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Abstract. Deuterons with different polarization states have distinct shapes for
their wavefunctions. This offers a unique opportunity to experimentally control
the initial-state collision geometry with the polarization of the light-ion targets
in relativistic heavy-ion experiments. We study the charged hadron elliptic flow
coefficients with respect to the polarization angle of deuterons in Pb + polar-
ized deuteron collisions using a hydrodynamics + hadronic transport model.
Hydrodynamic response to initial-state geometry predicts a distinct sign of v,
correlated with the deuteron’s polarization states, providing a clean test case for
elucidating the collective origin in small collision systems.

1 Introduction

Understanding the emergence of collectivity in small collision systems has been a central
topic in the field of high-energy nuclear collisions for more than a decade [1, 2]. Do the
observed flow-like correlations in small systems originate from the same collective dynamics
of Quark Gluon Plasma (QGP) as in large heavy-ion collisions, or can they be explained by
initial-state effects, parton scattering, or other non-hydrodynamic mechanisms? Addressing
this question is crucial for advancing our understanding of QCD matter under extreme condi-
tions and for probing the limit of the application of relativistic hydrodynamics [3, 4]. There
have been several attempts to set up controlled collision systems to experimentally identify
signatures of hydrodynamic response to initial-state geometry in small systems [5]. However,
the role of event-by-event fluctuations at nucleon and sub-nucleonic levels often makes the
interpretation of experimental measurements difficult [6].

Polarization provides a unique tool to control the orientation of light ions before colli-
sions. For example, the deuteron’s wave function with different polarization states exhibits
distinct spatial shapes as shown in Fig. 1. One way to image the deuteron’s shape in co-
ordinate space is to study the angular dependence of exclusive vector meson production in
electron + polarized deuteron collisions [7]. Before such an experiment becomes accessible
at the future Electron-Ton Collider, high-energy nuclear collisions with polarized deuterons

*Speaker; e-mail: chunshen@wayne.edu

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 364, 09010 (2026) https://doi.org/10.1051/epjcont/202636409010
Quark Matter 2025

(d") targets offer a new and complementary venue to control the initial-state collision geom-
etry experimentally. Suppose the produced medium from such collisions is strongly coupled.
In that case, hydrodynamic response will provide a definite prediction for how the final-state
elliptic flow of the collision system should be correlated with the deuteron’s polarization
state [8, 9]. In this proceeding, we present (3+1)D event-by-event hydrodynamic simulations
for Pb + d' collisions in the fixed-target mode, which can be experimentally realized with
the System for Measuring Overlap With Gas (SMOG) at the Large Hadron Collider beauty
(LHCb) experiment.
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Figure 1. Contours of the polarized deuteron wave function squared for J* = 0 (left) and J* =
+1 (right). The parametrization of the deuteron wave function is obtained from Ref. [10].

2 The (3+1)D hybrid framework and results

Pb-+d" collisions are effective ways to image the shape of the target light-ions as the relatively
large Pb nucleus acts as a sheet to imprint the target deuteron’s shape configurations event by
event [8, 9, 11]. Here, we consider colliding Pb nuclei with transversely polarized deuterons,
in which the polarization axis is aligned in the transverse plane. With this setup and the
illustration in Fig. 1, deuterons with the J° = 0 state will result in an oblate overlapping area
with respect to the polarization axis and generate elliptic flow aligned with this axis. On the
contrary, deuterons with the J* = +1 states lead to prolate fireballs, and the final-state elliptic
flow will point orthogonal to the polarization axis.

In this work, we use the 3D-Glauber + MUSIC + UrQMD hybrid model [12-14] to
simulate the non-trivial longitudinal dynamics and rapidity dependence for the final-state
anisotropic flow coefficients in the asymmetric Pb+d' collisions. The fixed-target setup in
LHCb SMOG would have Pb+d" collisions at /snn = 71 GeV, which falls within the RHIC
Beam Energy Scan program. Therefore, we utilize the highest likelihood model parameters
from the recent Bayesian calibration, incorporating the RHIC BES measurements from [15,
16]. To be in line with the LHCb detector acceptances, we compute the collision system’s
elliptic flow coefficients using charged hadrons with pr € [0.2,3] GeV and pseudo-rapidities
n € [2,5] in the lab frame.

Figure 2a shows the initial state eccentricity &, with respect to the deuteron’s polarization
axis. For collisions with Ny, > 10, we can clearly observe that the sign of &(J1) coin-
cides with our expectation based on the spatial configurations of deuterons shown in Fig. 1.
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Figure 2. Elliptic flow coefficients measured with respect to the polarization axis for Pb +
transversely polarized deuteron collisions at 4/syn = 71 GeV.

Figure 2b shows the final-state charged hadron elliptic flow with respect to the deuteron’s po-
larization axis. The magnitudes of v,(JT) are significantly smaller than those of &,(J7), indi-
cating the limited hydrodynamic conversion of spatial eccentricity to momentum anisotropy
in small systems. Nevertheless, the signs of v,(J) remain the same as those of &,(J") for
different deuteron polarization states. Our results here provide a concrete prediction for the
signs and magnitudes of elliptic flow in Pb+d" collisions, assuming the system is strongly
coupled. We note that the PYTHIA model with string shoving predicts the opposite signs for
vy in these collision systems [17]. Therefore, experimental measurements of Pb+d" collisions
at the LHCb SMOG can provide extremely valuable insights into the origin of collectivity in
small systems.

3 Conclusions

In this proceeding, we provided a theoretical prediction of the elliptic flow with respect to
the deuteron’s polarization axis for Pb + transversely polarized d' collisions at /syy =
71 GeV. Assuming the produced medium is strongly-coupled in these small systems, the
hydrodynamic response to the initial-state geometry results in positive v,(JT) for collisions
with deuterons with the J* = 0 state, and negative v,(J T for those collisions with deuterons
in the J° = =*1 states. Our prediction provides a benchmark result to be compared with
upcoming experimental measurements in the LHCspin program with the LHCb SMOG setup,
which serves as a concrete test for the hydrodynamic responses in small systems.
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