTS OF OCTUPOLE COLLECTIVITY IN ...

PHYSICAL REVIEW RESEARCH 8, 033018 (2026)

[1] K. Heyde and J. L. Wood, Shape coexistence in atomic nuclei,
Rev. Mod. Phys. 83, 1467 (2011).

[2] D. Verney, History of the concept of nuclear shape, Eur. Phys.
J. A 61, 82 (2025).

[3] P. Maller, A. J. Sierk, T. Ichikawa, and H. Sagawa, Nuclear
ground-state masses and deformations: FRDM(2012), At. Data
Nucl. Data Tables 109-110, 1 (2016).

[4] J. Jia et al., Imaging the initial condition of heavy-ion collisions
and nuclear structure across the nuclide chart, Nucl. Sci. Tech.
35,220 (2024).

[5] J. Jia, Imaging nuclei by smashing them at high energies: How
are their shapes revealed after destruction? Rep. Prog. Phys. 88,
092301 (2025).

[6] M. Abdallah et al. (STAR), Search for the chiral magnetic
effect with isobar collisions at ,/syy = 200 GeV by the STAR
collaboration at the BNL Relativistic Heavy Ion Collider, Phys.
Rev. C 105, 014901 (2022).

[7]1 M. 1. Abdulhamid et al. (STAR), Imaging shapes of atomic
nuclei in high-energy nuclear collisions, Nature (London) 635,
67 (2024).

[8] S. Acharya et al. (ALICE), Characterizing the initial conditions
of heavy-ion collisions at the LHC with mean transverse mo-
mentum and anisotropic flow correlations, Phys. Lett. B 834,
137393 (2022).

[9] G. Aad et al. (ATLAS), Correlations between flow and trans-
verse momentum in Xe + Xe and Pb + Pb collisions at the
LHC with the ATLAS detector: A probe of the heavy-ion ini-
tial state and nuclear deformation, Phys. Rev. C 107, 054910
(2023).

[10] G. Giacalone, J. Jia, and C. Zhang, Impact of nuclear deforma-
tion on relativistic heavy-ion collisions: Assessing consistency
in nuclear physics across energy scales, Phys. Rev. Lett. 127,
242301 (2021).

[11] B. Bally, M. Bender, G. Giacalone, and V. Soma, Evidence of
the triaxial structure of '*Xe at the Large Hadron Collider,
Phys. Rev. Lett. 128, 082301 (2022).

[12] J. Jia, G. Giacalone, and C. Zhang, Separating the impact of
nuclear skin and nuclear deformation in high-energy isobar
collisions, Phys. Rev. Lett. 131, 022301 (2023).

[13] S. Zhao, H.-j. Xu, Y.-X. Liu, and H. Song, Probing the nuclear
deformation with three-particle asymmetric cumulant in RHIC
isobar runs, Phys. Lett. B 839, 137838 (2023).

[14] Y.-G. Ma and S. Zhang, Influence of nuclear structure in rela-
tivistic heavy-ion collisions, in Handbook of Nuclear Physics,
edited by 1. Tanihata, H. Toki, and T. Kajino (Springer Nature,
Singapore, 2022), pp. 1-30.

[15] G. Giacalone, G. Nijs, and W. van der Schee, Determination
of the neutron skin of 2®Pb from ultrarelativistic nuclear colli-
sions, Phys. Rev. Lett. 131, 202302 (2023).

[16] G. Giacalone, Many-body correlations for nuclear physics
across scales: From nuclei to quark-gluon plasmas to hadron
distributions, Eur. Phys. J. A 59, 297 (2023).

[17] W. Ryssens, G. Giacalone, B. Schenke, and C. Shen, Evidence
of hexadecapole deformation in uranium-238 at the Relativistic
Heavy Ion Collider, Phys. Rev. Lett. 130, 212302 (2023).

[18] Z. Lu, M. Zhao, X. Li, J. Jia, and Y. Zhou, Probe nuclear struc-
ture using the anisotropic flow at the Large Hadron Collider,
Eur. Phys. J. A 59, 279 (2023).

[19] N. M. Fortier, S. Jeon, and C. Gale, Heavy-ion collisions as
probes of nuclear structure, Phys. Rev. C 111, LO11901 (2025).

[20] S. Zhao, H.-j. Xu, Y. Zhou, Y.-X. Liu, and H. Song, Ex-
ploring the nuclear shape phase transition in ultra-relativistic
129%e +1PXe collisions at the LHC, Phys. Rev. Lett. 133,
192301 (2024).

