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In non-central heavy-ion collisions, a large orbital angular momentum of the colliding system
is produced, which is then partially transferred to the created medium, resulting in the particle
polarization on average along the initial angular momentum, known as global polarization. It was
predicted almost 20 years ago and the first observation of Λ global polarization was made by the
STAR Collaboration in 2017. Since then, a lot of progress have been made in the polarization
measurements including global polarization of multistrange hyperons and the polarization along
the beam direction induced by azimuthal anisotropic flow. In these proceedings, we present recent
experimental progress on the hyperon polarization measurements in heavy-ion collisions.

25th International Spin Physics Symposium (SPIN 2023)
24-29 September 2023
Durham, NC, USA

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/



P
o
S
(
S
P
I
N
2
0
2
3
)
2
3
7

Hyperon polarization measurements in heavy-ion collisions Takafumi Niida

1. Introduction

Heavy-ion collision experiments have been conducted at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) to study the properties of quark-gluon plasma as
well as to understand the nature of the phase structure of quantum chromodynamics (QCD). The
discovery of global polarization of Λ hyperons by the STAR Collaboration in 2017 [1] has opened a
new direction in the field of heavy-ion collision physics. Since then, the polarization measurements
and theoretical study on spin dynamics become one of hot topics and a lot of progress have
been made. In these proceedings, we present recent experimental results on hyperon polarization
measurements in heavy-ion collisions, discuss their physics implications and open questions, and
briefly mention the outlook on the polarization measurements in heavy-ion collisions.

2. Hyperon polarization measurements

Particle polarization can be measured by utilizing the nature of hyperon’s weak decay where
the parity is not conserved. The distribution of daughter particle in the rest frame of the hyperon
depends on the hyperon polarization as shown below:

𝑑𝑁

𝑑Ω∗ =
1

4𝜋
(1 + 𝛼𝐻P∗

𝐻 · p̂∗
𝐵), (1)

where P𝐻 is the hyperon polarization vector and p̂𝐵 is the unit vector of the daughter baryon
momentum where the asterisk denotes the rest frame of the hyperon. The factor 𝛼𝐻 is the decay
parameter of hyperon reflecting the sensitivity of the measurement: 𝛼Λ = 0.732 ± 0.014 for Λ and
𝛼Ξ = −0.401 ± 0.010 for Ξ− [2]. In case for multistrange hyperons such as Ξ and Ω, they decay in
two steps, e.g., Ξ− → Λ𝜋− and then Λ → 𝑝𝜋−. If the parent particle is polarized, its polarization is
transferred to the daughter particle depending on the type of decay. In case for weak decays of spin
1/2 (Ξ) and 3/2 (Ω) hyperons, the daughter Λ polarization can be expressed by the parent hyperon
polarization with other decay parameter 𝛾 as follows [3, 4]:

𝑃∗
Λ = 𝐶ΞΛ𝑃

∗
Ξ =

1
3
(1 + 2𝛾Ξ)𝑃∗

Ξ = 0.944𝑃∗
Ξ, (2)

𝑃∗
Λ = 𝐶ΩΛ𝑃

∗
Ω =

1
5
(1 + 4𝛾Ω)𝑃∗

Ω, (3)

where 𝐶ΞΛ and 𝐶ΩΛ are polarization transfer factor. The decay parameter 𝛾Ω is unknown but is
expected to be 𝛾Ω ≈ ±1 with the ambiguity of the sign [5], which leads to 𝐶ΩΛ ≈ 1 or 𝐶ΩΛ ≈ −0.6.
In other words, based on the global polarization picture, one can constrain the unmeasured 𝛾Ω by
measuring global polarization of Ω hyperons.

3. Polarization along the initial angular momentum

In non-central heavy-ion collisions, the colliding system carries an initial orbital angular
momentum of the order of 𝐿 ∼ 106ℏ which is partially transferred to the created medium. As
a consequence, produced particles are globally polarized on average along the initial angular
momentum via spin-orbit coupling [6–8]; the phenomenon is referred to as “global polarization".
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Assuming the local thermal equilibrium, the polarization can be expressed with the local thermal
vorticity [8]. In the nonrelativistic limit, the polarization P can be written by:

P ≈ (𝑠 + 1)
3

(𝜔 + 𝜇B/𝑠)
𝑇

, (4)

where 𝑠 and 𝜇 are spin and magnetic moment of particle, 𝑇 is the temperature, and B is the magnetic
field at the freeze-out. Based on Eq. (4), one can expect that particle with different spin get polarized
differently and there might be the difference between particle and antiparticle due to the opposite
sign of 𝜇 if the magnetic field contribution is significant in the measured polarization.

Polarization along the initial angular momentum of the colliding system can be defined as [9]

𝑃𝐻 =
8

𝜋𝛼𝐻

1
𝐴0

⟨sin(Ψobs
1 − 𝜙∗𝐵)⟩

Res(Ψ1)
, (5)

where 𝐴0 is an acceptance correction factor close to unity depending on multiplicity and particle
momentum, Ψ1 is azimuthal angle of the first-order event plane as a proxy of reaction plane, and 𝜙∗𝐵
is azimuthal angle of the daughter baryon in the hyperon rest frame. The Res(Ψ1) in the denominator
represents the event plane resolution (unity for a perfect detector).

3.1 Energy dependence

Global polarization of Λ hyperons has been measured in a wide range of collision energy
from a few GeV to a few TeV since the first observation by the STAR Collaboration in the beam
energy scan phase-I (BES-I) [1, 10–14]. Figure 1 shows Λ global polarization as a function of
the center-of-mass energy per nucleon pair √𝑠𝑁𝑁 for mid-central heavy-ion collisions, where the
increasing trend towards lower energies can be seen. Such an energy dependence can be explained
well by theoretical models such as hydrodynamic and transport models (see recent reviews, e.g.,
Refs. [15, 16] and references therein). The observed energy dependence can be understood by larger
shear flow structure at midrapidity in the initial state due to baryon stopping in lower energies and
less dilution effect of the system vorticity due to shorter system lifetime [17]. Theoretical models
predict that the global polarization peaks around a few GeV where the rise starts at the energy near
the threshold of nucleon pair production (2𝑚𝑁 ) [18–20]. Recent results from STAR fixed-target
data at 3 GeV [12] as well as HADES results at 2.4 GeV and 2.55 GeV [13] indicate that the global
polarization seems to continue increasing at these energies, although the uncertainties are still large
and to be improved in near future.

3.2 Difference between particle and antiparticle

In non-central heavy-ion collisions, the strong magnetic field, of the order of |𝐵| ∼ 1014 T,
would be created in the initial state because electric charges in the spectator fragments move in
the opposite direction nearly at the speed of light. The magnetic field points to the direction
perpendicular to the reaction plane, which coincides with the initial angular momentum direction.
Therefore the magnetic field may contribute to the global polarization, resulting in the splitting of
the polarization between particles and antiparticles as indicated in Eq. (4). Figure 2 (left) shows Λ
and Λ̄ global polarization and their difference, 𝑃Λ̄ − 𝑃Λ, as a function of √𝑠𝑁𝑁 , with new results
at 19.6 GeV and 27 GeV from STAR in BES-II. The uncertainties are greatly reduced compared
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Λ global polarization at lower energies

8

• New data from STAR/HADES at lower energies 
• Continuous increase down to √sNN~2.5 GeV 
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V| . Variations with Bcrit > 1 were

added in quadrature to obtain the total systematic un-
certainty. A detailed description of all systematic sources
considered including a summary table can be found
in [40]. Among the sources of systematic uncertainties
are those originating from the selection of the ⇤ hyperons,
with the most prominant one being the selection on the
distance of closest approach (DCA) of the proton track to
the event vertex, which contributed ±0.67 (±0.24) to the
overall systematic errors for Au+Au (Ag+Ag) collisions.
In Au+Au collisions, the variation of the MVA response
and the e↵ect of the e�ciency correction cause system-
atic uncertainties of similar magnitude, ±0.55 and ±0.61
respectively. Both contributions were found to be neg-
ligible in Ag+Ag. A second method, the ��-extraction
method [33], has been used to evaluate systematic uncer-
tainties originating from the method applied. No signifi-
cant variation beyond statistical fluctuations in compar-
ison to the invariant-mass fit method has been observed.
This is also valid for variations of the RDA correction
procedure which do not pass the Barlow criterion. In the
systematic uncertainty, a variation of the decay param-
eter by ±0.014 [35] and of the event plane resolution by
3% (5%) relative variation for Au+Au (Ag+Ag) colli-
sions are included. The latter is based on the variations
of REP using sub-divisions of the FW hits according to
the di↵erent cell sizes and comparing the results between
di↵erent combinations of the subevents.

For the di↵erential analysis in Ag+Ag, most of the
systematic variations are propagated from the integrated
result in order to reduce statistical fluctuations due to
the smaller data sets for the individual bins. Only those
sources expected to depend on phase-space or centrality
respectively, are re-evaluated bin-by-bin [40], as for ex-
ample the uncertainty on the correction for the event
plane resolution ranges from 15% (0–10% centrality)
to 3% (30–40% centrality) in relative numbers. Other
sources are related to the background determination
which can be very di↵erent depending on phase-space and
centrality. These are: the modeling of the background
shape in the invariant-mass fit method, the RDA and ef-
ficiency correction as well as the ��-extraction method.

To quantify the interplay between polarization and di-
rected flow, the analysis is also performed as a function
of �⇤ � �⇤

p. From this distribution a Fourier decomposi-
tion can be performed, where the constant term allows to
extract the overall polarization P⇤. Even though a sig-
nificant contribution from the directed flow is observed,
it is only reflected in the relative modulations of P⇤ as a
function of �⇤ � �⇤

p but not in the integrated result.

Due to the lower charged particle multiplicity in
Ag+Ag collisions the peripheral events are contaminated
with Ag+C events of similar multiplicity originating from
collisions of beam ions with the carbon target holder.
These collisions are in general not symmetric with re-

 [GeV]N - 2mNNs

 [%
]

ΛP

1−

0

1

2

3

4

5

6

7

8 [-0.5,0.3]∈[0.2,1.5] GeV/c y∈
T

HADES p
Au+Au: Ag+Ag:

10-40%
20-40%

10-40%
20-40%

|<1η[0.5,6.0] GeV/c |∈
T

STAR 20-50% p
PRC76 024915 (2007)
Nature548 62 (2017)
PRC98 014910 (2018)

[0.5,5.0] GeV/c |y|<0.5∈
T

ALICE 15-50% p

PRC101 044611 (2020)

[-0.2,1]∈[0.7,2.0] GeV/c y∈
T

STAR 20-50% p
PRC104 6, L061901 (2021)

PRC103 (2021) 3, L031903,
Au+Au, b=6fm, |y|<0.5

hadronic EoS
crossover EoS
1PT EoS

PRC104 L041902 (2021),
[0.4,2.0]∈

T
Au+Au, b=5fm, |y|<1, p

AMPT model

1 10 210 310

FIG. 3. Global polarization of ⇤ hyperons as a function of the
center-of-mass energy above 2mN, where mN is the nucleon
mass. Statistical uncertainties are indicated by the error bars
attached to the data points and the systematic uncertainties
are represented by the boxes. All results are scaled to the cur-
rently accepted value of the decay parameter ↵⇤ = 0.732 [35].
The model calculations based on 3D-fluid-dynamics [29] are
shown as solid lines (green, blue, brown) for three di↵erent
EoSs. The red solid line represents the prediction by the
AMPT model, assuming a direct connection between the po-
larization vector and the thermal vorticity in thermal equilib-
rium [31].

spect to the beamline and therefore covered by the RDA
correction. The e↵ect of the RDA correction is ±0.2 of
the extracted polarization signal which is within the as-
signed total systematic uncertainty.

Figure 3 shows the collision energy dependence of P⇤.
The HADES data are shown for 0.2 < pT < 1.5 GeV/c
and �0.5 < yCM < 0.3 in the 10-40% centrality range.
The data from the RHIC BES-I program and fixed-target
run by the STAR collaboration and the measurements by
ALICE at LHC are shown for comparison. The ALICE
measurements are scaled with the latest PDG value of the
hyperon decay constant [24]. To avoid premature conclu-
sions on the location of the maximum global polarization,
the HADES data are shown for 20-40% centrality too.
A clear enhancement with respect to the 10-40% results
is observed indicating the strong centrality dependence
of the global ⇤ polarization. This is also important for
the comparison to other measurements, expecially to the
STAR 3 GeV result which is shown for 20-50% centrality.
The 20-40% HADES data indicate a continuation of the
increasing global ⇤ polarization towards lower collision
energies.

The data are compared to di↵erent model calculations,
performed for the Au+Au system and averaged over im-
pact parameter to match 10-40% in collision centrality.
Strikingly, our data confirm that AMPT model calcula-
tions drastically underestimate the global ⇤ polarization
below

p
sNN  10 GeV. Such a discrepancy could point to

the presence of a significant e↵ect related to the frictional

STAR, PRC104, L061901 (2021) 
HADES, PLB835(2022)137506

LHCRHICHADES

Figure 1: Λ global polarization as a function of the center-of-mass energy per nucleon pair, √𝑠𝑁𝑁 − 2𝑚𝑁 ,
where 𝑚𝑁 is the nucleon mass. Calculations from 3D-fluid-dynamics with different EoS and a multi-phase
transport (AMPT) model are shown [21]. The figure is taken from Ref. [13].

to the results in BES-I because of large statistics and detector upgrades but there is no significant
difference between Λ and Λ̄. Since the lifetime of the magnetic field is expected to be very short
(< 0.5 fm/𝑐) [22], one may not expect any significant contribution from the magnetic field to the
global polarization. Nevertheless one can estimate the upper limit of the late-stage magnetic field
as |𝐵| ≈ 𝑇 |𝑃Λ̄ − 𝑃Λ |/(2|𝜇Λ |) [4, 23] and find it to be |𝐵| < 1013 T from the BES-II results taking
the temperature 𝑇 being 150 MeV. Note that the lifetime of the magnetic field is sensitive to the
electric conductivity of the medium [22].

