UC Berkeley
UC Berkeley Previously Published Works

Title
Imaging nuclear shape through anisotropic and radial flow in high-energy heavy-ion
collisions

Permalink
https://escholarship.org/uc/item/8w76778j

Journal
Reports on Progress in Physics, 88(10)

ISSN
0034-4885

Author
Collaboration, The STAR

Publication Date
2025-10-01

DOI
10.1088/1361-6633/ae0fc3

Copyright Information
This work is made available under the terms of a Creative Commons Attribution
License, available at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8w76778j
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

&%, PURPOSE-LED
4% PUBLISHING"

Reports on Progress in Physics

PAPER « OPEN ACCESS You may also like

- Recent STAR Results from U+U and

Imaging nuclear shape through anisotropic and pushuColisons
. . . . . ui Wang an ollaboration
radial flow in high-energy heavy-ion collisions

- Potential-Energy Surfaces for Heavy-lon
Collisions

. X X X J R Nix and A J Sierk

To cite this article: The STAR Collaboration 2025 Rep. Prog. Phys. 88 108601

- Effect of nucleus deformation on final-state
flow harmonics
Henrique Mascalhusk, Dener S. Lemos,
Otavio Socolowski Jr. et al.

View the article online for updates and enhancements.

This content was downloaded from IP address 108.75.79.166 on 28/08/2026 at 18:48


https://doi.org/10.1088/1361-6633/ae0fc3
/article/10.1088/1742-6596/535/1/012004
/article/10.1088/1742-6596/535/1/012004
/article/10.1088/0031-8949/10/A/016
/article/10.1088/0031-8949/10/A/016
/article/10.1088/1674-1137/adb306
/article/10.1088/1674-1137/adb306

OPEN ACCESS

10P Publishing Reports on Progress in Physics

Rep. Prog. Phys. 88 (2025) 108601 (28pp) https://doi.org/10.1088/1361-6633/ae0fc3

Imaging nuclear shape through
anisotropic and radial flow in
high-energy heavy-ion collisions

The STAR Collaboration

E-mail: star-publication @bnl.gov

Received 22 June 2025, revised 19 August 2025
Accepted for publication 6 October 2025

Published 22 October 2025

Corresponding editor: Dr Paul Mabey @
CrossMark

Abstract

Most atomic nuclei exhibit ellipsoidal shapes characterized by quadrupole deformation 3, and
triaxiality -y, and sometimes even a pear-like octupole deformation 33. The STAR experiment
introduced a new ‘imaging-by-smashing’ technique ((STAR Collaboration) 2024 Nature 635
67; Jia 2025 Rep. Prog. Phys. 88 092301) to image the nuclear global shape by colliding nuclei
at ultra-relativistic speeds and analyzing outgoing debris. Features of nuclear shape manifest in
collective observables like anisotropic flow v, and radial flow via mean transverse momentum
[p1]- We present new measurements of the variances of v, (n =2, 3, and 4) and [pr], and the
covariance of v2 with [pr], in collisions of highly deformed >*3U and nearly spherical '’ Au.
Ratios of these observables between the two systems effectively suppress common final-state
effects, isolating the strong impact of uranium’s deformation. By comparing results with
state-of-the-art hydrodynamic model calculations, we extract 5,y and ~y values consistent with
those deduced from low-energy nuclear structure measurements. Measurements of v3 and its
correlation with [pr] also provide the first experimental suggestion of a possible octupole
deformation for 233U. These findings provide significant support for using high-energy
collisions to explore nuclear shapes on femtosecond timescales, with implications for both
nuclear structure and quark-gluon plasma studies.

Keywords: quark-gluon plasma, nuclear structure, anisotropic flow, nuclear shape,
quadrupole deformation, octupole deformation, imaging-by-smashing
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1. Introduction

High-energy heavy-ion collisions, conducted at the relativ-
istic heavy ion collider (RHIC) and the large Hadron col-
lider (LHC), have been used to produce and study the quark-
gluon plasma (QGP). This deconfined state of matter under-
goes a spacetime evolution that is well-described by relativ-
istic hydrodynamics [1]. The hydrodynamic expansion trans-
lates initial spatial anisotropies and size variations within the
QGP into measurable patterns in the azimuthal and radial
distributions of outgoing particles in the momentum space,
observed as anisotropic [2, 3] and radial flow [4, 5], respect-
ively. While these observables contain vital information about
the transport properties of the QGP, their interpretation is com-
plicated by inherent uncertainties in the initial conditions—the
spatial distribution of energy density before the hydrodynamic
evolution. The initial conditions cannot be calculated directly
from first principles; they must be inferred alongside QGP
properties using hydrodynamic models, which introduces sig-
nificant uncertainties in both [6—8]. Consequently, it is import-
ant to develop methods to disentangle the influence of initial
conditions from final-state effects.

Initial condition and nuclear shape. The connection
between the initial conditions and observed final-state flow
is relatively well-established [1]. The initial geometry of the
collision, characterized by eccentricities ¢, (n =2,3,4,...),
directly drives the azimuthal anisotropies in the particle dis-
tribution, described by dN/d¢ o 1+2> v,cos(ng), where
va, v3, and vy represent the dominant elliptic, triangular, and
quadrangular flow components [9, 10], respectively. Similarly,
the compactness of the initial conditions, quantified by the
inverse area d, of the overlap region [11], influences radial
flow, as reflected in the event-by-event average transverse
momentum ([pr]). Hydrodynamic models predict approxim-
ately linear relationships: v, «x ¢, for n=2 and 3 (and for
n=4 in central collisions) [12], and dpt o< dd [13], where
dpr = |pr] — {[pr]) and éd, =d, —(d,) represent devi-
ations from their mean values. However, accurately describing
the initial conditions requires a good understanding of both
the nucleon spatial distribution within colliding nuclei and the
mechanisms of energy deposition [14].

A major challenge in this endeavor arises from the fact that
most atomic nuclei are deformed. Collisions of randomly ori-
ented deformed nuclei significantly enhance event-by-event
variations in both the initial size and shape of the QGP [15].
This, in turn, increases fluctuations in anisotropic and radial
flow, an effect clearly demonstrated in central 2842387 col-
lisions by our previous measurement [16].

One powerful approach to constrain these initial conditions
is to compare collision systems with similar sizes but distinct
nuclear structures, such as isobar collisions [17] or, as in this
study, isobar-like collisions of 28142387 and 7 Au+7Au.
Uranium is known to be strongly prolate deformed, while gold
exhibits mild oblate deformation. Despite these shape differ-
ences, the resulting QGPs are of comparable sizes, and the

20% difference in mass number (A) has a small impact on
QGP properties [18]. Consequently, ratios of bulk observables
between these two systems largely cancel common final-state
effects, thereby isolating variations in the initial conditions
that stem from the structural differences between 23¥U and
197 Au [19, 20]. Analyzing these ratios as a function of nuclear
shape also provides valuable insights into the energy depos-
ition mechanisms [21].

Nuclear shape, including the dominant quadrupole com-
ponent 3>, and smaller axial octupole 3 and axial hexadeca-
pole 34 components, can be described by a Woods—Saxon
density profile,

p(r,0,6) oc (1+explr—R(0,¢) /a]) ",
R(0,0)=Ro(1 + B2 [cosvYs g+sinyYs 2|+ 53Y3 0+ B4Yap),
(1

where Ry = 1.24'/3 is the nuclear radius, a is the surface
or skin depth, and Y;,,(6,¢) are real spherical harmonics
in the intrinsic frame. The triaxiality parameter ~ (ranging
from 0° to 60°) determines the relative ordering of the three
principal radii (r,,7p,7.). Specifically, v = 0° corresponds to
a prolate shape (r, =r, <r.), ¥ =60° to an oblate shape
(ro <rp=r.), and intermediate values to a triaxial shape
(rg <rp <re).

Manifestation of nuclear shapes from low to high ener-
gies. Traditionally, nuclear shapes are inferred from spectro-
scopic or scattering experiments conducted at sub-hundred
MeV/nucleon beam energies [22-24], which probe collect-
ive nuclear shapes on timescales longer than 100 fmc~'. For
instance, the 2*U nucleus, with an even number of protons
and neutrons, exhibits a rotational spectrum consistent with
a prolate rigid rotor. Estimates based on electric quadrupole
transition data and rigid rotor assumption yield S,y = 0.287 +
0.007 [25] and vy < 8° [26]. Direct measurements of 33y and
Bau are lacking, but model-dependent estimates suggest val-
ues around F3y ~ 0.08 and G4y ~ 0.1 [27, 28]. The shape of
the odd-mass '°7 Au nucleus is less certain, with low-energy
model calculations suggesting Soay =0.1-0.14 and ~ya, ~ 45°
[29, 30].