[21] H. Mintysaari, B. Schenke, C. Shen, and W. Zhao, Prob-
ing nuclear structure of heavy ions at energies available at
the CERN Large Hadron Collider, Phys. Rev. C 110, 054913
(2024).

[22] T. Duguet, G. Giacalone, S. Jeon, and A. Tichai, Revealing
the harmonic structure of nuclear two-body correlations in
high-energy heavy-ion collisions, Phys. Rev. Lett. 135, 182301
(2025).

[23] R. D. Woods and D. S. Saxon, Diffuse surface optical model for
nucleon-nuclei scattering, Phys. Rev. 95, 577 (1954).

[24] M. L. Miller, K. Reygers, S. J. Sanders, and P. Steinberg,
Glauber modeling in high energy nuclear collisions, Annu. Rev.
Nucl. Part. Sci. 57, 205 (2007).

[25] A. Bohr and B. R. Mottelson, Nuclear Structure (World Scien-
tific Publishing Co. Pte. Ltd., 1998), Vols. I and II.

[26] K. Hagino and M. Kitazawa, Probing surface vibrations of
spherical nuclei in relativistic heavy-ion collisions, Phys. Rev.
C 112, L041901 (2025).

[27] H.-j. Xu, J. Zhao, and F. Wang, Hexadecapole deforma-
tion of 2®U from relativistic heavy-ion collisions using a
nonlinear response coefficient, Phys. Rev. Lett. 132, 262301
(2024).

[28] Z. Wang, J. Chen, H.-j. Xu, and J. Zhao, Systematic investiga-
tion of the nuclear multipole deformations in U 4 U collisions
with a multi-phase transport model, Phys. Rev. C 110, 034907
(2024).

[29] P. Ring and P. Schuck, The Nuclear Many-Body Problem
(Springer Berlin, Heidelberg, 1980), pp. 1864—-5879.

[30] L. Lotina and K. Nomura, Impacts of hexadecapole defor-
mations on the collective energy spectra of axially deformed
nuclei, Phys. Rev. C 109, 034304 (2024).

[31] L. Lotina and K. Nomura, Microscopic description of hexade-
capole collectivity in even-even rare-earth nuclei near N = 90,
Phys. Rev. C 109, 044324 (2024).

[32] L. Lotina, K. Nomura, R. Rodriguez-Guzméan, and L. M.
Robledo, Quadrupole-hexadecapole correlations in neutron-
rich samarium and gadolinium isotopes, Phys. Rev. C 111,
024301 (2025).

[33] Y. K. Gupta et al., Precise determination of quadrupole and
hexadecapole deformation parameters of the sd-shell nucleus,
288i, Phys. Lett. B 845, 138120 (2023).

[34] J. P. Delaroche, M. Girod, J. Libert, H. Goutte, S. Hilaire, S.
Peru, N. Pillet, and G. F. Bertsch, Structure of even-even nuclei
using a mapped collective Hamiltonian and the D1S Gogny
interaction, Phys. Rev. C 81, 014303 (2010).

[35] C. V. Nithish Kumar and L. M. Robledo, Hexadecapole axial
collectivity in the rare earth region: A beyond-mean-field study,
Phys. Rev. C 108, 034312 (2023).

[36] R. Rodriguez-Guzmdn and L. M. Robledo, Microscopic de-
scription of quadrupole-hexadecapole coupling in radium,
thorium, uranium, and plutonium isotopes with the Gogny en-
ergy density functional, Phys. Rev. C 111, 024304 (2025).

[37] T. Inakura, W. Horiuchi, S. Michimasa, and M. Tanaka, Explor-
ing highly deformed ground states involving the second intruder
orbit in Z > 50 even-even nuclei, Phys. Rev. C 112, 064308
(2025).