Recently, the STAR Collaboration studied the global polarization in isobar 96
44Ru+96

44Ru and
96
40Zr+96

40Zr collisions at √𝑠𝑁𝑁 = 200 GeV [24] where the initial magnetic field squared would be
about 15% larger in Ru+Ru because of its larger atomic number. Preliminary results in isobar
collisions show no significant difference between Λ and Λ̄ as well as the two isobar collisions [25].

3.3 Multistrange hyperons

In order to better understand the polarization mechanism, it is important and of great interest
to study different particle species with different spin. Global polarization of multistrange hyperons,
i.e., Ξ− (Ξ̄+) and Ω− (Ω̄+), was also studied by STAR in Au+Au collisions at √𝑠𝑁𝑁 = 200 GeV [26].
Global polarization of Ξ hyperons averaged over the two independent methods is found to be
⟨𝑃Ξ⟩ = 0.47 ± 0.10 ± 0.23 (%), which confirms the global polarization picture based on the fluid
vorticity. The preliminary result of 𝑃Ξ at 27 GeV [27] seems to also follow the global trend of the
energy dependence. As shown in Fig. 2 (right), the data show a hint of hierarchy in the observed
polarization, i.e., 𝑃Ω > 𝑃Ξ > 𝑃Λ, which can be interpreted as combinations of spin dependence as
in Eq. (4) and the feed-down effect [28]. The result on Ω polarization has still large uncertainty and
will be improved with the coming new data in 2023+2025 RHIC runs which also helps us to shed
light on the ambiguity on the sign of the decay parameter 𝛾Ω.
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FIG. 2. The midcentral PH measurements reported in this work
are shown alongside previous measurements in the upper panel, and
are consistent with previous measurements at the energies studied
here. The difference between integrated P!̄ and P! is shown at√

sNN = 19.6 and 27 GeV alongside previous measurements in the
lower panel. The splittings observed with these high-statistics data
sets are consistent with zero. Statistical uncertainties are represented
as lines while systematic uncertainties are represented as boxes.
The previous P!̄ − P! result at

√
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2σ .

netic field strength through

|B| ≈ Ts|P!̄ − P!|
2|µ!|

, (3)

where Ts is the temperature of the emitting source, taken to be
150 MeV, and µ! is the magnetic moment of the ! hyperon,
−1.93 × 10−14 MeV/T. Our extracted magnetic field is con-
sistent with zero, and we are able to place an upper limit, using
a 95% confidence level, on the late-stage magnetic field of
B < 9.4 × 1012 T and B < 1.4 × 1013 T for the measurements
at

√
sNN = 19.6 and 27 GeV, respectively. This measurement

FIG. 3. PH measurements are shown as a function of collision
centrality at

√
sNN = 19.6 and 27 GeV. Statistical uncertainties

are represented as lines while systematic uncertainties are repre-
sented as boxes. PH increases with collision centrality at

√
sNN =

19.6 and 27 GeV, as expected from an angular-momentum-driven
phenomenon.

is consistent with the predictions of the electric conductivity
of the QGP made by lattice QCD calculations [32].

While the above procedure allows us to quote a value for
the magnetic field, it makes naive assumptions and therefore
should be used cautiously. A major factor, which is not taken
into account here, is the difference between the production
times of ! and !̄ hyperons. !̄ hyperons may be produced
later in the collision [45] when the overall magnetic field is
smaller, and would therefore experience a weaker effect of
the magnetic field that is expected to enhance the measured
P!̄. Furthermore, vorticity is expected to drop in magnitude as
the QGP evolves; because !̄ hyperons may be produced later
in time, this effect would reduce the measured P!̄ [45]. In the
absence of a magnetic field, one would then expect P!̄ < P!.
In such a case, even an agreement between P! and P!̄ could

014910-6
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Ξ and Ω global polarizations at √sNN = 200 GeV
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STAR, PRL126, 162301 (2021)
5

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±
0.010, and αΩ = 0.0157 ± 0.0021. When comparing to
earlier measurements, the previous results are rescaled by
using the new values, i.e. αold/αnew. In case of the Ξ and
Ω hyperon polarization measurements via measurements
of the daughter Λ polarization, the polarization transfer
factors CΞΛ(ΩΛ) from Eqs. 4 and 6 are used to obtain the
parent polarization.

The largest systematic uncertainty (37%) was at-
tributed to the variation of the results obtained with
datasets taken in different years. Weighted average over
different datasets was used as the final result, and all
other systematic uncertainties were assessed based on
the weighted average: by comparing different polariza-
tion signal extractions [6] (11%), by varying the mass
window for particles of interest from 3σ to 2σ (15%), by
varying the decay lengths of both parent and daughter
hyperons (4%), and by considering uncertainties on the
decay parameter αH (2%), where the numbers in paren-
theses represent the uncertainty for the Ξ polarization
via the daughter Λ polarization measurement. A correc-
tion for non-uniform acceptance effects [34] was applied
for the appropriate detector configuration for the given
dataset. This correction, depending on particle species,
was less than 2%. Due to a weak pT dependence on the
global polarization [6], effects from the pT dependent ef-
ficiency of the hyperon reconstruction were found to be
negligible.

Figure 2 shows the collision energy dependence of the Λ
hyperon global polarization measured earlier [5, 6, 10, 34]
together with the new results on Ξ and Ω global polar-
izations at

√
sNN = 200 GeV. (Note that the statisti-

cal and systematic uncertainties for the Λ are smaller
than the symbol size.) For both Ξ and Ω polariza-
tions, the particle and antiparticle results are averaged
to reduce the statistical uncertainty. Also to maxi-
mize the significance of the polarization signal, the re-
sults were integrated over the centrality range 20%-
80%, transverse momentum pT > 0.5 GeV/c, and ra-
pidity |y| < 1. Global polarization of Ξ− and Ξ̄+

measurements via daughter Λ polarization show posi-
tive values, with no significant difference between Ξ−

and Ξ̄+ (PΞ (%) = 0.77 ± 0.16 (stat.) ± 0.49 (syst.)
and PΞ̄ (%) = 0.49 ± 0.16 (stat.) ± 0.20 (syst.)). The
average polarization value obtained by this method is
〈PΞ〉 (%) = 0.63± 0.11 (stat.)± 0.26 (syst.). The Ξ + Ξ̄
polarization was also measured via analysis of the an-
gular distribution of daughter Λ in Ξ rest frame. This
result, 〈PΞ〉 (%) = −0.07±0.19 (stat.)±0.50 (syst.), has
larger uncertainty in part due to a smaller value of αΞ

compared to αΛ, which leads to smaller sensitivity of the
measurement. The weighted average of the two measure-
ments is 〈PΞ〉 (%) = 0.47 ± 0.10 (stat.) ± 0.23 (syst.),
which is larger than the polarization of inclusive Λ +Λ̄
measured at the same energy for 20%-80% centrality,
〈PΛ〉 (%) = 0.24±0.03±0.03 [6], although the difference

10 210 310  [GeV] NNs
1−

0
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2
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] 
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STAR Au+Au 20%-50%
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γ

FIG. 2. (Color online) The energy dependence of the hy-
peron global polarization measurements. The points corre-
sponding to Λ and Λ̄ polarizations, as well as Ξ and Ω points
in Au+Au collisions at

√
sNN = 200 GeV are slightly shifted

for clarity. Previous results from the STAR [5, 6, 34] and
ALICE [10] experiments compared here are rescaled by new
decay parameter indicated inside the figure. The data point
for Λ̄ at 7.7 GeV is out of the axis range and indicated by
an arrow with the value. The results of the AMPT model
calculations [35] for 20-50% centrality are shown by shaded
bands where the band width corresponds to the uncertainty
of the calculations.

is still not significant considering the statistical and sys-
tematic uncertainties of both measurements. Note that
the above quoted values for the inclusive Λ have been
rescaled by the new decay parameter as mentioned ear-
lier.