The quantum mechanical nature of nuclear ground states
deserves careful consideration in this context. It is under-
stood that the wavefunction of a ground state nucleus is a
superposition of all possible orientations, and its shape is not
directly observable if nucleus stays in its ground state [22].
However, high-energy heavy-ion collisions are strongly inter-
acting, dynamical systems, for which the stationary solution of
an individual nucleus is not an eigenstate of the combined two-
nuclei system. Instead, the extremely fast smashing process
(0.1 fmc~!, corresponding to the crossing time of colliding
nuclei) acts as a quantum measurement that projects nucleons
into their position space, from which a shape and orientation
can be defined.

Furthermore, high-energy heavy-ion collisions are sens-
itive not only to these global nuclear shapes relevant at
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Figure 1. Illustration of how collision geometry and collective
expansion are impacted by quadrupole deformation in collisions of
prolate (a) and oblate (b) nuclei. The configurations vary between
body-body and tip—tip, which are selected based on the momentum
distribution of final state particles. The negative (positive)
correlation between ellipticity and inverse size in (a) ((b)) drives the
negative (positive) correlation between elliptic flow and radial flow
in the final state, highlighting the potential of constraining the
triaxiality. The dashed gray circles represent the baseline shape of
the QGP for spherical nuclei.

low-energy, but also to fluctuations of the nuclear wavefunc-
tion on much shorter timescales. This makes high-energy col-
lisions a novel tool for investigating nuclear structure and its
evolution with energy [31].

Nuclear deformation influences high-energy collisions by
modifying the nucleon distribution in the overlap region and,
consequently, the initial conditions of the QGP. In collisions
of prolate nuclei (figure 1(a)), the initial configuration varies
between body—body (high €;, low d ) and tip—tip (low &5, high
d ) collisions. This leads to enhanced, anti-correlated event-
by-event fluctuations in €, and d; [32]. Collisions of oblate
nuclei also exhibit enhanced fluctuations, but with a posit-
ive correlation between ¢, and d (figure 1(b)). These effects
are quantitatively captured by the moments of the £, and d |
distributions, including the variances (£3) and ((6d)?), and
the skewness (e36d, ). Here, the angle brackets ‘(-)* denote
averages over events within a given centrality class. Similarly,
the presence of modest higher-order deformations 53 and (4
is expected to slightly enhance the fluctuations of €3 and &4,
respectively [15].

Extraction of nuclear shape in high-energy collisions. Our
analysis focuses on the moments of the final-state flow observ-
ables: (v3), ((6pr)?), and (v3dpr) [33]. These observables are
sensitive to quadrupole deformation due to their approxim-
ately linear relationships with (£3), ((6d.)*), and (e36d. ).
For small deformations and using a Taylor expansion, one can
show that these quantities follow simple parametric depend-
encies on the shape parameters [34]:

(V) =a+b157,
<(5PT)2> =ay+byf33
(v3dpr) = as — b33 cos (3) | )

where the positive coefficients a,, and b, depend on the colli-
sion geometry and QGP properties. The b, values are nearly
independent of centrality, while the a, values are minim-
ized in central collisions, making central collisions ideal for
constraining nuclear shape. The cos(37) term distinguishes
between prolate and oblate nuclei, as expected from figure 1.
We also measure correlators involving high-order flow coef-
ficients: (v3), (v), (v3dpr) and (vidpr). These observables
are expected to be minimally sensitive to 3, and  [15, 35],
thus serving as crucial control measurements. Conversely, they
are sensitive to high-order deformations 33 and (34, potentially
enabling searches for the presence of these deformations in
238U [36]. For example, observables involving v3 are sensitive
to octupole deformation:

<V§> =az+ b3ﬂ% ;
(vidpr) = as — b33 . 3

We employ two complementary approaches to probe the
initial conditions and quantify the effects of nuclear deforma-
tion. The primary approach utilizes ratios of flow observables
between U+U and Au+Au collisions:

Oy
<O>Au

The deformation of uranium is expected to cause these ratios
to deviate significantly from unity, particularly in central col-
lisions. The second approach constructs normalized quantit-
ies involving the three observables within a single collision
system:

Ro =

0y = (2),(0pr)?) sor (Zopr). @)

pcc — <V7216PT> (5)
n . ) )
var () /((8pr)” )
2
b= — 00 ©)

2/ ((opr)?)

Here, var(v2)= (v} ) — <v%>2 is the variance of v2. The observ-
able ph™ is the Pearson correlation coefficient [33], while
pn, introduced in [34], better captures the spherical baseline.
Both observables are expected to be strongly modified in
U+U ultra-central collisions (UCCs) for n=2, but not for
n=3 and 4. These normalized observables are also sensit-
ive to other aspects of the initial conditions, including nucleon
width [37], initial momentum anisotropy [38], and sub-leading
radial structure [11].

The influence of 5, on v, was recognized in early stud-
ies [39-43], and confirmed by experiments at RHIC [44] and
the LHC [45-47]. Recently, the STAR collaboration observed
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enhanced ((dpr)?) and a clear negative (v3dpr) signal in cent-
ral 23U+4-238U collisions [16]. The strength of 2 v36pr) is much
stronger than the correlation between v, and total multiplicity
previously explored [44]. By analyzing ratios (equation (4))
between U238 and %7 Au+'%7 Au collisions and compar-
ing them with hydrodynamic model calculations, STAR have
extracted oy and 7y values consistent with low-energy meas-
urements. A similar extraction was also accomplished using a
different hydrodynamic model framework [48, 49]. However,
no experimental attempt has yet been made to extract 33 and
(4 deformations.

Scope of this paper. Building on these findings, this paper
presents a comprehensive study of anisotropic flow and its
correlations with [pr] in 2¥U+23U collisions at /syy = 193
GeV and ""7Au+'""Au collisions at /5NN = 200 GeV. This
study extends previous results in several key aspects:

o Normalized observables: we compute Pearson correlation
coefficients p5° and p, (equations (5) and (6)), which aim
to isolate deformation-driven signals by partially canceling
final-state effects in a single collision system.

e Searching for higher-order deformations: measurements of
(v3), (v3), (v3dpr), and (vidpr) provide critical baselines, as
these observables are largely insensitive to 3, and ~y. These
observables could potentially provide evidence for the pres-
ence of modest 53 and 3, in 233U.

o Differential measurements: by varying pr ranges and pseu-
dorapidity (n) selections, we assess the robustness of
deformation signatures against non-flow correlations and
sub-leading fluctuations in the initial geometry.

e New ratio observables: we combine (v3), {(dpr)?), and
(vidpr) after taking the difference between the two colli-
sion systems. This approach is designed to better eliminate
spherical baseline terms (a,, in equation (2)), thereby enhan-
cing sensitivity to nuclear deformation.

o Model comparison: we perform detailed hydrodynamic
model and Glauber model calculations to extract 8,y and
~u, validating the ‘imaging-by-smashing’ approach against
low-energy nuclear structure data.

This study demonstrates high-energy collisions as a promising
imaging tool for nuclear structure research, while also advan-
cing our understanding of the initial conditions of the QGP.

2. Analysis

2.1. Event and track selections

This analysis utilizes Au+Au collisions at /sy = 200 GeV
(2010 and 2011) and U+U collisions at /sy = 193 GeV
(2012), recorded by the STAR detector. Charged particles
were reconstructed within |n| < 1 using the STAR time pro-
jection chamber (TPC) [50]. Minimum-bias events were selec-
ted by requiring coincident signals in the two vertex posi-
tion detectors in the forward regions (4.4 < || < 4.9) [51]. To

enhance statistics for central collisions, special triggers requir-
ing large TPC multiplicities and minimal activity in the zero-
degree calorimeters [52] were employed.

Offline event selection required a primary vertex Zyy within
30 cm of the TPC center along the beam axis and within 2 cm
of the beam spot in the transverse plane. Pileup events (those
containing more than one collision) and background events
were reduced by selecting on the correlation between the num-
ber of TPC tracks and the number of tracks matched to the time
of flight (TOF) detector [53, 54]. One type of pileup event con-
sists of a primary event and another central event that reduces
TPC reconstruction efficiency. These low-efficiency events
were rejected based on the number of TPC tracks and those
matched to the primary collision vertex. After these selections,
the dataset comprises approximately 528 million minimum-
bias (370 million from 2011) and 120 million triggered cent-
ral Au+Au events, as well as approximately 300 million
minimum-bias and Smillion triggered central U+U
events.