033018-7


https://doi.org/10.1103/RevModPhys.83.1467
https://doi.org/10.1140/epja/s10050-025-01545-1
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1007/s41365-024-01589-w
https://doi.org/10.1088/1361-6633/ae0654
https://doi.org/10.1103/PhysRevC.105.014901
https://doi.org/10.1038/s41586-024-08097-2
https://doi.org/10.1016/j.physletb.2022.137393
https://doi.org/10.1103/PhysRevC.107.054910
https://doi.org/10.1103/PhysRevLett.127.242301
https://doi.org/10.1103/PhysRevLett.128.082301
https://doi.org/10.1103/PhysRevLett.131.022301
https://doi.org/10.1016/j.physletb.2023.137838
https://doi.org/10.1103/PhysRevLett.131.202302
https://doi.org/10.1140/epja/s10050-023-01200-7
https://doi.org/10.1103/PhysRevLett.130.212302
https://doi.org/10.1140/epja/s10050-023-01194-2
https://doi.org/10.1103/PhysRevC.111.L011901
https://doi.org/10.1103/PhysRevLett.133.192301
https://doi.org/10.1103/PhysRevC.110.054913
https://doi.org/10.1103/v2z7-wlnr
https://doi.org/10.1103/PhysRev.95.577
https://doi.org/10.1146/annurev.nucl.57.090506.123020
https://doi.org/10.1103/2f3s-2nyn
https://doi.org/10.1103/PhysRevLett.132.262301
https://doi.org/10.1103/PhysRevC.110.034907
https://doi.org/10.1103/PhysRevC.109.034304
https://doi.org/10.1103/PhysRevC.109.044324
https://doi.org/10.1103/PhysRevC.111.024301
https://doi.org/10.1016/j.physletb.2023.138120
https://doi.org/10.1103/PhysRevC.81.014303
https://doi.org/10.1103/PhysRevC.108.034312
https://doi.org/10.1103/PhysRevC.111.024304
https://doi.org/10.1103/7dpg-xh32

ZHANG, JIA, CHEN, SHEN, AND LIU

PHYSICAL REVIEW RESEARCH 8, 033018 (2026)

[38] F. K. McGowan and W. T. Milner, Coulomb excitation of states
in 238U, Nucl. Phys. A 571, 569 (1994).

[39] T. Kibédi and R. H. SPEAR, Reduced electric-octupole transi-
tion probabilities, B(E3;Ol+ — 3, )—An update, At. Data Nucl.
Data Tables 80, 35 (2002).

[40] R. H. Spear, Reduced electric-octupole transition probabilities,
B(E3;0F — 3), for even-even nuclides throughout the periodic
table, At. Data Nucl. Data Tables 42, 55 (1989).

[41] S. E. Agbemava, A. V. Afanasjev, and P. Ring, Octupole de-
formation in the ground states of even-even nuclei: A global
analysis within the covariant density functional theory, Phys.
Rev. C 93, 044304 (2016).

[42] D. Ward et al., Rotational bands in 233U, Nucl. Phys. A 600, 838
(1996).

[43] I. Ahmad and P. A. Butler, Octupole shapes in nuclei, Annu.
Rev. Nucl. Part. Sci. 43, 71 (1993).

[44] P. A. Butler and W. Nazarewicz, Intrinsic reflection asymmetry
in atomic nuclei, Rev. Mod. Phys. 68, 349 (1996).

[45] P. A. Butler, Octupole collectivity in nuclei, J. Phys. G: Nucl.
Part. Phys. 43, 073002 (2016).

[46] S. Zhu, M. P. Carpenter, R. V. F. Janssens, S. Frauendorf, I.
Ahmad, T. L. Khoo, F. G. Kondev, T. Lauritsen, C. J. Lister,
and D. Seweryniak, Possible double-octupole phonon band in
U-238, Phys. Rev. C 81, 041306(R) (2010).

[47] T. E. Chupp, P. Fierlinger, M. J. Ramsey-Musolf, and J. T.
Singh, Electric dipole moments of atoms, molecules, nuclei,
and particles, Rev. Mod. Phys. 91, 015001 (2019).

[48] M. Bender, P.-H. Heenen, and P.-G. Reinhard, Self-consistent
mean-field models for nuclear structure, Rev. Mod. Phys. 75,
121 (2003).

[49] N. Schunck and L. M. Robledo, Microscopic theory of nuclear
fission: A review, Rep. Prog. Phys. 79, 116301 (2016).

[50] G. Scamps and C. Simenel, Impact of pear-shaped fission
fragments on mass-asymmetric fission in actinides, Nature
(London) 564, 382 (2018).

[51] D.-y. Huo, Z. Wei, K. Wu, Q.-y. Jiang, C. Han, Z.e. Yao,
Y. Zhang, and J.-r. Wang, Influence of octupole deformed shell
structure on the asymmetric fission of mercury isotopes, Eur.
Phys. J. A 60, 244 (2024).

