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making an estimate that to probe the proton structure
one needs energy of the order of giga-electron Volt (GeV)
(note that the charge radius of a proton is around 0.877
fermi). The next step involves accelerating heavy nuclei
(such as gold or lead) to high energies (GeV and tera-
electron Volt (TeV)) and making head-on collisions. The
collision process produces an extremely hot and dense
system so as to melt the protons and neutrons to their
fundamental constituents, hence a relatively large num-
ber of deconfined quarks and gluons coexist for a brief
time. This is demonstrated in Fig. 1, where the sketch
on the left shows a system consisting of protons, neu-
trons, etc. (called hadrons) in which quarks are bound
within their boundaries and a system of free quarks and
gluons on the right.

FIG. 2: (Color Online) A schematic of QCD phase diagram.

II. PHASE DIAGRAM

The QGP state exhibits fundamentally di↵erent prop-
erties from the normal hadronic state of matter. This
can be understood from the phase diagram as shown in
Fig. 2 in terms of temperature and net baryon density.
At lower temperatures and finite baryon density, we have
a system of hadron gas, whereas, at higher temperatures
in the phase diagram, we get the QGP state.

An early universe that started with extremely high
temperature and energy density has gone through many
complex dynamical processes during its spatio-temporal
evolution. A high temperature and low net baryon den-
sity in the diagram represent an early universe scenario.
On the other hand, a lower temperature and high net
baryon density refers to astrophysical objects like neu-
tron stars. In the domain of lower temperatures and
high-baryon densities, the deconfined phase of quarks and
gluons is separated by a first-order phase transition line
from the hadronic matter. This line ends with a possible

critical end-point (CP), after which a cross-over transi-
tion exists while moving towards higher temperatures [4].

III. QGP SIGNATURES

Indications of the QGP formation have been ob-
served twenty years ago in fixed-target experiments at
the CERN Super Proton Synchrotron (SPS) in Geneva,
Switzerland, with compelling evidence for the formation
of a new state of matter at energy densities about twenty
times larger than that of normal nuclear matter and tem-
peratures 100000 times higher than in the core of the
Sun. Experiments at the Relativistic Heavy-Ion Collider
(RHIC) at Brookhaven National Laboratory, USA not
only confirmed the observations made at SPS, but also
complemented it with new insights on new observables,
such as anisotropic flow and jet quenching. For the last
ten years, experimental data at the LHC have opened up
completely new doors to our understanding of the QGP
matter.

The signatures of QGP are indeed indirect, as the life-
time of QGP is of the order of 10�23 second (⇠ 3 fermi/c).
Most of the signals probe the nuclear medium by con-
sidering proton-proton collisions as a baseline. Some of
the signatures of QGP are the observation of high en-
ergy density, high-temperature matter, enhancement of
strangeness, azimuthal anisotropy, elliptic flow, collective
radial expansion, suppression of quarkonia, etc. [5, 6].

The main point of our discussion here is the striking
observation of QGP-like signatures in proton-proton col-
lisions at the LHC accompanied by a large number of
produced particles. This warrants a relook at the use
of proton-proton collisions as a baseline measurement
and also to understand the formation of QGP-droplets
in these collisions. The main thrust of this article is to
review the QGP-like signatures in LHC proton-proton
collisions.

Following the lattice QCD estimations, the critical en-
ergy density and temperature for a deconfinement tran-
sition are predicted to be, ✏c = 1 GeV/fm3 and Tc ⇡
150-170 MeV, respectively [6]. To have a better realiza-
tion of these numbers, the energy density of a normal
nuclear matter is, ⇢N = 0.17 GeV/fm3 and the energy
density of a nucleon is, ⇢p = 0.5 GeV/fm3 (taking proton
charge radius 0.877 fm). In comparison to a hadron gas,
the degrees of freedom for a QGP is an order of magni-
tude higher, which signals the deconfinement transition
[5]. Some of the important signatures of QGP are briefly
discussed here and for completeness, one can have a look
at any standard books on QGP or high energy heavy-ion
collisions [7, 8]. It should also be noted here that, as
we explore new energy frontiers, the particle production
dynamics and the system properties evolve with energy.
This makes energy-dependent modifications in some of
the signatures of quark-gluon plasma.
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Strong transverse polarization of hyperons has been
observed in unpolarized p! p and p! A collisions since
the 1970s[1]. Given the beam and hyperon momenta ~p and
~pH, hyperons produced in the beam fragmentation region
are found transversely polarized in the direction perpendi-
cular to the hyperon production plane, ~nH " ~p# ~pH=
j ~p# ~pHj. Polarizations of !, ", and #" are negative while
$ and #$’s are positive. In the meantime, #! and % are not
transversely polarized. Although the origin for such strik-
ing transverse hyperon polarization is still in debate, one
can relate it to the single-spin left-right asymmetries ob-
served in hadron-hadron collisions with transversely po-
larized beam [2], which in turn can be attributed to the
orbital angular momenta (OAM) of the valence quarks in a
polarized nucleon [3–5], or fragmentation functions of
transverse polarized quarks [6] as well as twist-3 parton
correlations in nucleons [7]. It has also been suggested
[8,9] that hyperon polarization could disappear due to the
formation of a quark-gluon plasma (QGP).

In this Letter, we show that parton interaction in non-
central heavy-ion collisions leads to a global quark polar-
ization along the opposite direction of the reaction plane,

~n b " ~p# ~b=j ~p# ~bj; (1)

as determined by the nuclear impact parameter ~b. This
global polarization is essentially a local manifestation of
the global angular momentum of the colliding system
through interaction of spin-orbital coupling in QCD. It
will have far reaching consequences in noncentral heavy-
ion collisions, such as left-right asymmetry of hadron
spectra in the reaction plane, global transverse polarization
of direct photons, and dileptons and hadrons with spin.
Within different hadronization scenarios, we will discuss
hyperon polarization as a result of the global quark polar-
ization. Possible contributions from final state hadronic
interaction will also be discussed.

Let us consider two colliding nuclei with the beam
projectile moving in the direction of the z axis, as illus-
trated in Fig. 1. We define the impact parameter ~b (along x̂)

as the transverse distance of the projectile from the target
nucleus and the reaction plane as given by ~nb (along ŷ) in
Eq. (1). Partons produced in the overlapped region of the
collision will carry a global angular momentum along the
direction opposite to the reaction plane ($ŷ). A thermal-
ized QGP requires final state parton interaction. Given the
nature of partonic interaction at high energy, the global
angular momentum would never lead to a collective rota-
tion of the system. It will, however, be manifested in the
finite transverse (along x̂) gradient of the average longitu-
dinal momentum pz%x; y; b& per produced parton. We as-
sume for the moment that pz%x; y; b& is independent of the
longitudinal position and is just an average value. Given
the range of interaction &x, two colliding partons will have
relative longitudinal momentum &pz " &xdpz=dx with
OAM Ly '$&x&pz along the direction of ~nb. This rela-
tive OAM Ly will lead to global quark polarization due to
spin-orbital coupling.

The initial collective longitudinal momentum can be
calculated as the total momentum difference between par-
ticipant projectile and target nucleons, whose transverse
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FIG. 1. Illustration of noncentral heavy-ion collisions with
impact parameter ~b. The global angular momentum of the
produced matter is along $ŷ, opposite to the reaction plane.
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FIG. 1. Illustration of noncentral heavy-ion collisions with
impact parameter ~b. The global angular momentum of the
produced matter is along $ŷ, opposite to the reaction plane.
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29

medium. One cannot directly detect such a rotation with a few femtometer size and ⇠10 fm/c time scale but instead
one can measure particle polarization. Particles produced in the collisions are globally polarized on average along
the direction of the orbital angular momentum via spin-orbit coupling [1, 2, 5], referred to as global polarization.
In a non-relativistic limit, the polarization of particles P can be related to the vorticity ! assuming a local thermal
equilibrium:

P =
(S + 1)(! + µBB/S)

3T
, (174)

where S is spin quantum number and µB is the magnetic moment of the particle, T is the temperature, and B is the
magnetic field.

The natural way to measure such particle polarization is to utilize hyperon weak decays. Because of parity-violation
in the weak decay, the momentum direction of the daughter product in the hyperon rest frame is correlated with the
hyperon polarization:

dN

d⌦⇤ =
1

4⇡
(1 + ↵HP ⇤

H
· p̂⇤

B
), (175)

where ↵H is the decay parameter of hyperons, PH is the hyperon polarization, p̂B is the direction of the daughter
baryon’s momentum, and the asterisk denotes the rest frame of the parent hyperon. In case for the global polarization,
one needs to calculate the projection of the polarization vector into the angular momentum direction of the system,
which is perpendicular to the reaction plane [4].

PH =
8

⇡↵HA0

hsin( 1 � �⇤
B
)i

Res( 1)
, (176)

where �⇤
B

is the azimuthal angle of the daughter baryon in the hyperon’s rest frame and  1 is the first-order event
plane being an experimental proxy for azimuthal angle of the reaction plane. The Res( 1) represents the experimental
resolution of the  1 angle and A0 is an acceptance correction factor usually close to be unity. Note that the  1 angle
is experimentally determined by measuring spectator deflection using forward/backward detectors as the spectators
are known to deflect outward in high-energy nuclear collisions [173].

The first attempt to measure the global polarization was made using Au+Au collisions at
p
sNN = 200 GeV by

STAR experiment in 2007 [4], where the results reported were consistent with zero having large uncertainties, giving
un upper limit of |PH | < 2%. Ten years later the positive signal of the global polarization, on the order of a few
percent implyng its energy dependence, was first observed in ⇤ hyperons in lower collision energies (

p
sNN = 7.7–39

GeV) from the beam energy scan (BES-I) program at RHIC by STAR [11]. Higher statistics data at 200 GeV [174]
confirmed the positive signal of the order of a few tenth of a percentage as well as the energy dependence of the global
polarization, allowing us to study the polarization more di↵erentially as discussed later. The results were further
improved with recent data from the second phase of BES (BES-II) [16, 175] and HADES experiment [176] which
provide more precise results.

Figure 1 shows a compilation of published experimental results on ⇤ and ⇤̄ global polarization vs. collision energy.
The results show a strong energy dependence, i.e., it increases with decreasing collision energy, which is described
well by various theoretical calculations [10, 177, 178, 180]. Most of the models are based on the local vorticity of the
fluid integrated over freeze-out hypersurface as in Eq. (64) obtained assuming the local thermal equilibrium of the
spin degrees of freedom [5]. The total angular momentum of the system increases in higher energies [181] but what
is measured is just the polarization in the central rapidity region where the vorticity field becomes smaller at higher
energies because of less baryon stopping and approximately longitudinal boost invariance [9, 10, 182]. The dilution
e↵ect of the vorticity in a longer lifetime of the system at higher energies would also contribute to the observed energy
dependence [10]. Following Eq. (174), the fluid vorticity can be estimated and is found to be the fastest vorticity ever
observed [11], ! ⇠ (9± 1)⇥ 1021 s�1.

In the initial state of the collisions, a strong magnetic field would be created by electric charges of protons that move
to the opposite direction in the speed of light. The magnitude of the field is expected to be of the order of[183–188]
B ⇠ 1013�1015 T, and the direction of the field coincides with the initial angular momentum. Therefore the particles
can also be polarized by the magnetic field as indicated in Eq. (174). Because the sign of the magnetic moment is
opposite for particles and antiparticles, one would expect the di↵erence in the global polarization between particles
and anti-particles if the e↵ect is significant. Figure 2 shows the di↵erence of the global polarization, P⇤̄ � P⇤, as a
function of the collision energy. There is no significant di↵erence in the ⇤ and ⇤̄ global polarization, which can be
understandable because the lifetime of the initial magnetic field, which depends on the electric conductivity of the
medium [188–190], is expected to be very short (. 0.5 fm/c). One can still estimate the upper limit of the magnetic
field based on Eq. (174) as |B| = T |P⇤̄ � P⇤|/(2|µ⇤|) [89, 191], where µ⇤ = �µ⇤̄ = �0.614µN is the magnetic

- Polarization P in non-relativistic limit  
assuming local thermodynamic equilibrium

F. Becattini, F. Piccinini, and J. Rizzo, PRC77, 024906 (2008)

S: spin 
ω: vorticity

Z.-T. Liang and X.-N. Wang, PRL94,102301(2005), PLB629(2005)20 
S. Voloshin, nucl-th/0410089 
B. Betz, M. Gyulassy, and G. Torrieri, PRC76, 044901 (2007) 
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How we measure the polarization?
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Parity-violating weak decay of hyperons
Daughter baryon is preferentially emitted in the direction  
of hyperon’s spin (opposite for anti-particle)

⇤ ! p+ ⇡�

p

π -

PΛ

θ

3

(Dated: March 18, 2021)

Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

at
√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed2

by two independent methods, via analysis of the angular distribution of the daughter particles3

in the parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the4

daughter Λ-hyperon, polarized via polarization transfer from its parent. The polarization, obtained5

by combining the results from the two methods and averaged over Ξ− and Ξ̄+, is measured to be6

⟨PΞ⟩ = 0.47±0.10 (stat.)±0.23 (syst.)% for the collision centrality 20%-80%. The ⟨PΞ⟩ is found to7

be slightly larger than the inclusive Λ polarization and in reasonable agreement with a multi-phase8

transport model (AMPT). The ⟨PΞ⟩ is found to follow the centrality dependence of the vorticity9

predicted in the model, increasing toward more peripheral collisions. The global polarization of Ω,10

⟨PΩ⟩ = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring the polarization of daughter11

Λ in the decay Ω → Λ+K, assuming the polarization transfer factor CΩΛ = 1.12

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

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

sion [1–3]. As a result, these particles become globally17

polarized along the direction of the initial orbital mo-18

mentum of the nuclei. Global polarization was first ob-19

served by the STAR Collaboration in the beam energy20

scan Au+Au collisions [4] and was later confirmed, to21

better precision, in the analysis of the 200 GeV data with22

high statistics [5]. Assuming local thermal equilibrium,23

the polarization of the produced particles is determined24

by the local thermal vorticity of the fluid [3]. In the non-25

relativistic limit (for hyperons mH ≫ T , where T is the26

temperature), the polarization of the particles is given27

by [6]:28

P =
⟨s⟩
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, ⟨s⟩ is the mean spin30

vector, and ω = 1
2∇×v is the local vorticity of the fluid31

velocity field. Averaged over the entire system volume,32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antipar-35

ticles of the same spin should have the same polariza-36

tion. A difference could arise from effects of the initial37

magnetic field [6], from the fact that different particles38

are produced at different times or regions as the system39

freezes out [7], or through meson-baryon interactions [8].40

Thus far, only Λ and Λ̄ polarizations have been mea-41

sured [4, 5, 9]. Therefore, to establish the global nature42

of the polarization, it is very important to measure the43

polarization of different particles, and if possible, parti-44

cles of different spins. In the global polarization picture45

based on vorticity one expects different particles to be46

polarized in the same direction and that the polarization47

magnitudes for different particles depend only on their48

spin in accordance to Eq. 1.49

In order to study the possible contribution from the50

initial magnetic field, the polarization measurement with51

particles of different magnetic moment would provide ad-52

ditional information. The difference in the polarization53

measured so far between Λ and Λ̄ is not significant and54

is at the level of a couple standard deviations at most.55

Although the energy dependence of the average Λ56

polarization can be explained well by theoretical mod-57

els [7, 10–14], many questions remain open, and the de-58

tail modeling of the global polarization and dynamical59

treatment of spin are under development. In fact, there60

exist sign problems in differential measurements of the61

global and local polarizations, not only between the ex-62

perimental data and models but also among different63

models [15–17]. For example, Λ (Λ̄) polarization along64

the beam direction measured experimentally [15] differ in65

the sign and magnitude of the effect from many theoret-66

ical calculations. Therefore, further experimental inputs67

are crucial for understanding the vorticity and polariza-68

tion phenomena in heavy-ion collisions. In this paper we69

present the first measurements of the global polarization70

of spin s = 1/2 Ξ− and Ξ̄+ hyperons, as well as spin71

s = 3/2 Ω hyperons in Au+Au collisions at
√
sNN= 20072

GeV.73

Hyperon weak decays present the most straightforward74

possibility for measuring the polarization of the produced75

particles [18]. In parity-violating weak decays the daugh-76

ter particle distribution in the rest frame of the hyperon77

directly depends on the hyperon polarization:78

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)79

where αH is the hyperon decay parameter, P∗
H is the80

hyperon polarization, and p̂∗
B is the unit vector in the81

direction of the daughter baryon momentum, both in the82

parent rest frame denoted by an asterisk.83

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →84

Λ + π− with subsequent decay Λ → p + π−. If Ξ− is85

polarized, its polarization is partially transferred to the86

daughter Λ. Both steps in such a cascade decay are par-87

ity violating and thus can be used for an independent88

measurement of the polarization of Ξ− (Ξ̄+).89

      : hyperon polarization  
      : unit vector of daughter baryon momentum 
      : hyperon decay parameter          
        asterisk(＊) denotes “in hyperon rest frame”
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Ψ1: azimuthal angle of spectator fragment

ICPPA-2, Moscow, October 10-14, 2016 page S.A. Voloshin12

Nuclear Theory

Title: Globally Polarized Quark-gluon Plasma in Non-central A+A
Collisions
Authors: Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)
(Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5))

Abstract: Produced partons have large local relative orbital angular momentum along the direction opposite to the reaction plane in the early stage
of non-central heavy-ion collisions. Parton scattering is shown to polarize quarks along the same direction due to spin-orbital coupling. Such global
quark polarization will lead to many observable consequences, such as left-right asymmetry of hadron spectra, global transverse polarization of
thermal photons, dileptons and hadrons. Hadrons from the decay of polarized resonances will have azimuthal asymmetry similar to the elliptic flow.
Global hyperon polarization is predicted within different hadronization scenarios and can be easily tested.

Comments: 4 pages in RevTex with 2 postscript figures, an erratum is added to the final published version
Subjects: Nuclear Theory (nucl-th); High Energy Physics - Phenomenology (hep-ph)
Journal reference: Phys.Rev.Lett.94:102301,2005; Erratum-ibid.Lett.96:039901,2006
DOI: 10.1103/PhysRevLett.94.102301
Report number: LBNL-56383
Cite as: arXiv:nucl-th/0410079
  (or arXiv:nucl-th/0410079v5 for this version)

Submission history
From: Xin-Nian Wang [view email]
[v1] Mon, 18 Oct 2004 18:54:46 GMT (34kb)
[v2] Fri, 22 Oct 2004 02:25:19 GMT (34kb)
[v3] Mon, 25 Oct 2004 18:35:22 GMT (34kb)
[v4] Tue, 26 Apr 2005 18:42:39 GMT (37kb)
[v5] Wed, 7 Dec 2005 02:02:09 GMT (37kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

[nucl-th/0410079] Globally Polarized Quark-gluon Plasma in Non-central A+A Collisions http://arxiv.org/abs/nucl-th/0410079

2 of 2 6/30/16, 11:20 AM

Nuclear Theory

Title: Globally Polarized Quark-gluon Plasma in Non-central A+A
Collisions
Authors: Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)
(Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5))

Abstract: Produced partons have large local relative orbital angular momentum along the direction opposite to the reaction plane in the early stage
of non-central heavy-ion collisions. Parton scattering is shown to polarize quarks along the same direction due to spin-orbital coupling. Such global
quark polarization will lead to many observable consequences, such as left-right asymmetry of hadron spectra, global transverse polarization of
thermal photons, dileptons and hadrons. Hadrons from the decay of polarized resonances will have azimuthal asymmetry similar to the elliptic flow.
Global hyperon polarization is predicted within different hadronization scenarios and can be easily tested.

Comments: 4 pages in RevTex with 2 postscript figures, an erratum is added to the final published version
Subjects: Nuclear Theory (nucl-th); High Energy Physics - Phenomenology (hep-ph)
Journal reference: Phys.Rev.Lett.94:102301,2005; Erratum-ibid.Lett.96:039901,2006
DOI: 10.1103/PhysRevLett.94.102301
Report number: LBNL-56383
Cite as: arXiv:nucl-th/0410079
  (or arXiv:nucl-th/0410079v5 for this version)

Submission history
From: Xin-Nian Wang [view email]
[v1] Mon, 18 Oct 2004 18:54:46 GMT (34kb)
[v2] Fri, 22 Oct 2004 02:25:19 GMT (34kb)
[v3] Mon, 25 Oct 2004 18:35:22 GMT (34kb)
[v4] Tue, 26 Apr 2005 18:42:39 GMT (37kb)
[v5] Wed, 7 Dec 2005 02:02:09 GMT (37kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

[nucl-th/0410079] Globally Polarized Quark-gluon Plasma in Non-central A+A Collisions http://arxiv.org/abs/nucl-th/0410079

2 of 2 6/30/16, 11:20 AM

Nuclear Theory

Title: Polarized secondary particles in unpolarized high energy hadron-
hadron collisions?
Authors: Sergei A. Voloshin
(Submitted on 21 Oct 2004)

Abstract: In this short note I speculate on some consequences of the high energy collision picture in which the orbital angular momentum of the
colliding hadrons can be converted into secondary particle angular spin momentum via some spin-orbital interaction. In particular I discuss a
possibility to observe a non-zero polarization of secondary particles (e.g. hyperons) at midrapidity ( ) and at low transverse momentum. I
also speculate that such effects could contribute to the produced particle directed and elliptic flow observed in relativistic nuclear collisions.

Comments: 2 pages, Latex
Subjects: Nuclear Theory (nucl-th)
Cite as: arXiv:nucl-th/0410089
  (or arXiv:nucl-th/0410089v1 for this version)

Submission history
From: Sergei A. Voloshin [view email]
[v1] Thu, 21 Oct 2004 19:43:03 GMT (3kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

= 0xF

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro... http://arxiv.org/abs/nucl-th/0410089

2 of 2 6/30/16, 11:26 AM

Nuclear Theory

Title: Polarized secondary particles in unpolarized high energy hadron-
hadron collisions?
Authors: Sergei A. Voloshin
(Submitted on 21 Oct 2004)

Abstract: In this short note I speculate on some consequences of the high energy collision picture in which the orbital angular momentum of the
colliding hadrons can be converted into secondary particle angular spin momentum via some spin-orbital interaction. In particular I discuss a
possibility to observe a non-zero polarization of secondary particles (e.g. hyperons) at midrapidity ( ) and at low transverse momentum. I
also speculate that such effects could contribute to the produced particle directed and elliptic flow observed in relativistic nuclear collisions.

Comments: 2 pages, Latex
Subjects: Nuclear Theory (nucl-th)
Cite as: arXiv:nucl-th/0410089
  (or arXiv:nucl-th/0410089v1 for this version)

Submission history
From: Sergei A. Voloshin [view email]
[v1] Thu, 21 Oct 2004 19:43:03 GMT (3kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

= 0xF

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro... http://arxiv.org/abs/nucl-th/0410089

2 of 2 6/30/16, 11:26 AM

⇢0 �! ⇡+⇡�

Global polarization

x

z

sy = 1 �! ly = 1

ly = 1 �! sy = 1⇡+⇡� �! ⇢0

Predicted polarization of the order from 
a fraction to a few percent!

Ψ1

Polarization along the initial L direction

<latexit sha1_base64="CGwzG9458OrtGCu1sOK34A0VD3I=">AAACH3icbVDLSsNAFJ3UV62vqks3wSK4MSRSWl0Uim5cuKhgH9CUcDOZtEMnD2YmQgn9Ezf+ihsXioi7/o2TthRtPTDM4Zx7mLnHjRkV0jQnWm5tfWNzK79d2Nnd2z8oHh61RJRwTJo4YhHvuCAIoyFpSioZ6cScQOAy0naHt5nffiJc0Ch8lKOY9ALoh9SnGKSSnGLFBhYPwEntexXyYFy7WCgu8IU8rplGtVy148A0TPPaKZayO4O+Sqw5KaE5Gk7x2/YinAQklJiBEF3LjGUvBS4pZmRcsBNBYsBD6JOuoiEERPTS6X5j/Uwpnu5HXJ1Q6lP1dyKFQIhR4KrJAORALHuZ+J/XTaR/1UtpGCeShHj2kJ8wXUZ6VpbuUU6wZCNFAHOq/qrjAXDAUlVaUCVYyyuvktalYVWM8kO5VL+Z15FHJ+gUnSMLVVEd3aEGaiKMntErekcf2ov2pn1qX7PRnDbPHKM/0CY/W0Oh3A==</latexit>

↵⇤ = �↵⇤̄ = 0.747± 0.009

Spectators fly away from the beam axis (at high energy)

S. Voloshin and TN, PRC94.021901(R) (2016)



T. Niida, SPIN2025 @Qingdao

First observation of Λ global polarization
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Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = kBT
�
P L0 +P L0

�
/~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

STAR, Nature 548, 62 (2017)B. I. ABELEV et al. PHYSICAL REVIEW C 76, 024915 (2007)
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FIG. 4. (Color online) Global polarization of ! hyperons as a
function of ! pseudorapidity η!. Symbol keys are the same as in
Fig. 3. A constant line fit to these data points yields P! = (2.8 ±
9.6) × 10−3 with χ 2/ndf = 6.5/10 for Au+Au collisions at

√
sNN =

200 GeV (centrality region 20–70%), and P! = (1.9 ± 8.0) × 10−3

with χ 2/ndf = 14.3/10 for Au+Au collisions at
√

sNN = 62.4 GeV
(centrality region 0–80%). Only statistical uncertainties are shown.