Calculations [35] carried out with a multi-phase trans-
port model (AMPT) can describe the particle species de-
pendence in data at 200 GeV as well as the energy depen-
dence for Λ. These calculations indicate that the lighter
particles with higher spin could be more polarized by the
vorticity [35]. The multi-strange particles might freeze
out at earlier times, which may lead to larger polariza-
tion for Ξ and Ω compared to Λ [8]. The feed-down effect
can also lead to a 15 ∼ 20% reduction of the primary Λ
polarization [7, 36–38], while the Ξ has less contribution
from the feed-down. All these effects can contribute to
small differences in the measured polarizations between
inclusive Λ and Ξ hyperons.

Global polarization of Ω− was also measured and is
presented in Fig. 2 under the assumption of γΩ = +1
and therefore CΩΛ = 1, as discussed with respect to
Eq. 6. The result has large uncertainty, 〈PΩ〉 (%) =
1.11 ± 0.87 (stat.) ± 1.97 (syst.) for 20%-80% centrality.
Assumption of γΩ = −1 (therefore CΩΛ = −0.6) results
in 〈PΩ〉 (%) = −0.67±0.52 (stat.)±1.18 (syst.). Assum-
ing the validity of the global polarization picture, the

★

Ξ at 27 GeV
(STAR preliminary)

‣ Hint of hierarchy in PH but not significant yet 
hP⇤i = 0.24± 0.03 (stat)± 0.03 (syst) %

hP⌅i = 0.47± 0.10 (stat)± 0.23 (syst) %

hP⌦i = 1.11± 0.87 (stat)± 1.97 (syst) %
<latexit sha1_base64="xJshKmSnuSlcdLUYyMHJtNGBLaY="></latexit><latexit sha1_base64="xJshKmSnuSlcdLUYyMHJtNGBLaY="></latexit><latexit sha1_base64="xJshKmSnuSlcdLUYyMHJtNGBLaY="></latexit><latexit sha1_base64="xJshKmSnuSlcdLUYyMHJtNGBLaY="></latexit>

‣ Thermal model: PΛ=PΞ=3/5*PΩ 

F. Becattini et al., PRC95.054902 (2017)
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(Dated: December 26, 2020)

Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions
at

√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed

by two independent methods, via analysis of the angular distribution of the daughter particles
in the parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the
daughter Λ-hyperon, polarized via polarization transfer from its parent. The polarization, obtained
by combining the results from the two methods and averaged over Ξ− and Ξ̄+, is measured to be
〈PΞ〉 = 0.47±0.10 (stat.)±0.23 (syst.)% for the collision centrality 20%-80%. The 〈PΞ〉 is found to
be slightly larger than the inclusive Λ polarization and in reasonable agreement with a multi-phase
transport model (AMPT). The 〈PΞ〉 is found to follow the centrality dependence of the vorticity
predicted in the model, increasing toward more peripheral collisions. The global polarization of Ω,
〈PΩ〉 = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring the polarization of daughter
Λ in the decay Ω → Λ+K, assuming the polarization transfer factor CΩΛ = 1.

PACS numbers: 25.75.-q, 25.75.Ld, 24.70.+s

The phenomenon of global polarization in heavy-ion
collisions arises from the partial conversion of the orbital
angular momentum of colliding nuclei into the spin an-
gular momentum of the particles produced in the colli-
sion [1–4]. As a result, these particles become globally
polarized along the direction of the initial orbital mo-
mentum of the nuclei. Global polarization was first ob-
served by the STAR Collaboration in the beam energy
scan Au+Au collisions [5] and was later confirmed, to
better precision, in the analysis of the 200 GeV data with
high statistics [6]. Assuming local thermal equilibrium,
the polarization of the produced particles is determined
by the local thermal vorticity of the fluid [3]. In the non-
relativistic limit (for hyperons mH ! T , where T is the
temperature), the polarization of the particles is given
by [7]:

P =
〈s〉
s

≈ (s+ 1)

3

ω

T
, (1)

where s is the spin of the particle, 〈s〉 is the mean spin
vector, and ω = 1

2∇×v is the local vorticity of the fluid
velocity field. Averaged over the entire system volume,
the vorticity direction should coincide with the direction
of the system orbital momentum.

Following from Eq. 1, all particles, as well as antipar-
ticles of the same spin should have the same polariza-
tion. A difference could arise from effects of the initial
magnetic field [7], from the fact that different particles
are produced at different times or regions as the system
freezes out [8], or through meson-baryon interactions [9].
Therefore, to establish the global nature of the polar-
ization, it is important to measure the polarization for
different particles, and if possible, particles of different
spins. In order to study the possible contribution from
the initial magnetic field, the polarization measurement
with particles of different magnetic moment would pro-
vide additional information. Thus far, only Λ and Λ̄ po-
larizations have been measured [5, 6, 10], and they differ
by a couple of standard deviations at most, with available
statistics.

In this paper we present the first measurements of the

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,
as well as spin s = 3/2 Ω hyperons in Au+Au collisions
at

√
sNN=200 GeV.

Hyperon weak decays present the most straightforward
possibility for measuring the polarization of the produced
particles [11]. In parity-violating weak decays the daugh-
ter particle distribution in the rest frame of the hyperon
directly depends on the hyperon polarization:

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)

where αH is the hyperon decay parameter, P∗
H is the

hyperon polarization, and p̂∗
B is the unit vector in the

direction of the daughter baryon momentum, both in the
parent rest frame denoted by an asterisk.