[52] L. P. Gaffney et al., Studies of pear-shaped nuclei using
accelerated radioactive beams, Nature (London) 497, 199
(2013).

[53] U.S. Department of Energy (USDOE), A new era of discovery:
The 2023 Long Range Plan for Nuclear Science, Technical
Report, Office of Science, U.S. Department of Energy, Wash-
ington, DC, 2023.

[54] J. Adams et al. (STAR), Experimental and theoretical chal-
lenges in the search for the quark gluon plasma: The STAR
Collaboration’s critical assessment of the evidence from RHIC
collisions, Nucl. Phys. A 757, 102 (2005).

[55] K. Adcox et al. (PHENIX), Formation of dense partonic matter
in relativistic nucleus-nucleus collisions at RHIC: Experimental
evaluation by the PHENIX collaboration, Nucl. Phys. A 757,
184 (2005).

[56] A. M. Poskanzer and S. A. Voloshin, Methods for analyzing
anisotropic flow in relativistic nuclear collisions, Phys. Rev. C
58, 1671 (1998).

[57] N. Borghini, P. M. Dinh, and J.-Y. Ollitrault, A new method
for measuring azimuthal distributions in nucleus-nucleus colli-
sions, Phys. Rev. C 63, 054906 (2001).

[58] U. Heinz and R. Snellings, Collective flow and viscosity in
relativistic heavy-ion collisions, Annu. Rev. Nucl. Part. Sci. 63,
123 (2013).

[59] J. Chen et al., Properties of the QCD matter: Review of selected
results from the relativistic heavy ion collider beam energy scan
(RHIC BES) program, Nucl. Sci. Tech. 35, 214 (2024).

[60] H. Niemi, K. J. Eskola, and R. Paatelainen, Event-by-event fluc-
tuations in a perturbative QCD + saturation + hydrodynamics
model: Determining QCD matter shear viscosity in ultrarela-
tivistic heavy-ion collisions, Phys. Rev. C 93, 024907 (2016).

[61] B. Schenke, C. Shen, and D. Teaney, Transverse momentum
fluctuations and their correlation with elliptic flow in nuclear
collision, Phys. Rev. C 102, 034905 (2020).

[62] P. Bozek and W. Broniowski, Transverse-momentum fluctua-
tions in relativistic heavy-ion collisions from event-by-event
viscous hydrodynamics, Phys. Rev. C 85, 044910 (2012).

[63] B. Alver and G. Roland, Collision geometry fluctuations and
triangular flow in heavy-ion collisions, Phys. Rev. C 81, 054905
(2010); Erratum, Phys. Rev. C 82, 039903 (2010).

[64] D. Teaney and L. Yan, Triangularity and dipole asymmetry in
heavy ion collisions, Phys. Rev. C 83, 064904 (2011).

[65] P. Bozek and W. Broniowski, Collective dynamics in high-
energy proton-nucleus collisions, Phys. Rev. C 88, 014903
(2013).

[66] J. Jia, Shape of atomic nuclei in heavy ion collisions, Phys. Rev.
C 105, 014905 (2022).

[67] B. E. Aboona et al. (STAR), Imaging nuclear shape through
anisotropic and radial flow in high-energy heavy-ion collisions,
Rep. Prog. Phys. 88, 108601 (2025).

[68] K. H. Ackermann et al. (STAR), STAR detector overview, Nucl.
Instrum. Methods Phys. Res., Sect. A 499, 624 (2003).

[69] J. Dobaczewski, A. Gade, K. Godbey, R. V. F. Janssens, and W.
Nazarewicz, Extraction of ground-state nuclear deformations
from ultrarelativistic heavy-ion collisions: Nuclear structure
physics context, Phys. Rev. Res. 7, 043159 (2025).

[70] W. Ke, From wave-function to fireball geometry: The role of
a restored broken symmetry in ultra-relativistic collisions of
deformed nuclei, arXiv:2509.09549.

[71] B. Schenke, P. Tribedy, and R. Venugopalan, Fluctuating
glasma initial conditions and flow in heavy ion collisions, Phys.
Rev. Lett. 108, 252301 (2012).

[72] H. Mintysaari, B. Schenke, C. Shen, and P. Tribedy, Imprints
of fluctuating proton shapes on flow in proton-lead collisions at
the LHC, Phys. Lett. B 772, 681 (2017).