Charged particle tracks included in this analysis are
required to be within 0.2 < py < 3.0 GeVc™! and |n| < 1.
Standard STAR track quality criteria were applied [16]. To
minimize contributions from secondary decays, the distance
of closest approach (DCA) of each track to the primary ver-
tex was required to be less than 3 cm. Tracking efficien-
cies in the TPC, erpc, were evaluated using the standard
STAR embedding technique [55]. For pp > 0.5 GeV ¢!, effi-
ciency is nearly pr-independent, ranging from 0.72 (0.69)
in the most central Au+Au (U+U) collisions to 0.92 in the
most peripheral collisions. The largest pr-dependent vari-
ation (~10% of the plateau value) occurs at 0.2 < pr < 0.5
GeVcl.

Collision centrality was determined using N, the number
of reconstructed tracks in || < 0.5 with pr > 0.15GeVc™!.
The Ng° distribution, corrected for vertex position and lumin-
osity dependence, was compared to a Monte Carlo Glauber
calculation to define centrality intervals as percentages of
the total nucleus-nucleus inelastic cross-section [56]. An
efficiency-corrected multiplicity, N, was also computed by
summing track weights for tracks with pr > 0.2GeV ¢! and
|| < 0.5 (detailed in section 2.2).

Figure 2 shows the distributions of N5 and Ny, for both
systems. The distribution for U+4U spans a wider range
than Au+Au due to uranium’s larger mass and deformation.
Figure 3 summarizes the mapping between N and central-
ity, and between N~ and Ng,. These mappings allow us to
present the results in terms of centrality, N, or Ng,. Most
results are presented as a function of centrality in 0%—60%
centrality range, with N, dependence results included in the
appendix.

2.2. Calculation of observables

The observables v, (n=2, 3, and 4), opr = [p1] — (]p1])"
(v2opr), and other related observables are calculated using
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Figure 2. Distributions of reconstructed TPC track multiplicity
(N%°)in |n| < 0.5 and pr > 0.15GeV ¢! (left), and
efficiency-corrected TPC track multiplicity (Nep) for |n] < 0.5 and
pr > 0.2GeV ¢! (right), in U4+U and Au+Au collisions.

o [ ~
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Figure 3. Relationship between centrality and Ny, (left), and
mapping between Ny and Ng, (right) in U+U and Au+Au
collisions.

charged tracks as:

b= 27 ) = (e
((6pr)?) = <Zi¢,-w1'wf- G - o) 1y~ ) >
7 o evt
o[ Xiwiwicos (n(di — ¢5))
<Vn> - Zi;ﬁj Wiw; t

@)

Averages are performed first over all multiplets in a single
event and then over all events within a fixed N bin. Track-
wise weights w; j x account for tracking efficiency and its ¢-
dependent variation: w = 1/[erpc X acc,)(¢)]. The normalized
azimuthal track distribution, acc,,(¢), is obtained by averaging
over many events in each centrality bin as a function of 7. The
efficiency-corrected charged particle multiplicity, N, is cal-
culated as Ny, = Ziw[ using all reconstructed tracks within
pr>0.2GeVce~!and || < 0.5.

Observables (v2) and {(dpr)?) are obtained using both the
standard method (particles i and j from |n| < 1) and the two-
subevent method (particles i and j from —1 < 7; < —0.1 and
0.1 <mn; <1, respectively). The rapidity gap (on average 1.1

unit) in the two-subevent method suppresses short-range non-
flow correlations from resonance decays and jets.

The covariance (v2épr) is calculated by averaging over
all triplets (i, j, and k). To assess the influence of non-flow,
(v2dpr) is also calculated using two- and three-subevent meth-
ods [57-60]. In the two-subevent method, particles i and
J are taken from —1 <17; < —0.1 and 0.1 <n; <1, while
particle k can be taken from either subevent. In the three-
subevent method, particles i, j and k are taken from dis-
tinct 1 ranges: —1 <17; < —0.4, 0.4 <n; < 1, and || < 0.3.
Comparing these methods quantifies the impact of non-flow
correlations and longitudinal fluctuations.

The Pearson correlation coefficient ph°° [33] quantifies cor-
relations between vﬁ and [pr| (equation (5)). The variance,
var(v%), is obtained from the standard two- and four-particle
cumulants: ¢, {2} = (v2) and c,{4} = (v}) — 2<vﬁ>2 [61]
as [60],

var (Vﬁ) =Cn {2}t2wo—sub +en {4}slandard : (8)

Observable c,{4}, a four-particle cumulant, is insensitive to
non-flow but has poor statistical precision. Therefore, it is
obtained from the standard method in the full event. The two-
particle cumulants, ¢,{2}, more susceptible to non-flow, are
calculated using the two-subevent method.

Quadrupole deformation also influences ¢, {4}:

{4} =—c1 —di 35 . ©)

where ¢ and d; are positive, centrality-dependent coefficients.
The liquid-drop model calculation predicts d; = 2/7b% [34].
Previous STAR measurements suggest that d; 35 is larger than
|c1] in the 0%—5% most central collisions [44].

For higher-order flow harmonics (n=3,4), large statist-
ical uncertainties in c3{4} and c4{4} preclude measuring p§"
and p§~°. Thus, the simpler normalization of equation (6) is
used. For n=2 in central collisions and generally for n=3
and 4, |c,{4}] < c,{2}% so \/var(v2) ~ (vZ) and p” = p,.
However, in non-central collisions, v/var(v3) < (v3), leading
to p5° > py. In peripheral collisions, their differences are more
affected by non-flow.

Previous studies [16, 34] found that p, is nearly centrality-
independent for spherical nuclei, making it ideal for detect-
ing quadrupole deformation. This normalization also benefits
from the simple dependence of (v) on 3, (equation (2)). In
contrast, var(v3) has a more complex form:

var (1) = (a1 +5183)" — 1 — di B} (10)

where a; and b, are from equation (2), and c¢; and d; are
from equation (9). This complicates the interpretation of p5™
in terms of quadrupole deformation.

All observables are computed for four pr ranges:
02-2GeVc~!, 02-3GeVce!, 05-2GeVe!, and 0.5-
3GeVc~!. Studying pr range dependence helps illuminate
non-flow effects, which are generally larger at higher pr.
Furthermore, the hydrodynamic response may vary with pr-
range due to sub-leading modes of the energy density fluctu-
ations [11, 62]. These sub-leading modes could be sensitive
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to the shape and radial structure of the colliding nuclei. These
high-order geometric effects should be included (at least par-
tially) by event-by-event hydrodynamic model simulations.
Thus, observables measured in different pr ranges are expec-
ted to provide consistent constraints on nuclear deformation.

2.3. Influence of non-flow correlations

Non-flow refers to correlations among a few particles from a
common source (e.g. resonance decays, jets) that are uncor-
related with the initial geometry. Most non-flow sources are
short-range (near-side), but dijet fragmentation can cause
wider 7 correlations (away-side). The non-flow contribu-
tion generally increases with pr, decreases for higher-order
cumulants, and decreases with n gaps between particles.
However, the n-gap dependence can also arise from longitud-
inal fluctuations.

Near-side non-flow is largely suppressed by the subevent
method, which requires a large 1 gap. Remaining away-side
non-flow can be estimated assuming independent sources,
where non-flow in n-particle cumulants (O) scales with
charged particle multiplicity as 1/N% "

(O)NGT]
O) ¢ & Tﬂ’ : (11)

where ‘peri’ denotes the N, range corresponding to the 90%—
100% centrality bin. While widely used in small collision sys-
tems at RHIC and the LHC [63-67], this method may not be
appropriate for large systems where jet quenching strongly
modifies away-side correlations.

Following [16], non-flow is estimated by: (1) the difference
between the standard method and subevent methods, and (2)
the N p-scaling method (equation (11)). The latter is applied
for <v£> and <vﬁ§pT>, where medium effects redistribute non-
flow azimuthally rather than suppress them. This approach is
not suitable for <(5 pT)2>, where medium effects should always
suppress non-flow.

The subevent requirement reduces the values of <vﬁ>
((6pr)?), and (v26pr) in the most peripheral bin. Differences
between standard and subevent methods are used to estimate
residual non-flow in the subevent method. These differences,
propagated to ratios between U+U and Au+Au, are 1.1%,
3.5%, and 11% for Rvg, Rs5pr)2s and Rvg(;pT, respectively.

For non-flow estimation based on the N.,-scaling method,
we assume the entire signals in the 80%—100% centrality two-
subevent results are non-flow, then estimate the non-flow frac-
tion using equation (11). This is used for (v3) and (v3épr). In
0%-5% most central collisions, estimated non-flow is about
6% for (v3) and about 1.4% for (v3dpr). Propagated to ratios,
these are 2.8% for R ; and 2.5% for Rz, .

Non-flow systematic uncertainties are taken as the larger
of the two estimates for R,2 and R 35, , while for R(;),)2, the
difference between standard and subevent methods is used.
Total non-flow uncertainties in the 0%—5% centrality are 2.8%,
3.5% and 11% for R 3, Rsp,)2 and R 35, , respectively.

Non-flow correlations are physical processes, not instru-
mental effects. Most flow measurements in large collision sys-
tems at RHIC and the LHC do not perform model-dependent
non-flow subtractions. Ideally, non-flow physics should be
incorporated into theoretical models used for comparison.
Unfortunately, most models are unable to correctly describe
the non-flow correlations (e.g. including contributions from
resonance decays but not jet quenching). This should be taken
into account when comparing measurements to models.

In this paper, non-flow systematics are treated as model-
dependent uncertainties and are incorporated for quantitative
extraction of nuclear shape parameters in section 4.2, but are
otherwise not included in data plots.

2.4. Systematic uncertainties

Systematic uncertainties were estimated by varying track qual-
ity selections and collision zyy range, studying the influence
of pileup, comparing results from different data-taking peri-
ods, and performing a closure test. The following summarizes
uncertainties for the default pr range (0.2-3 GeV c™!).

Track selection: varying the number of fit hits on the track (16—
19) and the DCA cut (< 3 cm to < 2.5 cm) yielded variations
of 0.5%—1% for (pr) and 1%-5% for ((6pr)*). Uncertainties
for (v2) reached 3%, 5%, and 10% for n=2, 3, and 4, respect-
ively, with larger relative uncertainties in central collisions due
to smaller (v2) values. Track selection influences on (v26pr)
lead to uncertainties up to 4% (n=2), 10% (n = 3), and 20%
(n=4).

Collision vertex: comparing results for |zyx| < 12cm with
|zvix| < 30 cm showed differences of 0.2%—0.9% for (pr) and
0.5%—-3% for other observables.

Data-taking periods: comparisons between normal and
reverse magnetic field runs in Au+Au collisions showed con-
sistency within statistical uncertainties. Comparisons between
the 2010 and 2011 Au-+Au datasets, which have different act-
ive acceptances in the TPC, were largely consistent, within the
quoted uncertainties, as a function of centrality. However, sig-
nificant differences are observed in several cases. We observe
about 0.1%, 1%-2%, 2%—4%, 2%, 2%—8% variations in {pr),
((6p1)*), (v3), (v3), and (v}), respectively. In addition, a
10%—15% variation of (v2dpr) is also observed in central
collisions. Half of the observed differences are included in the
systematic uncertainties for each observable.

Pileup and background: varying the cut on the correlation
between Ngi° and TOF hits showed an influence of 1%-3%
for (v2) and ((6pr)?), and up to 2%-10% for (v2dpr) in mid-
central collisions.

Acceptance correction: as a cross-check, a re-centering cor-
rection on flow vectors [68] was applied instead of the
¢-dependent acceptance correction, acc,(¢). Results were
consistent.
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Closure test: a closure test was performed. Reconstruction
efficiency and its variations in 7 and ¢ from data were
used to retain a fraction of particles generated by a multi-
phase transport model [69]. Observables were calculated with
track-by-track weights (equation (7)) and compared to ori-
ginal particles. The observables (v2), (pr), and ((dpr)?) were
recovered within statistical uncertainties. However, a 2%—4%
non-closure was observed in (v3dpr) and (v3pr), and up to
15% in (vidpr), which are included in the final systematic
uncertainties.

Additional cross-checks: the track reconstruction efficiency
has an approximate 5% uncertainty. Varying this efficiency
resulted in variations of about 0.1% for (pr). Variations for
other observables were either less than 1% or within statistical
uncertainties. The reconstructed pr can differ from the true
value due to finite momentum resolution. This was investig-
ated by smearing the reconstructed pr, calculating the observ-
able, and comparing the results with the original ones. A dis-
crepancy of approximately 0.1% and 0.5% was observed for
{pr) and ((8pr)?), respectively. Other observables remained
consistent within their statistical uncertainties.

Systematic uncertainties for other pr ranges are similar,
generally smaller for higher pr ranges due to better track
reconstruction efficiency and fewer fake tracks. However, a
slightly larger difference between standard and subevent meth-
ods is observed at higher pr due to larger non-flow.

These different sources are assumed to be independent, and
are hence combined in quadrature to give the total systematic
uncertainties. For measurements performed in 0.2 < pp < 2
or 0.2 < pr <3GeV ¢~ !, total uncertainties for <v%>, <v§>,
<v£>, {pr), <(5pT)2>, <v%5pT>, <v§5pT>, and <v?‘5pT> are 1%-—
4%, 2%—8%,4%—15%, 0.2%—1%, 1%—5%, 3%—8%, 5%—15%
and 10%-20% respectively. Uncertainties are similar for 0.2—
2GeVc~! and 0.3-2GeV ¢!, but smaller for 0.5 <pr<2
and 0.5 <pr <3GeVc L

Many uncertainty sources are similar in Au+Au and U+U
collisions and partially cancel in the ratios between the two
systems. However, detector stability, as assessed by compar-
ing 2010 and 2011 Au+Au data, is incorporated without can-
cellation into the ratio calculation. Ratios are calculated for
each source of systematic uncertainty, and variations are com-
bined to give the total uncertainty on this ratio.

This paper presents results for <vﬁ>, <v,215pT>, {pr),
((6pr)?), and p,, and their derived ratios between U+U and
Au-+Au. Results are presented by default as a function of
centrality, with corresponding results as a function of N
included in the appendix. Statistical uncertainties are indicated
by error bars, and systematic uncertainties by shaded boxes in
all figures.

3. Results

3.1 General trends and the signatures of deformation

To isolate the effects of nuclear deformation, we compare res-
ults from collisions of highly-deformed 23U with those of
nearly-spherical '’ Au, as a function of centrality. The 20%
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Figure 4. (v3) (left) and ((dpr)*) (right) as a function of centrality
in U+U and Au+Au collisions for charged hadrons in

0.2 < pr < 3GeV c~!. Results are obtained using the two-subevent
method.

difference in mass number between these nuclei is expected
to have a minor influence on the hydrodynamic response [18],
ensuring that observed differences at the same centrality are
primarily sensitive to nuclear deformation.

Figure 4 shows a significant enhancement of (v3) and
((6pr)?*) in central U+U collisions compared to central
Au-+Au collisions. This enhancement is attributed to increased
fluctuations in elliptic and radial flow driven by the large pro-
late deformation of 2**U (equation (2)). In contrast, figure 5
displays much smaller differences in (v3), (v}), and (pr)
between the two systems, which are expected since quadru-
pole deformation minimally impacts these observables.

However, (v3) values in central collisions are about 7% lar-
ger in U4+U compared to Au+Au. This result is surprising.
Naively, we expect the Au+Au system, being smaller, to have
larger fluctuations in its initial geometry (specifically, larger
(€3))- This simple scaling, (£3) o< 1/A, suggests that (43),
should be greater than <v§>U.

While greater viscous damping in the smaller Au+Au sys-
tem would slightly reduce its v3 compared to U+U, trans-
port models still predict a slightly larger <v§> (by about 10%)
for Au+Au, even after accounting for this effect [15]. On
the other hand, this unexpected ordering of v; values can be
explained by including a small amount of octupole deforma-
tion in the uranium nucleus; this octupole deformation would
increase v3y, as shown in equation (3). Hydrodynamic model
calculations support this, confirming that a 7% larger <v§> in
U+U is consistent with an octupole deformation parameter of
Bau ~ 0.08-0.10 [36].

Similar considerations apply to the ordering of <vﬁ>.
Although the measurement uncertainties are larger for this
observable, some impact from the hexadecapole deformation
B4y might be expected. However, transport model calculations
suggest that the expected larger fluctuation in Au+Au colli-
sions is largely canceled by the stronger viscous damping [15].
This could result in <vﬁ> being very similar in the two collision
systems. Hence, the data suggest that the impact of 54y on <v§>
is not significant compared to the measurement uncertainties.

The (pr) values are slightly larger in U+U collisions, con-
sistent with a denser QGP medium due to uranium’s larger
mass number. The sharp increase in (pr) toward the most
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central collisions may be linked to genuine temperature fluc-
tuations [70]. These fluctuations, when convoluted with a
steeply falling Ny, distribution, lead to an increase in (pr) [71,
72]. It will be interesting to investigate whether this increase
could also be influenced by nuclear deformation.

To visualize the expected shape-size correlation from
figure 1, we examine the 0%—0.5% most central collisions,
where nuclear deformation has the greatest impact. These
events are binned according to their event-by-event dpt val-
ues, and the corresponding <vﬁ> values are shown in figure 6.
The positive correlation between v, and dpr in Au+Au col-
lisions aligns with the positive correlation between e, and
d, [34, 73]. Conversely, the decrease of v, with increasing
opr in U+U collisions supports the picture in figure 1 [32]:
events with small (large) [pr] are enriched with body—body
(tip—tip) collisions. This is a dramatic effect: <v%> in U+U is
over 60% higher than in Au+Au at the low end of dpr, but
nearly identical at the high end. The v; and v4 values are sim-
ilar in the two systems and largely unaffected by quadrupole
deformation.

The linear correlation between v, and dpr with a slope of
h in figure 6 can be directly related to p,. We can express the
linear relationship as v/ (v2) — 1 = hépr/ ([pr]). Multiplying
both sides by dpr and averaging over the event ensemble,

we get (v2opr) / (v2) = h((6pr)*) / ([pr]). This leads to p, =
hv/{(6p1)?)/ {|p1]), implying that p, captures the linear cor-
relation in figure 6.

The calculation of p, and ph requires (v2), \/var(y2),

((6pr)?) and (v2dpr); these components for n=2 are
shown in figure 7 as a function of centrality. Central U4+-U
collisions show significant enhancements in <v%> var(v%),
and /{(dpr)?) relative to Au+Au, consistent with a large 3,y.
Conversely, <v§5pT> values are suppressed in U+U collisions
across all centralities, consistent with a large 3,y and a prolate
shape (equation (2)). In central collisions, where the Au+Au
baseline is positive, the uranium’s deformation drives <v%6pT>
negative in the 0%—7% centrality range.

From these components, we calculate p, and p5” and
present them in the bottom row of figure 7. The p, values
in Au+Au collisions remain nearly constant across centrality,
while in U+U they decrease gradually up to 15% centrality,
then drop sharply in more central collisions. The p5° values in
Au-+Au collisions decrease slowly toward central collisions,
largely unrelated to nuclear deformation. These behaviors are
defining features of p, and p5°, and are robust against correl-
ation methods and pt selection (see section 3.2).

A similar study for higher-order harmonic flow is presen-
ted in figure 8, which shows <vﬁ6pT> and p, forn=3 and 4 as
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(v36pr) and derived quantities p> (equation (6)) and p5™
(equation (5)) in Au+Au and U+-U collisions. All are obtained

using the two-subevent method. Note that the <v%> and \/{(6pr)?)
data are taken directly from figure 4.

a function of centrality. While generally similar between sys-
tems, <v%5pT> and p; values are smaller in central U+U colli-
sions, qualitatively compatible with a small octupole deform-
ation in 28U via equation (3) [36].

3.2. Dependence on correlation methods and kinematic
selections

All results so far utilize the two-subevent method. The impact
of short-range non-flow correlations on <vﬁ6pT> is quantified
by comparing the standard, two-subevent, and three-subevent
methods. These comparisons are shown in figure 9 for p5™
and p,, and in figure 10 for p; and p4. Note that <vﬁ> and
<(5pT)2> in these comparisons are always calculated with the
two-subevent method, so method variations in p, originate
solely from (v2épr).

In the 30%—-60% centrality range, notable discrepancies
between the standard and subevent methods reflect non-flow
and longitudinal fluctuations. These differences are modest for
n =2 but larger for n =3 and 4. Most variations occur between
the standard and two-subevent methods, with generally smal-
ler differences between the two- and three-subevent methods,

m\? [a 2subevent method | © b 2subevent method |
¥ 02<p.<3GeVic] ]
X 15? _e-U+U N X
> I -~ Au+Au 17 |
o) ) 1a
cxblom Ln * iél’ov 0.5~ 7
> 1> L
oo $o 17!
0.5- s, . . i [} e
[ %09 ] L [ ] j
oF '..°: 0 s 09308 |
o B l : 7 < p - ; ;
Q Lc 2subevent method { & rd 2subevent method
0.3F 1 o3t + .
0.2f i { o2t +# # .
) L ¢
o1 0% . .1 of ' ## y
i 08000e®, i #
L :0..00 F # +i
O-I 1 1 1 G-I 1 1 1
60 40 20 0 60 40 20 0

Centrality [%] Centrality [%]
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except in peripheral collisions where statistical precision is
poor.

Figure 11 shows p5° and p, in four pr intervals, reveal-
ing significant variations (around 20%) with the pr selec-
tion. These variations reflect incomplete cancellation of final-
state effects between the numerators and denominators, result-
ing from differences in the expected hydrodynamic responses.

Key features include: (1) p5° and p, values increase when the
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pr interval’s lower or upper end is raised, similar to observa-
tions in the Xe+Xe and Pb+Pb collisions at the LHC [60]. (2)
Both observables decrease sharply in the UCC region in both
systems. This sharp decrease, also observed at the LHC, can
be attributed to centrality smearing due to the finite central-
ity resolution associated with Ni;° [35]. (3) p, exhibits a peak
around 5% centrality in Au+Au, more pronounced when the
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Figure 12. Centrality dependence of normalized quantities p3 (top)
and p4 (bottom) via equation (6) in Au+Au (left) and U+U (right)
collisions, calculated in four pr intervals.

lower end of the pr interval is raised. This increasing trend
is potentially due to the moderately oblate deformation of Au
nuclei [34].

A similar study for p3 and p4 is presented in figure 12, based
on the two-subevent method. The values of p; increase when
raising the higher end of the pr interval, but decrease when
raising the lower end, opposite to the behavior observed for
p2. In the UCC region, p3 values in Au+Au collisions are sys-
tematically larger than in U+U collisions. The pr dependence
of p4 is similar to that for ps, but statistical uncertainties are
too large for quantitative evaluation.

3.3. Ratios between the two systems

While normalized observables like p, reduce final-state
effects, they do not fully cancel them, as indicated by their
sensitivities to the pr selection. A more robust approach
involves direct ratios of the same observable between U+U
and Au+Au (equation (4)) at matching centrality. These ratios
also reduce the influence of initial-state properties common to
both U and Au, such as nucleon sizes, nucleon distances, and
nucleon substructure fluctuations.

Figure 13 presents ratios of one- and two-particle observ-
ables. Although individual observables, such as <vﬁ> and
<(5pT)2>, can change by over a factor of two across the four
pr intervals, their ratios are remarkably pr-independent, sug-
gesting significant cancellation of final-state effects. In cent-
ral collisions, Rv% and Rs5pry show a dramatic increase due
to uranium’s larger deformation (equation (2)). The central-
ity range for this increase is narrow for R,z (0%—-10%) but
much wider for Rsp, )2 (0%-30%). This difference arises

because (13) in non-central collisions is dominated by the
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elliptic shape of the overlap region, thereby diluting the impact
of nuclear deformation. In contrast, <(5pT)2> is not affected
by this average geometry [74]. The ratio R 2 shows a slight
increase in central collisions, possibly from octupole deform-
ation in Uranium, while R,: shows no centrality-dependent
modification.

The (pr) ratio increases slightly (about 1%) toward cent-
ral collisions, possibly due to a denser medium in U+U colli-
sions and a bias towards tip—tip collisions in UCC [44]. Note
that pr interval choice affects (pr), with increasing lower pr
limits naturally lowering (pr). This kinematic effect dilutes
the increase in the UCC region, accounting for the split of the
ratios into two groups based on the lower pr limit. Changing
the upper limit has minimal impact due to the relatively fewer
particles at high pr.

Figure 14 shows the ratio of <vﬁ5pT> between U+U and
Au+Au for standard and subevent methods. Figure 15 shows
the same ratio for four pr intervals. In mid-central and peri-
pheral collisions, R,25,, values are independent of the method
and pr interval, but modest dependencies appear in the UCC
region.

Many ratios in figures 13-15 deviate significantly from
unity in the UCC region. As mentioned earlier and discussed
in section 4, these deviations can be used to constrain the quad-
rupole and higher-order deformation of 2*3U.

A challenge in this analysis is that observables are domin-
ated by baseline contributions from spherical nuclei (a, terms

3 .— T T T L | 2 T T T T
~~ [® @ o o e, a —~ b, 4
o F ® Q4 -
w F ® S o
oo L [ ) ~N ™ 4
S > ]
= ® 1 .
~ J.~<
o | 02<p <3Gevic .

73 [ Pr ] OO«D 5
NG O oD
~ 1 STAR o]
[ - Standard method °
-3 e~ 2subevent method ]
I - 3subevent method
L L 1 1 1 1 1 1 L
40 30 20 10 0 910 30 20 10 0

Centrality [%] Centrality [%]
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Figure 15. Centrality dependence of ratios of <v§6pT> (left) and

<v§5pT> (right) between U+U and Au+Au collisions, obtained for
four pr intervals.

in equations (2)), which are strong functions of impact para-
meter and increase rapidly towards more peripheral collisions.
In contrast, deformation-related terms (b, terms) are largest
in central collision and decrease slowly towards peripheral
collisions [15, 34]. Therefore, the ratios and their centrality
dependencies discussed above largely reflect impact parameter
dependencies.