Figure 4 presents the ! hyperon global polarization as a
function of ! pseudorapidity η!. The symbol keys for the data
points are the same as in Fig. 3. Note that the scale is different
from the one in Fig. 3. The pt -integrated global polarization
result is dominated by the region p!

t < 3 GeV/c, where the
measurements are consistent with zero (see Fig. 3). The solid
lines in Fig. 4 indicate constant fits to the experimental data:
P! = (2.8 ± 9.6) × 10−3 with χ2/ndf = 6.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%) and

P! = (1.9 ± 8.0) × 10−3 with χ2/ndf = 14.3/10 for Au+Au
collisions at

√
sNN = 62.4 GeV (centrality region 0–80%).

The lines associated with each of the two beam energies are
almost indistinguishable from zero within the resolution of
the plot. The results for the ! hyperon global polarization as
a function of η! within the STAR acceptance are consistent
with zero.

Figure 5 presents the ! hyperon global polarization as a
function of centrality given as a fraction of the total inelastic
hadronic cross section. Within the statistical uncertainties we
observe no centrality dependence of the ! global polarization.

The statistics for !̄ hyperons are smaller than those for !
hyperons by 40% (20%) for Au+Au collisions at

√
sNN =

62.4 (200) GeV. Figures 6, 7, and 8 show the results for the
!̄ hyperon global polarization as a function of !̄ transverse
momentum, pseudorapidity, and centrality (the symbol keys
for the data points are the same as in Figs. 3–5). Again, no
deviation from zero has been observed within statistical errors.
The constant line fits for the !̄ hyperon global polarization give
P!̄ = (1.8 ± 10.8) × 10−3 with χ2/ndf = 5.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%)

and P!̄ = (−17.6 ± 11.1) × 10−3 with χ2/ndf = 8.0/10 for
Au+Au collisions at

√
sNN = 62.4 GeV (centrality region

0–80%).
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FIG. 5. (Color online) Global polarization of ! hyperons as a
function of centrality given as a fraction of the total inelastic hadronic
cross section. Symbol keys are the same as in Fig. 3. Only statistical
uncertainties are shown.

C. Acceptance effects and systematic uncertainties

The derivation of Eq. (3) assumes a perfect reconstruction
acceptance for hyperons. For the case of an imperfect detector,
we similarly consider the average of ⟨sin(φ∗

p − %RP)⟩ but
take into account the fact that the integral over the solid
angle d&∗

p = dφ∗
p sin θ∗

pdθ∗
p of the hyperon decay baryon

three-momentum p∗
p in the hyperon rest frame is affected by

detector acceptance:

⟨sin(φ∗
p − %RP)⟩ =

∫
d&∗

p

4π

dφH

2π
A(pH , p∗

p)
∫ 2π

0

d%RP

2π

× sin(φ∗
p − %RP)[1 + αHPH (pH ; %RP)

× sin θ∗
p sin(φ∗

p − %RP)]. (5)

Here pH is the hyperon three-momentum, and A(pH , p∗
p) is a

function to account for detector acceptance. The integral of this
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FIG. 6. (Color online) Global polarization of !̄ hyperons as a
function of !̄ transverse momentum p!̄

t . Symbol keys are the same
as in Fig. 3. Only statistical uncertainties are shown.
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2005:  Theoretical prediction 
2007:  First attempt of the measurement (null result) 
… 
2017:  First observation by STAR experiment!

STAR

Hirschegg, January 13-19, 2019page S.A. Voloshin

Vorticity and polarization

!3

STAR, Nature 548, 62–65 (2017)

STAR 
preliminary

3
STAR, arXiv:1805.04400

3
STAR, arXiv:1805.04400

XIII Workshop on Particle Correlations and Femtoscopy (WPCF) - May 2018 

Upper limit of PH <2%

Hirschegg, January 13-19, 2019page S.A. Voloshin

Vorticity and polarization

!3

STAR, Nature 548, 62–65 (2017)

STAR 
preliminary

3
STAR, arXiv:1805.04400

3
STAR, arXiv:1805.04400

XIII Workshop on Particle Correlations and Femtoscopy (WPCF) - May 2018 



T. Niida, SPIN2025 @Qingdao

Rapidly growing topic with new measurements
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Λ global polarization vs. √sNN

9

• Increasing trend toward lower energies,  
described well by various theoretical models  

- Based on thermal vorticity field, relating it to spin 

- The most vortical fluid ever observed

I. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+vHLLE  
H. Li et al., PRC96, 054908 (2017), AMPT 
Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE 
Y. Xie et al., PRC95, 031901(R) (2017), PICR 
Y. B. Ivanov et al., PRC100, 014908 (2019), 3FD model 
…and more

F. Becattini et al., Ann.Phys. 338 (2013), 32-49 
F. Becattini et al., PRC95, 054902 (2017)

P⇤(⇤̄) '
1

2

!

T
± µ⇤B
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! = (P⇤ + P⇤̄)kBT/~ ⇠1022 s�1
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μΛ: Λ magnetic moment 
T: Temperature at thermal equilibrium

Recent reviews 
TN and S.Voloshin, Int.J.Mod.Phys.E33(2024)2430010 
F.Becattini, M.Buzzegoli, TN, S.Pu, A.Tang, Q.Wang, Int.J.Mod.Phys.E33(2024)2430006
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Fig. 5. Collision energy dependence of ⇤ and ⇤̄ global polarization for mid-central heavy-ion
collisions83 compared to various model calculations.49,70,79,81,82 The experimental data from the
original publications are rescaled accounting for the recent update of the ⇤ decay parameters84
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entire system evolution. Therefore, it would be interesting to check whether the
polarization changes smoothly with the beam energy. Recently the STAR Collabo-
ration has reported ⇤ global polarization in Au+Au collisions at

p
sNN = 3 GeV,83

followed by results on ⇤ global polarization in Au+Au collisions at
p

sNN = 2.4 GeV
and Ag+Ag collisions at

p
sNN = 2.55 GeV by the HADES Collaboration.88 The

results indicate that the global polarization still increase at these energies, although
the current uncertainties may be too large to see the expected trend.

Calculation from the three-fluid dynamics (3FD)81 incorporating the equation
of state (EoS) for the first-order phase transition (1PT) captures the trend of the
experimental data. The 3FD model also shows sensitivity of the global polariza-
tion to EoS as seen in some di↵erence in the calculations for the first-order phase
transition and hadronic (HG) EoS.

5.1.2. Particle-antiparticle di↵erence

As discussed in Sec. 2.2, the initial and/or later-stage magnetic field created in
heavy-ion collisions could lead to a di↵erence in the global polarizations of particles
and antiparticles. The experimental results, presented in Fig 5, do not show any
significant di↵erence in polarizations of ⇤ and ⇤̄, already indicating that the ther-
mal vorticity, rather than the magnetic field contribution, is the dominant source
of the observed global polarization. Figure 6 presents directly the di↵erences in the
global polarizations of ⇤ and ⇤̄ as a function of

p
sNN.89 The new RHIC BES-II

results from Au+Au collisions at 19.6 GeV and 27 GeV greatly improve the statis-
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and Ag+Ag collisions at
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sNN = 2.55 GeV by the HADES Collaboration.88 The

results indicate that the global polarization still increase at these energies, although
the current uncertainties may be too large to see the expected trend.

Calculation from the three-fluid dynamics (3FD)81 incorporating the equation
of state (EoS) for the first-order phase transition (1PT) captures the trend of the
experimental data. The 3FD model also shows sensitivity of the global polariza-
tion to EoS as seen in some di↵erence in the calculations for the first-order phase
transition and hadronic (HG) EoS.

5.1.2. Particle-antiparticle di↵erence

As discussed in Sec. 2.2, the initial and/or later-stage magnetic field created in
heavy-ion collisions could lead to a di↵erence in the global polarizations of particles
and antiparticles. The experimental results, presented in Fig 5, do not show any
significant di↵erence in polarizations of ⇤ and ⇤̄, already indicating that the ther-
mal vorticity, rather than the magnetic field contribution, is the dominant source
of the observed global polarization. Figure 6 presents directly the di↵erences in the
global polarizations of ⇤ and ⇤̄ as a function of

p
sNN.89 The new RHIC BES-II

results from Au+Au collisions at 19.6 GeV and 27 GeV greatly improve the statis-
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Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b = 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin x⃗ = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, x⃗ = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ−1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs ≪ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈ 2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of

McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 
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sample. These events are e↵ectively removed by an up-
per limit cut on event multiplicity. Furthermore, the
multiplicity distribution from the Monte-Carlo simula-
tions, which fits well with the experimental distribution,
is used to determine the collision centrality. Finally, de-
tailed quality-assurance tests are performed to ensure
that events are only included in this study if RHIC and
the relevant detectors were performing adequately.

C. Event plane reconstruction

The system orbital angular momentum is aligned with
the normal direction of the reaction plane [39] spanned by

the beam direction and the impact parameter,~b, connect-
ing the centers of masses of the two colliding nuclei. For
non-central collisions, particles are preferentially emit-
ted in the reaction plane. The azimuthal distribution of
the spectator nucleons and forward-going particles, which
deflect outwards from the beam line, therefore yields the
first-order event plane angle,  1, which approximates the
orientation of the reaction plane,  RP [34]. EPD tile sig-
nal strengths, which correlate with the multiplicity in a
given tile, and the measured directed flow at the corre-
sponding pseudorapidities are used as weights for each
tile’s contribution to  1. The first-order event-plane-

angle resolution, R(1)

EP
, describes how well  1 estimates

the orientation of the reaction plane. For symmetric colli-

sion systems, R(1)

EP
= hcos( 1� RP)i can be determined

from the correlation between the  1 measurements from
the two EPD wheels at forward and backward rapidi-

ties [34]. Figure 1 demonstrates R(1)

EP
as a function of

collision centrality. For
p
sNN = 19.6 and 27 GeV, R(1)

EP

peaks at around 0.6 and 0.5, respectively for mid-central

collisions. The EPD has a larger R(1)

EP
than the BBC used

in [15] at these collision energies, which o↵ers a reduction
in uncertainties.

D. Hyperon reconstruction

Helical tracks are reconstructed as described in IIA.
The dE/dx from the TPC and mass information from
the TOF are used to identify particle species. The decay
channels ⇤ ! p + ⇡� and ⇤̄ ! p̄ + ⇡+ are considered,
which account for 63.9% of decays [40]. All proton-pion
pairs, then, are considered as ⇤ candidates, and a series
of cuts are applied to each pair in order to filter out the
false ⇤ decays. These cuts include an upper limit on the
distance of closest approach, DCA, between the helical
paths of the proton and pion, a lower limit on the DCA
between each of their helical paths and the primary ver-
tex, an upper limit on the DCA between the candidate
⇤ hyperon and the primary vertex, and a lower limit on
the decay length of the ⇤ hyperon. For the data set at
p
sNN = 27 GeV, the acceptance of the TPC allows for

⇤ and ⇤̄ reconstruction in the range |y| < 1; for the data
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FIG. 2. The mid-central PH measurements reported in this
work are shown alongside previous measurements in the up-
per panel, and are consistent with previous measurements at
the energies studied here. The di↵erence between integrated
P⇤̄ and P⇤ is shown at

p
sNN=19.6 and 27 GeV alongside

previous measurements in the lower panel. The splittings ob-
served with these high-statistics data sets are consistent with
zero. Statistical uncertainties are represented as lines while
systematic uncertainties are represented as boxes. The pre-
vious P⇤̄ � P⇤ result at

p
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2�.

set at
p
sNN = 19.6 GeV, the upgraded iTPC allows for

reconstruction in the range |y| < 1.5. The cuts are opti-
mized to minimize background contamination while max-
imizing hyperon yield through the use of the KFParticle
software package [18, 41, 42]. The signal-to-background
ratio achieved in each of these data sets is roughly 20:1
within 5 MeV of the accepted value of the ⇤ rest mass.
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Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b = 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin x⃗ = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, x⃗ = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ−1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs ≪ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈ 2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of
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sample. These events are e↵ectively removed by an up-
per limit cut on event multiplicity. Furthermore, the
multiplicity distribution from the Monte-Carlo simula-
tions, which fits well with the experimental distribution,
is used to determine the collision centrality. Finally, de-
tailed quality-assurance tests are performed to ensure
that events are only included in this study if RHIC and
the relevant detectors were performing adequately.

C. Event plane reconstruction

The system orbital angular momentum is aligned with
the normal direction of the reaction plane [39] spanned by

the beam direction and the impact parameter,~b, connect-
ing the centers of masses of the two colliding nuclei. For
non-central collisions, particles are preferentially emit-
ted in the reaction plane. The azimuthal distribution of
the spectator nucleons and forward-going particles, which
deflect outwards from the beam line, therefore yields the
first-order event plane angle,  1, which approximates the
orientation of the reaction plane,  RP [34]. EPD tile sig-
nal strengths, which correlate with the multiplicity in a
given tile, and the measured directed flow at the corre-
sponding pseudorapidities are used as weights for each
tile’s contribution to  1. The first-order event-plane-

angle resolution, R(1)

EP
, describes how well  1 estimates

the orientation of the reaction plane. For symmetric colli-

sion systems, R(1)

EP
= hcos( 1� RP)i can be determined

from the correlation between the  1 measurements from
the two EPD wheels at forward and backward rapidi-

ties [34]. Figure 1 demonstrates R(1)

EP
as a function of

collision centrality. For
p
sNN = 19.6 and 27 GeV, R(1)

EP

peaks at around 0.6 and 0.5, respectively for mid-central

collisions. The EPD has a larger R(1)

EP
than the BBC used

in [15] at these collision energies, which o↵ers a reduction
in uncertainties.

D. Hyperon reconstruction

Helical tracks are reconstructed as described in IIA.
The dE/dx from the TPC and mass information from
the TOF are used to identify particle species. The decay
channels ⇤ ! p + ⇡� and ⇤̄ ! p̄ + ⇡+ are considered,
which account for 63.9% of decays [40]. All proton-pion
pairs, then, are considered as ⇤ candidates, and a series
of cuts are applied to each pair in order to filter out the
false ⇤ decays. These cuts include an upper limit on the
distance of closest approach, DCA, between the helical
paths of the proton and pion, a lower limit on the DCA
between each of their helical paths and the primary ver-
tex, an upper limit on the DCA between the candidate
⇤ hyperon and the primary vertex, and a lower limit on
the decay length of the ⇤ hyperon. For the data set at
p
sNN = 27 GeV, the acceptance of the TPC allows for

⇤ and ⇤̄ reconstruction in the range |y| < 1; for the data
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FIG. 2. The mid-central PH measurements reported in this
work are shown alongside previous measurements in the up-
per panel, and are consistent with previous measurements at
the energies studied here. The di↵erence between integrated
P⇤̄ and P⇤ is shown at

p
sNN=19.6 and 27 GeV alongside

previous measurements in the lower panel. The splittings ob-
served with these high-statistics data sets are consistent with
zero. Statistical uncertainties are represented as lines while
systematic uncertainties are represented as boxes. The pre-
vious P⇤̄ � P⇤ result at

p
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2�.

set at
p
sNN = 19.6 GeV, the upgraded iTPC allows for

reconstruction in the range |y| < 1.5. The cuts are opti-
mized to minimize background contamination while max-
imizing hyperon yield through the use of the KFParticle
software package [18, 41, 42]. The signal-to-background
ratio achieved in each of these data sets is roughly 20:1
within 5 MeV of the accepted value of the ⇤ rest mass.

• An upper limit of the late-stage B-field is <1013 T
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Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b = 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin x⃗ = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, x⃗ = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ−1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs ≪ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈ 2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of
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sample. These events are e↵ectively removed by an up-
per limit cut on event multiplicity. Furthermore, the
multiplicity distribution from the Monte-Carlo simula-
tions, which fits well with the experimental distribution,
is used to determine the collision centrality. Finally, de-
tailed quality-assurance tests are performed to ensure
that events are only included in this study if RHIC and
the relevant detectors were performing adequately.

C. Event plane reconstruction

The system orbital angular momentum is aligned with
the normal direction of the reaction plane [39] spanned by

the beam direction and the impact parameter,~b, connect-
ing the centers of masses of the two colliding nuclei. For
non-central collisions, particles are preferentially emit-
ted in the reaction plane. The azimuthal distribution of
the spectator nucleons and forward-going particles, which
deflect outwards from the beam line, therefore yields the
first-order event plane angle,  1, which approximates the
orientation of the reaction plane,  RP [34]. EPD tile sig-
nal strengths, which correlate with the multiplicity in a
given tile, and the measured directed flow at the corre-
sponding pseudorapidities are used as weights for each
tile’s contribution to  1. The first-order event-plane-

angle resolution, R(1)

EP
, describes how well  1 estimates

the orientation of the reaction plane. For symmetric colli-

sion systems, R(1)

EP
= hcos( 1� RP)i can be determined

from the correlation between the  1 measurements from
the two EPD wheels at forward and backward rapidi-

ties [34]. Figure 1 demonstrates R(1)

EP
as a function of

collision centrality. For
p
sNN = 19.6 and 27 GeV, R(1)

EP

peaks at around 0.6 and 0.5, respectively for mid-central

collisions. The EPD has a larger R(1)

EP
than the BBC used

in [15] at these collision energies, which o↵ers a reduction
in uncertainties.

D. Hyperon reconstruction

Helical tracks are reconstructed as described in IIA.
The dE/dx from the TPC and mass information from
the TOF are used to identify particle species. The decay
channels ⇤ ! p + ⇡� and ⇤̄ ! p̄ + ⇡+ are considered,
which account for 63.9% of decays [40]. All proton-pion
pairs, then, are considered as ⇤ candidates, and a series
of cuts are applied to each pair in order to filter out the
false ⇤ decays. These cuts include an upper limit on the
distance of closest approach, DCA, between the helical
paths of the proton and pion, a lower limit on the DCA
between each of their helical paths and the primary ver-
tex, an upper limit on the DCA between the candidate
⇤ hyperon and the primary vertex, and a lower limit on
the decay length of the ⇤ hyperon. For the data set at
p
sNN = 27 GeV, the acceptance of the TPC allows for

⇤ and ⇤̄ reconstruction in the range |y| < 1; for the data
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FIG. 2. The mid-central PH measurements reported in this
work are shown alongside previous measurements in the up-
per panel, and are consistent with previous measurements at
the energies studied here. The di↵erence between integrated
P⇤̄ and P⇤ is shown at

p
sNN=19.6 and 27 GeV alongside

previous measurements in the lower panel. The splittings ob-
served with these high-statistics data sets are consistent with
zero. Statistical uncertainties are represented as lines while
systematic uncertainties are represented as boxes. The pre-
vious P⇤̄ � P⇤ result at

p
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2�.

set at
p
sNN = 19.6 GeV, the upgraded iTPC allows for

reconstruction in the range |y| < 1.5. The cuts are opti-
mized to minimize background contamination while max-
imizing hyperon yield through the use of the KFParticle
software package [18, 41, 42]. The signal-to-background
ratio achieved in each of these data sets is roughly 20:1
within 5 MeV of the accepted value of the ⇤ rest mass.

• An upper limit of the late-stage B-field is <1013 T

Global Polarization Splitting vs Energy

16

• No splitting between 𝚲𝚲 𝐚𝐚𝐚𝐚𝐚𝐚 �𝚲𝚲 global polarization within uncertainties
• Upper limit on the late-stage magnetic field: B<9.4×1012 T and B<1.4×1013 T at 

𝒔𝒔𝑵𝑵𝑵𝑵 = 𝟏𝟏𝟏𝟏.𝟔𝟔 and 27 GeV, respectively.  (PRC 108, 014910 (2023))
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Global polarization of hyperons
• Large orbital angular momentum and strong magnetic fields in non-central nuclear 

collisions, can induce hyperon polarization
• Run 1 and 2 LHC results: global polarization consistent with zero (large uncertainties)

• New Run 3 measurement:  
First observation of polarized hyperons at LHC energies with 5σ significance
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New

• Shear flow gets smaller at mid-rapidity at higher energy, due to baryon 
transparency →Partly explain the energy dependence of PH 

• Empirical estimate with directed flow: PHLHC ~0.05-0.1% 

8 Iu. Karpenko, F. Becattini: Study of ⇤ polarization in relativistic nuclear collisions at
p
sNN = 7.7–200 GeV

Fig. 8. Initial energy density profiles for hydrodynamic stage with arrows depicting initial four-temperature field superimposed
(left column) and $xz over space-time rapidity |y| < 0.3 slice of particlization surface, projected onto time axis (right column).
The hydrodynamic evolutions start from averaged initial state corresponding to 20-50% central Au-Au collisions at

p
sNN = 7.7

(top row) and 62.4 GeV (bottom row).

can be shown that a simple linear rule applies [26] that is:

S⇤
D = CS⇤

X (14)

where D is the daughter particle, X the parent and C
a coe�cient whose expression may or may not depend
on the dynamical decay amplitudes. If the coe�cient C
does not depend on the dynamical decay amplitudes, it
takes on rational values depending on Clebsch-Gordan co-
e�cients, the initial values of spin and parity [26]. The
values which are relevant for our calculation in various
strong/electromagnetic decays with a ⇤ or a ⌃ hyperon
in the final state are reported in table 2; for the full deriva-
tion of the C coe�cients see ref. [26].

A large fraction of secondary ⇤’s comes from the strong
⌃(1385) ! ⇤⇡ and the electromagnetic ⌃0 ! ⇤� decays
2. We found that - in our code - the fractions of primary ⇤,
⇤’s from ⌃⇤ decays and ⇤’s from decays of primary ⌃0’s
are respectively 28%, 32% and 17%, with a negligible de-
pendence on the collision energy. This is very close to the

2 We denote ⌃(1385) below as ⌃⇤ for brevity.

fractions extracted from a recent analysis [28] within the
statistical hadronization model: 25%, 36% and 17%. The
remaining 23% of ⇤’s consists of multiple smaller contri-
butions from decays of heavier resonances, the largest of
which are ⇤(1405), ⇤(1520), ⇤(1600),⌃(1660) and⌃(1670).
Some of these resonances produce ⇤’s in cascade decays,
for example ⇤(1405) ! ⌃0⇡,⌃0 ! ⇤�.

We start with the contribution from ⌃⇤, which is a
J⇡ = 3/2+ state. In this case the factor C in eq. (14) is
1/3 (see table 2) and, by using eq. (13) with S = 3/2, we
obtain that the mean spin vector of primary ⌃⇤ is 5 times
the one of primary ⇤. Thus, the mean spin vector of ⇤
from ⌃⇤ decay is:

S⇤ =
1

3
S⇤
⌃⇤ =

5

3
S⇤
⇤,prim

Similarly, for the ⌃0, which is a 1/2+ state, the coe�cient
C is �1/3 (see table 2) and:

S⇤ = �1

3
S⇤
⌃0 = �1

3
S⇤
⇤,prim

I.Karpenko and F.Becattini, EPJ(2017)77.213

VORTICITY IN HEAVY-ION COLLISIONS PHYSICAL REVIEW C 93, 064907 (2016)

FIG. 9. The double-averaged vorticity ⟨ω̄2y⟩ in Au + Au colli-
sions calculated based on v2 as a function of spacetime rapidity at
various collision energies. The proper time is fixed to be τ0 = 0.4 fm.

√
s = 200 GeV and LHC Pb + Pb collisions at

√
s =

2.76 TeV, where ψω is the azimuthal direction of the space-
averaged vorticity, ω̄2, based on v2 (calculations based on
other definitions of the vorticity and velocity show very
similar results). The histograms have approximate Gaussian
shapes centered at ψω − ψ2 = π/2, with the corresponding
variance widths very large for b = 3 fm and relatively small at
b = 10 fm. This shows that for central collisions the azimuthal
direction of the vorticity suffers from strong event-by-event
fluctuation, which efficiently kills the correlation between ψω

and ψ2; for noncentral collisions there is indeed a significant
correlation between the two, although suppressed by the
fluctuation as well. We now turn to more quantitative measures
of the correlation between ψω and ψ2.

F. Azimuthal correlation between vorticity and
participant plane

To reveal the azimuthal correlation between the vorticity
and the participant plane, more quantitatively, we define the
following two correlations,

R1 = ⟨cos[2(ψω − ψ2)]⟩, (5.3)

R2 = 1
⟨ω̄2⟩

⟨ω̄2 cos[2(ψω − ψ2)]⟩, (5.4)

where ⟨· · · ⟩ denotes the event average. Similar quantities were
used to study the azimuthal correlations between the magnetic

field and the participant plane; see Ref. [56,57]. If there is
no correlation between the magnitude of the vorticity and its
azimuthal direction, R2 should be reduced to R1.

Before showing the numerical results for R1 and R2, we
discuss first the physical significance of them. We take the
chiral vortical effect (CVE) as an example; other vorticity-
induced effects can be similarly analyzed. The CVE can induce
a baryon number separation along the direction of the vorticity
which can be measured through the baryon-number-dependent
two-particle correlation,

γαβ = ⟨cos(φα + φβ − 2ψ2)⟩, (5.5)

where α (and β) labels the baryon number of the measured
particle, i.e., whether the measured particle is a baryon or
antibaryon, and φα is the corresponding azimuthal angle.
The CVE can induce a special term into the two-particle
distribution function of the measured hadrons,

f CVE
αβ ∝ ω2 cos(φα − ψω) cos(φβ − ψω). (5.6)

This, in turn, translates into the form

f CVE
αβ ∝ ω2

2
cos(φα − φβ)

+ ω2

2
cos[2(ψω − ψ2)] cos(φα + φβ − 2ψ2)

− ω2

2
sin[2(ψω − ψ2)] sin(φα + φβ − 2ψ2), (5.7)

from which we can extract the correlation γαβ as

γαβ ∝ ⟨ω2 cos[2(ψω − ψ2)]⟩. (5.8)

So if the vorticity is perfectly perpendicular to the participant
plane, we would have that γαβ is proportional to ω2. However,
as we have seen from the preceding section, this is not the case;
the event-by-event azimuthal fluctuation of ω will provide a
suppression factor given by R2.