[73] B. Schenke, S. Jeon, and C. Gale, (3 + 1)D hydrodynamic
simulation of relativistic heavy-ion collisions, Phys. Rev. C 82,
014903 (2010).

[74] B. Schenke, S. Jeon, and C. Gale, Elliptic and triangular flow
in event-by-event (3 + 1)D viscous hydrodynamics, Phys. Rev.
Lett. 106, 042301 (2011).

[75] J.-F. Paquet, C. Shen, G. S. Denicol, M. Luzum, B. Schenke, S.
Jeon, and C. Gale, Production of photons in relativistic heavy-
ion collisions, Phys. Rev. C 93, 044906 (2016).

[76] S. A. Bass et al., Microscopic models for ultrarelativistic heavy
ion collisions, Prog. Part. Nucl. Phys. 41, 255 (1998).

[77] M. Bleicher et al., Relativistic hadron hadron collisions in the
ultrarelativistic quantum molecular dynamics model, J. Phys.
G: Nucl. Part. Phys. 25, 1859 (1999).

[78] B. Schenke, C. Shen, and P. Tribedy, Running the gamut of high
energy nuclear collisions, Phys. Rev. C 102, 044905 (2020).

033018-8


https://doi.org/10.1016/0375-9474(94)90226-7
https://doi.org/10.1006/adnd.2001.0871
https://doi.org/10.1016/0092-640X(89)90032-6
https://doi.org/10.1103/PhysRevC.93.044304
https://doi.org/10.1016/0375-9474(95)00490-4
https://doi.org/10.1146/annurev.ns.43.120193.000443
https://doi.org/10.1103/RevModPhys.68.349
https://doi.org/10.1088/0954-3899/43/7/073002
https://doi.org/10.1103/PhysRevC.81.041306
https://doi.org/10.1103/RevModPhys.91.015001
https://doi.org/10.1103/RevModPhys.75.121
https://doi.org/10.1088/0034-4885/79/11/116301
https://doi.org/10.1038/s41586-018-0780-0
https://doi.org/10.1140/epja/s10050-024-01456-7
https://doi.org/10.1038/nature12073
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.63.054906
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1007/s41365-024-01591-2
https://doi.org/10.1103/PhysRevC.93.024907
https://doi.org/10.1103/PhysRevC.102.034905
https://doi.org/10.1103/PhysRevC.85.044910
https://doi.org/10.1103/PhysRevC.81.054905
https://doi.org/10.1103/PhysRevC.82.039903
https://doi.org/10.1103/PhysRevC.83.064904
https://doi.org/10.1103/PhysRevC.88.014903
https://doi.org/10.1103/PhysRevC.105.014905
https://doi.org/10.1088/1361-6633/ae0fc3
https://doi.org/10.1016/S0168-9002(02)01960-5
https://doi.org/10.1103/kngg-1ccb
https://arxiv.org/abs/2509.09549
https://doi.org/10.1103/PhysRevLett.108.252301
https://doi.org/10.1016/j.physletb.2017.07.038
https://doi.org/10.1103/PhysRevC.82.014903
https://doi.org/10.1103/PhysRevLett.106.042301
https://doi.org/10.1103/PhysRevC.93.044906
https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1088/0954-3899/25/9/308
https://doi.org/10.1103/PhysRevC.102.044905

IMPRINTS OF OCTUPOLE COLLECTIVITY IN ...

PHYSICAL REVIEW RESEARCH 8, 033018 (2026)

[79] B. Bally, G. Giacalone, and M. Bender, The shape of gold, Eur.
Phys. J. A 59, 58 (2023).

[80] C. Y. Wu and D. Cline, Triaxiality in quadrupole deformed
nuclei, Phys. Rev. C 54, 2356 (1996).

[81] T. R. Werner, J. Dobaczewski, M. W. Guidry, W. Nazarewicz,
and J. A. Sheikh, Microscopic aspects of nuclear deformation,
Nucl. Phys. A 578, 1 (1994).

[82] B. Bally, B. Avez, M. Bender, and P. H. Heenen, Beyond mean-
field calculations for odd-mass nuclei, Phys. Rev. Lett. 113,
162501 (2014).

[83] C. E. Bemis, F. K. McGowan, J. L. C. Ford, W. T. Milner, P. H.
Stelson, and R. L. Robinson, E-2 and E-4 transition moments
and equilibrium deformations in the actinide nuclei, Phys. Rev.
C 8, 1466 (1973).