To remove the a,, terms, which have similar values in U+U
and Au+Au, we calculate baseline-subtracted ratios [34]:

p;ub _ <V%6PT>U — <V%6pT>Au
(030 = (000 y {80012, — ((0p0")
pgcc sub __ <V%6pT>U B <V%6PT>AU .
\/var (v3) — var (V%)Au\/<(6pT)2>U - <(5pT)2>Au

(12)

This difference AO = Oy — Oy, cancels most spherical
baseline contributions while isolating the deformation com-
ponent:

b3 (cos (37u) B3y — €08 (37au) Fian)

3/2
blm(ﬁgu _ﬂgAu) /
b3

bivby

sub
~ T

Poau—0

cos (3yy) - (13)
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sub

(top) and p5 " (bottom) defined via

equation (12). They are compared between different methods in 0.2 < pr < 3 GeV ¢! (left) or four pr intervals (right). The thick gray line
in the bottom right panel indicates the expectation from the liquid drop model estimation at —0.76 (see text).

b
bl\}Fz -
—+/10/7 [34]. In this limit, p$"° = —0.76 assuming
(Bou,yu) = (0.28,0°) and  (BrausYau) = (0.14,45°). The
second line of equation (13) shows that in the large [,y limit
and ignoring Sy, p;“b depends only on uranium’s triaxiality.

The subtraction method is valid when the baseline differ-
ence is much smaller than the deformation contribution. This
holds for (v30pr) over a wide centrality range, but only a
limited range for (v3) (0%-5%), \/var(v3) (0%-10%), and
((6p1)*) (0%-20%), see figure 7.

The interpretation of p2*™* is more complex due to a

more involved form for var(v3) derived from equation (10).
Assuming identical ay, by, ¢y and dy =2/ 7b% for the two col-
lision systems:

A liquid-drop model estimates the coefficients —

Avar (V%) = b% (ﬁgu - 5§Au) (2a1/b1 +5/7 (5§U + 5§Au)) ~,
(14)

we obtain:

pee,sub b3 (COS (S’YU) BgU — C0s (37Au) ﬁgAu)

2 bi/ba (21 b1 +5/7 (B + Bua) (B~ Bind)

b3Pau
biy/b2 (2a1 /by +5/75%)

Baau—0

cos (3vu) . (15)

The a; /b; term, affected by the spherical baseline, reduces
the magnitude of p5°™ relative to p$™. Also, p2“**" can
be obtained over a wider centrality range because the cent-
rality interval over which Avar(v3) > 0 is wider than that for

A <v%> > 0 (see figure 7).

12

Figure 16 shows p2°** and p3* in central collisions. These

observables are robust against variations in correlation meth-
ods and pr intervals. They are negative over a significantly
wider centrality range than the original observables p5° and
p2. Furthermore, the values of p%“b in the UCC region are
remarkably close to the analytical liquid-drop limit of -0.76.

4. Model comparisons

4.1. Comparisons with initial-state and hydrodynamic models
for vo—pT correlations

The correlation between v, and [pr] arises from hydrodynamic
responses to correlated fluctuations between elliptic eccentri-
city, €7, and the inverse of the transverse area, d, . Most flow
observables are influenced by both initial-state geometry and
final-state QGP evolution.

Initial state model. Models that consider only the initial state,
such as the Glauber model, rely on linear response relations:
vy X &, and 8pr/pr o< 6d, /d, . These relations yield estimat-
ors for p, and p5° in terms of eccentricity and d, [11, 75]:

ﬁgz <€%(5dj_/dj_>
()\/((0dL/d1)?)
e = /L) (16)

var (£2) <(5dL /dL)2> |

Similarly, ratios between U+U and Au+Au, mimicking
RV% spr OF Ry, (equation (4)), as well as the subtracted forms
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Table 1. Choices of Woods—Saxon parameters, including nuclear deformations, in the Glauber and IP-Glasma+MUSIC models. Default
values are in bold; the rest are variations to constrain (52y,~vu) and their theoretical uncertainties, especially for the IP-Glasma+MUSIC

model discussed in section 4.2.

model species  Ro(fm) a(fm) S B4 ~v(°)
Glauber '""Au  6.62 0.52  0.14 0 30, 45, 60
2By 6.81 0.55 0,0.15,022 0 0, 10, 15
028,034  0.09 20,25
Hydro '"Au  6.62,638 0.52 0.14,0.12 0 37, 45, 53
28y 6.81,7.07 0.55 0,0.15 0 0,10
0.22,0.25 0.09 15,20
0.28, 0.34

to mimic pi*™ and p**°, can be formed.
/A)sub _ A <€%5dl /di>
b —
A3y /A ((0du/du)?)
~pcc, sul A 625dl/dl
g 5 b — < 2 > . (17)
Avar (€3), /A <(5dl/dL)2>

Here, AQO represents the difference of an observable O
between U+U and Au+Au collisions. For this study, we use
the standard quark Glauber model [76] with deformation para-
meters from [34]. These normalized quantities serve as estim-
ators for the corresponding ratios of final-state observables and
do not capture final-state effects in the data (figure 11).

Full hydrodynamic simulations. Final-state effects can be
quantified using full event-by-event hydrodynamic model sim-
ulations with realistic initial conditions. We utilize the state-
of-the-art IP-Glasma+MUSIC model [11, 77], which dynam-
ically generates initial conditions from the gluon saturation
model (IP-Glasma) and simulates full 3D viscous hydro-
dynamics via the MUSIC code. Final-state particles are gen-
erated using the Cooper-Fry prescription for hadronization,
followed by UrQMD hadronic transport. This model is com-
putationally expensive, so it can only be studied with limited
statistics.

Nuclear structure setup. Table 1 details the Woods—Saxon
parameters, including nuclear deformation for Au and U, used
in the Glauber and IP-Glasma+MUSIC models. Nucleon-
nucleon inelastic cross-sections are 40.6mb for U+U at
193 GeV and 42 mb for Au+Au at 200 GeV. Following [16,
30], we set default '”7Au parameters as (2, = 0.14 and
Yau = 45°. For 238U, known for its prolate deformation and
moderate hexadecapole deformation from low-energy experi-
ments and calculations, we can [,y values from O to 0.34 in
both models. We also vary B4y (0-0.09), vy (0°-30°), and
Yau (30°-60°) to test sensitivity to hexadecapole deforma-
tion and triaxiality. Variations of other structure parameters
are only used in section 4.2 for quantitative estimation of

deformation parameters. Approximately 50 million Glauber
events are generated following [34] and 100 000-400 000 IP-
Glasma+MUSIC events are generated for each parameter set,
using the code provided by the authors of [11, 77]. About 5%
of these generated events ends up in the UCC region. Each IP-
Glasma+MUSIC event is oversampled at least 100 times to
minimize non-flow and statistical fluctuations in the hadronic
transport.

Comparison of p)“ and p,. Figure 17(a) compares pb™
in the 0.2 < pr < 3 GeV ¢! range with IP-Glasma+MUSIC
for varying B,y. While the model over-predicts data in peri-
pheral collisions, prolate deformation significantly reduces p;
in more central collisions. For 3,y = 0.28, the model predicts a
zero-crossing around 7% centrality, consistent with data. This
zero-crossing point serves as an important anchor, as it is (by
construction) independent of normalization and correlation
methods, and weakly dependent on pr selections (figure 11).

Figure 17(b) shows the comparison with Glauber model
estimators p5°. The magnitude and trend of the Glauber model
are similar to the IP-Glasma+MUSIC model, indicating a
dominance of initial conditions on the behavior of p5*. The
Glauber model also correctly predicts the zero-crossing loc-
ation. Both models predict a steeper decrease in the UCC
region than observed in the data, likely due to weaker central-
ity smearing in the models. Hexadecapole deformation mildly
reduces p5°° in non-central collisions.

Figure 17(c) investigates the impact of triaxiality. Data are
compared to Glauber calculations for S,y = 0.28 and Poay
0.14 with varying triaxiality. Increasing ~ raises p5° in the
0%—-20% centrality range in U+U, shifting the zero-crossing
point towards more central collisions. Au+Au results are less
sensitive to v due to the smaller Bay.

Figure 18 presents the same comparison for p,. The IP-
Glasma+MUSIC model predicts a flat centrality dependence
for Au+Au, consistent with data, though with a larger mag-
nitude. For small 3, values, both models (especially Glauber)
predict a slight peak around 3% centrality, more pronounced
than in the data.

We attribute the modest discrepancies between models and
data for p* and p; to residual final-state effects, not included
in the Glauber model [11, 77] and not fully captured by the IP-
Glasma+MUSIC model [11]. Example of such effects could
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Figure 18. Same as figure 17 but for p,.

be subleading flow [62] or non-linear effects between ¢, and
v, and between dd | and d[pr| [78].