The correlations R1 and R2 for both RHIC Au + Au
collisions and LHC Pb + Pb collisions are presented in
Figs. 14 and 15. The vorticity fields are calculated based on
velocity v2; but the results based on velocity v1 are qualitatively
the same. Evidently, the correlation between ψω and ψ2 is
suppressed comparing to the ideal case without fluctuation, i.e.,
ψω − ψ2 = π/2. Both R1 and R2 are significantly suppressed
in the most central and most peripheral cases (indicating no

FIG. 10. The event-averaged helicities v · ω1 and v · ω2 along the y axis. Different curves correspond to different definitions of the vorticity
and velocity fields.
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Global polarization of hyperons
• Large orbital angular momentum and strong magnetic fields in non-central nuclear 

collisions, can induce hyperon polarization
• Run 1 and 2 LHC results: global polarization consistent with zero (large uncertainties)

• New Run 3 measurement:  
First observation of polarized hyperons at LHC energies with 5σ significance
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New

• Shear flow gets smaller at mid-rapidity at higher energy, due to baryon 
transparency →Partly explain the energy dependence of PH 

• Empirical estimate with directed flow: PHLHC ~0.05-0.1% 

8 Iu. Karpenko, F. Becattini: Study of ⇤ polarization in relativistic nuclear collisions at
p
sNN = 7.7–200 GeV

Fig. 8. Initial energy density profiles for hydrodynamic stage with arrows depicting initial four-temperature field superimposed
(left column) and $xz over space-time rapidity |y| < 0.3 slice of particlization surface, projected onto time axis (right column).
The hydrodynamic evolutions start from averaged initial state corresponding to 20-50% central Au-Au collisions at

p
sNN = 7.7

(top row) and 62.4 GeV (bottom row).

can be shown that a simple linear rule applies [26] that is:

S⇤
D = CS⇤

X (14)

where D is the daughter particle, X the parent and C
a coe�cient whose expression may or may not depend
on the dynamical decay amplitudes. If the coe�cient C
does not depend on the dynamical decay amplitudes, it
takes on rational values depending on Clebsch-Gordan co-
e�cients, the initial values of spin and parity [26]. The
values which are relevant for our calculation in various
strong/electromagnetic decays with a ⇤ or a ⌃ hyperon
in the final state are reported in table 2; for the full deriva-
tion of the C coe�cients see ref. [26].

A large fraction of secondary ⇤’s comes from the strong
⌃(1385) ! ⇤⇡ and the electromagnetic ⌃0 ! ⇤� decays
2. We found that - in our code - the fractions of primary ⇤,
⇤’s from ⌃⇤ decays and ⇤’s from decays of primary ⌃0’s
are respectively 28%, 32% and 17%, with a negligible de-
pendence on the collision energy. This is very close to the

2 We denote ⌃(1385) below as ⌃⇤ for brevity.

fractions extracted from a recent analysis [28] within the
statistical hadronization model: 25%, 36% and 17%. The
remaining 23% of ⇤’s consists of multiple smaller contri-
butions from decays of heavier resonances, the largest of
which are ⇤(1405), ⇤(1520), ⇤(1600),⌃(1660) and⌃(1670).
Some of these resonances produce ⇤’s in cascade decays,
for example ⇤(1405) ! ⌃0⇡,⌃0 ! ⇤�.

We start with the contribution from ⌃⇤, which is a
J⇡ = 3/2+ state. In this case the factor C in eq. (14) is
1/3 (see table 2) and, by using eq. (13) with S = 3/2, we
obtain that the mean spin vector of primary ⌃⇤ is 5 times
the one of primary ⇤. Thus, the mean spin vector of ⇤
from ⌃⇤ decay is:

S⇤ =
1

3
S⇤
⌃⇤ =

5

3
S⇤
⇤,prim

Similarly, for the ⌃0, which is a 1/2+ state, the coe�cient
C is �1/3 (see table 2) and:

S⇤ = �1

3
S⇤
⌃0 = �1

3
S⇤
⇤,prim

I.Karpenko and F.Becattini, EPJ(2017)77.213
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FIG. 9. The double-averaged vorticity ⟨ω̄2y⟩ in Au + Au colli-
sions calculated based on v2 as a function of spacetime rapidity at
various collision energies. The proper time is fixed to be τ0 = 0.4 fm.

√
s = 200 GeV and LHC Pb + Pb collisions at

√
s =

2.76 TeV, where ψω is the azimuthal direction of the space-
averaged vorticity, ω̄2, based on v2 (calculations based on
other definitions of the vorticity and velocity show very
similar results). The histograms have approximate Gaussian
shapes centered at ψω − ψ2 = π/2, with the corresponding
variance widths very large for b = 3 fm and relatively small at
b = 10 fm. This shows that for central collisions the azimuthal
direction of the vorticity suffers from strong event-by-event
fluctuation, which efficiently kills the correlation between ψω

and ψ2; for noncentral collisions there is indeed a significant
correlation between the two, although suppressed by the
fluctuation as well. We now turn to more quantitative measures
of the correlation between ψω and ψ2.

F. Azimuthal correlation between vorticity and
participant plane

To reveal the azimuthal correlation between the vorticity
and the participant plane, more quantitatively, we define the
following two correlations,

R1 = ⟨cos[2(ψω − ψ2)]⟩, (5.3)

R2 = 1
⟨ω̄2⟩

⟨ω̄2 cos[2(ψω − ψ2)]⟩, (5.4)

where ⟨· · · ⟩ denotes the event average. Similar quantities were
used to study the azimuthal correlations between the magnetic

field and the participant plane; see Ref. [56,57]. If there is
no correlation between the magnitude of the vorticity and its
azimuthal direction, R2 should be reduced to R1.

Before showing the numerical results for R1 and R2, we
discuss first the physical significance of them. We take the
chiral vortical effect (CVE) as an example; other vorticity-
induced effects can be similarly analyzed. The CVE can induce
a baryon number separation along the direction of the vorticity
which can be measured through the baryon-number-dependent
two-particle correlation,

γαβ = ⟨cos(φα + φβ − 2ψ2)⟩, (5.5)

where α (and β) labels the baryon number of the measured
particle, i.e., whether the measured particle is a baryon or
antibaryon, and φα is the corresponding azimuthal angle.
The CVE can induce a special term into the two-particle
distribution function of the measured hadrons,

f CVE
αβ ∝ ω2 cos(φα − ψω) cos(φβ − ψω). (5.6)

This, in turn, translates into the form

f CVE
αβ ∝ ω2

2
cos(φα − φβ)

+ ω2

2
cos[2(ψω − ψ2)] cos(φα + φβ − 2ψ2)

− ω2

2
sin[2(ψω − ψ2)] sin(φα + φβ − 2ψ2), (5.7)

from which we can extract the correlation γαβ as

γαβ ∝ ⟨ω2 cos[2(ψω − ψ2)]⟩. (5.8)

So if the vorticity is perfectly perpendicular to the participant
plane, we would have that γαβ is proportional to ω2. However,
as we have seen from the preceding section, this is not the case;
the event-by-event azimuthal fluctuation of ω will provide a
suppression factor given by R2.

The correlations R1 and R2 for both RHIC Au + Au
collisions and LHC Pb + Pb collisions are presented in
Figs. 14 and 15. The vorticity fields are calculated based on
velocity v2; but the results based on velocity v1 are qualitatively
the same. Evidently, the correlation between ψω and ψ2 is
suppressed comparing to the ideal case without fluctuation, i.e.,
ψω − ψ2 = π/2. Both R1 and R2 are significantly suppressed
in the most central and most peripheral cases (indicating no

FIG. 10. The event-averaged helicities v · ω1 and v · ω2 along the y axis. Different curves correspond to different definitions of the vorticity
and velocity fields.
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New ALICE measurement shows PΛ ~ 0.07% with 5σ significance

ALICE, IS2025
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‣ 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) %
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‣ Thermal model predicts: 

F. Becattini et al., PRC95.054902 (2017)

3

(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)
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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
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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

STAR, PRL126, 162301 (2021)
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‣ 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) %
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‣ Thermal model predicts: 

F. Becattini et al., PRC95.054902 (2017)

3

(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)

‣ Feed-down effect can explain the hierarchy 
- 10-15% reduction of primary PΛ 

- ~25% increase of primary PΞ
F. Becattini et al., PRC95.054902(2017) 
H. Li et al., PLB827(2022)136971
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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

1

2

3 [%
] 

HP

STAR Au+Au 20%-50%
3.02 [%]±(7.7)=7.34

Λ
P Nature548.62 (2017)

 Λ  Λ 
PRC76.024915 (2007)

 Λ  Λ 
PRC98.014910 (2018)

 Λ  Λ 

)H PΛ (via daughter 
+
Ξ + -

Ξ
 

+
Ξ + -

Ξ

STAR Au+Au 20%-80%

)H PΛ (via daughter 
+

Ω + -
Ω

PRC101.044611 (2020)
 Λ  Λ 

ALICE Pb+Pb 15-50%

AMPT PRC99, 014905 (2019)
Λ+Λ 0Ξ

-
Ω

 0.014 ± =  0.732 Λα
 0.012 ± = -0.758 

Λ
α

 0.010 ± = -0.401 +
Ξ

α = --Ξα   = 1 
Ω
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

STAR, PRL126, 162301 (2021)



T. Niida, SPIN2025 @Qingdao

New results from STAR BES-II program

14

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
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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

‣ 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) %
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‣ Thermal model predicts: 

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)

‣ Feed-down effect can explain PΞ>PΛ 
- 10-15% reduction of primary PΛ 

- ~25% increase of primary PΞ
F. Becattini et al., PRC95.054902(2017) 
H. Li et al., PLB827(2022)136971

Better significance of PΞ (~5σ) from STAR BES-II

STAR, PRL126, 162301 (2021)
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P⌅ = P⇤, P⌦ =
5

3
P⇤

Ξ− + തΞ+ global polarization

 Global polarization of Ξ− + തΞ+ seems to decrease with increase in 
collision energy

 Ξ− + തΞ+ global polarization are consistent between direct and 
indirect measurement methods

 No significant difference between Λ + ഥΛ and Ξ− + തΞ+ global 
polarization within uncertainties

10

Model calculation: 
H. Li, X. Xia et al Phys. Lett. B 827, 136971 (2022)

 For the first time, significant global polarization of Ξ−+Ξ
+

has 
been observed(~ 5 𝜎)
• 𝑃𝐻 = 1.940 ± 0.205(𝑠𝑡𝑎𝑡. ) ± 0.293(𝑠𝑦𝑠𝑡. ) at 14.6 GeV

<latexit sha1_base64="6k1z5RO7iieYdbEBYZy+FY04h4I="></latexit>

P⌅(%) = 1.94± 0.21± 0.29 (14.6 GeV)

Tong Fu, Sep. 23 (Tue)
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The polarization of the daughter baryon in a two par-82

ticle decay of spin 3/2 hyperon, Ω → Λ + K, is also83

described by three parameters αΩ, βΩ, and γΩ [15]. The84

decay parameter αΩ, determines the angular distribution85

of Λ in the Ω rest frame and is measured to be small [14]:86

αΩ = 0.0157±0.0021; this makes the Ω polarization mea-87

surement via analysis of the daughter Λ angular distribu-88

tion practically impossible. The polarization transfer in89

this case is determined by the γΩ parameter via [15–17]:90

P∗
Λ = CΩ−ΛP

∗
Ω = 1

5 (1 + 4γΩ)P
∗
Ω. (6)91

The time-reversal violation parameter βΩ is expected to92

be small. This combined with the constraint that α2 +93

β2 + γ2 = 1, limits unmeasured parameter γΩ ≈ ±1,94

resulting in a polarization transfer CΩ−Λ ≈ 1 or CΩ−Λ ≈95

−0.6.96

Our analysis is based on the data of Au+Au collisions97

at
√
sNN = 200 GeV collected in 2010, 2011, 2014, and98

2016 by the STAR detector. Charged-particle tracks were99

measured in the time projection chamber (TPC) [18],100

which covers the full azimuth and a pseudorapidity range101

of |η| < 1. The collision vertices were reconstructed using102

the measured charged-particle tracks and were required103

to be within 30 cm in the beam direction for the 2010104

and 2011 datasets. The narrower vertex selection to be105

within 6 cm was applied in the 2014 and 2016 data due to106

online trigger requirement for the Heavy Flavor Tracker107

installed prior to 2014 data taking. The vertex in the108

radial direction relative to the beam center was also re-109

quired to be within 2 cm. Additionally, the difference in110

the vertex positions along the beam direction from the111

vertex position detectors (VPD) [19] located at forward112

and backward pseudorapidities (4.24 < |η| < 5.1) was re-113

quired to be less than 3 cm to suppress pileup events in114

which more than one heavy-ion collision occurred. These115

selection criteria yielded about 180 (350) million mini-116

mum bias (MB) events for the 2010 (2011) dataset, 1117

billion MB events for the 2014 dataset, and 1.5 billion118

MB events for the 2016 dataset. The MB trigger re-119

quires hits of both VPDs and the zero-degree calorimeters120

(ZDCs) [20], which detect spectator neutrons in |η| > 6.3,121

within certain timing cut for both detectors. The colli-122

sion centrality was determined from the measured multi-123

plicity of charged particles within |η| < 0.5 and a Monte-124

Carlo Glauber simulation [21, 22].125

The first-harmonic event plane angle Ψ1 as an exper-126

imental estimate of the impact parameter direction was127

determined by measuring the neutron spectator deflec-128

tion [23] in the ZDCs equipped with Shower Maximum129

Detectors (SMD) [24]. The event plane resolution [25] is130

largest (∼41%) for collisions with 30%-40% centrality in131

the 2014 and 2016 datasets and is increased by 4% for132

the 2010 and 2011 datasets [5].133

The parent Ξ− (Ξ̄+), Ω− (Ω̄+), and their daughter134

Λ (Λ̄) were reconstructed utilizing the decay channels135

of Ξ− → Λπ− (99.887%), Ω− → ΛK− (67.8%), and136
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FIG. 1. (Color online) Invariant mass distributions of Ξ−

(Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality in Au+Au colli-
sions at

√
sNN = 200 GeV taken in 2014. Vertical dashed

lines indicate three standard deviations (3σ) from the peak
positions assuming a normal distribution.

Λ → pπ− (63.9%), where the numbers in parenthesis137

indicate the corresponding branching ratio of the de-138

cays [26]. Charged pions (kaons) and protons of the139

daughter particles were identified based on the ioniza-140

tion energy loss in the TPC gas, and the timing informa-141

tion measured by the Time-Of-Flight detector[27]. Re-142

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-143

formed based on the Kalman Filter method developed for144

the CBM and ALICE experiments [28–30], which utilizes145

the quality of the track fit as well as the decay topology.146

Figure 1 shows the invariant mass distributions for recon-147

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.148

The purities for this centrality bin are higher than 90%149

for both species. The significance with the Kalman Filter150

method is found to be increased by ∼ 30% for Ξ com-151

pared to the traditional identification method based on152

the decay topology (e.g. see Refs. [5, 31]). The hyperon153

candidates were also ensured not to share their daughters154

and granddaughters with other particles of interest.155

The polarization projected along the initial angular156

momentum direction Ĵ can be defined as [32]:157

PH = ⟨P∗
H · Ĵ ⟩ = 8

παH

⟨sin(Ψobs
1 − φ∗

B)⟩
Res(Ψ1)

, (7)158

where αH is the hyperon decay parameter and φ∗
B is the159

azimuthal angle of the daughter baryon in the parent160

hyperon rest frame. The Ψobs
1 is a measured first-order161

event plane and Res(Ψ1) is the event plane resolution.162

The extraction of ⟨sin(Ψobs
1 − φ∗)⟩ was performed in the163

same way as in our previous studies [4, 5]. The decay164

parameters of Λ, Ξ−, and Ω− have been recently updated165

by the Particle Data Group [26] and the latest values are166

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±167

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and168

Ω hyperon polarization measurements via measurements169

of the daughter Λ polarization, the polarization transfer170

factor CΞΛ(ΩΛ), Eqs. 4 and 6, is used to obtain the parent171

＊γΩ is unknown, but  αΩ, βΩ≪1 → γΩ~±1 
Polarization transfer factor could be  C⌦⇤ ⇡ +1 or� 0.6
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T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)  
* Values below based on PDG2020

↵2 + �2 + �2 = 1
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Global polarization of Ξ and Ω hyperons in Au+Au collisions at
√
sNN= 200 GeV

T. Niida and S. A. Voloshin for the STAR Collaboration
(Dated: October 3, 2020)

Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

at
√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed2

by two independent methods, via analysis of the angular distribution of the daughter particles in a3

parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the daughter4

Λ-hyperon, polarized via polarization transfer from its parent. The polarization, average over Ξ−
5

and Ξ+, is measured to be ⟨PΞ⟩ = 0.64 ± 0.11 (stat.) ± 0.27 (syst.)% for the collision centrality6

20%-80%. The ⟨PΞ⟩ is found to be slightly larger than the inclusive Λ polarization and in reasonable7

agreement with a multi-phase transport model (AMPT). The ⟨PΞ⟩ is found to follow the centrality8

dependence of the vorticity predicted in the model, increasing toward more peripheral collisions.9

The global polarization of Ω, ⟨PΩ⟩ = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring10

the polarization of daughter Λ in the decay Ω → Λ +K, assuming the polarization transfer factor11

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

sion [1–3]. As a result, these particles become globally17

polarized along the direction of the initial orbital mo-18

mentum of the nuclei. Global polarization was first ob-19

served by the STAR Collaboration in the beam energy20

scan Au+Au data [4] and was later confirmed, to better21

precision, in the high statistics analysis of the 200 GeV22

data [5]. Assuming local thermal equilibrium, the po-23

larization of the produced particles is determined by the24

local thermal vorticity of the fluid [6]. In the nonrel-25

ativistic limit (for hyperons mH ≫ T , where T is the26

temperature), the polarization of the particles is given27

by [7]:28

P =
⟨s⟩
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, ⟨s⟩ is the mean spin30

vector, and ω = 1
2∇×v is the local vorticity of the fluid31

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antiparti-35

cles of the same spin should have the same polarization.36

Difference could arise from effects of the initial magnetic37

field [7], from the fact that different particles are pro-38

duced at different times or regions as the system freezes39

out [8], or through meson-baryon interactions [9]. There-40

fore, to establish the global nature of the polarization, it41

is important to measure the polarization for different par-42

ticles, and if possible, particles of different spins. In order43

to study the possible contribution from the initial mag-44

netic field, the polarization measurement with particles45

of different magnetic moment would provide additional46

information. Thus far, only Λ and Λ̄ polarizations have47

been measured, and they differ by a couple of standard48

deviations at most, with available statistics.49

In this paper we present the first measurements of the50

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,51

as well as spin s = 3/2 Ω hyperon in Au+Au collisions52

at
√
sNN=200 GeV.53

Hyperon weak decays present the most straightforward54

possibility for measuring the polarization of the produced55

particles [10]. In parity-violating weak decays the daugh-56

ter particle distribution in the rest frame of the hyperon57

directly depends on the hyperon polarization:58

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)59

where αH is the hyperon decay parameter, P∗
H is the60

hyperon polarization, and p̂∗
B is the unit vector in the61

direction of the daughter baryon momentum, both in the62

parent rest frame denoted by an asterisk.63

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →64

Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-65

ized, its polarization is partially transferred to daughter66

Λ. Both steps in such a cascade decay are parity violat-67

ing, and thus can be used for an independent measure-68

ment of the polarization of Ξ− (Ξ̄+).69

The polarization of the daughter baryon in a weak de-70

cay of a spin 1/2 hyperon is described by the Lee-Yang71

formula [11–13] in terms of the three parameters α (parity72

violating part), β (violation of the time reversal symme-73

try), and γ (satisfying α2+β2+ γ = 1). For a particular74

case of Ξ → Λ+ π decay it reads:75

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)76

where p̂∗
Λ is the unit vector of the Λ momentum in the77

Ξ rest frame. Averaging over the angular distribution of78

the Λ in the rest frame of the Ξ given by Eq. 2 yields79

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)80

Ω- (spin 3/2)

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) %
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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
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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

STAR, PRL126, 162301 (2021)

Based on global vorticity picture (PΩ>0), positive γΩ is favored
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The polarization of the daughter baryon in a two par-82

ticle decay of spin 3/2 hyperon, Ω → Λ + K, is also83

described by three parameters αΩ, βΩ, and γΩ [15]. The84

decay parameter αΩ, determines the angular distribution85

of Λ in the Ω rest frame and is measured to be small [14]:86

αΩ = 0.0157±0.0021; this makes the Ω polarization mea-87

surement via analysis of the daughter Λ angular distribu-88

tion practically impossible. The polarization transfer in89

this case is determined by the γΩ parameter via [15–17]:90

P∗
Λ = CΩ−ΛP

∗
Ω = 1

5 (1 + 4γΩ)P
∗
Ω. (6)91

The time-reversal violation parameter βΩ is expected to92

be small. This combined with the constraint that α2 +93

β2 + γ2 = 1, limits unmeasured parameter γΩ ≈ ±1,94

resulting in a polarization transfer CΩ−Λ ≈ 1 or CΩ−Λ ≈95

−0.6.96

Our analysis is based on the data of Au+Au collisions97

at
√
sNN = 200 GeV collected in 2010, 2011, 2014, and98

2016 by the STAR detector. Charged-particle tracks were99

measured in the time projection chamber (TPC) [18],100

which covers the full azimuth and a pseudorapidity range101

of |η| < 1. The collision vertices were reconstructed using102

the measured charged-particle tracks and were required103

to be within 30 cm in the beam direction for the 2010104

and 2011 datasets. The narrower vertex selection to be105

within 6 cm was applied in the 2014 and 2016 data due to106

online trigger requirement for the Heavy Flavor Tracker107

installed prior to 2014 data taking. The vertex in the108

radial direction relative to the beam center was also re-109

quired to be within 2 cm. Additionally, the difference in110

the vertex positions along the beam direction from the111

vertex position detectors (VPD) [19] located at forward112

and backward pseudorapidities (4.24 < |η| < 5.1) was re-113

quired to be less than 3 cm to suppress pileup events in114

which more than one heavy-ion collision occurred. These115

selection criteria yielded about 180 (350) million mini-116

mum bias (MB) events for the 2010 (2011) dataset, 1117

billion MB events for the 2014 dataset, and 1.5 billion118

MB events for the 2016 dataset. The MB trigger re-119

quires hits of both VPDs and the zero-degree calorimeters120

(ZDCs) [20], which detect spectator neutrons in |η| > 6.3,121

within certain timing cut for both detectors. The colli-122

sion centrality was determined from the measured multi-123

plicity of charged particles within |η| < 0.5 and a Monte-124

Carlo Glauber simulation [21, 22].125

The first-harmonic event plane angle Ψ1 as an exper-126

imental estimate of the impact parameter direction was127

determined by measuring the neutron spectator deflec-128

tion [23] in the ZDCs equipped with Shower Maximum129

Detectors (SMD) [24]. The event plane resolution [25] is130

largest (∼41%) for collisions with 30%-40% centrality in131

the 2014 and 2016 datasets and is increased by 4% for132

the 2010 and 2011 datasets [5].133

The parent Ξ− (Ξ̄+), Ω− (Ω̄+), and their daughter134

Λ (Λ̄) were reconstructed utilizing the decay channels135

of Ξ− → Λπ− (99.887%), Ω− → ΛK− (67.8%), and136
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FIG. 1. (Color online) Invariant mass distributions of Ξ−

(Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality in Au+Au colli-
sions at

√
sNN = 200 GeV taken in 2014. Vertical dashed

lines indicate three standard deviations (3σ) from the peak
positions assuming a normal distribution.

Λ → pπ− (63.9%), where the numbers in parenthesis137

indicate the corresponding branching ratio of the de-138

cays [26]. Charged pions (kaons) and protons of the139

daughter particles were identified based on the ioniza-140

tion energy loss in the TPC gas, and the timing informa-141

tion measured by the Time-Of-Flight detector[27]. Re-142

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-143

formed based on the Kalman Filter method developed for144

the CBM and ALICE experiments [28–30], which utilizes145

the quality of the track fit as well as the decay topology.146

Figure 1 shows the invariant mass distributions for recon-147

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.148

The purities for this centrality bin are higher than 90%149

for both species. The significance with the Kalman Filter150

method is found to be increased by ∼ 30% for Ξ com-151

pared to the traditional identification method based on152

the decay topology (e.g. see Refs. [5, 31]). The hyperon153

candidates were also ensured not to share their daughters154

and granddaughters with other particles of interest.155

The polarization projected along the initial angular156

momentum direction Ĵ can be defined as [32]:157

PH = ⟨P∗
H · Ĵ ⟩ = 8

παH

⟨sin(Ψobs
1 − φ∗

B)⟩
Res(Ψ1)

, (7)158

where αH is the hyperon decay parameter and φ∗
B is the159

azimuthal angle of the daughter baryon in the parent160

hyperon rest frame. The Ψobs
1 is a measured first-order161

event plane and Res(Ψ1) is the event plane resolution.162

The extraction of ⟨sin(Ψobs
1 − φ∗)⟩ was performed in the163

same way as in our previous studies [4, 5]. The decay164

parameters of Λ, Ξ−, and Ω− have been recently updated165

by the Particle Data Group [26] and the latest values are166

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±167

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and168

Ω hyperon polarization measurements via measurements169

of the daughter Λ polarization, the polarization transfer170

factor CΞΛ(ΩΛ), Eqs. 4 and 6, is used to obtain the parent171

＊γΩ is unknown, but  αΩ, βΩ≪1 → γΩ~±1 
Polarization transfer factor could be  C⌦⇤ ⇡ +1 or� 0.6
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Global polarization of Ξ and Ω hyperons in Au+Au collisions at
√
sNN= 200 GeV

T. Niida and S. A. Voloshin for the STAR Collaboration
(Dated: October 3, 2020)

Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

at
√
sNN = 200 GeV. The measurements of the Ξ− and Ξ̄+ hyperon polarization have been performed2

by two independent methods, via analysis of the angular distribution of the daughter particles in a3

parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the daughter4

Λ-hyperon, polarized via polarization transfer from its parent. The polarization, average over Ξ−
5

and Ξ+, is measured to be ⟨PΞ⟩ = 0.64 ± 0.11 (stat.) ± 0.27 (syst.)% for the collision centrality6

20%-80%. The ⟨PΞ⟩ is found to be slightly larger than the inclusive Λ polarization and in reasonable7

agreement with a multi-phase transport model (AMPT). The ⟨PΞ⟩ is found to follow the centrality8

dependence of the vorticity predicted in the model, increasing toward more peripheral collisions.9

The global polarization of Ω, ⟨PΩ⟩ = 1.11± 0.87 (stat.)± 1.97 (syst.)% was obtained by measuring10

the polarization of daughter Λ in the decay Ω → Λ +K, assuming the polarization transfer factor11

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

sion [1–3]. As a result, these particles become globally17

polarized along the direction of the initial orbital mo-18

mentum of the nuclei. Global polarization was first ob-19

served by the STAR Collaboration in the beam energy20

scan Au+Au data [4] and was later confirmed, to better21

precision, in the high statistics analysis of the 200 GeV22

data [5]. Assuming local thermal equilibrium, the po-23

larization of the produced particles is determined by the24

local thermal vorticity of the fluid [6]. In the nonrel-25

ativistic limit (for hyperons mH ≫ T , where T is the26

temperature), the polarization of the particles is given27

by [7]:28

P =
⟨s⟩
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, ⟨s⟩ is the mean spin30

vector, and ω = 1
2∇×v is the local vorticity of the fluid31

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antiparti-35

cles of the same spin should have the same polarization.36

Difference could arise from effects of the initial magnetic37

field [7], from the fact that different particles are pro-38

duced at different times or regions as the system freezes39

out [8], or through meson-baryon interactions [9]. There-40

fore, to establish the global nature of the polarization, it41

is important to measure the polarization for different par-42

ticles, and if possible, particles of different spins. In order43

to study the possible contribution from the initial mag-44

netic field, the polarization measurement with particles45

of different magnetic moment would provide additional46

information. Thus far, only Λ and Λ̄ polarizations have47

been measured, and they differ by a couple of standard48

deviations at most, with available statistics.49

In this paper we present the first measurements of the50

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,51

as well as spin s = 3/2 Ω hyperon in Au+Au collisions52

at
√
sNN=200 GeV.53

Hyperon weak decays present the most straightforward54

possibility for measuring the polarization of the produced55

particles [10]. In parity-violating weak decays the daugh-56

ter particle distribution in the rest frame of the hyperon57

directly depends on the hyperon polarization:58

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)59

where αH is the hyperon decay parameter, P∗
H is the60

hyperon polarization, and p̂∗
B is the unit vector in the61

direction of the daughter baryon momentum, both in the62

parent rest frame denoted by an asterisk.63

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →64

Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-65

ized, its polarization is partially transferred to daughter66

Λ. Both steps in such a cascade decay are parity violat-67

ing, and thus can be used for an independent measure-68

ment of the polarization of Ξ− (Ξ̄+).69

The polarization of the daughter baryon in a weak de-70

cay of a spin 1/2 hyperon is described by the Lee-Yang71

formula [11–13] in terms of the three parameters α (parity72

violating part), β (violation of the time reversal symme-73

try), and γ (satisfying α2+β2+ γ = 1). For a particular74

case of Ξ → Λ+ π decay it reads:75

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)76

where p̂∗
Λ is the unit vector of the Λ momentum in the77

Ξ rest frame. Averaging over the angular distribution of78

the Λ in the rest frame of the Ξ given by Eq. 2 yields79

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)80

Ω- (spin 3/2)

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) %
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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
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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

STAR, PRL126, 162301 (2021)

Based on global vorticity picture (PΩ>0), positive γΩ is favored

Ω− + ഥΩ+global polarization

 Global polarization of Ω− + ഥΩ+seems to decrease with increase in collision energy
 A hint of larger Ω− + ഥΩ+ polarization than Λ + ഥΛ and Ξ− + തΞ+ in lower energies
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Model calculation: 
H. Li, X. Xia et al Phys. Lett. B 827, 136971 (2022)Update from STAR BES-II

Tong Fu, Sep. 23 (Tue)
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FIG. 2. (Color online) ⟨cos θ∗p⟩ of Λ and Λ̄ hyperons as a func-
tion of azimuthal angle φ relative to the second-order event
plane Ψ2 for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-

tainties and ⟨⟩sub denotes the subtraction of the acceptance
effect (see text). Solid lines show the fit with the sine function
shown inside the figure. Note that the data are not corrected
for the event plane resolution.

and 0.5 < η < 1) for Ψ2 determination (< 11%), and
estimates of the possible background contribution to the
signal (4.3%). The numbers are for mid-central colli-
sions. Also the uncertainty from the decay parameter is
accounted for (2% for Λ and 9.6% for Λ̄, see Ref. [11] for
the detail). We further studied the effect of a possible
self-correlation between the particles used for the Λ (Λ̄)
reconstruction and the event plane by explicitly removing
the daughter particles from the event plane calculation
in Eq. (2). There was no significant difference between
the results. The Λ and Λ̄ reconstruction efficiencies were
estimated using GEANT [28] simulations of the STAR
detector [19]. The correction is found to lower mean val-
ues of the Pz sine coefficient by ∼10% in peripheral col-
lisions and increases up to ∼50% in central collisions,
although the variations are within statistical uncertain-
ties. No significant difference was observed between Λ
and Λ̄ as expected. Therefore, results from both samples
were combined to reduce statistical uncertainties.
Figure 3 presents the centrality dependence of the sec-

ond Fourier sine coefficient ⟨Pz sin(2φ − 2Ψ2)⟩. The in-
crease of the signal with decreasing centrality is likely
due to increasing elliptic flow contributions in peripheral
collisions. We note that, unlike elliptic flow, the polariza-
tion does disappear in the most central collisions, where
the elliptic flow is still significant due to initial density
fluctuations. Because of large uncertainties in periph-
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FIG. 3. (Color online) The second Fourier sine coefficient
of the polarization of Λ and Λ̄ along the beam direction as
a function of the collision centrality in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-
tainties. Dotted line shows the AMPT calculation [27] scaled
by 0.2 (no pT selection). Solid and dot-dashed lines with the
bands show the blast-wave (BW) model calculation for pT = 1
GeV/c with Λ mass (see text for details).

eral collisions, it is not clear whether the signal continues
to increase or levels off. The results are compared to a
multiphase transport (AMPT) model [27] as shown with
the dotted line. The AMPT model predicts the opposite
phase of the modulations and overestimates the magni-
tude. The blast-wave model study is discussed later.

Since the elliptic flow also depends on pT as well as on
the centrality, the polarization may have pT dependence.
Figure 4 shows the sine coefficients of Pz as a function
of the hyperon transverse momentum. No significant pT
dependence is observed for pT > 1 GeV/c, and the statis-
tical precision of the single data point for pT < 1 GeV/c
is not enough to allow for definitive conclusions about the
low pT dependence. In the hydrodynamic model calcula-
tion [14], the sine coefficient of Pz increases in magnitude
with pT but shows the opposite sign to the data.

As shown in Figs. 3 and 4, the hydrodynamic and
AMPT models predict the opposite sign in the sine co-
efficient of the polarization and their magnitudes differ
from the data roughly by a factor of 5. The reason of
this sign difference is under discussion in the community.
However, the sign change may be due to the relation
between azimuthal anisotropy and spatial anisotropy at
freeze-out [13]. There could be contributions from the
kinematic vorticity originating from the elliptic flow as
well as from the temporal gradient of temperatures at
the time of hadronization [14]. A recent calculation us-

Pz / hcos ✓⇤pi
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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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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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FIG. 2. Distribution of (a) eccentricity, ε2, and (b) triangularity, ε3, as a function of number of participating nucleons, Npart, in
√

sNN =
200 GeV Au + Au collisions.

consistent with the expected fluctuations in the initial state
geometry with the new definition of eccentricity [46]. In this
article, we use this method of quantifying the initial anisotropy
exclusively.

Mathematically, the participant eccentricity is given as

ε2 =

√(
σ 2

y − σ 2
x

)2 + 4(σxy)2

σ 2
y + σ 2

x

, (3)

where σ 2
x , σ 2

y , and σxy , are the event-by-event (co-)variances
of the participant nucleon distributions along the transverse
directions x and y [8]. If the coordinate system is shifted to the
center of mass of the participating nucleons such that ⟨x⟩ =
⟨y⟩ = 0, it can be shown that the definition of eccentricity is
equivalent to

ε2 =
√

⟨r2 cos(2φpart)⟩2 + ⟨r2 sin(2φpart)⟩2

⟨r2⟩
(4)

in this shifted frame, where r and φpart are the polar coordinate
positions of participating nucleons. The minor axis of the
ellipse defined by this region is given as

ψ2 =
atan2(⟨r2 sin(2φpart)⟩, ⟨r2 cos(2φpart)⟩) + π

2
. (5)

Since the pressure gradients are largest along ψ2, the collective
flow is expected to be the strongest in this direction. The
definition of v2 has conceptually changed to refer to the second
Fourier coefficient of particle distribution with respect to ψ2
rather than the reaction plane

v2 = ⟨cos(2(φ − ψ2))⟩. (6)

This change has not affected the experimental definition since
the directions of the reaction plane angle or ψ2 are not a priori
known.

Drawing an analogy to eccentricity and elliptic flow, the
initial and final triangular anisotropies can be quantified as par-
ticipant triangularity, ε3, and triangular flow, v3, respectively:

ε3 ≡
√

⟨r2 cos(3φpart)⟩2 + ⟨r2 sin(3φpart)⟩2

⟨r2⟩
(7)

v3 ≡ ⟨cos(3(φ − ψ3))⟩, (8)

where ψ3 is the minor axis of participant triangularity given by

ψ3 =
atan2(⟨r2 sin(3φpart)⟩, ⟨r2 cos(3φpart)⟩) + π

3
. (9)

It is important to note that the minor axis of triangularity
is found to be uncorrelated with the reaction plane angle
and the minor axis of eccentricity in Glauber Monte Carlo
calculations. This implies that the average triangularity
calculated with respect to the reaction plane angle or ψ2 is
zero. The participant triangularity defined in Eq. (7), however,
is calculated with respect to ψ3 and is always finite.

The distributions of eccentricity and triangularity calculated
with the PHOBOS Glauber Monte Carlo implementation [47]
for Au + Au events at √

sNN = 200 GeV are shown in Fig. 2.
The value of triangularity is observed to fluctuate event by
event and have an average magnitude of the same order as
eccentricity. Transverse distribution of nucleons for a sample
Monte Carlo event with a high value of triangularity is shown
in Fig. 3. A clear triangular anisotropy can be seen in the region
defined by the participating nucleons.

x(fm)
-10 0 10

y(
fm

)

-10

-5

0

5

10

 = 0.533ε = 91,PartN

PHOBOS Glauber MC

FIG. 3. Distribution of nucleons on the transverse plane for a√
sNN = 200 GeV Au + Au collision event with ε3 = 0.53 from

Glauber Monte Carlo. The nucleons in the two nuclei are shown in
gray and black. Wounded nucleons (participants) are indicated as
solid circles, while spectators are dotted circles.
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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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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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Alver and Roland, 
PRC81.054905(2010)

‣ Initial geometry → anisotropy in momentum space 
‣ Even-by event fluctuations create a triangular shape  

at the initial state, leading to triangular flow (v3) 

STAR, PRL131, 202301 (2023)

‣ Triangular-flow-driven polarization observed!  
→ A complex vortex pattern created in heavy-ion collisions

Pz / hcos ✓⇤pi
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• Sensitive to specific shear and bulk viscosities of the medium, and the initial conditions in HIC 

• First measurement of Pz for Ξ from ALICE Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019) 
S. Alzharani et al., PRC106.014905 (2022) 

A. Palermo et al., EPJC84.920 (2024) 

The systematic uncertainties were evaluated by variation
of the topological cuts in the Λ reconstruction ∼3% (10%),
using different 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%) central 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 θ!p sin½nðϕ −ΨnÞ%i as
a function of the invariant mass. The results were checked
by measuring hcos θ!pi, corrected for the acceptance effects,
as a function of the 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. [3] for more details). It should be
noted that hcos θ!p sin½nðϕ −ΨnÞ%i can be directly calcu-
lated for a selected mass window if the purity of the Λ
samples is high (the background contribution, if any, is
negligible). The two approaches provide consistent results.
The EPD event plane and different sizes of TPC subevents
(see Ref. [3]) were also used for cross-checks yielding
consistent results as well. Self-correlation effects due to
inclusion of the hyperon decay daughters in the TPC event
plane determination were studied by excluding the daugh-
ters from the event plane calculation and ultimately found
to be negligible. The feed-down effect may dilute the Pz
sine modulation of primary Λ by 10%–15% [41,42] but
since a correction for this effect is model dependent, only
results for inclusive Λ are presented in this Letter.
Figure 2 shows hcos θ!pisub as a function of the Λ (Λ̄)

azimuthal angle relative to the second- and third-order
event planes, where the superscript “sub” represents

subtractions of the detector acceptance and inefficiency
effects as described in Ref. [3]. Furthermore, the results are
multiplied by the sign of αH for a clearer comparison
between Λ and Λ̄. The right panel presents the measure-
ment of the longitudinal component of polarization relative
to the third-order event plane where sine patterns similar to
those in the left panel are clearly seen, indicating the
presence of triangular-flow-driven vorticity. It is notewor-
thy that while the origin of triangular flow is completely
different than that of elliptic flow, a similar development of
a vorticity pattern is observed. Since the results for Λ and Λ̄
are consistent with each other, as expected in the vorticity-
driven polarization picture (note that the difference
observed in the third-order results is ∼1.4σ), both results
are combined to enhance the statistical significance.
The sine modulations of Pz are studied as a function of

collision centrality and are presented in Fig. 3. Results of
the measurements relative to both event planes are com-
parable in magnitude and exhibit similar centrality depend-
ence, increasing in more peripheral collisions. Calculations
from a hydrodynamic model [27] with specific shear
viscosity ηT=ðeþ PÞ ¼ 0.08 and including both the
thermal vorticity and shear-induced contributions to the
polarization are shown. The model results strongly depend
on particular implementations of the shear-induced

FIG. 2. hcos θ!pisub of Λ and Λ̄ as a function of hyperon
azimuthal angle relative to the second- (left panel) and the
third-order (right panel) event planes, nðϕ − ΨnÞ, in 20%–60%
central isobar collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The sign of the
data for Λ̄ is flipped as indicated by sgnðαHÞ. The solid lines are
fit functions used to extract the parameters indicated in the label
where p1 corresponds to the nth-order Fourier sine coefficient.
Note that the results presented in these figures are not corrected
for the event plane resolution.
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FIG. 3. Centrality dependence of the second- and the third-order
Fourier sine coefficients of Λþ Λ̄ polarization along the
beam direction in isobar Ruþ Ru and Zr þ Zr collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open boxes show systematic uncertainties.
Solid bands show calculations from the hydrodynamic model [27]
including contribution from the shear-induced polarization (SIP)
based on Ref. [43] by Becattini-Buzzegoli-Palermo (BBP) or
Ref. [44] by Liu-Yin (LY) in addition to that due to thermal
vorticity ωth. The model calculations with a nearly zero shear
viscosity (“ideal hydro”) are also shown.
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The first measurement of  Ξ longitudinal polarization in Pb–Pb collisions was performed 
using a sample of  ~6 × 10! Pb–Pb collisions collected during LHC Run 3 in 2023

The ' longitudinal polarization shows a hint of  increase with decreasing centrality 
and is compatible with Λ one, confirming the spin hierarchy ((" = (# = 1/2)

The analysis of  2024 data will allow us to reduce the statistical uncertainty of  the 
measurement and to test the spin hierarchy by measuring * polarization (($ = 3/2)

The vorticity generated by elliptic flow in non-central nucleus-nucleus 
collisions is expected to induce particle spin polarization along the beam axis 
(longitudinal polarization) via spin-orbit coupling

The polarization along the beam axis is sensitive to:
• the bulk viscosity of  the QGP at the LHC 

energies [1]
• the contribution from shear-induced 

polarization, which competes with the effect of  
thermal vorticity [2]
• the dynamics of  the spin degrees of  freedom [3]

[1] [2]

First measurement of Ξ longitudinal polarization

STAR, PRL 131 (2023) 202301 

Experimental technique
Ξ longitudinal polarization ,%,'(#  is obtained by 
measuring the polarization of  the daughter Λ, 
which inherits 92.5% of  its polarization [5]

The daughter Λ polarization is measured via its 
parity violating weak decay Λ → p0), where the 
daughter proton is preferentially emitted in the 
direction of  the spin of  the Λ

Λ

[4] ALICE, J. Phys. G41, 087001 (2014)
[5] PDG, Phys. Rev. D 110, 030001 (2024)

The ALICE detector in Run 3 [4]

New Inner Tracking System 
7 layers of  silicon pixel sensors 

Tracking and vertexing

Upgraded TPC
Tracking and PID via dE/dx

New Fast Interaction Trigger (FIT)
Collision time, centrality estimation and 

event plane determination

Identification of Ξ candidates

Ξ candidates are identified via invariant mass analysis after 
applying topological and kinematic selections to the variables 
describing their weak decay  Ξ) → Λ0) → p0)0) (and c.c.)
The application of  a boosted decision tree algorithm 
guarantees a Ξ sample purity > 0.95 across all centrality classes
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Spin sign puzzle

Thermal vorticity can explain the “global” (average) polarization but  
not the sign of Pz or P-y modulation, referred to as “spin sign puzzle” in HIC 

- Non-equilibrium effect? 

Shear-induced polarization is needed to explain the data but…
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FIG. 6. ⇤ polarization component along the beam direction,
as a function of the azimuthal angle �, computed with vHLLE
for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Experi-

mental data points are taken from [37] and conversion from
hcos ✓⇤pi to PH is performed using ↵H = 0.732 [43]. Error bars
represent the sum of statistical and systematic uncertainties.
Line styles correspond to di↵erent decoupling temperatures
as in Fig. 5.

ization may play a role, but they appear not to be deci-
sive. The standard hydrodynamic picture with the initial
conditions obtained by fitting radial spectra, elliptic and
directed flow, works very well for the local polarization
too. Another strong indication from this finding is that,
at very high energy, the QGP hadronizes in space-time
at constant Tdec to a much more accurate level than one
could have imagined. Indeed, its sensitivity to the gra-
dients of the thermodynamic fields, makes spin the ideal
probe to investigate the space-time details of hadron for-
mation. Furthermore, as we have shown, the longitu-
dinal spin polarization turns out to be very sensitive to
the decoupling, hence the hadronization temperature, the
causes of which deserve to be studied in detail. Looking
ahead to future investigations, it is certainly important to
compare the predictions of the formula (10) as a function
of transverse momentum and rapidity besides azimuthal
angle. At lower energy, where the chemical potentials
are relevant, one can expect a decoupling hypersurface
di↵erent from the simple T = const, and this will require
a reconsideration of the (10) in order to obtain accurate
predictions.
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density operator:
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So, instead of expanding �, like in the (7), one can take
T out and expand the four-velocity u, thereby replacing
the (7) with:

b⇢LE ' 1
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�
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Including temperature gradients, which are normal to the
hypersurface at x, in the Taylor expansion would only
make the whole approximation worse. Then, as a mat-
ter of fact, in all the previously derived expressions, one
can replace the gradients of � with the gradients of u

multiplied by 1/Tdec, where Tdec is the decoupling tem-
perature. Particularly, the spin polarization vector of an
emitted spin 1/2 baryon is:

S
µ
ILE(p) = (10)
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where ILE stands for isothermal local equilibrium,

!⇢� =
1

2
(@�u⇢ � @⇢u�)

is the kinematic vorticity and:

⌅⇢� =
1

2
(@�u⇢ + @⇢u�)

is the kinematic shear, including the properly called shear
tensor as well as the expansion scalar @ · u and acceler-
ation terms. Therefore, the equation (10) is the best
approximation of the spin polarization vector of a spin
1/2 baryon, at local thermodynamic equilibrium and at
linear order in the gradients of the thermodynamic fields
for a fixed decoupling temperature hypersurface. This
equation upgrades the original (1) and we are going to
show that it is able to restore the agreement between the
local equilibrium-hydrodynamic model and the data.

Analysis of Au-Au collisions at
p

sNN = 200 GeV -
We now compare the predictions of the hydrodynamic

model with typical initial conditions with the polariza-
tion data. We have used two di↵erent 3+1 D viscous
hydrodynamic codes implementing relativistic hydrody-
namics in the Israel-Stewart formulation: vHLLE [34]
and ECHO-QGP [35, 36]. The parameters defining the
initial hydrodynamic conditions have been set to repro-
duce charged particle multiplicity distribution in pseudo-
rapidity as well their elliptic flow and directed flow in
Au-Au collisions at

p
sNN = 200 GeV.

FIG. 2. ⇤ polarization components at mid-rapidity as a func-
tion of its transverse momentum (px, py), computed with vH-
LLE for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Up-

per panel: polarization induced by thermal vorticity $, lower
panel: polarization induced by thermal shear ⇠.

In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based
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In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based

vorticity: 
shear:

(negatively) charged particles was used to study the possible relation with the po-
larization assuming Ach /!v. Figure 8(right) shows ! and "! global polarization as a
function of Ach for mid-central Au+Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200GeV. There seems a
slight dependence on Ach and the slopes look di®erent for ! and "!, although the
e®ect is only at "2" level. The e®ect of the chemical potential may be an alternative
explanation of the di®erence if the charge asymmetry is correlated with the baryon
number asymmetry.42,100

Azimuthal angle dependence of the polarization is also of great interest and has
been the subject of debate. The experimental preliminary result from STAR101 shows
larger polarization for hyperons emitted in the in-plane direction than those in the
out-of-plane direction as shown in Fig. 9, while hydrodynamic and transport models
predict it oppositely, i.e., larger polarization in the out-of-plane direction.26,80,95,102

Based on Glauber simulation shown in Fig. 2(b), one expects !Jð/ dvz=dxÞ to be
larger in the in-plane direction (x-direction in the plot), which is consistent with
experimental results. As shown in Fig. 9, the calculation including only the contri-
bution from the kinematic vorticity leads to the opposite sign, while the inclusion of
the shear term leads to the correct sign. We discuss this question further in Sec. 5.4
together with the results on polarization along the beam direction in relation to the
so-called \spin sign crisis".

5.2. Global polarization of multistrange hyperons

Based on the picture of the rotating system, any nonzero spin particles should be
polarized in a similar way, along the direction of the initial orbital angular

Fig. 9. Polarization of ! and "! hyperons along the initial angular momentum PJ ¼ P%y as a function of
hyperons' azimuthal angle relative to the second-order event plane #2 in 20–50% Au+Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200GeV (preliminary result from STAR101), comparing to the hydrodynamic model (vHLLE for
20–60% Au+Au collisions)103 where Tdec is a decoupling temperature assuming the isothermal freeze-out.
This ¯gure is taken from Ref. 103.
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Spin sign puzzle still remains?
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EFFECT OF THERMAL SHEAR ON LONGITUDINAL SPIN … PHYSICAL REVIEW C 105, 064901 (2022)

FIG. 5. Same as Fig. 1 but for the centrality class c = 30%–60%.

black dashed and green dotted lines show thermal vorticity
and thermal shear contributions, respectively. The red and
purple dot-dashed curves show the result of the net polariza-
tion with and without temperature gradients. With temperature
gradients included, the net results are practically zero while
dropping them gives the polarization dependence of the same
sign as that of the thermal shear contribution.

In Fig. 2(b) we show the n = 2 azimuthal harmonic of
the longitudinal spin polarization treated as a function of
transverse momentum. This clearly illustrates that thermal
vorticity and thermal shear dominate in different momentum
ranges. At low momenta, the thermal vorticity contribution is
larger, but for pT > 1 GeV the thermal shear contribution is
dominant. Since the total polarization is found by weighting

FIG. 6. Same as Fig. 2 but for the centrality class c = 30%–60%. (a) For comparison we show the dependence of longitudinal spin
polarization of ! and !̄ on azimuthal angle relative to second-order event plane for the centrality class c = 20%–60% plotted using the STAR
data at

√
sNN = 200 GeV [16].
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tion with and without temperature gradients. With temperature
gradients included, the net results are practically zero while
dropping them gives the polarization dependence of the same
sign as that of the thermal shear contribution.

In Fig. 2(b) we show the n = 2 azimuthal harmonic of
the longitudinal spin polarization treated as a function of
transverse momentum. This clearly illustrates that thermal
vorticity and thermal shear dominate in different momentum
ranges. At low momenta, the thermal vorticity contribution is
larger, but for pT > 1 GeV the thermal shear contribution is
dominant. Since the total polarization is found by weighting

FIG. 6. Same as Fig. 2 but for the centrality class c = 30%–60%. (a) For comparison we show the dependence of longitudinal spin
polarization of ! and !̄ on azimuthal angle relative to second-order event plane for the centrality class c = 20%–60% plotted using the STAR
data at

√
sNN = 200 GeV [16].
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• The sign depends on the implementation detail of the shear induced polarization (SIP) 
- Large cancellation of thermal vorticity and SIP! 