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →
Λ + π− with subsequent decay Λ → p + π−. If Ξ− is
polarized, its polarization is partially transferred to the
daughter Λ. Both steps in such a cascade decay are par-
ity violating and thus can be used for an independent
measurement of the polarization of Ξ− (Ξ̄+).
The polarization of the daughter baryon in a weak de-

cay of a spin 1/2 hyperon is described by the Lee-Yang
formula [12–14] in terms of the three parameters α (parity
violating part), β (violation of the time reversal symme-
try), and γ (satisfying α2+β2+γ2 = 1). For a particular
case of Ξ → Λ + π decay it reads:

P∗
Λ =

(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
Λ + βΞP∗

Ξ × p̂∗
Λ + γΞp̂∗

Λ × (P∗
Ξ × p̂∗

Λ)

1 + αΞP∗
Ξ · p̂∗

Λ

,

(3)
where p̂∗

Λ is the unit vector of the Λ momentum in the
Ξ rest frame. Averaging over the angular distribution of
the Λ in the rest frame of the Ξ given by Eq. 2 yields

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)

Using the measured value for the γΞ parameter [14, 15],
the polarization transfer coefficient for Ξ− to Λ decay is:

CΞ−Λ = 1
3 (1 + 2× 0.916) = +0.944. (5)

Confirmation of global vorticity picture!
Figure 2: (Left) Global polarization of Λ and Λ̄ hyperons as a function of √𝑠𝑁𝑁 in the top panel and the
polarization difference 𝑃Λ̄ −𝑃Λ in the bottom panel with new results at 19.6 GeV and 27 GeV from BES-II at
RHIC. (Right) Global polarization of Ξ and Ω hyperons at √𝑠𝑁𝑁 = 200 GeV as well as that of Λ (Λ̄). These
figures are taken from Refs. [14, 26].

4. Polarization along the beam direction

It has been suggested that complex vortical structures such as a toroidal vortex could be created
in addition to the global vorticity in heavy-ion collisions due to collective expansion [32, 34],
jet-medium interaction [30, 31], and in asymmetric collisions [33, 35]. Refs. [33, 36] predicted that
polarization along the beam direction could be induced due to anisotropic flow. As shown in the
left cartoon of Fig. 3, expansion velocity in the transverse plane depends on the azimuthal angle and
becomes stronger in in-plane direction (shorter axis of the ellipse) for the elliptic initial geometry,
leading to the vorticity and therefore the polarization along the beam direction. Polarization along
the beam direction can be defined as follows [37]:

𝑃𝑧 =
⟨cos 𝜃∗𝐵⟩

𝛼𝐻 ⟨cos2 𝜃∗𝐵⟩
≈

3⟨cos 𝜃∗𝐵⟩
𝛼𝐻

, (6)

where 𝜃∗𝐵 is the polar angle of daughter baryon in the hyperon rest frame relative to the beam
direction. The factor ⟨cos2 𝜃∗𝐵⟩ accounts for the acceptance effect and is estimated in a data-driven
way, usually close to 1/3 as it should be for the perfect detector.

The STAR Collaboration observed such an anisotropic-flow-driven polarization with respect to
the second-order event plane (plane for elliptic flow) in Au+Au collisions at √𝑠𝑁𝑁 = 200 GeV [37].
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It was also confirmed later by ALICE in Pb+Pb collisions at √𝑠𝑁𝑁 = 5.02 TeV [38]. However,
there has been discrepancy in the sign of the polarization between the data and many models, even
among hydrodynamic models with different approaches. Also, a simple hydrodynamics-inspired
blast-wave model is found to explain the data reasonably [33, 37]. The situation is referred to as
the “spin sign puzzle" in heavy-ion collisions (see Refs. [15, 16] for review). Recent theoretical
studies [40, 41] suggest that the inclusion of the shear-induced polarization (SIP) is needed to
explain the data, although the result depends on the detailed implementation.

T. Niida, SPIN2023

Even due to higher harmonic flow

17

*Not accounted for EP resolution and decay parameter

• Recent isobar data (Ru+Ru&Zr+Zr) even show triangular flow 
plane (Ψ3) dependence of the polarization 
- Indicating triangular-flow-driven sextupole pattern of vorticity

STAR, arXiv:2303.09074

Hyperon polarization along the beam direction relative to the second and third

harmonic event planes in isobar collisions at
p
s
NN

= 200 GeV

The STAR Collaboration
(Dated: March 17, 2023)

The polarization of ⇤ and ⇤̄ hyperons along the beam direction has been measured relative to
the second and third harmonic event planes in isobar Ru+Ru and Zr+Zr collisions at

p
sNN =

200 GeV. The second harmonic results follow the emission angle dependence as expected due to
elliptic flow, similar to that observed in Au+Au collisions. The polarization relative to the third
harmonic event plane, measured for the first time, deviates from zero with 4.8� significance in 20-
60% centrality for 1.1 < pT < 6.0 GeV/c and exhibits a similar dependence on the emission angle.
These results indicate the formation of a complex vortical structure in the system that follows
higher harmonic anisotropic flow originating from the initial density fluctuations. The amplitudes
of the sine modulation for the second and third harmonic results are comparable in magnitude,
increase from central to peripheral collisions, and show a mild pT dependence. While the centrality
dependence, except in peripheral collisions, is qualitatively consistent with hydrodynamic model
calculations including thermal vorticity and shear contributions, the shape of the pT dependence is
very di↵erent. Comparison to previous measurements at RHIC and the LHC for the second-order
harmonic results shows little dependence on the collision system size and collision energy.

PACS numbers: 25.75.-q, 25.75.Ld, 24.70.+s

The observation of the ⇤ hyperon global polariza-
tion [1, 2] opens new directions in the study of the dynam-
ics and properties of the matter created in heavy-ion col-
lisions. The global polarization is understood to be a con-
sequence of the partial conversion of the orbital angular
momentum of colliding nuclei into the spin angular mo-
mentum of produced particles via spin-orbit coupling [3–
5] analogous to the Barnett e↵ect [6, 7]. Its observation
characterizes the system created in heavy-ion collision as
the most vortical fluid known [1]. Recent measurements
with ⌅ and ⌦ hyperons [8] confirm the fluid vorticity and
global polarization picture of heavy-ion collisions.

In non-central heavy-ion collisions, the initial geom-
etry of the system in the transverse plane has roughly
an elliptical shape as depicted in Fig. 1(a). The di↵er-
ence in pressure gradients in the directions of the shorter
and longer axes of the ellipse leads to preferential parti-
cle emission into the shorter axis, a phenomenon known
as elliptic flow. Expansion velocity dependence on the
azimuthal angle leads to generation of the vorticity com-
ponent along the beam direction and therefore particle
polarization [9, 10]. ⇤ hyperon polarization along the
beam direction due to elliptic flow was first observed in
Au+Au collisions at

p
sNN = 200 GeV by the STAR ex-

periment [11] and later in Pb+Pb collisions at
p

sNN =
5.02 TeV by the ALICE experiment [12]. Sometimes such
polarization driven by anisotropic flow is also referred to
as ”local polarization” [13, 14].