Ratios Between U+U and Au+ Au. Incomplete cancellation
of final-state effects is expected as hydrodynamic responses
are observable-dependent and thus differ between numerators
and denominators. Ratios of the same quantity between U+4-U
and Au-+Au are expected to cancel most residual sensitivit-
ies and model dependencies in initial conditions, making them
more sensitive to genuine nuclear structure effects.

Figure 19 compares ratios for p, and <v%5pT> with model
calculations. IP-Glasma+MUSIC with S,y = 0.28 (top row)
agrees with data over a much wider centrality range than that in
figures 17 and 18. The Glauber model (middle row) also shows
much better agreement. Centrality smearing effects in the
UCC region are expected to be similar between Au+Au and
U+U collisions [35], reducing their impact in ratios and lead-
ing to better model agreement compared to figures 17 and 18.
The bottom row demonstrates the sensitivity of these ratios
to yy in the Glauber model. A triaxiality of more than 15°
would visibly shift the zero-crossing point and cause strong
deviations from data, also supporting a prolate shape for the
238U nucleus.

We have observed that R, and Rvg spr have small residual
dependencies on the choice of pr intervals. These pr depend-
encies, especially the relative ordering between different pr

intervals, are well-reproduced by the IP-Glasma+MUSIC
(figure 20). This further validates the use of these ratios for
constraining uranium deformation.

Figure 21 show IP-Glasma+MUSIC predictions for p3 and
p4. The model provides a qualitative description of the trends
in the data.

Comparison for observables obtained via the subtraction

method. section 3.3 introduced subtracted observables (,03“",

pee:sP) to remove spherical baseline contributions and expose
the impact of triaxiality. Figures 22 and 23 compare these
subtracted quantities with IP-Glasma+MUSIC, and figure 24
shows the comparison with Glauber model.

For sufficiently large By (= 0.28), 5™ and p3™ in the
UCC region should approach a limiting value dependent only
on vy (equations (13) and (15)). IP-Glasma+MUSIC predic-
tions for B,y = 0.28 and 0.34 indeed converge in the 0%—5%
centrality range (figure 22). Deviations in less central colli-
sions are expected due to incomplete subtraction of spher-
ical baseline, unrelated to deformation. Increasing vy also
increase these observables (figure 23); a relatively small tri-
axiality (yy < 15°) is preferred by the data.

This limiting behavior can be studied with better stat-
istical precision in the Glauber model (figure 24). The
top panels compare data with calculation for different 5,y
and B4y with fixed vy = 0°. Glauber predictions for B,y =
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Bottom panels of figure 24 show the effect of varying ~yy
with By fixed at 0.28. Larger ~y increases p2** and p5®,
with vy = 15° achieving the best agreement with data in the

ultra-central region.

Role of B3,y and ~y in UCCs. Data in the UCC region
demonstrate the strongest sensitivity to nuclear deformation.
Figure 25 show the 33, dependence of R 35, in 0%—2% and
0%—-5% centrality bins across four py intervals. Note that
the influence of deformation is stronger in 0%—2% centrality,
while the wider 0%—5% interval reduces centrality smearing
effects. Experimental data are plotted at ﬂ%U =0.28%=0.022
and compared with model calculations. IP-Glasma+MUSIC
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predictions confirm a nearly linear dependence on BS, con-
sistent with equation (2). Matching data to the model yields
average values of 5,y ~ 0.272-0.289 (0%—2% centrality) and
Bau = 0.291-0.306 (0%—5% centrality) for vy = 0°.

The negative data values in figure 25 require a positive
cos(3), implying vy < 30°. Since the Glauber model shows
similar agreement to the full hydrodynamic model for Rvg Spro
it can provide high-precision estimates of S,y and ~y. Right
panels of figure 25 compared the BS’ dependence of RV% spr data
with Glauber model’s prediction for different ¢ values. The
calculations exhibit a linear dependence on 63, independent of
the 7. As the Glauber model does not simulate pr dependence,
we can only extract a broad constraint on y. The extracted
values are vy < 17° (0%—-2% centrality) and vy < 13° (0%—
5% centrality) assuming S,y = 0.28.

The ratio of p, can also constrain nuclear deformation.
However, this observable does not have a simple linear
dependence on cos(3v); (figure 26), due to additional (33
dependence introduced by <v§> and <v%6pT> in the denomin-
ator of p; (see equation (13)). Therefore, the ratio of p, is not
as robust for extracting nuclear deformations.

4.2. Quantitative constraints on Uranium deformation
parameters

Having explored nuclear deformation’s influence on flow
observables and established that U+U to Au+Au ratios
exhibit the clearest signatures of deformation, we now perform
a more quantitative, simultaneous extraction of S,y and ~y.
This is accomplished by using three observables Rz, R(5pry2s
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Figure 25. Ratio of covariance <v25pT> / <v25pT> measured
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in 0%—2% (top row) and 0%—5% (bottom row) most central
collisions for four pr intervals, placed at ﬁgyu =0.28% =0.022.
Data are compared with the hydrodynamic model assuming vy = 0
(left column) and the Glauber model with different vy (right
column). Uncertainties in the hydrodynamic model are correlated
between different pr intervals.

and R5p together. If we ignore the modest deformation in
the Au nucleus, equation (2) suggests:

b
sz ~ Ay 1+1ﬂ%> )
2 ajAu ap U
ay by
R ~ 1 =
(6p1)? a2, Au ( + a 62)[}T )
azu b3 3
Rps, ~ ——[1——= 37). 18
e 2 (12 aes(3).) 09

In the absence of deformation, these ratios approach
n,U/an,Au, Which are less than unity in UCC where a,, are
dominated by random fluctuations and are larger in Au+Au
collisions. Following [16], we consider additional uncertain-
ties for these ratios:

o Non-flow estimate: non-flow estimates, representing phys-
ical correlations, are included in the measured data ratios as
model-dependent contributions (see section 2.3).

Impact of viscosity: varying QGP shear and bulk viscosit-
ies by £50% in IP-Glasma+MUSIC shows that while indi-
vidual flow observables can change significantly, their ratios
in U+U and Au+Au remain relatively stable (top panels of
figure 27). Half the maximum variation is included in the
model uncertainty.

Impact of other structure parameters: to derive uncer-
tainties on S,y and 7y, other Woods—Saxon inputs in table 1
are varied: (1) Au deformation parameters are varied within
Baauw &~ 0.12-0.14 and ~ya, = 37-53° according to [29, 30].
(2) The role of high-order deformation is checked by varying
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Figure 26. Ratio of covariance p2,uu/p2,auau measured in 0%—2% (top row) and 0%—5% (bottom row) most central collisions for four pr
intervals, placed at B‘;U =0.28% = 0.022. Data are compared with the hydrodynamics model assuming vy = 0 (left column) and the
Glauber model with different ~y (right column). Due to oversampling, statistical uncertainties in the model are dominated by fluctuations in
initial configurations and are therefore correlated across different pr intervals.
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Figure 27. IP-Glasma+MUSIC model prediction of the ratios of (v3) (left column), {(5pr)*) (middle column), and (v35pr) (right column)
between U+U and Au+Au collisions in 0.2 < pr < 3GeV ¢!, calculated for varying shear and bulk viscosities (top row) and varying
nuclear structure parameters (bottom row), compared with the data. Checks consistent with the default calculation within their statistical
uncertainties are not included in the model uncertainties in figure 28.

B4y from 0 to 0.09. (3) The assumed nuclear radius Ry and
nuclear skin a are varied. (4) Parameters common to both
collision systems, like the minimum inter-nucleon distance
in nuclei dp, are also varied. The impact of these variations
on ratios of flow observables is shown in the bottom panels
of figure 27. Dependencies on these structural parameters
are small in the most central collisions.

Figure 27 shows that IP-Glasma+MUSIC generally
matches central data for R(s,): and R spr but consist-
ently overestimates R, in 0%-30% centrality. This over-
estimation for R, may stem from a stronger sensitivity
to centrality smearing, other structural parameters (such
as nuclear radius and skin depth) [74], and possible lon-
gitudinal flow decorrelations [79]. Thus, R, comparison
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Figure 29. Constraints on 5y and -y from the three ratios,
obtained for four pr ranges.

is considered to set a lower bound for [,y in this
model.

To minimize various confounding geometry effects, we
focus on 0%—-5% UCCs, where deformation signals domin-
ate. Figure 28 compares the 0.2-3 GeVc~' data with IP-
Glasma+MUSIC curves, generated by varying 5,y (0 to 0.34)
and vy (0° to 20°). Model uncertainties incorporate both
final-state viscosities and initial-parameter scans are shown in
figure 27. Calculated R,z and R ;,,)> change linearly with B3

while Ry sy follows a 33, cos(3y) trend, remarkably consist-

ent with equation (18) ! Intersections between data and model
delineate the preferred ranges of Syy. For R 25, ., the favored
Boy range varies with yy. i

! However, the predicted R(5p,)> values display a small dependence on yy
when ~y >30°.