• Bulk viscosity could change the Pz sign. Large effect of longitudinal flow on Py(φ)

! SPIN POLARIZATION IN EVENT-BY-EVENT … PHYSICAL REVIEW C 106, 014905 (2022)

FIG. 6. The averaged cosine of the daughter proton’s polar angle
in the !′s rest frame computed from !′s longitudinal polarization
with four combinations of the axial-vector Aµ in 20–60% Au + Au
collisions. Model calculations are compared with the STAR measure-
ments [5].

will end up with smaller vorticity on the particlization sur-
face. Comparing the relative magnitudes of suppression in
polarization and anisotropic flow in Fig. 1, we find they are
comparable. Figure 5(b) shows a substantial sensitivity of the
!′s global polarization on the initial hot spot size. A smaller
hot spot size leads to larger spatial gradients at the early time,
which build up the stronger hydrodynamic flow. Therefore, a
small w results in larger thermal vorticity at the particlization
surface in the simulations and enhance the magnitudes of the
!′s global polarization. Figure 5(c) further explores how the
global polarization depends on the switching energy density.
A lower switching energy density allows the fireball to evolve
longer. The flow velocity gradients reduce with esw. Our re-
sults are in qualitative agreement with the recent work [70].

The parameter dependence studies presented in Fig. 5
demonstrate that the global polarization observables have a
strong sensitivity to the initial-state fluctuations and QGP’s
specific shear viscosity. Combining the knowledge from
hadronic observable comparisons in Figs. 1 and 2, we can
draw tighter constraints on modeling the dynamical evolution
of relativistic heavy-ion collisions.

C. Azimuthal-dependent longitudinal polarization

Now, we transit our focus to longitudinal polarization Pz,
which is sensitive to the flow velocity distribution in the trans-
verse plane [10].

Figure 6 shows the azimuthal dependence of the averaged
cosine of the daughter proton’s polar angle θ∗

p in the !′s rest
frame with respect to the elliptic flow event plane. We com-
pute this observable from the !′s longitudinal polarization Pz,

⟨cos(θ∗
p )⟩(φ) = ⟨cos(θ∗

p )2⟩α!Pz(φ), (24)

where ⟨cos(θ∗
p )2⟩ = 1/3 [5] and α! = 0.732 [67]. The

azimuthal-dependent longitudinal polarization Pz(φ) are com-
puted using the four combinations of the axial-vector Aµ.

Similar to previous works, the thermal vorticity alone gives
the opposite sign of the φ dependence compared to the STAR
measurements. The scale of the oscillation is about 5 times
bigger than that in the data. Adding the shear-induced po-
larization from Ref. [38] flips the sign of the longitudinal
polarization. While the sign of the SIP correction agrees with
the results shown in Ref. [43], the magnitude of the correction
is bigger in our calculations. We believe the difference lies in
the different types of initial conditions used in the simulations.
The shear-induced polarization from Ref. [37] gives a smaller
contribution compared to that from the SIP(BBP) term. Our
results with the SIP(LY) are in quantitative agreement with
those shown in Refs. [42,44]. The difference between the two
SIP terms can be understood as the flow velocity vector uρ

combined with the Levi-Civita tensor killing the contributions
from the temperature gradients in the thermal shear tensor.
And the transverse projection operator on p⊥

λ in Eq. (20)
takes out the fluid acceleration contributions. These two con-
tributions are substantial enough to change the sign of the
longitudinal polarization within our model [45]. Lastly, the net
baryon chemical potential gradients give small contributions
to !′s longitudinal polarization.

After quantifying the individual term’s contribution from
the axial vector to !′s longitudinal polarization, we compare
our model calculations with the STAR data as a function of
the collision centrality [5]. We expand the longitudinal polar-
ization Pz(φ) into a Fourier series as follows:

Pz(φ) = Pz
0 + 2

∞∑

n=1

Pz
n cos

(
n
(
φ − 'Pz

n

))
. (25)

Here, the nth order Fourier coefficient and its associated phase
can be combined as a complex vector,

P z
n ≡ Pz

n ein'Pz
n ≡

∫ 2π

0

dφ

2π
Pz(φ)einφ . (26)

In heavy-ion experiments, one measures the magnitude of the
Pz oscillation with respect to the event plane angle defined by
the charged hadron anisotropic flow vector,

⟨Pz sin(n(φ − 'n))⟩

= 1
Nev

Nev∑

i=1

1
2π

∫ 2π

0
dφPz

i (φ) sin(n(φ − 'i,n))

=
〈
Im

{
P z

n
Q∗

n

|Qn|

}〉

ev
. (27)

Here, the Qn is the complex anisotropic flow vector of charged
hadrons and the operator Im{· · · } takes the imaginary part
of the enclosed expression. The event average goes over all
hydrodynamic events within a given centrality bin. In the low
event-plane resolution limit [71],

⟨Pz sin(n(φ − 'n))⟩ ≃ pz
n{SP} ≡

〈
Im

{
P z

nQ∗
n,A

}〉
ev√

⟨Re{Qn,AQ∗
n,B}⟩ev

.

(28)
Here, Qn,A and Qn,B are the anisotropic flow vectors from
two subevents. In the following analysis, we choose subevent

014905-7

See similar studies, e.g.  
C. Yi et al., PRC104, 064901 (2021) 
Y. Sun et al., PRC105, 034911 (2022)

S. Alzharani et al., PRC106.014905 (2022) W. Florkowski et al., PRC105, 064901 (2022) Palermo et al., EPJC84(2024)920
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Fig. 9 Transverse and
longitudinal components of the
spin vector as a function of the
azimuthal angle φ for various
bulk viscosity parametrization at√
sNN = 200 GeV (20–60%

centrality) and
√
sNN = 5020

GeV (30–50% centrality). For
these plots we used the
superMC initial state
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ity ωµ = −1/2 ϵµνρσ ∂ρuνuσ , shear stress tensor σµν and
expansion scalar θ so that:

ωµν = ϵµνρσ ωρuσ + 1
2

(
Aµuν − Aνuµ

)
, (13)

)µν = 1
2

(
Aµuν + Aνuµ

)
+ σµν +

1
3
θ*µν, (14)

where *µν = gµν − uµuν . Defining ∇µ = *µν∂
ν , one has:

θ = ∇ · u = ∂ · u,

σµν = 1
2

(
∇µuν + ∇νuµ

)
− 1

3
θ*µν .

By decomposing the tensors ωµν and )µν in the formula
(1) according to the above equations it is possible to identify
different contributions to the spin polarization vector:

SµAω
= −ϵµνρσ pσ

∫
+ d+ · p nF (1 − nF ) Aνuρ

8mTH
∫
+ d+ · p nF

, (15a)

Sµω =
∫
+ d+ · p nF (1 − nF ) [ωµu · p − uνω · p]

4mTH
∫
+ d+ · p nF

, (15b)

SµA)
= −ϵµρστ t̂ρ

pτ

ε

∫
+ d+ · p nF (1 − nF ) [uσ A · p + Aσ u · p]

8mTH
∫
+ d+ · p nF

,

(15c)

Sµσ = −ϵµρστ t̂ρ pτ
pλ

ε

∫
+ d+ · p nF (1 − nF )σλσ

4mTH
∫
+ d+ · p nF

, (15d)

Sµθ = −ϵµρστ t̂ρ pτ
pλ

ε

∫
+ d+ · p nF (1 − nF )θ*λσ

12mTH
∫
+ d+ · p nF

. (15e)

We have computed the above components for two bulk
viscosities: parametrization III of ζ/s in Eq. (12) and for van-
ishing ζ/s = 0, see Fig. 10. In Au–Au collisions at RHIC
energy, the contribution from angular velocity is almost van-
ishing, according to previous findings [67] and contrary to
the naive lore, which identifies rotation as the main source
of polarization. Overall, for parametrization III, the ampli-
tude of both Sσ and Sθ is smaller than for ζ = 0 case, but
their sum is approximately zero and the total polarization is
almost unaffected. On the other hand, in Pb–Pb collisions
at LHC energy, the situation is more complicated. Without
bulk viscosity, Sθ seemingly cancels Sσ , and SA) dictates the
(negative) sign of the polarization harmonic. Turning on the
bulk viscosity, not only do Sθ and Sσ get smaller in magni-
tude, but also Sω and SA) significantly change, resulting in
the change of sign of the oscillation pattern.

6 Conclusions

In summary, we have presented an analysis of spin polar-
ization of 0 produced in Au–Au collisions at

√
sNN = 200

GeV and in Pb–Pb collisions at
√
sNN = 5020 GeV, using

two different initial state models. By assuming that the parti-
clization hypersurface is isothermal and including the feed-
down corrections, we have found a good agreement between
the data and the predictions of the hydrodynamic-statistical
model, thus confirming the previous finding [13] that isother-
mal assumption is an important point to reproduce the data.
Calculations with GLISSANDO initial state model are in

123
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Figure 2: Left: The second-order Fourier sine coefficients of L, L and L + L polarizations
along the beam direction as functions of N

offline
trk in pPb collisions at

p
s

NN
= 8.16 TeV. Results

from hydrodynamic calculations [57] are shown as solid and dashed lines. The N
offline
trk values of

L + L results are shifted horizontally for better visibility. Right: The second-order Fourier sine
coefficients L + L polarization along the beam direction as functions of pT for 3  N

offline
trk < 60,

60  N
offline
trk < 120, and 185  N

offline
trk < 250 in pPb collisions at

p
s

NN
= 8.16 TeV. Vertical bars

represent statistical uncertainties, while shaded areas show systematic uncertainties.

The Pz,s2 values estimated from a hydrodynamic model including the thermal shear and ther-
mal vorticity contributions [57] are shown in Fig. 2 for comparison. The 3+1D CLVisc model [58,
59] with the parameterized TRENTo initial conditions [60] is used for the hyperon polarization
calculation. The model is tuned to describe the charged hadron multiplicity and the trans-
verse momentum dependent elliptic flow of L hyperons in pPb collisions at

p
s

NN
= 8.16 TeV.

Three different scenarios commonly used to model spin polarization in relativistic AA colli-
sions [14, 16, 19–22] are studied. In the s quark equilibrium scenario, the spin of L hyperons
is assumed to be carried by the constituent s quark based on the coalescence model [4]. In the
L equilibrium scenario, the L hyperon polarization is calculated at the freeze-out, where the
mass of the spin carrier is the hyperon mass [61]. In addition to the L equilibrium scenario, the
iso-thermal equilibrium scenario assumes a constant temperature of the system at the freeze-
out [62]. The thermal shear and thermal vorticity contributions to Pz,s2 in these calculations
are found to be positive and negative, respectively. While the three approaches describe the
positive Pz,s2 values observed in AA collisions quantitatively or qualitatively [17, 20, 21], the
calculations in pPb collisions lead to negative Pz,s2 values which disagree with the measured
results.

The new pPb data pose a challenge to the current theoretical implementation of spin polar-
ization in heavy ion collisions and underscore the importance of investigating other physics
mechanisms, beyond QCD vorticity effects, that might also explain the observed hyperon po-
larization in proton-nucleus (pA) and AA collisions. For example, the general polarization of
L hyperons produced in higher energy collisions of unpolarized hadrons has been a major
challenge for QCD theoretical interpretations for several decades [63, 64]. Recently, the trans-
verse polarization of L hyperons has been measured in unpolarized e+e� collisions by the
Belle collaboration [65], with the effects of polarizing fragmentation functions (PFFs) proposed
to describe the measured polarization [66–69]. Further investigations are needed to under-
stand how PFFs and their potential dependence on parton flavor [69] contribute to L hyperon

Pz in small system

21

• Recently, Pz has been observed in pPb collisions by CMS, with multiplicity and pT dependence 
• But the models cannot explain the sign of the data… 

• Another way to search for collectivity in small systems? Other mechanism of the polarization? 

CMS, arXiv:2502.07898

Sep. 23 (Tue) 
Chenyan Li (EXP) 
Cong Yi (TH)

QGP droplet is likely created in pPb collisions

F. Gardim et al., PRC109.014904(2024)
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Spin alignment of vector mesons

22

‣ Vector mesons (spin-1) can be used to study the polarization 
- Since they decay via strong interaction, the sign of polarization cannot be determined 

‣ Angular distribution of the decay products can be written with spin density matrix ρnn. 

 

‣ The diagonal element ρ00: probability to have spin projection to be 0 
- ρ00 = 1/3: spin randomly oriented 
- ρ00 ≠ 1/3: spin aligned along quantization axis chosen

Figure 1. Cartoon of a non-central nuclear
collision. The arrows indicate the collective
velocity of the matter at z = 0 plane.

Figure 2. Diagram explaining the notations for di↵erent
angles discussed in the text. p⇤ is the proton momentum in
the hyperon rest frame. Vertical direction is the direction of
the global orbital momentum – the global polarization
direction. �p is the proton emission azimuth in the system
with x � z plane aligned with the reaction plane.

The simplest way to measure the global polarization is via analysis of the angular distributions of
the products of weakly decaying hyperons. Weak interaction violates parity, and, e.g. in the lambda
hyperon decay the protons are emitted preferentially in the direction of the lambda’s spin:

dN

d cos ✓⇤
/ 1 + ↵H PH cos ✓⇤, (2)

where ✓⇤ is the polar angle of the proton emission relative to the polarization direction in the hyperon
rest frame, �1  PH  1 is the hyperon polarization, and the parameter ↵⇤ = �↵⇤̄ ⇡ 0.624. To
measure the polarization of strongly decaying particles is obviously significantly more di�cult. It is
not at all possible for spin 1/2 particles; for the vector mesons one can hope to measure the deviation
from 1/3 of the probability for the spin projection to be zero [8]. The angular distribution (averaged
over the azimuthal distribution around the polarization direction) of the decay products in this case
reads:

dN

d cos ✓⇤
/ ⇢0,0|Y1,0|2 + ⇢1,1|Y1,�1|2 + ⇢�1,�1|Y1,1|2 / ⇢0,0 cos2 ✓⇤ +

1
2

(⇢1,1 + ⇢�1,�1) sin2 ✓⇤ (3)

/ (1 � ⇢0,0) + (3 ⇢0,0 � 1) cos2 ✓⇤ (4)

where ⇢0,0, ⇢1,1, and ⇢�1,�1 are the probabilities for the particle to have spin projection on the direction
of polarization to be zero, +1, and �1, respectively. The deviation from the non-polarized state value
⇢0,0 = 1/3 is in this case a second order e↵ect [8]. For example, an estimate based on Eq. 1 yields
⇢00 = 1/[3 + (!/T )2].

To measure the hyperon global polarization or vector meson spin alignment experimentally, one
can either analyze directly the distributions in ✓⇤, or, in case of the global polarization direction de-
fined by the one of the flow event planes, analyze the azimuthal distribution of the decay products
(in the resonance rest frame) relative to that flow plane. The azimuthal distribution analysis can be

Z.-T. Liang and X.-N. Wang, PRL94.102301(2005) 
Y. Yang et al., PRC97.034917(2018)

Theoretical expectation for ρ00

|s, szi = |1, szi
(sz = �1, 0, + 1)
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The sign of (ρ00 - 1/3) depends on hadronization process (recombination or fragmentation) 
and the polarization mechanism
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Global spin alignment: φ and K*0

Surprisingly, large deviation of ρ00 from 1/3 
- But energy, centrality, pT, and y dependence is not fully understood 

The vorticity picture cannot explain the magnitude, e.g. PΛ ~a few%  
Importance of spin-spin correlation?
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ALICE, PRL125, 012301 (2020)
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ρ00 =
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ρ00 >
1
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ρ00 <
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3

FIG. 7: The daughter’s distribution in vector meson’s rest frame, corresponding to three distinct ⇢00 values. The vertical axis
serves as the spin quantization axis.
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FIG. 8: Measurements of ⇢00 as a function of hNparti for � and K⇤0 mesons at low and high pT in Pb+Pb collisions. The
result is taken from ALICE publication [153].

� meson exceed 1/3 significantly at collision energies lower than 62 GeV, indicating tangible global spin alignment.
There are many possible contributions to the global spin alignment of the � meson, such as vorticities or electric and
magnetic fields [8, 72, 158, 170]. However, these contributions are insu�cient to account for the observed data [76].
Furthermore, additional factors such as local spin alignment [115, 170] and turbulent color fields [171] negatively
impacted ⇢00.

It was proposed that the strange and antistrange quarks can be polarized by a kind of vector field, the � field,
induced by the current of pseudosclar bosons [76] when they form the � meson. The local correlation or fluctuation
of the � field can have significant contribution to the observed large deviation of the � meson’s ⇢00 from 1/3 [76–78].
It was also proposed that the local fluctuation in the glasma field [213] can also have a significant contribution to
⇢00 . The model with the � field can qualitatively explain the collision energy, transverse momentum and rapidity
dependence of the observed ⇢00 [77, 79]. This observation underscores the pivotal role of the local correlation or
fluctuation in the strong force field in ⇢00 for the � meson, in contrast to the mean value of the field that plays the
role in hyperon’s polarization.

The process of fitting this model involves adjusting G(y)

s , representing the quadratic form of field strengths multiplied
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STAR, Nature 614, 244 (2023)

Z.-T. Liang and X.-N. Wang,  
PLB629(2005)20
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Global spin alignment: J/ψ and D*+

D*+ ρ00: Positive deviation from 1/3 at high pT at forward-y, and consistent with1/3 at mid-y 
Inclusive J/ψ ρ00: Negative deviation at low pT at forward-y
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Spin alignment of D⇤+ vector mesons in Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Fig. 5: The spin density matrix element r00 of prompt D⇤+ mesons as a function of pT in the rapidity
interval 0.3 < |y| < 0.8 compared to that of inclusive J/ mesons in the rapidity interval 2.5 < y < 4
measured in Pb–Pb collisions at

p
sNN = 5.02 TeV in the 30–50% centrality class. The bottom panel

shows the deviation of the measurements from the null hypothesis (r00 = 1/3) in units of the total
uncertainties sr00 .

conclusions about a possible common dependence with pT, proper theoretical guidance is needed.

6 Summary

In summary, the first measurement of prompt D⇤+-meson spin alignment with respect to the direction
orthogonal to the reaction plane at midrapidity in central (0–10%) and midcentral Pb–Pb collisions atp

sNN = 5.02 TeV has been presented. An evidence of r00 > 1/3 for pT > 15 GeV/c in the 0.3 <
|y|< 0.8 range has been found for midcentral (30–50%) Pb–Pb collisions. The measured spin alignment
seems to be more prominent at very high-pT where charm quarks are expected to be produced much
earlier and less likely to be thermalised. In order to understand any possible effect of early magnetic
fields created in heavy-ion collisions on charm-quark polarisation, dedicated theory predictions of charm-
quark polarisation and charm-hadron spin alignment are needed. From the experimental side, significant
precision improvements for charm-hadron measurements are expected from the large datasets that are
being collected by the ALICE Collaboration during the LHC Run 3 data-taking period, thanks to the
upgrade of the experimental apparatus [52]. This will also allow for the extension of polarisation and
spin alignment measurements of other charm-hadron species, such as L+

c baryons.

12

ALICE, PRL131.042303 (2023) 
ALICE, arXiv:2504.00714

mfaggin@cern.chD*+ spin-alignment in Pb–Pb collisions (2/3)
Pb

Pb

16/18

Rapidity dependence at high p
T
 in semicentral collisions

● no spin alignment observed for |y| < 0.3
● deviation from ⅓ in 0.3 < |y| < 0.8

Compatible with longer-lasting B at larger rapidities
● earlier-produced c quarks (larger momentum) are 

affected more by B field

No effect of spin-dependent 
fragmentation functions for charm
● ⍴

00
 = ⅓ of prompt D*+ up to high p

T
  

in pp collisions

y = 0.3y = –0.3

y = 0.3y = –0.3

y = –0.8 y = 0.8

on arXivDifferent explanation: rapidity-dependent ⍴
00

 due to 
in-medium modified meson spectral functions
📚 X. Sheng, Y. Zhao, S. Li, F. Beccatini, D. Hou, Phys. Rev. D 110, 056047

📚 ALICE, arXiv:2504.00714 [nucl-ex]

D*+ D*+ vs. J/ψ
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D⇤+ ! D0⇡+

J=1        J=0  J=0
BESIII,  
PLB846(2023)138245

• Effect of B-field (charm τprod ~0.1 fm/c, τB<0.5 fm/c)?  
• Do we have consistent picture to explain both light and heavy vector mesons?

Sep. 23 (Tue) 
Mingze Li 
Xiaozhi Bai
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J/ (cc̄) : QcQc̄ < 0

D⇤+(cd̄) : QcQd̄ > 0
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Possible explanations?

Positive deviation of φ ρ00 at lower energy is possibly explained by strong force field 
At high energy, the initial state (gluon field) may play a role for the spin alignment
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FIG. 9: The measured ⇢00 is plotted against the beam energy for � and K⇤0 vector mesons within specified windows of centrality,
transverse momentum (pT ), and rapidity (y). Open symbols denote ALICE results [153] for Pb+Pb collisions at 2.76 TeV.
The red solid curve represents a fit to data across the

p
sNN range of 19.6 to 200 GeV, based on a theoretical calculation

incorporating a �-meson field [76]. The red dashed line extends the solid curve with the fitted parameter G(y)
s . The black

dashed line represents ⇢00 = 1/3. This figure is sourced from the publication [75] .

by the e↵ective coupling constant (g�). In its specific form [76] , G(y)

s is defined as
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where E�,i and B�,i denote the ith-component of the analogous electric and magnetic parts of the � field, respectively.
Additionally, ms represents the s-quark mass, p represents its momentum in the � rest frame, and hp2

i� denotes the
average p2 inside the � meson’s wave function. When applying the model from Ref. [76] to fit the data in Fig. 9, the

resulting free parameter in the fit, denoted as G(y)

s , is determined to be (4.64±0.73)m4
⇡
. The value of G(y)

s reflects the
strength of local correlation or fluctuation of the � field. The non-relativistic model in Ref. [76] has been promoted
to a more rigorous relativistic transport model [77–79], which provides a comprehensive description of STAR’s data
for the � meson’s spin alignment as shown in Figs. 10 and 11.

A key factor enabling the theoretical calculation of ⇢00 for the �-meson lies in the fact that the two quarks comprising
the �-meson originate from the same flavor family. This characteristic also renders the measurement of ⇢00 for J/ 
intriguing. The J/ particle is composed of c and c̄ quarks, both belonging to the same flavor family. The ALICE
collaboration has conducted a study [214] on the polarization of J/ particles produced in Pb+Pb collisions at
p
sNN = 5.02TeV in the dimuon channel. The obtained results indicate a deviation of �0.08 from the expected

⇢00 = 1/3, as shown in Fig. 12.
Interestingly, according to the argument of fluctuating strong force fields, one would anticipate ⇢00 to be larger

than 1/3, which contrasts with the findings reported by ALICE. However, interpreting ALICE’s results requires
consideration of additional complexities. The measurement was carried out at forward rapidity (2.5 < y < 4), adding
another layer of intricacy. Furthermore, the impact of color screening and regeneration on the ⇢00 value of J/ 
remains a topic that warrants thorough investigation.

effective coupling constant  φ-field strength

X.-L. Sheng, L. Oliva, and Q. Wang, PRD101, 096005 (2020) 
X.-L. Sheng, Q. Wang and X.-N. Wang, PRD102, 056013 (2020) 
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Figure 3: An example for the effects of vector meson fields on the spin density matrices of � and K⇤0 mesons in their rest frame.
There is large correlation between vector meson fields acting on s and s̄ in the � meson but almost no correlation between vector
meson fields acting on d and s̄ in K⇤0. Due to the short distance nature of vector meson fields, the dominant contribution to
the fields at the position of a constituent quark of � or K⇤0 is from the quark of its nearest neighbor. The relative momentum
of the quark and antiquark inside the meson is shown as 2p (intead of 2pb in the text).

difference from the spin alignment of � mesons which may possibly be dominated by � fields whose contribution is
positive definite for nearly static � mesons. Another feature of ⇢K

⇤

00 in (5.9) and (5.10) is that the contribution from
the electric part of the vorticity tensor is amplified by a factor (ms/md)

⇣⌦
p2
b

↵
K⇤ /

⌦
p2
b

↵
�

⌘
compared with ⇢

�
00. Note

that the ratio
⌦
p2
b

↵
K⇤ /

⌦
p2
b

↵
�

is about 1.4 ⇠ 1.5 in the quark model. This may provide a sizable magnitude of the
negative contribution to ⇢

K⇤

00 as shown in ALICE experiments [48].
We note that the above arguments are only valid for primary K

⇤0. The life time of K
⇤0 is much shorter and

the interaction of K
⇤0 with the surrounding matter is much stronger than the � meson. This may bring other

contributions to ⇢
K⇤

00 from the interaction of K
⇤0 with medium. A caveat is that the above arguments are based

on the approximation that different fields do not have large correlation in space as compared with the correlation
between the same fields. This seems to work for ⇢

�
00 since there are squares of the same vector meson field. However

it is not the case for ⇢K
⇤

00 that all terms of vector meson fields are mixture of differenct fields which are thought to be
equally small. In this case, in order to justify the approximation, we may need to evaluate these terms and compare
their magnitudes with the negative comtribution from vorticity tensor fields. This is beyond the scope of this paper
and will be studied in the future.

To summarize, in the picture of the coalescence model, we propose that a large positive contribution to the spin
matrix element ⇢

�
00 should be from the � field [28]. This is due to the correlation between the � field that polarizes

the s-quark and that polarizes s̄, see Fig. 3 for illustration. However this is not the case for ⇢
K⇤

00 : the � field that
polarizes s̄ does not correlate much with vector meson fields (⇢ or ! mesons) that polarize the d-quark, the former
is from other strange quarks not belonging to K

⇤0, while the latter come from other light quarks surrounding d, see
Fig. 3. Therefore ⇢

K⇤

00 is dominated by the contribution from vorticity fields which is negative definite for static K
⇤0.

Such a negative contribution from vorticity fields in ⇢
K⇤

00 is amplified relative to ⇢
�
00 by the mass ratio of strange to

light quark and by the ratio of
⌦
p2
b

↵
on K

⇤0’s to �’s wave function.