Various hydrodynamic and transport models [15–20]
describe the energy dependence of the global polariza-
tion reasonably well. However, most of those models pre-
dict the opposite sign for the beam direction component
of the polarization, and greatly overpredict its magni-
tude [10, 14, 21, 22]. Somewhat surprisingly, the data can
be very well described by the blast-wave model [23, 24]
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FIG. 1. Sketches illustrating the initial geometry, (a) ellip-
tical shape and (b) triangular shape, viewed from the beam
direction in heavy-ion collisions. Solid arrows denote flow ve-
locity indicating stronger collective expansion in the direction
of the event plane angle  n; open arrows indicate vorticities.

using parameters previously determined by the fit to
spectra and the HBT radii [11]. The blast-wave model
is based on a parameterization of the velocity fields at
freeze-out, and the polarization calculations include the
contribution only from the kinematic vorticity, neglect-
ing the contributions from the temperature gradient and
acceleration. This surprising situation has been dubbed
the “spin puzzle” in heavy-ion collisions. It has triggered
a series of studies including the calculations based on dif-
ferent types of vorticity [25], the e↵ects of decays from
heavier particles [26, 27], and a possible need for a non-
equilibrium treatment (see recent review [28] for more de-
tails). Most model calculations of the polarization from
local vorticity are based on an assumption of local ther-
mal equilibrium of spin degrees of freedom. This may not
be the case for the polarization induced by the collective
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Hyperon polarization along the beam direction relative to the second and third

harmonic event planes in isobar collisions at
p
s
NN

= 200 GeV

The STAR Collaboration
(Dated: March 17, 2023)

The polarization of ⇤ and ⇤̄ hyperons along the beam direction has been measured relative to
the second and third harmonic event planes in isobar Ru+Ru and Zr+Zr collisions at

p
sNN =

200 GeV. The second harmonic results follow the emission angle dependence as expected due to
elliptic flow, similar to that observed in Au+Au collisions. The polarization relative to the third
harmonic event plane, measured for the first time, deviates from zero with 4.8� significance in 20-
60% centrality for 1.1 < pT < 6.0 GeV/c and exhibits a similar dependence on the emission angle.
These results indicate the formation of a complex vortical structure in the system that follows
higher harmonic anisotropic flow originating from the initial density fluctuations. The amplitudes
of the sine modulation for the second and third harmonic results are comparable in magnitude,
increase from central to peripheral collisions, and show a mild pT dependence. While the centrality
dependence, except in peripheral collisions, is qualitatively consistent with hydrodynamic model
calculations including thermal vorticity and shear contributions, the shape of the pT dependence is
very di↵erent. Comparison to previous measurements at RHIC and the LHC for the second-order
harmonic results shows little dependence on the collision system size and collision energy.

PACS numbers: 25.75.-q, 25.75.Ld, 24.70.+s

The observation of the ⇤ hyperon global polariza-
tion [1, 2] opens new directions in the study of the dynam-
ics and properties of the matter created in heavy-ion col-
lisions. The global polarization is understood to be a con-
sequence of the partial conversion of the orbital angular
momentum of colliding nuclei into the spin angular mo-
mentum of produced particles via spin-orbit coupling [3–
5] analogous to the Barnett e↵ect [6, 7]. Its observation
characterizes the system created in heavy-ion collision as
the most vortical fluid known [1]. Recent measurements
with ⌅ and ⌦ hyperons [8] confirm the fluid vorticity and
global polarization picture of heavy-ion collisions.

In non-central heavy-ion collisions, the initial geom-
etry of the system in the transverse plane has roughly
an elliptical shape as depicted in Fig. 1(a). The di↵er-
ence in pressure gradients in the directions of the shorter
and longer axes of the ellipse leads to preferential parti-
cle emission into the shorter axis, a phenomenon known
as elliptic flow. Expansion velocity dependence on the
azimuthal angle leads to generation of the vorticity com-
ponent along the beam direction and therefore particle
polarization [9, 10]. ⇤ hyperon polarization along the
beam direction due to elliptic flow was first observed in
Au+Au collisions at

p
sNN = 200 GeV by the STAR ex-

periment [11] and later in Pb+Pb collisions at
p

sNN =
5.02 TeV by the ALICE experiment [12]. Sometimes such
polarization driven by anisotropic flow is also referred to
as ”local polarization” [13, 14].

Various hydrodynamic and transport models [15–20]
describe the energy dependence of the global polariza-
tion reasonably well. However, most of those models pre-
dict the opposite sign for the beam direction component
of the polarization, and greatly overpredict its magni-
tude [10, 14, 21, 22]. Somewhat surprisingly, the data can
be very well described by the blast-wave model [23, 24]
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FIG. 1. Sketches illustrating the initial geometry, (a) ellip-
tical shape and (b) triangular shape, viewed from the beam
direction in heavy-ion collisions. Solid arrows denote flow ve-
locity indicating stronger collective expansion in the direction
of the event plane angle  n; open arrows indicate vorticities.

using parameters previously determined by the fit to
spectra and the HBT radii [11]. The blast-wave model
is based on a parameterization of the velocity fields at
freeze-out, and the polarization calculations include the
contribution only from the kinematic vorticity, neglect-
ing the contributions from the temperature gradient and
acceleration. This surprising situation has been dubbed
the “spin puzzle” in heavy-ion collisions. It has triggered
a series of studies including the calculations based on dif-
ferent types of vorticity [25], the e↵ects of decays from
heavier particles [26, 27], and a possible need for a non-
equilibrium treatment (see recent review [28] for more de-
tails). Most model calculations of the polarization from
local vorticity are based on an assumption of local ther-
mal equilibrium of spin degrees of freedom. This may not
be the case for the polarization induced by the collective
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↵⇤ = 0.732 ± 0.014 [45] assuming ↵⇤ = �↵⇤̄. Polar-
ization along the beam direction Pz [11] is determined
as

Pz =
hcos ✓⇤

p
i

↵Hhcos2 ✓⇤
p
i , (2)

where ✓⇤
p
is the polar angle of the daughter proton in

the ⇤ rest frame relative to the beam direction. The de-
nominator hcos2 ✓⇤

p
i accounts for the detector acceptance

e↵ect and is found to be close to 1/3, slightly depending
on the hyperon’s transverse momentum and centrality.

The systematic uncertainties were evaluated by varia-
tion of the topological cuts in the ⇤ reconstruction ⇠3%
(10%), using di↵erent methods of the signal extraction
as explained below ⇠5% (8%), estimating possible back-
ground contribution to the signal ⇠3% (6%), and uncer-
tainty on the decay parameter ⇠2% (2%). The quoted
numbers are examples of relative uncertainties for the
second-order (third-order) results in 10-30% (0-20%) cen-
tral collisions. All these contributions were added in
quadrature, the value of which was quoted as the final
systematic uncertainty. The sine modulation of Pz was
extracted by measuring directly hcos ✓⇤

p
sin[n(� �  n)]i

as a function of the invariant mass. The results were
checked by measuring hcos ✓⇤

p
i, corrected for the accep-

tance e↵ects, as a function of azimuthal angle relative to
the event plane, fitting it with the sine Fourier function as
presented below in Fig. 2, and followed by correction for
the event plane resolution (see Ref. [11] for more details).
It should be noted that hcos ✓⇤

p
sin[n(�� n)]i can be di-

rectly calculated for a selected mass window if the purity
of the ⇤ samples is high (the background contribution,
if any, is negligible). The two approaches provide con-
sistent results. The EPD event plane and di↵erent sizes
of TPC subevents (see Ref. [11]) were also used for cross
checks yielding consistent results as well. Self-correlation
e↵ects due to inclusion of the hyperon decay daughters
in the TPC event plane determination were studied by
excluding the daughters from the event plane calculation
and ultimately found to be negligible.