We repeat this comparison for all four pr ranges. Figure 29
shows the extracted best-fit regions of (8.u,Yv). R, 2 sets the
lower bound of /3,4, while R5pr) and R \26pr further constraln
the upper range and triaxiality. A pseudo-experiment proced-
ure combines uncertainties from Rs5pry and R \26prs assuming
independent Gaussian probability density functions:

(ﬂZU - Ba)z .

2
20;

(Bou — Bs (’YU))2
207 (Yu)

P (Bau,vu) o< exp
(19)

Here, Ba and o, are the mean and uncertainty of /3,y extracted
from R s, 2. Similarly, [ and o, are the mean and uncertainty
of oy from R5pps and they depend on ~y. We sample a uni-
form prior distribution in S,y and 7y to obtain the posterior
distribution, from which we obtained the mean and one stand-
ard deviation uncertainty of 5y and 7y.

The constraints are listed in table 2 for the four pt intervals.
Averaging across these pr windows, we find S,y &~ 0.300 +
0.016 and vy ~ 8.3 +4.7° from R 5,2 and R, 25 . In contrast,
R, alone provides a lower-limit estimate of ﬁzu 0.24 +
0.02. This finding is consistent with recent model studies [29,
80], where [y ~ 0.25 could describe R data. Similar nuc-
lear structure constraints have also reported using a different
hydrodynamic model framework [48, 49].

We caution that shape parameters are extracted within the
Woods—Saxon parametrization, where deformation values are
defined at the nuclear surface. In the low-energy community,
B, from the spectroscopic method corresponds to a 3, defined
using the body distribution of the nucleons [29]. In the pres-
ence of a positive (4, the 3, value from Woods—Saxon para-
metrization can be slightly reduced compared to the actual
B, for the body deformation [81]. Therefore, it is valuable to
derive an independent constraint on the 34 from high-energy
collisions, which should be explored in the future.

Another point is worth mentioning. In [16], an inde-
pendent estimate of S,y and =y was obtained from another
hydrodynamic model, Trajectum [82]. Their reported values,
(Bousyu) = (0.286 £0.025,8.7° £+ 4.5°), are obtained for one
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Table 2. One standard deviation constraint on the uranium shape parameters from the three ratios in 0%—5% centrality for four pr intervals.

Results averaged over the four pr ranges are also displayed.

pr range R (s5p,y> and R‘% spr combined RV%

(GeVe™) Brus 10 (%) B

0.2-2 0.305+0.014, 8.6 £4.8 0.232+0.014
0.5-2 0.305+0.014,8.2+£4.6 0.247+0.017
0.2-3 0.297+0.014,8.5+4.8 0.234+0.014
0.5-3 0.296+0.013,8.1 £4.6 0.246 +0.017
Combined 0.300+0.016, 8.3 £4.7 0.2404+0.018

pr bin, by combining the two constraints and including the
model differences as additional uncertainties, and hence are
not the same as what is reported in this analysis.

Overall, the extracted deformation parameters align with
low-energy nuclear measurements under the rigid-rotor
assumption [25]. These constraints are achieved without ref-
erencing transitions to excited nuclear states, demonstrating
how ultra-central high-energy collisions probe ground-state
nuclear shapes.

5. Summary and outlook

The correlation between elliptic flow (v;) and event-by-event
average transverse momentum ([pr]) in high-energy heavy-ion
collisions offers a unique probe to the shape of the colliding
nuclei, notably their quadrupole deformation (/3;) and triaxial-
ity (7). This sensitivity is robustly demonstrated by comparing
collisions of strong prolate-deformed 23¥U nuclei with weakly

oblate-deformed %7 Au nuclei, focusing on three observables:
<v§> <5pT > and <v%6pT>.
We construct a normalized quantity, p, = __lader)

< >\/ (6pr)?

which reduces sensitivity to final-state expansion dynam-
ics. In 0%—7% ultra-central U+U collisions, p, exhibits a
steep transition from positive to negative values, whereas
it stays nearly constant in Au+Au collisions. Further sup-
pression of residual final-state effects is achieved by using
the ratio Rzs,, = (v30pt),, / (v30pT) - This ratio shows a
sharp decrease in central collisions, nearly independent of
the correlation methods or pr selections. This provides dir-
ect evidence from the high-energy regime that >*U possesses
strong prolate deformation (large [,y) and small triaxiality
(yu ~ 0°). Independent evidence for large B,y also comes
from the strong rise of R,z = (v3),/(v3),, and R(sp > =
(((6pr)* > /{((6p1)?)) A 1N UCCs. In contrast, observables
associated Wlth higher-order harmonics (v3 and v4), which are
less affected by quadruple deformation, show much smaller
differences between U+U and Au-+Au systems.

The (v3épr) data were compared with both a Glauber
model, which accounts for the influence of nuclear deform-
ation on initial collision conditions, and a state-of-the-
art hydrodynamic model simulation (IP-Glasma+MUSIC),
which incorporates final-state effects. Both models employ
the Woods—Saxon parameterization for nuclear deformation.

These models quantitatively reproduce the centrality depend-
ence of Rv%(;pT when 5,y = 0.28 and vy = 0°. In UCCs, where
deformation effects are dominant, the IP-Glasma-+MUSIC
model yields S,y ~ 0.27-0.30, while the Glauber model sup-
ports a triaxiality value of vy < 15°.

For a more precise extraction of the uranium shape, we per-
formed a joint fit of the hydrodynamic model to both R s,
data (mainly constraining £,y) and Rv%(;m data (sensitive to
both Sy and 7y). By accounting for variations in medium
evolution and initial-state parameters, and incorporating non-
flow effects in the data, we determine 3,y = 0.300£0.016
and vy = 8.3 £4.7°. These values are broadly consistent with
low-energy estimates under the rigid-rotor assumption. This
marks a valuable extraction of the nuclear ground-state shape
purely from high-energy collisions.

Observables involving higher-order flow harmonics, such
as (v3), (v}), (vidpr) and (vidpr), are also sensitive to octu-
pole /33 and hexadecapole 34 deformations. Our findings that
(v3)y/ (Vi) s, > 1 and (3dpr),/(vidpr),, <1 in UCCs
are consistent with the presence of a modest S5y ~ 0.08—
0.10 [36]. This represents the first experimental evidence from
the high-energy regime for octupole collectivity of 2*U. While
a similar analysis was performed for 34y, the uncertainties in
analogous ratios involving (v} ) and (vidpr) were too large for
a definite statement.

The successful application of imaging nuclear shapes via
high-energy heavy-ion collisions raises questions about the
relationship between these short-timescale snapshot measure-
ments (where the collision crossing time is <0.1fmc~!) and
traditional low-energy methods, which probe much longer
timescales. This approach also raises issues about possible par-
tonic modifications within highly boosted nuclei. Addressing
these questions is crucial for advancing our understanding
of the elusive initial state of heavy-ion collisions. Further
studies, incorporating various hydrodynamic modeling frame-
works and an explicit treatment of longitudinal decorrelations,
are necessary to refine this imaging technique. This is partic-
ularly important in small collision systems, where uncertain-
ties in the properties and initial conditions of the QGP could
reduce the sensitivity to nuclear structure differences between
isobar-like species.

To establish the ‘imaging-by-smashing’ method as a poten-
tial discovery tool, it must first be calibrated using isobar nuc-
lei with known shapes. This calibration allows for the tuning
of key response coefficients (equations (2) and (3)) within the
theoretical models used for analysis. The method must then be
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validated with additional species with known nuclear shapes
to cross-check these coefficients and expose any limitations or
inconsistencies [31]. Furthermore, uncertainty quantification
must account for model dependencies inherent in shape para-
meters derived from low-energy experiments [83]. These cal-
ibration and validation steps are also crucial for placing stricter
constraints on the initial conditions, dynamics, and proper-
ties of the QGP. With proper validation, this imaging method
can become a complementary tool for studying the collective,
many-body structure of atomic nuclei across the nuclide chart
and at various energy scales. This goal can be achieved by
leveraging collider and fixed-target facilities to collide care-
fully selected isobar species [14].

The STAR Collaboration
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Appendix. Comprehensive data plots

The results in the paper are mainly presented as a function of
centrality. However, it is also helpful to present them as a func-
tion of N, for direct comparison with models. We collect the
data for all observables used in this paper in U+U and Au+Au
collisions, (v2), (pr), ((6pr)?), and (v2dpr) for n=2,3,4,
and present them in figures 30-37 for four pr ranges as a
function of either centrality or N.,. The ratios between the
two collision systems as a function of centrality are shown in
figure 38.
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