VI. SOLVING VECTOR MESON FIELDS GENERATED BY SOURCES

In this section we solve the mean vector field which satisfies the Klein-Gordon equation [36]

@µF
µ⌫
V +m

2
V V

⌫ = gV J
⌫
, (6.1)
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�(ss̄), K⇤0(ds̄)

But can we understand all the data (φ, K*0, J/ψ, D*+ from RHIC and the LHC)?

Transverse spin alignment spectra
 Out-of-plane spin alignment (𝜙 mesons) :

9

𝑣𝑦 = 0

𝑦𝑞 = 1
𝑦𝑞 = 0

𝑣𝑥 = 𝑣𝑦

 Initial-state effect (glasma) : weighting 
needed :

DY, PRD 110, 056005 (2025) 

(fluctuating 𝜙 fields)

X.-L. Sheng et al., PRD 109, 036004, (2024) 
PRL 131, 042304 (2023)
B. Müller, DY, PRD 105, L011901 (2022)
DY, JHEP 06, 140 (2022)

(isotropic color fields from QGP : qualitative)

𝜌00𝑜𝑣𝑒𝑟𝑎𝑙𝑙 < 1/3

𝜌00𝑜𝑣𝑒𝑟𝑎𝑙𝑙 > 1/3

isotropic, competition with glasma effect at high energies?

 Final-state effect (QGP) : strong-force fields

0 80 % centrality

boost color fields for momentum dep.  

D.L. Yang, PRD111, 056005 (2025) 
A. Kumar, B. Muller, D.L. Yang, PRD108, 016020 (2023)

Sep. 23 (Tue) 
Di-Lun Yang
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Spin-spin correlation
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decorrelation of anisotropic flow of final hadrons with large
pseudorapidity gaps [32,33].
Convective flow and vorticity distribution.—The initial

conditions constructed from the AMPT-HIJING model con-
tain fluctuations in the local fluid velocity [32] due to string
breaking and minijets. These fluctuations in fluid velocity
and the energy density lead to nonvanishing local vorticity
as well as global net vorticity along the orbital angular
momentum of noncentral collisions [13].
According to the definition of the vorticity ωμ, it has

contributions from convection (the spatial gradient of the
fluid velocity), acceleration (the temporal gradient of the
fluid velocity), and conduction (the spatial and temporal
gradient of the temperature). Within the CLVisc calculations,
we find that the vorticity is dominated by convection. The
system develops large longitudinal fluid velocity quickly
along the beam directions in the early time, while the
transverse gradient in the initial energy density also leads to
a buildup of a radial component of the fluid velocity. This
convective fluid velocity field gives rise to a transverse
vorticity distribution that has a right-handed toroidal
structure (ringlike) around each beam direction. Shown
in Fig. 1 as arrows are distributions of ~ω⊥ðx; yÞ in the
transverse plane at a spatial rapidity η ¼ 4 and a proper
time τ ¼ 3 fm=c in a semiperipheral (20%–30%) Auþ Au
collision at

ffiffiffi
s

p
NN ¼ 200 GeV from the CLVisc simulations.

One can clearly see the right-handed toroidal structure
(module fluctuations) around the beam direction (out of the
transverse plane). The total net vorticity h

P
ωyi projected

to the reaction plane is nonzero for noncentral collisions.

The magnitude of the local transverse vorticity ~ω⊥ and the
net total vorticity h

P
ωyi should both increase with

centrality, spatial rapidity, and decreasing energy [13].
Similarly, the collective flow of the hot spots (denoted by

dashed arrows in Fig. 1) can also lead to convective flow in
the radial direction. Because of approximate local boost
invariance of the fluid, this leads to pairings of the positive
and negative longitudinal vorticity ωη’s, or vortex pairings,
in the transverse plane at a given spatial rapidity, shown as
colored contours in Fig. 1. Such vortex pairing is essen-
tially a 2D manifestation of a 3D toroid of vorticity
elongated in the longitudinal direction. Since the longi-
tudinal vorticity is caused mainly by transverse fluctua-
tions, its magnitude and structure should depend on
centrality but not on colliding energy and rapidity. The
average value over the entire transverse plane h

P
ωηi,

however, should vanish.
Hyperon spin correlation.—Since the spin polarization is

directly proportional to the local vorticity, the spatial
structure in Fig. 1 is expected to show up in the azimuthal
correlation of Λ spin polarization due to radial expansion,
which correlates the spatial azimuthal angle of the fluid
cells to the azimuthal angle of final hadron’s transverse
momentum. Therefore, we propose using the spin corre-
lations of two Λ’s to study the vortical structure of the
expanding fluid in high-energy heavy-ion collisions.
Shown in Fig. 2 are the transverse and longitudinal spin
correlations of two Λ’s, h~P⊥ðϕ1Þ · ~P⊥ðϕ2Þi and
hPηðϕ1ÞPηðϕ2Þi, respectively, as functions of the azimuthal
angle difference jϕ1 − ϕ2j of their momenta. In our CLVisc

hydrosimulations of semicentral (20%–30%) Pbþ Pb col-
lisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV, we have set the shear

viscosity to entropy density ratio to ηv=s ¼ 0.08 (the solid
lines) and 0.0 (the dashed lines). As expected, the trans-
verse spin correlation in azimuthal angle has an approxi-
mate cosine form due to the toroidal structure of the
transverse vorticity around the beam direction plus an
offset due to the global spin polarization. Both the
amplitude of the oscillation (the local polarization) and
the offset (the global polarization) increase with rapidity as
well as with ηv=s. The longitudinal spin correlation, on the
other hand, displays a different behavior. The oscillation in
jϕ1 − ϕ2j is the result of vortex pairing in the transverse
plane, as illustrated in Fig. 1. The sign change at jϕ1 −
ϕ2j ≈ 1 indicates the typical opening angle of the vortex
pairs from the convective radial flow due to transverse
geometry and fluctuations. The rise of the correlation at
large angles is the result of spin correlations from different
vortex pairs in the transverse plane. The amplitude of the
longitudinal spin correlation increases slightly with rapidity
but decreases slightly with ηv=s.
In Fig. 3, we show (a) the Λ transverse spin correlations

in the rapidity range Y ∈ ½2; 3& and (b) the longitudinal spin
correlation in Y ∈ ½0; 1& in semiperipheral (20%–30%) and
central (0%–5%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 62.4,

(fm)
(f

m
)

(GeV)

(GeV)

FIG. 1. Transverse (arrows) and longitudinal vorticity (contour)
distributions in the transverse plane at η ¼ 4 in semiperipheral
(20%–30%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 200 GeV with shear

viscosity to entropy density ratio ηv=s ¼ 0.08. Dashed arrows
indicate the radial flow of hot spots. A cutoff in energy density
ϵ > 0.03 GeV=fm3 is imposed. The direction of the beam (target)
is out of plane (⊙) [into the plane (⊗)]. The orbital angular
momentum of the collision is along −ŷ.
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200 GeV, and Pbþ Pb collisions at
ffiffiffi
s

p
NN ¼ 2.76 TeV for

ηv=s ¼ 0.08. Both the amplitude and the offset of the
transverse spin correlation increase with a decreasing
colliding energy because the transverse vorticity is bigger
due to larger longitudinal fluctuations at lower beam
energies or larger rapidities. They also have a strong
centrality dependence and become very small in central
collisions. The longitudinal spin correlation in the central
rapidity region, however, does not have a strong energy
dependence because of the geometric and fluctuating nature
of its origin. It has a strong dependence on the centrality. In
noncentral collisions, the vortex pairing is dominated by the
dipole structure of the elliptic flow, and the opening angle
Δϕ ∼ 3π=8 indicates the scale of the vortex pair. In central
collisions, the vortex pairing is dominated by hot spots, and
the angular structure of the longitudinal spin correlations
indicates the size and the distance between these hot spots.
Summary and discussions.—In this Letter, we study the

vortical structure of the sQGP fluid in high-energy heavy-
ion collisions using the CLVisc hydrodynamic model, with
fluctuating initial conditions from the AMPT-HIJING model.
The transverse vorticity has a right-handed toroidal struc-
ture around each beam direction, in addition to the average

net vorticity along the reaction plane due to global orbital
angular momentum in noncentral collisions. The longi-
tudinal vorticity has a vortex-pairing structure in the
transverse plane. We propose using the Λ spin correlations
to measure these vortical structures. We predict both the
transverse and longitudinal spin correlations as functions of
the azimuthal angle difference of two Λs’ momenta.
Measurements of these spin correlation functions can give
us a detailed picture of the flow and vortical structure and
provide important constraints on the initial condition and
the transport properties of the dense matter in high-energy
heavy-ion collisions. We limit our predictions to high-
energy heavy-ion collisions, where one can neglect the
finite baryon chemical potential. For collisions at the beam
scan energies at the RHIC, one has to include baryon
number conservation and an EOS with a finite baryon
chemical potential in hydrodynamic simulations. Our
simulations indicate, however, that the magnitude of the
local spin polarization will increase at lower beam energies.
We also do not include the vorticity term in the shear stress
tensor or viscous corrections to the phase-space distribution
of the final hadrons. We neglect the effect of the magnetic
field on the spin polarization, which should be small during

(b)

(a)

FIG. 2. (a) Transverse and (b) longitudinal spin correlation of
two Λ’s as a function of the azimuthal angle difference (of
their momenta) in different rapidity regions of semiperipheral
(20%–30%) Pbþ Pb collisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV with the

shear viscosity to entropy density ratios ηv=s ¼ 0.08 (solid
curves) and 0.0 (dashed curves). Shaded areas indicate statistical
errors with 200 hydroevents.

FIG. 3. (a) Transverse (jYj ∈ ½2; 3$) and (b) longitudinal
(jYj ∈ ½0; 1$) spin correlation of two Λ’s as a function of the
azimuthal angle difference (of their momenta) in semiperipheral
(20%–30%) and central (0%–5%) Auþ Au collisions atffiffiffi
s

p
NN ¼ 62.4, 200 GeV, and Pbþ Pb collisions at

ffiffiffi
s

p
NN ¼

2.76 TeV with ηv=s ¼ 0.08. Shaded areas indicate statistical
errors with 200 hydroevents.
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Spin-spin correlation proposed to search for complex vortical structures
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⇢V00 =
1� hPqPq̄i
3 + hPqPq̄i

6= 1� hPqihPq̄i
3 + hPqihPq̄i

Average of quark polarization by hyperons

while spin-spin correlation by vector mesons

Large signal of ρ00 could arise if vorticity fluctuations or spin correlation are larger than its average



T. Niida, SPIN2025 @Qingdao

Spin-spin correlation

27

Nature | Vol 633 | 19 September 2024 | 545

defined with m > 500 GeVtt . Each of the regions has a tt -event purity 
of more than 90%. The dominant sources of background processes 
arise from tW and fake-lepton, accounting for 56% and 27% of the back-
ground in the signal region, respectively. The remaining 17% of back-
ground events arise from tt X+  and the production of dileptonic events 
from either one or two massive gauge bosons. The distribution of cos φ 
in the signal region and the detector-level Ddetector value, built from the 
cos φ at the reconstructed detector level and after background subtrac-
tion, are shown in Fig. 1a,b.

To compare the data with calculations and correct for detector 
effects, we must also define an event selection using the ‘truth’ informa-
tion in the Monte Carlo event record. This selection uses particle-level 
objects to match as closely as possible the selection at the detector 

level and is called a fiducial particle-level selection. Particle-level 
events are required to contain exactly one electron and one muon 
with opposite-sign electric charges and at least two particle-level jets, 
one of which must contain a b-hadron. The cos φ distribution is then 
constructed from the particle-level top quarks and charged leptons in 
the same manner as at the detector level.

The response of the detector, the event selections and the top-quark 
reconstruction distort the shape of the cos φ distribution. The observed 
distribution is corrected for these effects with a simple method: a 
simulation-based calibration curve that connects any value at the detec-
tor level to the corresponding value at the particle level. We correct 
the data for detector effects by using a unique calibration curve built 
for each signal and validation region based on the expected signal 
model, after subtracting the expected contribution from background 
processes. Owing to the limited resolution of the reconstructed mass 
of the tt  system, some events that truly belong to the validation regions 
can enter the signal region at the detector level. These events are treated 
as detector effects.

To build these curves, Monte Carlo event samples are created with 
alternative values of D by reweighting the events, following the proce-
dure described in the section ‘Reweighting the cos φ distribution’. The 
calibration curve corrects the value Ddetector measured at the detector 
level to a corresponding value Dparticle at the particle level. To construct 
the calibration curve, several hypotheses for different values of D, 
denoted by D′particle with a corresponding D′detector  value, are created 
corresponding to the changes in the expected value of entanglement.

The pairs of D′detector and D′particle are plotted in Fig. 2a. A straight line 
interpolates between the points. With this calibration curve, any value 
for Ddetector can be calibrated to the particle level.

Three categories of uncertainties are included in the calibration 
curves: uncertainties in modelling tt  production and decay, uncertain-
ties in modelling the backgrounds and detector-related uncertainties 
for both the tt  signal and the standard model background processes. 
Each source of systematic uncertainty can result in a different calibra-
tion curve because it changes the shape of the cos φ distribution at the 
particle level and/or detector level. For each source of systematic 
uncertainty, the data are corrected using this new calibration curve, 
and the resultant deviation from the data corrected by the nominal 
curve is taken as the systematic uncertainty of the data due to that 
source. Systematic uncertainties from all sources are summed in quad-
rature to determine the final uncertainty in the result.

For all of the detector-related uncertainties, the particle-level quan-
tity is not affected and only detector-level values change. For signal 
modelling uncertainties, the effects at the particle level propagate to 
the detector level, resulting in shifts in both. Uncertainties in modelling 
the background processes affect how much background is subtracted 
from the expected or observed data and can, therefore, cause changes 
in the calibration curve. These uncertainties are treated as fully corre-
lated between the signal and background (that is, if a source of system-
atic uncertainty is expected to affect both the signal and background 
processes, this is estimated simultaneously and not separately).

A summary of the different sources of systematic uncertainty and 
their impact on the result is given in Table 1. The size of each systematic 
uncertainty depends on the value of D and is given in Table 1 for the 
standard model prediction, calculated with POWHEG + PYTHIA. The 
systematic uncertainties considered in the analysis are described in 
detail in the section ‘Systematic uncertainties’.

To compare the particle-level result with the parton-level entangle-
ment limit D < −1/3, the limit must be folded to the particle level.  
A second calibration curve is constructed to relate the value of Dparton 
to the corresponding Dparticle. The definitions of parton-level top quarks 
and leptons in the Monte Carlo generator follow ref. 24 and correspond 
approximately to those of stable top quarks and leptons in a fixed-order 
calculation. Only systematic uncertainties related to the modelling of 
the tt  production and decay process are considered while building this 
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Fig. 2 | Summary of results. a, Calibration curve for the dependence between 
the particle-level value of D and the detector-level value of D in the signal 
region. The yellow band represents the statistical uncertainty, and the grey 
band represents the total uncertainty obtained by adding the statistical and 
systematic uncertainties in quadrature. The measured values and expected 
values from POWHEG + PYTHIA 8 (hvq) are marked with black and red circles, 
respectively, and the entanglement limit is shown as a dashed line. b, The 
particle-level D results in the signal and validation regions compared with 
various Monte Carlo models. The entanglement limit shown is a conversion 
from its parton-level value of D = −1/3 to the corresponding value at the 
particle level, and the uncertainties that are considered for the band are 
described in the text.
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Table 1 Summary of the parameters needed to be measured in order to perform the quantum tomography of
the t t̄ pair for different assumptions on the form of ρ(Mtt̄ ). “Symmetry” denotes symmetry around the beam
axis

Assumption Coefficients # parameters

Symmetry and LO C⊥,Cz 2

Symmetry B±
z ,C⊥,Cz 4

None B±
i ,Ci j 15

Fig. 5 Left: Statistical deviation from the null hypothesis (D = −1/3) for different assumptions of relative
uncertainty on D. The contour shows the number of measurement uncertainties differing between the measured
value of D and the null hypothesis, n∆. Right: The value of D within the mass window [2mt ,Mtt̄ ]. The LO
analytical values are calculated using the methods presented in this work, while the MadGraph + MadSpin
values are calculated numerically by using Monte Carlo simulation. The horizontal line represents the critical
value D = −1/3

measurable observable

D = tr[C]
3

= −1 + δ

3
, (33)

which can be extracted from the differential cross section characterizing the angular separa-
tion between the leptons

1
σ

dσ

d cos ϕ
= 1

2
(1 − D cos ϕ) (34)

where ϕ is the angle between the lepton directions in each one of the parent top and antitop
rest frames [see also (32)]. This quantity, also represented in Fig. 4c, provides a simple
entanglement criterion since the condition δ > 0 translates into D < −1/3. The concurrence
is also readily measured from D as C[ρ] = max(−1 − 3D, 0)/2.

The detection of entanglement is more non-trivial than could naively be expected since
even though entanglement is present in a wide region of phase space, the statistical averaging
over all possible directions induces the necessity of a selection in the mass spectrum. This
observation was already evident from the recent measurement of the CMS collaboration [51],
in which it was obtained D = −0.237 ± 0.011 > −1/3 without any requirements on the
mass window.

Our proposal for the experimental detection of entanglement is similar to the quantum
tomography protocol developed in the previous section. The idea is to measure D from the
cross section of (34), also applying an upper cut in the invariant mass spectrum. Left Fig. 5

123

CP test utilizing spin-entangled hyperons in  
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entangled if D<-1/3

Top quark pairs from gluon-gluon fusion  
- expected to be maximally entangled
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FIG. 1. Illustration of tracing the QCD evolution of the spin of a strange quark-antiquark pair to a ⇤⇤̄ hyperon pair and how
it can be measured by the STAR experiment at RHIC. See (a)-(e) in text for details.

triplet states can be direct experimental evidence of the
quark condensate.

Alternatively, depending on the choice of final-state
particles, quark-antiquark pairs can also arise from vir-
tual gluon splitting, i.e., g ! qq̄. This process is ex-
pected to play a more significant role in the high energy
regime (also known as the perturbative regime) [19], of-
fering complementary insights into hadronisation. Nev-
ertheless, understanding the transition from quark pairs
to final-state hadrons remains essential for tackling the
fundamental problem of quark confinement.

Specifically, our approach is as follows:

(a) Protons are accelerated to 99.996% of the speed
of light for collisions which excite the QCD vac-
uum [20] and liberate quark pairs from the conden-
sate.

(b) Out of these quark pairs, there are strange quark-
antiquark (ss̄) pairs with their spins parallel, i.e.,
in spin triplet states [15, 19].

(c) Due to confinement the liberated quarks cannot ex-
ist independently. Each quark of the ss̄ pair will
undergo the quark-to-hadron transition known as
hadronisation.

(d) Some ss̄ pairs hadronise into ⇤ and ⇤̄ hyperon
pairs, where a ⇤ hyperon has one strange (s), one
up (u), and one down (d) quark (The structure of
the ⇤̄ is similar, but using the antiquarks.). The
⇤ hyperon is a spin-1/2 hadron with a lifetime of
about 10�10 seconds, where the spin polarization

can be measured via the decay kinematics and di-
rection of the momentum vector of the daughter
particles [21], i.e., proton and pion. From the non-
relativistic SU(6) quark model [12], the ⇤ hyperon’s
spin is carried 100% by the strange quark.

(e) These decay particles, along with other particles,
can be measured by the STAR detector. The re-
construction of the decay daughters can provide the
spin polarization of the ⇤ and ⇤̄ hyperons, which
then allows determination of the hyperon pair spin
correlation.

An illustration of this approach is shown in Fig. 1.
This method leverages the spin correlation of ⇤⇤̄ hy-

peron pairs and compares them to their quark-level coun-
terparts. At the moment of ss̄ production, the relative
spin orientation of the pair is expected to be parallel —
a textbook example of a maximally entangled quantum
system. During hadronisation, these quarks interact with
the surrounding QCD environment to form ⇤ and ⇤̄ hy-
perons. The novelty of this approach lies in observing the
degree of (de)coherence of the entangled ss̄ pairs as they
transition into hadrons. The quantitative measurement
of this (de)coherence provides direct insights into the
nonperturbative process of quark-to-hadron transitions,
which is challenging for first-principle QCD calculations
to address. Tracing this dynamical loss of quantum co-
herence during hadronisation represents a new paradigm
in exploring QCD phenomena.

Experiment. This measurement is performed at the
Solenoidal Tracker at RHIC (STAR) detector [4]. Its
subsystems have been thoroughly described in previous

ΛΛ spin-spin correlation in 200 GeV pp collisionsー
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FIG. 4. Spin correlation P⇤1⇤2 as a function of pair separation �R. The data are compared with predictions from the SU(6)
quark model [12] and the Burkardt-Ja↵e model [32]. Statistical uncertainties are denoted by the error bars, and the systematic
uncertainties are represented by the shaded boxes. The blue and yellow arrows are used to illustrate the separation of the ⇤⇤̄
pairs.

data kinematic selections (Methods). The model calcu-
lation has no interaction mechanism, so the results only
reflect the correlation on the hadron level assuming the
initial strange quark pairs are still 100% spin aligned.
We find that the data are compatible with the SU(6)
quark model, with 100% spin aligned ss̄ pairs in the
initial state, within the uncertainty at small �R. The
Burkardt-Ja↵e model predicts smaller polarization [32],
and is disfavoured by our data. The detailed calculations
of these models are included in Methods.

Similar measurements were performed in the past at
experiment PS185 at LEAR, where spin triplet states
were observed in the exclusive reaction p̄p ! ⇤⇤̄ [33, 34].
This fixed-target experiment was conducted with an anti-
proton beam at approximately 1.7 GeV/c, featuring kine-
matics significantly di↵erent from those in this study.
Moreover, the spin correlation was measured via a global
axis, i.e., with respect to the production plane. At the
current STAR kinematics, global polarization is not ex-
pected [35]. This was verified by measuring the spin-spin
correlation of ⇤⇤̄ pairs that are close in � and far in y
(|��| < ⇡/3, |�y| > 0.6). No spin-spin correlation is
observed for such pairs, with P⇤⇤̄ = �0.012± 0.073stat±
0.022sys, which indicates that the observed spin-spin cor-
relation for short-range ⇤⇤̄ pairs is not a result of cor-
relation of ⇤ and ⇤̄ to common global production plane.
Establishing the exact connection, however, remains an
interesting subject for future investigation in collabora-
tion with theoretical studies. Other noteworthy measure-

ments, similar to ours, are those by BESIII Collaboration
which used hyperon spin correlations to look for CP sym-
metry violation signals in J/ decay [36, 37].
Discussion and Applications.

• QCD evolution and quark-to-hadron transi-

tion. We have used a new experimental approach
to study the QCD evolution and the hadronisa-
tion process. For the first time, we have traced
the spin degrees of freedom in the evolution of a
quark-antiquark pair that undergoes the hadroni-
sation process, which preserves (part of) their spin
polarization from their partonic origin.

• Spin decomposition. The reported result pro-
vides direct experimental insight into how much
spin the strange quark can contribute to the ⇤
spin. The result favours the nonrelativistic SU(6)
quark model, leaving little room for contributions
from gluons and orbital angular momentum. This
is counter-intuitive given the famous “proton spin

crisis” [38] which suggests that valence quarks only
contribute about 35% of the proton spin. STAR
has experimentally confirmed that about half of
the remaining 65% originates from gluons [39, 40].
Does the hyperon spin structure exhibit a di↵er-
ent decomposition than that of protons? In any
scenario, the answer will be important for under-
standing nonperturbative QCD.
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STAR papers [22, 23]. Charged particle tracking, in-
cluding transverse momentum reconstruction and charge
sign determination, is provided by the Time Projection
Chamber (TPC) [24] positioned in a 0.5 T solenoidal
magnetic field. The TPC volume extends radially from
50 to 200 cm from the beam axis and covers pseu-
dorapidities3 |⌘| < 1.0 over the full azimuthal angle,
0 < � < 2⇡. The TPC also provides energy loss per unit
length (dE/dx) measurement of tracks used for particle
identification.

This measurement was conducted in proton-proton
(p + p) collisions at the center-of-mass energy

p
s =

200 GeV, using a dataset collected in 2012 by the STAR
detector at the Relativistic Heavy-Ion Collider (RHIC).
All three combinations, ⇤⇤̄, ⇤⇤, and ⇤̄⇤̄, are reported.
The data are measured in the two-particle separation
in rapidity, �y, and azimuthal angle, ��, respectively.
Here, rapidity y is a variable that describes velocity along
the beam direction (y = 1/2 ln[(E+pz)/(E�pz)]). Data
from K0

SK
0
S spin correlations and simulations from the

PYTHIA 8.3 Monte Carlo (MC) model [25] are compared
with the ⇤ measurement and used as a baseline reference.
No spin correlation is expected from either of them, as
K0

S are scalar (spin-0) mesons and no ⇤ hyperon spin
physics is included in the PYTHIA 8.3 MC model. The
signal extraction method for K0

SK
0
S pairs is the same as

for ⇤ hyperon pairs.
Data analysis. Only events with primary vertex

within 60 cm from the center of the STAR detector along
the proton beam axis were accepted for further analysis.
A total of about 600 million minimum-bias p+p events
were selected and analyzed, requiring the coincidence of
STAR Vertex Position Detectors [26] which are located
on the upstream and downstream ends of the detector.

The ⇤ and ⇤̄ hyperons are reconstructed via their
hadronic decay ⇤ ! p⇡� (⇤̄ ! p̄⇡+). The selection of
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ pairs is done based on a 2-dimensional
(2D) Gaussian fit to the 2D invariant mass (Minv) dis-
tributions of the p⇡ pairs. Only ⇤ and ⇤̄ hyperon can-
didates that are at mid-rapidity (|y| < 1), with trans-
verse momentum pT within 0.5 < pT < 5.0GeV/c are
selected for the analysis. The average transverse momen-
tum hpT,⇤i of reconstructed ⇤ hyperons is 1.35 GeV/c.