Figure 2 shows hcos ✓⇤
p
isub as a function of ⇤ (⇤̄) az-

imuthal angle relative to the second- and third-order
event planes, where the superscript “sub” represents sub-
tractions of the detector acceptance and ine�ciency ef-
fects as described in Ref. [11]. Furthermore, the results
are multiplied by the sign of ↵H for a clearer comparison
between ⇤ and ⇤̄. The right panel presents the measure-
ment of the longitudinal component of polarization rel-
ative to the third-order event plane where sine patterns
similar to those in the left panel are clearly seen, indicat-
ing the presence of triangular-flow-driven vorticity. Since
the results for ⇤ and ⇤̄ are consistent with each other,
as expected in the vorticity driven polarization picture
(note that the di↵erence observed in the third-order re-
sults is ⇠1.4�), both results are combined to enhance the
statistical significance.
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FIG. 2. hcos ✓⇤pisub of ⇤ and ⇤̄ as a function of hyperon
azimuthal angle relative to the second- (left panel) and the
third-order (right panel) event planes, n(� �  n), in 20-60%
central isobar collisions at

p
sNN = 200 GeV. The sign of the

data for ⇤̄ is flipped as indicated by sgn(↵H). The solid lines
are fit functions used to extract the parameters indicated in
the label where p1 corresponds to the nth-order Fourier sine
coe�cient. Note that these data are not corrected for the
event plane resolution.

The sine modulations of Pz are studied as a function
of collision centrality and are presented in Fig. 3. Re-
sults of the measurements relative to both event planes
are comparable in magnitude and exhibit similar cen-
trality dependence, increasing in more peripheral colli-
sions. Calculations from a hydrodynamic model [33] with
shear viscosity ⌘T/(e+P ) = 0.08 and including both the
thermal vorticity and shear-induced contributions to the
polarization, are in qualitative agreement with the po-
larization signs and magnitudes. However the centrality
dependence, especially in peripheral collisions, is not well
described by the model. The model results also depend
on a particular implementation of the shear-induced con-
tribution [33]. Note that without the shear-induced po-
larization contribution the model predicts a polarization
with the opposite sign to what is observed in the data.
The model calculations within the ideal hydrodynamics
scenario (including the shear contribution) leads to al-
most zero Pz, indicating that the polarization measure-
ments put an additional constraint on the shear viscosity
values of the medium [33].
If the observed polarization along the beam direction is

induced by collective anisotropic flow, one might naively
expect a transverse momentum dependence similar to
that of the flow. The Pz sine modulations for measure-
ments relative to both event planes are plotted as a func-
tion of hyperons’ transverse momentum in Fig. 4. Results
show that pT dependence of the polarization is indeed
similar to that of elliptic (v2) and triangular (v3) flow.
While the third-order Pz modulation is smaller than the
second-order for pT < 1.5 GeV/c, the third-order re-
sults seem to increase faster, with a hint of out-pacing
the second-order results at pT > 2 GeV/c. The signif-
icance of the third-order results away from zero is 4.8�
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in the TPC event plane determination were studied by
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ative to the third-order event plane where sine patterns
similar to those in the left panel are clearly seen, indicat-
ing the presence of triangular-flow-driven vorticity. Since
the results for ⇤ and ⇤̄ are consistent with each other,
as expected in the vorticity driven polarization picture
(note that the di↵erence observed in the third-order re-
sults is ⇠1.4�), both results are combined to enhance the
statistical significance.

0 2 4 6

) [rad] 
2

Ψ - φ2(

0.001−

0.0005−

0

0.0005

0.001

 
su

b
〉

*)
p

θ
co

s(
〈

) 
H

α
sg

n
(

Λ

Λ

 = 200 GeV
NN

sRu+Ru&Zr+Zr 

Centrality: 20%-60%

)
2

Ψ - 2φsin(2
1

+2p
0

fit: p

0.002 [%]± =0.020
1

p

0.002 [%]± =0.021
1

p

0 2 4 6

) [rad] 
3

Ψ - φ3(

0.001−

0.0005−

0

0.0005

0.001

 
su

b
〉

*)
p

θ
co

s(
〈

) 
H

α
sg

n
(

Λ

Λ

 = 200 GeV
NN

sRu+Ru&Zr+Zr 

Centrality: 20%-60%

)
3

Ψ - 3φsin(3
1

+2p
0

fit: p

0.002 [%]± =0.006
1

p

0.002 [%]± =0.010
1

p

FIG. 2. hcos ✓⇤pisub of ⇤ and ⇤̄ as a function of hyperon
azimuthal angle relative to the second- (left panel) and the
third-order (right panel) event planes, n(� �  n), in 20-60%
central isobar collisions at

p
sNN = 200 GeV. The sign of the

data for ⇤̄ is flipped as indicated by sgn(↵H). The solid lines
are fit functions used to extract the parameters indicated in
the label where p1 corresponds to the nth-order Fourier sine
coe�cient. Note that these data are not corrected for the
event plane resolution.

The sine modulations of Pz are studied as a function
of collision centrality and are presented in Fig. 3. Re-
sults of the measurements relative to both event planes
are comparable in magnitude and exhibit similar cen-
trality dependence, increasing in more peripheral colli-
sions. Calculations from a hydrodynamic model [33] with
shear viscosity ⌘T/(e+P ) = 0.08 and including both the
thermal vorticity and shear-induced contributions to the
polarization, are in qualitative agreement with the po-
larization signs and magnitudes. However the centrality
dependence, especially in peripheral collisions, is not well
described by the model. The model results also depend
on a particular implementation of the shear-induced con-
tribution [33]. Note that without the shear-induced po-
larization contribution the model predicts a polarization
with the opposite sign to what is observed in the data.
The model calculations within the ideal hydrodynamics
scenario (including the shear contribution) leads to al-
most zero Pz, indicating that the polarization measure-
ments put an additional constraint on the shear viscosity
values of the medium [33].
If the observed polarization along the beam direction is

induced by collective anisotropic flow, one might naively
expect a transverse momentum dependence similar to
that of the flow. The Pz sine modulations for measure-
ments relative to both event planes are plotted as a func-
tion of hyperons’ transverse momentum in Fig. 4. Results
show that pT dependence of the polarization is indeed
similar to that of elliptic (v2) and triangular (v3) flow.
While the third-order Pz modulation is smaller than the
second-order for pT < 1.5 GeV/c, the third-order re-
sults seem to increase faster, with a hint of out-pacing
the second-order results at pT > 2 GeV/c. The signif-
icance of the third-order results away from zero is 4.8�
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Figure 3: Polarization of Λ and Λ̄ hyperons along the beam direction, 𝑃𝑧 ∝ ⟨cos 𝜃∗𝑝⟩, as a function of
hyperons’ azimuthal angle relative to the second- (left panel) and third-order (right panel) event planes in
isobar collisions at √𝑠𝑁𝑁 = 200 GeV. Cartoons next to the plots depict the initial geometry viewed from
the beam direction (z-direction) with flow velocity due to anisotropic flow (solid arrows) and the consequent
vorticities (open arrows). These figures are taken from Ref. [39].

