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Quarks and Gluons

Quarks and gluons are elementary particles and building blocks of matter 
(no internal structure in quarks and gluons)

10-15 m = 1 fm (femto-meter) 
(also sometimes called “fermi”)
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Elementary particles
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Standard Model of Elementary Particles
three generations of matter
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- Matter particles (fermions, spin-1/2) 
- Force carriers (gauge bosons, spin-1). 

Strong interaction between quarks mediated by gluons 
is described by quantum chromodynamics (QCD) 

Confinement
   - Strong interaction becomes stronger at long distance 
     (low Q)  
   - Quarks/gluons cannot exist as isolated particles 

Asymptotic freedom 
   - Strong interaction becomes weaker at short distance 
     (high Q) 
   - Quarks behave almost like free particles 
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Quark-Gluon Plasma (QGP)
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source of image: BNL

At extremely high temperatures and densities,  
quarks and gluons become deconfined, forming  
a new state of matter called quark-gluon plasma (QGP).

Tpc ~155 MeV,  εc ~0..4 GeV/fm3 (Lattice QCD)

By colliding heavy nuclei at nearly the speed of light  
in particle accelerators, hot and dense matter - QGP -  
can be created in the laboratory

1eV~104 K,  170 MeV~2x1012 K ~a few trillion Celsius
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Relativistic Heavy Ion Collisions
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Relativistic Heavy Ion Collider at BNL

Large Hadron Collider at CERN
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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.

Study properties of a deconfined state of matter, Quark-Gluon Plasma 

Search for QCD critical point and 1st-order phase transition 

Connection to the interior of neutron star at high baryon density
(First Pb-Pb collisions in 2010)

(2000-2026)

“Conjectured” QCD phase diagram
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Time evolution of “Little Bang”
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Lorentz contracted 
γ~100 (RHIC) 
γ~2500 (LHC)

Very short lifetime ~10 fm/c ~10-23 s

Most of hadrons are emitted here

(99.995% the speed of light 
at RHIC)
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Orbital angular momentum / Strong magnetic field
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Large orbital angular momentum of the system:

reaction plane

L = r⇥ p
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p
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Also, strong magnetic field created: 
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For non-central heavy-ion collisions,
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b: impact parameter 
A: mass number
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reaction plane

LB

spectators
participants

Initial magnetic field

D. Kharzeev, L. McLerran, and H. Warringa,  
Nucl.Phys.A803, 227 (2008) 
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 

+

+
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reaction plane

LB

spectators
participants

Initial magnetic field

D. Kharzeev, L. McLerran, and H. Warringa,  
Nucl.Phys.A803, 227 (2008) 
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 

Assuming point charge and using Bio-Savart’s Law

+

+
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L

reaction plane

B

spectators
participants

- Particles are “globally” polarized along L or B  via  
spin-orbit/spin-magnetic couplings 

- Particles and antiparticles are oppositely aligned along B

Rotating system under strong B-field:

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)

Globally Polarized Quark-Gluon Plasma in Noncentral A!A Collisions

Zuo-Tang Liang1 and Xin-Nian Wang2,1

1Department of Physics, Shandong University, Jinan, Shandong 250100, China
2Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 25 October 2004; published 14 March 2005)

Produced partons have a large local relative orbital angular momentum along the direction opposite to
the reaction plane in the early stage of noncentral 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 and global
transverse polarization of thermal photons, dileptons, and hadrons. Hadrons from the decay of polarized
resonances will have an azimuthal asymmetry similar to the elliptic flow. Global hyperon polarization is
studied within different hadronization scenarios and can be easily tested.

DOI: 10.1103/PhysRevLett.94.102301 PACS numbers: 25.75.Nq, 13.88.+e, 12.38.Mh

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

x

z
RA

y

b

x

z

x

z

yy
b

x

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.

PRL 94, 102301 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
18 MARCH 2005

0031-9007=05=94(10)=102301(4)$23.00 102301-1 © 2005 The American Physical Society
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- Polarization P in non-relativistic limit assuming  
a local thermodynamic equilibrium

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

S: particle spin 
ω: vorticity 
B: magnetic field at freeze-out 
μ: magnetic moment
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P =
(S + 1)(ω + µB/S)

3T

- The sign of magnetic moment is opposite between  
  particle and anti-particle, therefore any difference in the polarization 
  could originate from the magnetic-field contribution
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Q1. What is the radius of a Au nucleus? 

Q2. How large would Δvz/c be?
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Q1. What is the radius of a Au nucleus? 

Q2. How large would Δvz/c be?

Let me assume Δx~5 fm, Δvz~0.1 here.
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FIG. 5. Initial longitudinal velocity profile along the reaction
plane y = 0 for two different impact parameters for the collision
of two hard-sphere nuclei with 7-fm radius.

and the flow velocity vz0:

vz0 =
3 dP

dxdy√
4
(

dE
dxdy

)2
− 3

(
dP

dxdy

)2
+ 2 dE

dxdy

, (19)

which is shown in Fig. 5 for the case of hard-sphere nuclei with
7-fm radius. According to Eq. (18), the proper energy density
is an even function of x, as was expected with the assumption
(17), whereas vz0 is an odd function of x. Also, it can be seen
from Fig. 5 that vz0 has a singular derivative at the edge of the
overlap region, a consequence of the hard-sphere assumption;
such singularities disappear with smooth density profiles. By
using Eqs. (19), (18), (5), and (17) we can compute the ratio
of the second to the first term in Eq. (16) for the x axis:

−
2ρ0γ

4
0 vz0

∂vz0
∂x

∣∣∣
t=0

∂ργ 2

∂x

∣∣∣
t=0

(20)

and thereby evaluate the importance of the vorticity term
for the expansion rate. This ratio is shown in Fig. 6 for the
case of hard-sphere nuclei for two different y values at an
impact parameter b = 6 fm. It is seen that the second term is
a consistent fraction of the first term even near the collision
center x = 0 (about 20%) whereas it steeply increases at larger
x values; at the boundary of the x interval the ratio shows spikes
owing to the hard-sphere assumption and it is not shown. Of
course, these numbers refer to an oversimplified example and
just for the initial expansion kick, but the conclusion that the
longitudinal velocity gradient cannot be neglected in more
realistic hydrodynamical calculations should hold.

As has been mentioned, in some hydrodynamical calcula-
tions [3,11], a nonvanishing angular momentum of the plasma
is tacitly introduced by enforcing an asymmetric x dependence
for the proper energy density in peripheral collisions keeping
the Bjorken longitudinal scaling (i.e., the independence of vz
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FIG. 6. