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Abstract. We investigate hydrodynamic effects on the spin polarization of
Λ hyperons in Au+Au collisions at

√
sNN = 200 GeV and p+Pb collisions at√

sNN = 8.16 TeV using the CLVisc hydrodynamic framework. We present nu-
merical results for the second Fourier sine coefficient of the longitudinal spin
polarization, ⟨Pz sin 2(ϕp −Ψ2)⟩, as a function of multiplicity (centrality) under
three equilibrium scenarios: Λ equilibrium, s-quark equilibrium, and isother-
mal equilibrium. We highlight the respective roles of thermal vorticity and the
thermal-shear tensor in generating ⟨Pz sin 2(ϕp − Ψ2)⟩ across collision systems
and scenarios.

1 Introduction

The huge angular momentum and transverse anisotropic expansion generated in peripheral
heavy ion collisions can lead to global polarization [1, 2] and spin polarization along the beam
direction [3, 4], respectively. It has been found that in addition to thermal vorticity, other
hydrodynamic effects including the shear viscous tensor and gradient of chemical potential
can also contribute to local spin polarization [5–7]. These hydrodynamic contributions to
spin polarization have been extensively investigated in nucleus-nucleus collisions [8–12].
Recently, the CMS collaboration has measured spin polarization along the beam direction
in p+Pb collisions at

√
sNN = 8.16 TeV [13] . However, theoretical calculations of spin

polarization for small collision systems remain limited. In this work, we extend the study of
these hydrodynamic effects to small collision systems and compare their roles across different
collision systems.

2 Theoretical Framework

Based on the theoretical approaches, such as the Kubo formula [8], quantum kinetic theory
[10] or quantum statistics model [9], the fermion spin polarization vector Sµ(p) at local ther-
mal equilibrium can be decomposed as Sµ(p) = Sµthermal (p) + Sµth-shear (p) in absence of elec-
tromagnetic field and baryon chemical potential. Here the Sµthermal and Sµth-shear are the spin
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Figure 1. The centrality dependence of
⟨Pz sin(2ϕp − 2Ψ2)⟩ for Λ hyperons in√

sNN = 200 GeV Au+Au collisions.
Results are shown for three scenarios: Λ
equilibrium (blue dashed line), s quark
equilibrium (orange dash-dotted line),
and iso-thermal equilibrium (green solid
line). Red markers represent
experimental data from Ref. [3].

polarization induced by the thermal vorticity ϖαβ = 1
2
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, respectively.

To better capture the bulk properties of different collision systems, we adopt AMPT and
Trento-3D initial conditions for

√
sNN = 200 GeV Au+Au and

√
sNN = 8.16 TeV p+Pb

collisions, respectively. We then employ the (3+1)-D hydrodynamic model CLVisc [15, 16] to
simulate the evolution of the collision system and obtain the hydrodynamic gradient profiles
on the freeze-out hypersurface. The subsequent hadronic scattering process is described by
the SMASH model [17]. The parameters used in our simulations can successfully reproduce
the multiplicity and v2 of charged particles. Assuming that the hadronic scattering has little
effect on spin polarization, we use the modified Cooper-Frye formula to calculate the second
Fourier coefficient of the spin polarization along the beam direction, ⟨Pz sin(2ϕ − 2Ψ2)⟩, in
the Λ’s rest frame. Additionally, we consider three widely used scenarios: Λ equilibrium,
s-quark equilibrium, and iso-thermal equilibrium. In the numerical simulation, we use the
particle masses mΛ = 1.116 GeV and ms = 0.3 GeV in the modified Cooper-Frye formula
for the Λ equilibrium and s-quark equilibrium scenarios, respectively. In the iso-thermal
equilibrium scenario, all temperature gradients ∂µT are neglected. More details can be found
in our previous works [10, 14].

3 Numerical Results

We present our numerical results for ⟨Pz sin(2ϕp − 2Ψ2)⟩, under three equilibrium scenarios
at
√

sNN = 200 GeV Au+Au collisions in Fig. 1. Our calculations indicate that results for
s-quark equilibrium (orange, dash-dot line) and iso-thermal equilibrium (green, solid line)
agree with experimental data, while those for Λ-equilibrium (blue, dashed line) are inconsis-
tent with measurements. These findings align with the results in Refs. [8, 9].

In Fig. 2, we show the charged-particle multiplicity ⟨Nch⟩ dependence of ⟨Pz sin(2ϕp −
2Ψ2)⟩ for Λ hyperons in p+Pb collisions at

√
sNN = 8.16 TeV under three scenarios.

We observe that the shear-induced polarization provides a positive contribution to the
⟨Pz sin(2ϕp − 2Ψ2)⟩ , while thermal vorticity consistently yields a negative contribution that
opposes the shear term. These behaviors are consistent with those observed in Au+Au colli-
sions. However, the competition between these two mechanisms in p+Pb collisions produces
an overall negative ⟨Pz sin(2ϕp − 2Ψ2)⟩ across all scenarios. This net negative signal contra-
dicts available experimental data [13], revealing a significant discrepancy between theoretical
calculation and measurements in small collision systems. These findings indicate that current
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Figure 2. The multiplicity ⟨Nch⟩ dependence of ⟨Pz sin(2ϕp − 2Ψ2)⟩ for Λ hyperons at
√

sNN = 8.16
TeV p+Pb collisions. Results are shown for three scenarios: Λ equilibrium (a) , s quark equilibrium
(b), and iso-thermal equilibrium (c). The contributions from thermal vorticity (blue triangles), thermal-
shear tensor (green diamonds), and their combined effects (black circles) are presented. Red points
correspond to CMS experimental data [13].

hydrodynamic effects alone cannot explain the spin polarization in p+Pb collisions, high-
lighting the need for new polarization mechanisms in small systems for the future research.

It should be noted that our polarization results at lowest multiplicities are unreliable due
to the limitations of hydrodynamic applicability. Nevertheless, our model can successfully
describe the multiplicities and v2 in the high-multiplicity regime. Therefore, we provide more
detailed discussions on the beam-direction spin polarization as functions of azimuthal angle
and rapidity for high-multiplicity p+Pb events in Ref. [14], which are not presented here due
to space constraints.

4 Summary

In this work, we have employed the relativistic hydrodynamic model CLVisc to investigate
the second Fourier coefficient of the beam-direction spin polarization of Λ hyperons in both
Au+Au and p+Pb collisions. We found that the shear-induced polarization consistently pro-
vides a positive contribution to ⟨Pz sin(2ϕp − 2Ψ2)⟩, while the thermal vorticity effect always
yields a negative contribution in both collision systems. The combined effects of hydrody-
namic gradients can successfully describe the centrality dependence of the beam-direction
spin polarization for Λ hyperons in

√
sNN = 200 GeV Au+Au collisions. However, these

hydrodynamic effects fail to account for the spin polarization data in p+Pb collisions. Our
findings imply that the spin polarization in small collision systems cannot be explained solely
by current hydrodynamic mechanisms and new physical mechanisms need to be explored in
future studies.
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