New results using the isobar data have been recently released by STAR, extending the mea-
surement to higher harmonic flow [39]. Figure 3 shows raw signals of polarization along the beam
direction (before the correction for the event plane), ⟨cos 𝜃∗𝑝⟩ ≈ 𝛼𝐻𝑃𝑧/3, as a function of hyperons’
azimuthal angle relative to the second- (left panel) and third-order (right panel) event planes in
isobar collisions at √𝑠𝑁𝑁 = 200 GeV. As seen for the second-order case, a similar sine pattern of
the polarization was observed for the third-order case, indicating a triangular-flow-driven sextupole
pattern of vorticity as depicted in the right cartoon of Fig. 3.

The sine modulation was studied as a function of centrality and hyperons’ transverse momentum
𝑝𝑇 as shown in Fig. 4. The second- and third-order results are comparable and show a mild 𝑝𝑇
dependence. A slight difference at lower 𝑝𝑇 between the second and third orders looks similar to the
relation between elliptic and triangular flow [42], which further supports the idea that the observed
polarization is induced by anisotropic flow. Hydrodynamic model calculations with one of the
existing implementations of the SIP [43] lead to the correct sign and comparable magnitude to the
data but not reproduce the detailed dependence, especially at higher 𝑝𝑇 . In the comparison with the
results in Au+Au collisions at 200 GeV and Pb+Pb collisions at 5.02 TeV, there seems no significant
collision system size nor energy dependence. It is worth mentioning that these measurements have
sensitivity to specific shear and bulk viscosities as well as the initial condition [43, 44].
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contribution. The calculations with the shear contribution
based on Ref. [43], are in rough qualitative agreement with
the polarization sign and magnitudes for both harmonics,
but fail to describe the data quantitatively especially in
peripheral collisions. On the other hand, the calculation for
the second-order with the shear contribution based on
Ref. [44] shows the opposite sign to the data. Note that
the model with Ref. [44] can provide the correct sign only if
the Λ mass is replaced with the mass of the constituent
strange quark.
The model calculations with the very small value of the

specific shear viscosity ηT=ðeþ PÞ ¼ 0.001 leads to
almost zero Pz as shown in Fig. 3, indicating that the
polarization measurements put an additional constraint on
the shear viscosity values of the medium [27]. Note that the
hydrodynamic model calculations without the shear-
induced polarization contribution always predict polariza-
tion with the opposite sign to that observed in the data.
If the observed polarization along the beam direction is

induced by collective anisotropic flow, one might naively
expect a transverse momentum dependence similar to that
of the flow. The Pz sine modulations for measurements
relative to both event planes are plotted as a function of the
hyperons’ transverse momentum in Fig. 4. Results show
that pT dependence of the polarization is indeed similar to
that of elliptic (v2) and triangular (v3) flow. While the third-
order Pz modulation is smaller than the second-order for

pT < 1.5 GeV=c, the third-order results seem to increase
faster, with a hint of outpacing the second-order results at
pT > 2 GeV=c. The significance of the third-order results
away from zero is 4.8σ for 1.1 < pT < 6.0 GeV=c con-
sidering statistical and systematic uncertainties in quad-
rature. A similar pattern is also observed in the flow
measurements [45,46] which further supports that the
observed polarization is driven by collective flow. The
hydrodynamic model calculations exhibit stronger pT
dependence than that in the data and predict smaller values
of the second-order polarization compared to the third-
order at low pT. In the model, such behavior is determined
by two competing mechanisms, the thermal vorticity and
the shear-induced polarization. The second-order polariza-
tion results for isobar collisions are found to be comparable
to or slightly higher than those for Auþ Au collisions.
Figure 5 shows the centrality dependence of the second-

order sine Fourier coefficients of Pz in isobar collisions
compared to results from Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV [3] and Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
from the ALICE experiment [4]. The results do not show
any strong energy dependence nor system size dependence
for a given centrality. The isobar collisions, a smaller
system compared to Auþ Au, show slightly larger polari-
zation values in midcentral collisions, but the difference is
not significant. Note that the elliptic flow v2 in 5.02 TeV
Pbþ Pb collisions [47] is ∼60% larger than that in
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FIG. 4. Transverse momentum dependence of the second- and
third-order Fourier sine coefficients of Λþ Λ̄ polarization along
the beam direction for 20%–60% central isobar Ruþ Ru and
Zr þ Zr collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, compared to the second-
order measurements in Auþ Au collisions [3]. Open boxes show
systematic uncertainties. The results for the third-order event
plane measurements in isobar collisions are slightly shifted for a
better visibility. Solid bands present calculations from the hydro-
dynamic model [27] (see Fig. 3 caption).

FIG. 5. Comparison of the second Fourier sine coefficients of
the Λþ Λ̄ polarization component along the beam direction
among isobar and Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [3]
and Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [4] as a function of
centrality. Open boxes show systematic uncertainties. The inset
presents the same data plotted as a function of average number of
participants hNparti. Note that the data points for Pbþ Pb
collisions are rescaled to account for the difference in the decay
parameter αΛ used in the Pbþ Pb analysis.

PHYSICAL REVIEW LETTERS 131, 202301 (2023)

202301-6

Figure 4: 𝑃𝑧 sine coefficients ofΛ +Λ̄ hyperons as a function of transverse momentum 𝑝𝑇 (left) and centrality
(right) in isobar collisions, comparing to hydrodynamic model calculations with one of the implementations
for the shear-induced-polarization (SIP) [43]. Also, the previous results in Au+Au collisions at 200 GeV and
Pb+Pb collisions at 5.02 TeV are compared. These figures are taken from Ref. [39].

5. Summary and Outlook

Recent experimental results on the hyperon polarization in heavy-ion collisions have been
reviewed. Although there have been a lot of progress in the polarization measurements, there still
remain open questions to be understood. For the energy dependence of the global polarization,
interestingly the global polarization seems to increase at the lower energy down to a few GeV.
The behavior at the low energies, which may have sensitivity to the equation of state [45], should
be explored with high precision. Global polarization of Ξ hyperons was measured to be positive,
though the significance is still ∼ 2𝜎 level. Global polarization of Ω as well as Ξ hyperons will
be explored in the coming RHIC runs. Some of the differential measurements, e.g., rapidity and
azimuthal angle dependence of polarization along the system angular momentum [47, 48], are
predicted differently and need further investigation. New results on the polarization along the beam
direction with the third-order event plane in isobar collisions confirm the picture of anisotropic-flow-
driven polarization, which would provide constrains on the contributions from thermal vorticity and
shear-induced polarization. Several interesting phenomena, e.g., spin Hall effect [46] and vortex
ring [33, 35], are predicted. The data of 200 GeV Au+Au collisions from 2023+2025 runs at
RHIC as well as the future LHC runs and new experiments focusing on the high density region will
produce high statistics data and be useful for studying the observables mentioned above.
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