[84] J. D. Zumbro, E. B. Shera, Y. Tanaka, C. E. Bemis, R. A.
Naumann, M. V. Hoehn, W. Reuter, and R. M. Steffen, E-2 and
E-4 deformations in U-233, U-234, U-235, U-238, Phys. Rev.
Lett. 53, 1888 (1984).

[85] H.-C. Wang, S.-J. Li, L.-M. Liu, J. Xu, and Z.-Z. Ren, Defor-
mation probes for light nuclei in their collisions at relativistic
energies, Phys. Rev. C 110, 034909 (2024).

[86] C. Zhang and J. Jia, Evidence of quadrupole and octupole
deformations in *°Zr + °Zr and **Ru + °°Ru collisions at
ultrarelativistic energies, Phys. Rev. Lett. 128, 022301 (2022).

[87] M. V. Stoitsov, N. Schunck, M. Kortelainen, N. Michel, H.
Nam, E. Olsen, J. Sarich, and S. Wild, Axially deformed solu-
tion of the Skyrme-Hartree-Fock-Bogolyubov equations using
the transformed harmonic oscillator basis (II) HFBTHO v2.00c:
A new version of the program, Comput. Phys. Commun. 184,
1592 (2013).

[88] Y. Cao, S. E. Agbemava, A. V. Afanasjev, W. Nazarewicz, and
E. Olsen, Landscape of pear-shaped even-even nuclei, Phys.
Rev. C 102, 024311 (2020).

[89] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R. Schaeffer,
A Skyrme parametrization from subnuclear to neutron star den-
sities. 2. Nuclei far from stablities, Nucl. Phys. A 635, 231
(1998); A Skyrme parametrization from subnuclear to neutron
star densities. 2. Nuclei far from stablities, 643, 441 (1998).

[90] D. Everett et al. (JETSCAPE Collaboration), Multisystem
Bayesian constraints on the transport coefficients of QCD mat-
ter, Phys. Rev. C 103, 054904 (2021).

[91] G. Nijs, W. van der Schee, U. Giirsoy, and R. Snellings,
Transverse momentum differential global analysis of heavy-ion
collisions, Phys. Rev. Lett. 126, 202301 (2021).

[92] R. R. Rodriguez-Guzman, Y. M. Humadi, and L. M. Robledo,
Microscopic description of quadrupole-octupole coupling in ac-
tinides with the Gogny-D1M energy density functional, J. Phys.
G 48, 015103 (2020).

[93] L. M. Robledo and R. R. Rodriguez-Guzman, Octupole de-
formation properties of actinide isotopes within a mean field
approach, J. Phys. G: Nucl. Part. Phys. 39, 105103 (2012).

[94] L. M. Robledo and P. A. Butler, Quadrupole-octupole coupling
in the light actinides, Phys. Rev. C 88, 051302(R) (2013).

[95] L. Liu, C. Zhang, J. Chen, J. Jia, X.-G. Huang, and Y.-G. Ma,
Scaling approach to rigid and soft nuclear deformation through
flow fluctuations in high-energy nuclear collisions, Phys. Lett.
B 879, 140636 (2026).

[96] A. Dimri, S. Bhatta, and J. Jia, Impact of nuclear shape fluctua-
tions in high-energy heavy ion collisions, Eur. Phys. J. A 59, 45
(2023).

033018-9


https://doi.org/10.1140/epja/s10050-023-00955-3
https://doi.org/10.1103/PhysRevC.54.2356
https://doi.org/10.1016/0375-9474(94)90966-0
https://doi.org/10.1103/PhysRevLett.113.162501
https://doi.org/10.1103/PhysRevC.8.1466
https://doi.org/10.1103/PhysRevLett.53.1888
https://doi.org/10.1103/PhysRevC.110.034909
https://doi.org/10.1103/PhysRevLett.128.022301
https://doi.org/10.1016/j.cpc.2013.01.013
https://doi.org/10.1103/PhysRevC.102.024311
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00570-3
https://doi.org/10.1103/PhysRevC.103.054904
https://doi.org/10.1103/PhysRevLett.126.202301
https://doi.org/10.1088/1361-6471/abb000
https://doi.org/10.1088/0954-3899/39/10/105103
https://doi.org/10.1103/PhysRevC.88.051302
https://doi.org/10.1016/j.physletb.2026.140636
https://doi.org/10.1140/epja/s10050-023-00965-1