Based on PYTHIA 8.2 [27] and STAR detector simu-
lation4, only 11% of measured ⇤⇤̄ pairs contain primary
⇤ and ⇤̄ hyperons. The remaining 89% of the pairs have
at least one ⇤ or ⇤̄ hyperon from the decay of a higher
mass particle. The impact of this so-called feed-down

3
Pseudorapidity is a kinematic variable related to the angle (✓)

between the particle’s momentum and the positive beam axis as,

⌘ = � ln [tan (✓/2)]. For example, ⌘ = 1 corresponds to ✓ ⇡ 40

degrees.
4
PYTHIA 8.2 was used for simulations including STAR detec-

tor simulations. For standalone predictions, not requiring knowl-

edge of the STAR detector response, we have used the more recent

version, PYTHIA 8.3.
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FIG. 2. dN/d cos ✓? distributions of decay (anti-)protons for
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ hyperon pairs measured at mid-rapidity
(|y| < 1). Panel a) shows the short-range pairs (|�y| < 0.5
and |��| < ⇡/3) and panel b) shows the long-range pairs.
The fits to the data are used to demonstrate the magnitude
of the spin-spin correlation.

contribution is included in the model calculations when
compared to data (Methods).
Measurement of spin correlations. After selecting

the signal ⇤ pairs, the decay (anti-)protons are boosted
into the rest frames of their parent particles and the open-
ing angle ✓? between the two boosted (anti-)protons is de-
termined. Such (anti-)proton pairs are expected to follow
the angular distribution [28–30]:

1

N

dN

d cos ✓?
=

1

2
[1 + ↵1↵2P⇤1⇤2 cos ✓

?], (1)

where P⇤1⇤2 is the spin correlation signal or the relative
polarization of the ⇤ hyperon pair and ↵1 and ↵2 are the
weak decay parameters of the ⇤ (↵� = 0.747± 0.009) or

STAR, arXiv:2506.05499

- Entangled ss from chiral condensate in QCD vacuum 
- Correlation vanishes at large separation. Quantum decoherence?
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ΛΛ and Λ#Λ Spin Correlation Statistical Projection

2025/9/23

p Spin correlation as a function of distance between Λ% and Λ'
p Measurement precision in Au+Au collisions is better than in pp collisions, 

detailed analysis is on going
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$
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STAR Precision Projection

STAR, arXiv: 2506.05499
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∆K = ∆>! + ∆=!

Au+Au 4%% = 19.6 9:;

Sep. 23 (Tue) 
Xingrui Gou

in 19.6 GeV Au+Au collisions

- Analysis is ongoing for Au+Au BES
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• Observations of hyperon global and local polarization and vector meson spin alignment open 
new directions in the study of QCD matter and spin dynamics in heavy-ion collisions 

• A lot of progress have been made in both experimental and theoretical studies but still many 
open questions remain

S. Voloshin, EPJ Web Conf.171, 07002 (2018) 
W. M. Serenone et al., PLB820 (2021) 136500 
M. Lisa et al., PRC104, L011901 (2021) 
Chinellato et al., arXiv:2407.02212

Toroidal vortex due to jet or in asymmetric collisions?

particle–antiparticle polarization splitting, rapidity and azimuthal angle dependen-
cies and particle species dependence. Below we list possible near-future measure-
ments intended to provide more information on the vorticity and polarization
phenomena in heavy-ion collisions.

. Polarization splitting between particles and antiparticles, including particles with
larger magnitude of the magnetic moment such as !. It will further constrain the
magnetic ¯eld time evolution and its strength at freeze-out, and the electric
conductivity of QGP.

. Precise measurements of multistrange hyperon polarization to study particle
species dependence and con¯rm the vorticity-based picture of polarization.
Measurement with ! will also constrain unknown decay parameter !!.

. Precise di®erential measurements of the azimuthal angle and rapidity dependence
of PJðP"yÞ.

. Detailed measurement of Pz induced by elliptic and higher harmonic °ow. In
particular this study could help to identify the contribution from SIP, which is
expected to be di®erent for di®erent harmonics.

. Application of the event-shape-engineering technique126 testing the relationship
between anisotropic °ow and polarization.

. Measuring Px to complete all the components of polarization and compare the
data to the Glauber estimates and full hydrodynamical calculations.

. Circular polarization P" to search for toroidal vortex structures

. The particle–antiparticle di®erence in the polarization dependence on azimuthal
angle at lower collision energies testing the SHE.

. Understanding of the vector meson spin alignment measurements including new
results with corrections of di®erent detector e®ects.

. Measurement of the hyperon polarization correlations to access the scale of vor-
ticity °uctuations.

. Measurement of the hyperon polarization in pp collisions to establish/disprove
possible relation to the single spin asymmetry e®ect.

7. Summary

The polarization phenomena in heavy-ion collisions appeared to be an extremely
interesting and important subject overarching such questions as the nature of the
spin and spin structure of the hadrons, evolution of the QGP and its hadronization,
and ¯nally the freeze-out of the system. While many, or better to say, most of the
details of the entire picture is far from being even well formulated, it is clear that
following this direction we might expect many important discoveries.

The observed global polarization of hyperons in heavy-ion collisions is found to be
well described by hydrodynamic and microscopic transport models based on the local
vorticity of the °uid averaged over the freeze-out hypersurface under assumption of
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Polarization in Heavy-Ion Collisions

2430010-35

TN and S.Voloshin, Int.J.Mod.Phys.E33(2024)2430010

Global (P-y) and longitudinal (Pz) polarization were measured.  
What about the remaining component Px? Sep. 23 (Tue) 

Qun Wang

Vorticity by inhomogeneous expansion

P� / p̂T ⇥ ẑ
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Spin Hall Effect

spin-spin correlation

PΩ and γΩ
PH(φ) and PH(y)
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More on φ/K*0 spin alignment…
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EP.

29

0.3

0.4

0.5

11.5 GeV

Au+Au (20-60% & |y| < 1.0)

-order EP)
st

 (1φ

-order EP)
nd

 (2φ

0.3

0.4

0.5

0
0

ρ

27 GeV

1 2 3 4 5

0.3

0.4

0.5

62.4 GeV

T
p

1 2 3 4 5

19.6 GeV

1 2 3 4 5

39 GeV

1 2 3 4 5

200 GeV

(GeV/c)

Extended Data Figure 6: ⇢00 as a function of transverse momentum for � for different collision

energies. The gray squares and red stars are results obtained with the 1st- and 2nd-order EP,

respectively.

27

30–50%, and 50–80% collision centralities, respec-
tively [29].
There are three main sources of systematic uncertainties

in the measurements of the angular distribution of vector
meson decays. (i) Meson yield extraction: this contribution
is estimated by varying the fit ranges for the yield
extraction, the normalization range for the signalþ
background and background invariant mass distributions,
the procedure to integrate the signal function to get the
yields, and by leaving the width of the resonance peak free
or keeping it fixed to the PDG value as discussed in
Refs. [26,27]. The uncertainties for ρ00 is at a level of
12(8)% at the lowest pT and decrease with pT to 4(3)% at
the highest pT studied for the K"0ðϕÞ. (ii) Track selection:
this contribution includes variations of the selection on the
distance of closest approach to the collision vertex, the
number of crossed pad rows in the TPC [24], the ratio of
found clusters to the expected clusters, and the quality of
the track fit. The systematic uncertainties for ρ00 are
14(6)% at the lowest pT and about 11(5)% at the highest
pT for K"0ðϕÞ. (iii) Particle identification: this is evaluated
by varying the particle identification criteria related to the
TPC and TOF detectors. The corresponding uncertainty is
5(3)% at the lowest pT and about 4(4.5)% at the highest pT
studied for K"0ðϕÞ. Systematic uncertainties due to differ-
ent variations are considered as uncorrelated and the total
systematic uncertainty on ρ00 is obtained by adding all the
contributions in quadrature. Several consistency checks are
carried out and details can be found in the Supplemental
Material [17]. The final measurement is reported for the
average yield of particles (K"0) and antiparticles (K̄"0) as
results for K"0 and K̄"0 were consistent.
Figure 2 shows the measured ρ00 as a function of pT for

K"0 and ϕ mesons in pp collisions and Pb-Pb collisions,
along with the measurements for K0

S in Pb-Pb collisions. In
mid-central (10–50%) Pb-Pb collisions, ρ00 is below 1=3 at
the lowest measured pT and increases to 1=3 within
uncertainties for pT > 2 GeV=c. At low pT, the central
value of ρ00 is smaller for K"0 than for ϕ, although the
results are compatible within uncertainties. In pp colli-
sions, ρ00 is independent of pT and equal to 1=3 within
uncertainties. For the spin zero hadron K0

S, ρ00 is consistent
with 1=3 within uncertainties in Pb-Pb collisions. The
results with random event plane directions are also com-
patible with no spin alignment for the studied pT range,
except for the smallest pT bin, where ρ00 less than 1=3 but
still larger than for EP and PP measurements. The results
for the random production plane (the momentum vector
direction of each vector meson is randomized) are similar to
RNDEP measurements. These results indicate that a spin
alignment is present at lower pT, which is a qualitatively
consistent with predictions [13].
Figure 3 shows ρ00 forK"0 and ϕmesons as a function of

average number of participating nucleons (hNparti) [20,22]
for Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. Large hNparti

correspond to central collisions and small hNparti corre-
spond to peripheral collisions (see Table I of the
Supplemental Material [17]). In the lowest pT range, ρ00
shows maximum deviation from 1=3 for intermediate
centrality and approaches 1=3 for both central and periph-
eral collisions. This centrality dependence is qualitatively
consistent with the dependence of the initial angular
momentum on impact parameter in heavy-ion collisions
[4]. At higher pT, ρ00 is consistent with 1=3 for all
centrality classes. For the low-pT measurements in 10–
30% (20–40% for ϕ meson with respect to PP) mid-central
Pb-Pb collisions, the maximum deviations of ρ00 from 1=3
with respect to the PP (EP) are 3.2 (2.6) σ and 2.1 (1.9) σ for
K"0 and ϕ mesons, respectively. The errors (σ) are
calculated by adding statistical and systematic uncertainties
in quadrature.
The relation between the ρ00 values with respect to

different quantization axes can be expressed using Eq. (2)
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FIG. 2. Transverse momentum dependence of ρ00 for K"0, ϕ,
and K0

S mesons at jyj < 0.5 in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2.76 TeV and minimum bias pp collisions at

ffiffiffi
s

p
¼ 13 TeV.

Results are shown for spin alignment with respect to the event
plane [panels (a),(b)], production plane [(c),(d)], and random
event plane [(e),(f)] for K"0 (left column) and ϕ (right column).
The statistical and systematic uncertainties are shown as bars and
boxes, respectively.
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30–50%, and 50–80% collision centralities, respec-
tively [29].
There are three main sources of systematic uncertainties

in the measurements of the angular distribution of vector
meson decays. (i) Meson yield extraction: this contribution
is estimated by varying the fit ranges for the yield
extraction, the normalization range for the signalþ
background and background invariant mass distributions,
the procedure to integrate the signal function to get the
yields, and by leaving the width of the resonance peak free
or keeping it fixed to the PDG value as discussed in
Refs. [26,27]. The uncertainties for ρ00 is at a level of
12(8)% at the lowest pT and decrease with pT to 4(3)% at
the highest pT studied for the K"0ðϕÞ. (ii) Track selection:
this contribution includes variations of the selection on the
distance of closest approach to the collision vertex, the
number of crossed pad rows in the TPC [24], the ratio of
found clusters to the expected clusters, and the quality of
the track fit. The systematic uncertainties for ρ00 are
14(6)% at the lowest pT and about 11(5)% at the highest
pT for K"0ðϕÞ. (iii) Particle identification: this is evaluated
by varying the particle identification criteria related to the
TPC and TOF detectors. The corresponding uncertainty is
5(3)% at the lowest pT and about 4(4.5)% at the highest pT
studied for K"0ðϕÞ. Systematic uncertainties due to differ-
ent variations are considered as uncorrelated and the total
systematic uncertainty on ρ00 is obtained by adding all the
contributions in quadrature. Several consistency checks are
carried out and details can be found in the Supplemental
Material [17]. The final measurement is reported for the
average yield of particles (K"0) and antiparticles (K̄"0) as
results for K"0 and K̄"0 were consistent.
Figure 2 shows the measured ρ00 as a function of pT for

K"0 and ϕ mesons in pp collisions and Pb-Pb collisions,
along with the measurements for K0

S in Pb-Pb collisions. In
mid-central (10–50%) Pb-Pb collisions, ρ00 is below 1=3 at
the lowest measured pT and increases to 1=3 within
uncertainties for pT > 2 GeV=c. At low pT, the central
value of ρ00 is smaller for K"0 than for ϕ, although the
results are compatible within uncertainties. In pp colli-
sions, ρ00 is independent of pT and equal to 1=3 within
uncertainties. For the spin zero hadron K0

S, ρ00 is consistent
with 1=3 within uncertainties in Pb-Pb collisions. The
results with random event plane directions are also com-
patible with no spin alignment for the studied pT range,
except for the smallest pT bin, where ρ00 less than 1=3 but
still larger than for EP and PP measurements. The results
for the random production plane (the momentum vector
direction of each vector meson is randomized) are similar to
RNDEP measurements. These results indicate that a spin
alignment is present at lower pT, which is a qualitatively
consistent with predictions [13].
Figure 3 shows ρ00 forK"0 and ϕmesons as a function of

average number of participating nucleons (hNparti) [20,22]
for Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. Large hNparti

correspond to central collisions and small hNparti corre-
spond to peripheral collisions (see Table I of the
Supplemental Material [17]). In the lowest pT range, ρ00
shows maximum deviation from 1=3 for intermediate
centrality and approaches 1=3 for both central and periph-
eral collisions. This centrality dependence is qualitatively
consistent with the dependence of the initial angular
momentum on impact parameter in heavy-ion collisions
[4]. At higher pT, ρ00 is consistent with 1=3 for all
centrality classes. For the low-pT measurements in 10–
30% (20–40% for ϕ meson with respect to PP) mid-central
Pb-Pb collisions, the maximum deviations of ρ00 from 1=3
with respect to the PP (EP) are 3.2 (2.6) σ and 2.1 (1.9) σ for
K"0 and ϕ mesons, respectively. The errors (σ) are
calculated by adding statistical and systematic uncertainties
in quadrature.
The relation between the ρ00 values with respect to

different quantization axes can be expressed using Eq. (2)
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FIG. 2. Transverse momentum dependence of ρ00 for K"0, ϕ,
and K0

S mesons at jyj < 0.5 in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2.76 TeV and minimum bias pp collisions at

ffiffiffi
s

p
¼ 13 TeV.

Results are shown for spin alignment with respect to the event
plane [panels (a),(b)], production plane [(c),(d)], and random
event plane [(e),(f)] for K"0 (left column) and ϕ (right column).
The statistical and systematic uncertainties are shown as bars and
boxes, respectively.

PHYSICAL REVIEW LETTERS 125, 012301 (2020)

012301-3

ALICE

STAR, Nature 614, 244 (2023) ALICE, PRL125, 012301 (2020)

• Can we understand centrality and pT dependence across 
all the energies?
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Rapidity dependence?
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18

Luca Micheletti
05/09/2023

QM 2023
D* polarization in Pb–Pb collisions

New ALICE preliminary measurement!
First measurement of D∗# polarization with 
respect to the Reaction plane

• pT & centrality dependence:

§ 0 – 10%   : ρ(( compatible with ⁄1 3
• 30 – 50% : ρ(( > ⁄1 3 at high pT

• y dependence:
significant deviation at forward (0.3 < |y| < 0.8) 
than at mid (|y| < 0.3) rapidity

NEW!

ϕ-meson rapidity-dependent ρ00

15

Trend in 19.6 GeV result is consistent with theoretical calculation in [1].
Explained by larger field fluctuations in direction perpendicular to ϕ-meson motion.

Gavin Wilks SPIN2023, 09/26/2023[1] Sheng et al., arXiv:2308.14038 [nucl-th].

G. Wilks (STAR), SPIN2023 L. Micheletti (ALICE), QM2023

• Strong rapidity dependence in both          and  
• The model involving the strong force field may explain the trend for φ, except midrapidity 

- How about D*+ ?
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Centrality and rapidity dependence

Clear centrality dependence as expected from b-dependence of the initial L 
Rapidity dependence predicted differently. Still large uncertainty in the data
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5.1.3. Di®erential measurements

Recently, available high statistics data permit to study global polarization di®er-
entially, as a function of centrality, transverse momentum and rapidity. Model cal-
culations show that the initial angular momentum of the system increases from
central to mid-central collisions and then decreases in peripheral collisions since
the energy density decreases,10 but the vorticity, hence the global polarization, is
expected to increase in more peripheral collisions.92 Figure 7(left) shows centrality
dependence of !ð"!Þ global polarization in Au+Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200GeV and
3GeV,2,84 where the increasing trend towards peripheral collisions can be clearly
seen. Viscous hydrodynamics models80,93 qualitatively describe the centrality
dependence of global polarization as shown in the ¯gure.

As already mentioned, the \global" polarization refers to the polarization com-
ponent along the system orbital angular momentum averaged over all particles and
all momenta. The same component (denoted as P$y), but measured for a particular
kinematics, can deviate from the global average; in this case the term \local" po-
larization is more appropriate. For example, the initial velocity shear resulting in the
global vorticity would change with rapidity, i.e., the shear might be larger in for-
ward/backward rapidity, also depending on the collision energy.92,94 Theoretical
models such as hydrodynamics and transport models predict the rapidity dependence
di®erently88,95–98; some models predict that the polarization goes up in forward
(backward) rapidity while the others predict decreasing trend in larger rapidities.
The hydrodynamic models using di®erent initial conditions and frameworks also
predict di®erent trends (see Fig. 7(right)). The ¯rst study was performed atffiffiffiffiffiffiffiffi
sNN

p ¼ 200GeV2 as shown in Fig. 7(right) and no signi¯cant rapidity dependence

Fig. 7. (Left) Centrality dependence of !ð"!Þ of P$y polarization component in Au+Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 3GeV and 200GeV compared to viscous hydrodynamic model calculation.93 (Right) Rapidity
dependence of !ð"!ÞP$y compared to Particle-in-Cell Relativistic (PICR) hydrodynamics model97 and
viscous hydrodynamic model CLVisc.96 Note that the data for 3GeV in the left (right) plot are scaled by
0.1 (0.2), and the average pseudorapidity for 200GeV is converted to the rapidity in the right panel.
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Baryonic SHE

•Hints of sign change with decreasing energy

Model: B Fu et al., arXiv:2201.12970v1
21

27 GeV: |y|<1.0

Other energies:
|y|<1.5

P2,znet = Pznetsin(2∆ϕ)

𝑃𝑃𝑧𝑧 =
< 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑝𝑝∗ >

𝛼𝛼𝐻𝐻 < (𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑝𝑝∗)2>

Pznet = Pz Λ − P𝑧𝑧 �Λ

pt∈[0.5,5] GeV/c

Au+Au collisions
sS.Liu and Y.Yin, PRD104.054043(2021) 

B.Fu et al., arXiv:2201.12970

Q. Hu (STAR), SQM2024

• Spin current (polarization) due to gradient in the baryon chemical potential  

• Expected to appear as the difference of Pz(Py) modulation between Λ and anti-Λ at lower energies

Signatures of the spin Hall e↵ect in hot and dense QCD matter

Baochi Fu,1, 2, 3, ⇤ Long-Gang Pang,4, † Huichao Song,2, 3, 1, ‡ and Yi Yin5, 6, §

1Center for High Energy Physics, Peking University, Beijing 100871, China
2Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

3Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
4Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,

Central China Normal University, Wuhan 430079, China
5Quark Matter Research Center, Institute of Modern Physics,

Chinese Academy of Sciences, Lanzhou 730000, China
6University of Chinese Academy of Sciences, Beijing 100049, China

(Dated: February 1, 2022)

The spin Hall e↵ect (SHE) is a generation of spin polarization for moving spin carriers in materials
under an external electric field and has been observed in semiconductors, metals, and insulators at
or below room temperature. Recent theoretical analyses show that spin Hall current can be induced
by the baryon chemical potential gradient which plays the role of the analogous electric field and
which becomes sizable in the fireballs created in heavy-ion collisions at beam energy of O(10) GeV.
In this letter, we study this important mechanism for spin polarization generation that has not
been systematically explored before and predict the signature of the SHE in those collisions using
a (3+1) D viscous hydrodynamic model MUSIC with AMPT initial condition. We propose to use
the second Fourier coe�cients of the net spin polarization of Lambda hyperon as sensitive probes to
search for the SHE. Those SHE observables show a qualitative di↵erence in both the sign and beam
energy dependence for the situations with and without the SHE. Future experimental observation
of these distinct qualitative features would provide strong evidence for the existence of the SHE in
the hot and dense QCD matter at trillions of degrees.

Introduction— The spin Hall e↵ect (SHE) is a quan-
tum phenomenon that showcases the intriguing interplay
between charge and spin degrees of freedom and probes
transport properties in quantum materials [1, 2]. For a
class of materials under an external electric field, the spin
polarization of moving charge carriers can be generated
by the SHE due to the Berry curvature of the charge
carrier and relativistic spin-orbital coupling [3]. Since its
first detection in 2004 [4], the SHE has been observed in
semiconductors [4, 5], metals [6] and insulators [7]; see
Ref. [2] for a review.

The materials mentioned above are at or below room
temperature and are microscopically described by QED.
In contrast, in this letter, we will study and predict
the signatures of the SHE in the spin polarization of
⇤ hyperon (and ⇤ anti-hyperon) produced in the ex-
tremely hot and dense QCD matter created in relativis-
tic heavy-ion collisions where the spin carriers (quarks,
gluons and/or hadrons) interact with each other through
strong interaction in media at temperature above 1012 K.
Recently, the observation of ⇤ (⇤) polarization at Rel-
ativistic Heavy-ion Collider (RHIC) and Large Hadron
Collider (LHC) [8–13] has inspired many studies on spin
dynamics of QCD many-body physics, (see Refs. [9, 14]
for reviews). While the ”global” (phase space averaged)
spin polarization is well-described by the e↵ects of vor-
ticity for a wide range of beam energy, the di↵erential
polarization measurements of the azimuthal angle depen-
dence at top RHIC and LHC energies [12, 13] show sign
opposite to the theory calculations based on thermal vor-
ticity e↵ects [15], see also Refs. [16–22] for examples of

studies on di↵erential spin polarization at BES energies.
Newly-discovered shear-induced polarization (SIP) [23–
25] is found to be crucial for solving this ”polarization
sign puzzle” [24, 26]. Despite of those developments, the
possible signature of the SHE has not been fully explored
until now (see Refs. [27, 28] for previous investigation of
the SHE).

Specifically, we shall consider the SHE induced by
baryon chemical potential gradient rµB which becomes
sizable in the fireballs created at colliding energy of
O(10) GeV. This phenomena as well as spin polarized
by electric field has been predicted and quantitatively
described within the framework of relativistic quantum
kinetic equations [23, 29–33] and linear response the-
ory [23, 27]. Just as charge current will be induced by
both chemical potential gradient and electric field, the
spin Hall current can be generated by rµB which plays
an analogous role of the electric field [34]. That is, for a
spin carrier of momentum p with baryon charge qB , the
induced spin polarization vector P is given by

P / �p⇥ (qBrµB) . (1)

Eq. (1) shows that spin polarized by the SHE depends
on momentum. Therefore one should look for the SHE
signature in phase space distribution of polarization ob-
servables, i.e. the “local” spin polarization, rather than
in the global polarization. In fact, the recent model cal-
culations confirm the SHE contribution to the global spin
polarization is small in magnitude [28].

In this letter, we present the first quantitative predic-
tion of the SHE signals in di↵erential spin polarization
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7

transfer coe�cient C was determined by the usual
quantum-mechanical angular momentum addition rules
and Clebsch-Gordan coe�cients, as the spin vector would
not change under a change of frame. Surprisingly, this
holds in the relativistic case provided that the coe�cient
C is independent of the dynamics, as it is shown in Ap-
pendix A. In this case, C is independent of Lorentz fac-
tors � or � of the daughter particles in the rest frame of
the parent, unlike naively expected. This feature makes
C a simple rational number in all cases where the conser-
vation laws fully constrain it. The polarization transfer
coe�cients C of several important baryons decaying to ⇤s
are reported in table (I) and their calculation described
in detail in Appendix A.

Taking the feed-down into account, the measured mean
⇤ spin vector along the angular momentum direction can
then be expressed as:

S⇤,meas
⇤ =

X

R

⇥
f⇤RC⇤R � 1

3f⌃0RC⌃0R

⇤
S⇤
R. (37)

This formula accounts for direct feed-down of a particle-
resonance R to a ⇤, as well as the two-step decay R !
⌃0 ! ⇤; these are the only significant feed-down paths
to a ⇤. In the eq.( 37), f⇤R (f⌃0R) is the fraction of

measured ⇤’s coming from R ! ⇤ (R ! ⌃0 ! ⇤).
The spin transfer to the ⇤ in the direct decay is denoted
C⇤R, while C⌃0R represents the spin transfer from R to
the daughter ⌃0. The explicit factor of � 1

3 is the spin
transfer coe�cient from the ⌃0 to the daughter ⇤ from
the decay ⌃0 ! ⇤+ �.

In terms of polarization (see eq. (14)):

P
meas
⇤ = 2

X

R

⇥
f⇤RC⇤R � 1

3f⌃0RC⌃0R

⇤
SRPR (38)

where SR is the spin of the particle R. The sums in equa-
tions (37) and (38) are understood to include terms for
the contribution of primary ⇤s and ⌃0s. These equations
are readily extended to include additional multiple-step
decay chains that terminate in a ⇤ daughter, although
such contributions would be very small.

Therefore, in the limit of small polarization, the polar-
izations of measured (including primary as well as sec-
ondary) ⇤ and ⇤ are linearly related to the mean (co-
moving) thermal vorticity and magnetic field according
to eq. (31) or eq. (14), and these physical quantities may
be extracted from measurement as:

0

BB@

$c

Bc/T

1

CCA =

2

664

2
3

P
R

�
f⇤R C⇤R � 1

3f⌃0R C⌃0R

�
SR(SR + 1) 2

3

P
R

�
f⇤R C⇤R � 1

3f⌃0R C⌃0R

�
(SR + 1)µR

2
3

P

R

�
f⇤R C⇤R � 1

3f⌃
0
R
C

⌃
0
R

�
SR(SR + 1) 2

3

P

R

�
f⇤R C⇤R � 1

3f⌃
0
R
C

⌃
0
R

�
(SR + 1)µR

3

775

�10

BB@

P
meas
⇤

P
meas
⇤

1

CCA .

(39)

In the eq. (39), R stands for antibaryons that feed down
into measured ⇤s. The polarization transfer is the same
for baryons and antibaryons (C⇤R = C⇤R) and the mag-
netic moment has opposite sign (µR = �µR).

According to the THERMUS model [42], tuned to
reproduce semi-central Au+Au collisions at

p
sNN =

19.6 GeV, fewer than 25% of measured ⇤s and ⇤s are
primary, while more than 60% may be attributed to feed-
down from primary ⌃⇤, ⌃0 and ⌅ baryons.

The remaining ⇠ 15% come from small contribu-
tions from a large number higher-lying resonances such
as ⇤(1405),⇤(1520),⇤(1600),⌃(1660) and ⌃(1670). We
find that, for B = 0, their contributions to the measured
⇤ polarization largely cancel each other, due to alternat-
ing signs of the polarization transfer factors. Their net
e↵ect, then, is essentially a 15% “dilution,” contribut-
ing ⇤s to the measurement with no e↵ective polarization.
Since the magnetic moments of these baryons are unmea-
sured, it is not clear what their contribution to P⇤meas

would be when B 6= 0. However, it is reasonable to as-
sume it would be small, as the signs of both the transfer
coe�cients and the magnetic moments will fluctuate.

Accounting for feed-down is crucial for quantitative es-

timates of vorticity and magnetic field based on exper-
imental measurements of the global polarization of hy-
perons, as we illustrate with an example, using

p
sNN =

19.6 GeV THERMUS feed-down probabilities. Let us as-
sume that the thermal vorticity is $ = 0.1 and the mag-
netic field isB = 0. In this case, according to eq. (15), the
primary hyperon polarizations are P prim

⇤ = P
prim

⇤
= 0.05.

However, the measured polarizations would be P
meas
⇤ =

0.0395 and P
meas
⇤

= 0.0383. The two measured values
di↵er because the finite baryochemical potential at these
energies leads to slightly di↵erent feed-down fractions for
baryons and anti-baryons.

Hence, failing to account for feed-down when using
equation 15 would lead to a ⇠ 20% underestimate of the
thermal vorticity. Even more importantly, if the splitting
between ⇤ and ⇤ polarizations were attributed entirely
to magnetic e↵ects (i.e. if one neglected to account for
feed-down e↵ects), equation (34) would yield an erro-
neous estimate B ⇡ �0.015m2

⇡. This erroneous estimate
has roughly the magnitude of the magnetic field expected
in heavy ion collisions, but points the in the “wrong” di-
rection, i.e. opposite the vorticity. In other words, in the
absence of feed-down e↵ects, a magnetic field is expected

Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)

CΛR : coefficient of spin transfer from parent R to Λ 
SR   : parent particle’s spin  
fΛR  : fraction of Λ originating from parent R 
μR  : magnetic moment of particle R

Primary Λ polarization will be diluted by 15%-20% 
(model-dependent) 
This also suggests that the polarization of daughter particles  
can be used to measure their parent polarization! e.g. Ξ, Ω

S⇤
⇤ = CS⇤

R

~60% of measured Λ are feed-down from Σ*→Λπ, Σ0→Λγ, Ξ→Λπ 

Polarization of parent particle R is transferred to its daughter Λ 
(Polarization transfer could be negative!)

BECATTINI, KARPENKO, LISA, UPSAL, AND VOLOSHIN PHYSICAL REVIEW C 95, 054902 (2017)

where mp is the proton mass, and !P prim ≡ P
prim
" − P

prim
"

is the difference in polarization of primary " and ". An
(absolute) difference in the polarization of primary "’s of
0.1% then would correspond to a magnetic field of the order of
∼10−2m2

π , well within the range of theoretical estimates [37–
39]. However, we warn that Eq. (35) should not be applied to
experimental measurements without a detailed accounting for
polarized feed-down effects, which are discussed in Sec. VI.

Finally, we note that a small difference between " and
"̄ polarization could also be from the finite baryon chemical
potential making the factor (1 − nF ) in Eq. (21) different for
particles and antiparticles; this Fermi statistics effect might be
relevant only at low collision energies.

V. SPIN ALIGNMENT OF VECTOR MESONS

The global polarization of vector mesons, such as φ or
K∗, can be accessed via the so-called spin alignment [40,41].
Parity is conserved in the strong decays of those particles
and, as a consequence, the daughter particle distribution is the
same for the states Sz = ±1. In fact, it is different for the state
Sz = 0, and this fact can be used to determine a polarization
of the parent particle. By referring to Eq. (13), in the thermal
approach the deviation of the probability for the state Sz = 0
from 1/3, is only of the second order in ϖ :

p0 = 1
1 + 2 cosh ϖc

≈ 1
3 + ϖ 2

c
≈ 1

3

(
1 − ϖ 2

c

/
3
)
, (36)

which could make this measurement difficult. Similarly diffi-
cult will be the detection of the global polarization with the
help of other strong decay channels, e.g., proposed in Ref. [42].

VI. ACCOUNTING FOR DECAYS

According to Eq. (31) [or, in the nonrelativistic limit,
Eqs. (15)–(18)], the polarization of primary " hyperons
provides a measurement of the (comoving) thermal vorticity
and the (comoving) magnetic field of the system that emits
them. However, only a fraction of all detected " and "̄
hyperons are produced directly at the hadronization stage
and are thus primary. Indeed, a large fraction thereof stems
from decays of heavier particles and one should correct
for feed-down from higher-lying resonances when trying to
extract information about the vorticity and the magnetic field
from the measurement of polarization. Particularly, the most
important feed-down channels involve the strong decays of
&∗ → " + π , the electromagnetic decay &0 → " + γ , and
the weak decay ( → " + π .

When polarized particles decay, their daughters are them-
selves polarized because of angular momentum conservation.
The amount of polarization which is inherited by the daughter
particle, or transferred from the parent to the daughter, in
general depends on the momentum of the daughter in the rest
frame of the parent. As long as one is interested in the mean,
momentum-integrated, spin vector in the rest frame, a simple
linear rule applies (see Appendix), that is,

S∗
D = CS∗

P , (37)

TABLE I. Polarization transfer factors C [see Eq. (37)] for
important decays X → "(&)π

Decay C

Parity conserving: 1/2+ → 1/2+ 0− −1/3
Parity conserving: 1/2− → 1/2+ 0− 1
Parity conserving: 3/2+ → 1/2+ 0− 1/3
Parity-conserving: 3/2− → 1/2+ 0− −1/5
(0 → " + π 0 +0.900
(− → " + π− +0.927
&0 → " + γ −1/3

where P is the parent particle, D the daughter, and C a
coefficient whose expression (see Appendix) may or may
not depend on the dynamical amplitudes. In many two-body
decays, the conservation laws constrain the final state to
such an extent that the coefficient C is independent of the
dynamical matrix elements. This happens, e.g., in the strong
decay &∗(1385) → "π and the electromagnetic &0 → "γ
decay, whereas it does not in ( → "π decays, which is a
weak decay.

If the decay products have small momenta compared to
their masses, one would expect that the spin transfer coefficient
C was determined by the usual quantum-mechanical angular
momentum addition rules and Clebsch-Gordan coefficients,
as the spin vector would not change under a change of frame.
Surprisingly, this holds in the relativistic case provided that
the coefficient C is independent of the dynamics, as it is
shown in Appendix. In this case, C is independent of Lorentz
factors β or γ of the daughter particles in the rest frame of the
parent, unlike naively expected. This feature makes C a simple
rational number in all cases where the conservation laws fully
constrain it. The polarization transfer coefficients C of several
important baryons decaying to "s are reported in Table I and
their calculation described in detail in Appendix.

Taking the feed-down into account, the measured mean "
spin vector along the angular momentum direction can then be
expressed as

S∗,meas
" =

∑

R

[
f"RC"R − 1

3
f&0RC&0R

]
S∗

R. (38)

This formula accounts for direct feed-down of a particle-
resonance R to a ", as well as the two-step decay R → &0 →
"; these are the only significant feed-down paths to a ". In
Eq. (38), f"R (f&0R) is the fraction of measured "’s coming
from R → " (R → &0 → "). The spin transfer to the " in
the direct decay is denoted C"R , while C&0R represents the
spin transfer from R to the daughter &0. The explicit factor of
− 1

3 is the spin transfer coefficient from the &0 to the daughter
" from the decay &0 → " + γ .

In terms of polarization [see Eq. (15)],

P meas
" = 2

∑

R

[
f"RC"R − 1

3
f&0RC&0R

]
SRPR, (39)

where SR is the spin of the particle R. The sums in Eqs. (38)
and (39) are understood to include terms for the contribution of
primary "s and &0s. These equations are readily extended to

054902-6
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Theoretical models predict Pz(φ) differently 
-  UrQMD-IC + hydrodynamic model  

-  AMPT 
- Chiral kinetic approach 
- AMPT-IC + MUSIC 
- High resolution (3+1)D PICR hydrodynamic model 

- Blast-wave model 

- Thermal model 
- (3+1)D hydro CLVisc, “T-vorticity”  

- New term: “shear tensor”
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FIG. 3: (Color online) Time evolution of average longitudinal
spin polarization of midrapidity quarks with momenta satis-
fying pxpy > 0.

the expectation discussed in Sec. II. Its final magnitude
is also of the order of 10−2.
Since ωz is along the negative z direction in the region

xy > 0, it leads to a longitudinal spin polarization in the
negative z direction for quarks of momenta pxpy > 0, as
shown by the green dash-dotted line in Fig. 3. However,
its magnitude is only of the order of 10−3 and slowly
increases with time.
Including all components of the vorticity field, which

is shown by the black solid line in Fig. 3, we find that the
total longitudinal spin polarization of quarks of momenta
pxpy > 0 is initially along the negative z direction, as a
result of the larger effect of ωy than that of ωx. After
about 2.5 fm/c, the effect of ωx becomes more important
than that of ωy, and this makes the longitudinal spin
polarization of these quarks less negative. Finally, the
sign of the longitudinal polarization is along the positive
z direction after 5 fm/c when the effect of ωx dominates
over the combined effects of ωy and ωz.

C. Rapidity dependence of longitudinal spin
polarization

In Fig. 4, we show the longitudinal spin polarization of
quarks as a function of the azimuthal angle in the trans-
verse plane of heavy ion collisions for different rapidity
ranges. It is seen that the longitudinal spin polariza-
tion indeed has a quadrupole pattern and is positive for
quarks pxpy > 0, which has the same pattern and similar
magnitude as those of Λ hyperons measured in experi-
ments [22], and differs from the longitudinal polarization
calculated from ωz by assuming local thermal equilib-

FIG. 4: (Color online) Average longitudinal spin polarization
of quarks as a function of azimuthal angle φp for different
rapidity ranges.

rium of the spin degrees of freedom. Furthermore, the
amplitude of the azimuthal dependence, which can be
expressed as sin(2φp), is larger for the larger rapidity,
and this is due to the larger values of longitudinal and
transverse vorticities at larger η [11, 15].
We also show the longitudinal spin polarization of

strange quarks in Fig. 5, which is expected to be almost
identical to that of Λ hyperons [1, 19, 30]. It is seen
that the amplitude of the azimuthal angle dependence
of the longitudinal spin polarization of strange quarks is
smaller than that of light quarks, but is still comparable
to the experimental results [22]. The reason for this is
because of the mass effect in the chiral kinetic approach
and the different spatial and temporal distributions be-
tween initial strange and light quarks from the AMPT
model.
We further find that with a smaller quark cross sec-

tion, the longitudinal spin polarization of quarks would
decrease and can even change the overall sign of the
quadrupole pattern of the longitudinal spin polarization.
This thus indicates that taking into account the non-
equilibrium effect, which is included in the chiral kinetic
approach, is important for understanding the local spin
polarization of quarks and thus Λ hyperons.

V. SUMMARY

Using the chiral kinetic approach, which takes into
account the axial charge redistribution in the vorticity
field, with initial quark phase-space distributions taken
from the AMPT model, we have studied the effect of
the transverse components of local vorticity field on the
longitudinal spin polarization of quarks. We have found
that the longitudinal spin polarization of quarks depends
not only on the longitudinal component of the vorticity

Chiral kinetic approach

Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019)

Y. Xie, D. Wang, and L. P. Csernai, EPJC80.39 (2020)

F. Becattini and I. Karpenko, PRL.120.012302 (2018)

X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018)

W. Florkowski et al., Phys. Rev. C 100, 054907 (2019)

S. Voloshin, EPJ Web Conf.171, 07002 (2018), STAR, PRL123.13201

H.-Z. Wu et al., Phys. Rev. Research 1, 033058 (2019)

B. Fu et al., PRC103, 024903 (2021)
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FIG. 2. Map of longitudinal component of polarization of midrapidity ⇤ from a hydrodynamic calculation corresponding to

20-50% central Au-Au collisions at
p
sNN = 200 GeV (left) and 20-50% central Pb-Pb collisions at

p
sNN = 2760 GeV (right).

where ' is the transverse momentum azimuthal angle,

set to be zero at the reaction plane. In the above equa-

tion the longitudinal spin component is a function of the

spectrum alone at Y = 0. By expanding it in Fourier

series in ' and retaining only the elliptic flow term, one

obtains:

Sz
(pT , Y = 0) = �

dT/d⌧

4mT

@

@'
2v2(pT ) cos 2'

=
dT

d⌧

1

mT
v2(pT ) sin 2' (13)

meaning, comparing this result to eq. (7) that in this

case:

f2(pT ) = 2
dT

d⌧

1

mT
v2(pT )

This simple formula only applies under special assump-

tions with regard to the hydrodynamic temperature evo-

lution, but it clearly shows the salient features of the

longitudinal polarization at mid-rapidity as a function of

transverse momentum and how it can provide direct in-

formation on the temperature gradient at hadronization.

It also shows, as has been mentioned - that it is driven by

physical quantities related to transverse expansion and

that it is independent of longitudinal expansion.

Polarization of ⇤ hyperons along the beam line
The above conclusion is confirmed by more realistic 3D

viscous hydrodynamic simulations of heavy ion collisions

using averaged initial state from Monte Carlo Glauber

model with its parameters set as in [16]. We have cal-

culated the polarization vector P⇤
= 2S⇤

of primary ⇤

hyperons with Y = 0 in their rest frame (note that at

mid-rapidity S⇤z
= Sz

). The resulting transverse mo-

mentum dependence of P ⇤z
is shown in fig. 2 for 20-50%

central Au-Au collisions at
p
sNN = 200 (RHIC) and

20-50% Pb-Pb collisions at
p
sNN = 2760 GeV (LHC).

FIG. 3. Second harmonic of the longitudinal component of ⇤

polarization f2 from hydrodynamic simulations as a function

of pT for di↵erent energies.

The corresponding second harmonic coe�cients f2 are

displayed in fig. 3 for 4 di↵erent collision energies: 7.7,

19.6 GeV (calculated with initial state from the UrQMD

cascade [17]), 200 and 2760 GeV (with the initial state

from Monte Carlo Glauber [16]). It is worth noting that,

whilst the P y
component, along the angular momentum,

decreases by about a factor 10 between
p
sNN = 7.7 and

200 GeV, f2 decreases by only 35%. We also find that

the mean, pT integrated value of f2 stays around 0.2% at

all collision energies, owing to two compensating e↵ects:

decreasing pT di↵erential f2(pT ) and increasing mean pT
with increasing collision energy.

In principle, the longitudinal polarization of ⇤ hyper-

ons can be measured in a similar fashion as for the compo-
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FIG. 6. ⇤ polarization component along the beam direction,
as a function of the azimuthal angle �, computed with vHLLE
for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Experi-

mental data points are taken from [37] and conversion from
hcos ✓⇤pi to PH is performed using ↵H = 0.732 [43]. Error bars
represent the sum of statistical and systematic uncertainties.
Line styles correspond to di↵erent decoupling temperatures
as in Fig. 5.

ization may play a role, but they appear not to be deci-
sive. The standard hydrodynamic picture with the initial
conditions obtained by fitting radial spectra, elliptic and
directed flow, works very well for the local polarization
too. Another strong indication from this finding is that,
at very high energy, the QGP hadronizes in space-time
at constant Tdec to a much more accurate level than one
could have imagined. Indeed, its sensitivity to the gra-
dients of the thermodynamic fields, makes spin the ideal
probe to investigate the space-time details of hadron for-
mation. Furthermore, as we have shown, the longitu-
dinal spin polarization turns out to be very sensitive to
the decoupling, hence the hadronization temperature, the
causes of which deserve to be studied in detail. Looking
ahead to future investigations, it is certainly important to
compare the predictions of the formula (10) as a function
of transverse momentum and rapidity besides azimuthal
angle. At lower energy, where the chemical potentials
are relevant, one can expect a decoupling hypersurface
di↵erent from the simple T = const, and this will require
a reconsideration of the (10) in order to obtain accurate
predictions.
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density operator:

b⇢LE =
1

ZLE
exp
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� 1

T

Z

⌃
d⌃µ

bTµ⌫
u⌫

�
(8)

So, instead of expanding �, like in the (7), one can take
T out and expand the four-velocity u, thereby replacing
the (7) with:

b⇢LE ' 1

ZLE
exp

h
��⌫(x) bP ⌫+ (9)

� 1

T
@�u⌫(x)

Z

⌃
d⌃µ(y)(y � x)� bTµ⌫(y)

�
.

Including temperature gradients, which are normal to the
hypersurface at x, in the Taylor expansion would only
make the whole approximation worse. Then, as a mat-
ter of fact, in all the previously derived expressions, one
can replace the gradients of � with the gradients of u

multiplied by 1/Tdec, where Tdec is the decoupling tem-
perature. Particularly, the spin polarization vector of an
emitted spin 1/2 baryon is:

S
µ
ILE(p) = (10)

� ✏
µ⇢�⌧

p⌧

R
⌃ d⌃ · p nF (1 � nF )

h
!⇢� + 2 t̂⇢

p�

" ⌅��

i

8mTdec

R
⌃ d⌃ · p nF

where ILE stands for isothermal local equilibrium,

!⇢� =
1

2
(@�u⇢ � @⇢u�)

is the kinematic vorticity and:

⌅⇢� =
1

2
(@�u⇢ + @⇢u�)

is the kinematic shear, including the properly called shear
tensor as well as the expansion scalar @ · u and acceler-
ation terms. Therefore, the equation (10) is the best
approximation of the spin polarization vector of a spin
1/2 baryon, at local thermodynamic equilibrium and at
linear order in the gradients of the thermodynamic fields
for a fixed decoupling temperature hypersurface. This
equation upgrades the original (1) and we are going to
show that it is able to restore the agreement between the
local equilibrium-hydrodynamic model and the data.

Analysis of Au-Au collisions at
p

sNN = 200 GeV -
We now compare the predictions of the hydrodynamic

model with typical initial conditions with the polariza-
tion data. We have used two di↵erent 3+1 D viscous
hydrodynamic codes implementing relativistic hydrody-
namics in the Israel-Stewart formulation: vHLLE [34]
and ECHO-QGP [35, 36]. The parameters defining the
initial hydrodynamic conditions have been set to repro-
duce charged particle multiplicity distribution in pseudo-
rapidity as well their elliptic flow and directed flow in
Au-Au collisions at

p
sNN = 200 GeV.

FIG. 2. ⇤ polarization components at mid-rapidity as a func-
tion of its transverse momentum (px, py), computed with vH-
LLE for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Up-

per panel: polarization induced by thermal vorticity $, lower
panel: polarization induced by thermal shear ⇠.

In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based
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In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
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decorrelation of anisotropic flow of final hadrons with large
pseudorapidity gaps [32,33].
Convective flow and vorticity distribution.—The initial

conditions constructed from the AMPT-HIJING model con-
tain fluctuations in the local fluid velocity [32] due to string
breaking and minijets. These fluctuations in fluid velocity
and the energy density lead to nonvanishing local vorticity
as well as global net vorticity along the orbital angular
momentum of noncentral collisions [13].
According to the definition of the vorticity ωμ, it has

contributions from convection (the spatial gradient of the
fluid velocity), acceleration (the temporal gradient of the
fluid velocity), and conduction (the spatial and temporal
gradient of the temperature). Within the CLVisc calculations,
we find that the vorticity is dominated by convection. The
system develops large longitudinal fluid velocity quickly
along the beam directions in the early time, while the
transverse gradient in the initial energy density also leads to
a buildup of a radial component of the fluid velocity. This
convective fluid velocity field gives rise to a transverse
vorticity distribution that has a right-handed toroidal
structure (ringlike) around each beam direction. Shown
in Fig. 1 as arrows are distributions of ~ω⊥ðx; yÞ in the
transverse plane at a spatial rapidity η ¼ 4 and a proper
time τ ¼ 3 fm=c in a semiperipheral (20%–30%) Auþ Au
collision at

ffiffiffi
s

p
NN ¼ 200 GeV from the CLVisc simulations.

One can clearly see the right-handed toroidal structure
(module fluctuations) around the beam direction (out of the
transverse plane). The total net vorticity h

P
ωyi projected

to the reaction plane is nonzero for noncentral collisions.

The magnitude of the local transverse vorticity ~ω⊥ and the
net total vorticity h

P
ωyi should both increase with

centrality, spatial rapidity, and decreasing energy [13].
Similarly, the collective flow of the hot spots (denoted by

dashed arrows in Fig. 1) can also lead to convective flow in
the radial direction. Because of approximate local boost
invariance of the fluid, this leads to pairings of the positive
and negative longitudinal vorticity ωη’s, or vortex pairings,
in the transverse plane at a given spatial rapidity, shown as
colored contours in Fig. 1. Such vortex pairing is essen-
tially a 2D manifestation of a 3D toroid of vorticity
elongated in the longitudinal direction. Since the longi-
tudinal vorticity is caused mainly by transverse fluctua-
tions, its magnitude and structure should depend on
centrality but not on colliding energy and rapidity. The
average value over the entire transverse plane h

P
ωηi,

however, should vanish.
Hyperon spin correlation.—Since the spin polarization is

directly proportional to the local vorticity, the spatial
structure in Fig. 1 is expected to show up in the azimuthal
correlation of Λ spin polarization due to radial expansion,
which correlates the spatial azimuthal angle of the fluid
cells to the azimuthal angle of final hadron’s transverse
momentum. Therefore, we propose using the spin corre-
lations of two Λ’s to study the vortical structure of the
expanding fluid in high-energy heavy-ion collisions.
Shown in Fig. 2 are the transverse and longitudinal spin
correlations of two Λ’s, h~P⊥ðϕ1Þ · ~P⊥ðϕ2Þi and
hPηðϕ1ÞPηðϕ2Þi, respectively, as functions of the azimuthal
angle difference jϕ1 − ϕ2j of their momenta. In our CLVisc

hydrosimulations of semicentral (20%–30%) Pbþ Pb col-
lisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV, we have set the shear

viscosity to entropy density ratio to ηv=s ¼ 0.08 (the solid
lines) and 0.0 (the dashed lines). As expected, the trans-
verse spin correlation in azimuthal angle has an approxi-
mate cosine form due to the toroidal structure of the
transverse vorticity around the beam direction plus an
offset due to the global spin polarization. Both the
amplitude of the oscillation (the local polarization) and
the offset (the global polarization) increase with rapidity as
well as with ηv=s. The longitudinal spin correlation, on the
other hand, displays a different behavior. The oscillation in
jϕ1 − ϕ2j is the result of vortex pairing in the transverse
plane, as illustrated in Fig. 1. The sign change at jϕ1 −
ϕ2j ≈ 1 indicates the typical opening angle of the vortex
pairs from the convective radial flow due to transverse
geometry and fluctuations. The rise of the correlation at
large angles is the result of spin correlations from different
vortex pairs in the transverse plane. The amplitude of the
longitudinal spin correlation increases slightly with rapidity
but decreases slightly with ηv=s.
In Fig. 3, we show (a) the Λ transverse spin correlations

in the rapidity range Y ∈ ½2; 3& and (b) the longitudinal spin
correlation in Y ∈ ½0; 1& in semiperipheral (20%–30%) and
central (0%–5%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 62.4,

(fm)

(f
m

)

(GeV)

(GeV)

FIG. 1. Transverse (arrows) and longitudinal vorticity (contour)
distributions in the transverse plane at η ¼ 4 in semiperipheral
(20%–30%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 200 GeV with shear

viscosity to entropy density ratio ηv=s ¼ 0.08. Dashed arrows
indicate the radial flow of hot spots. A cutoff in energy density
ϵ > 0.03 GeV=fm3 is imposed. The direction of the beam (target)
is out of plane (⊙) [into the plane (⊗)]. The orbital angular
momentum of the collision is along −ŷ.
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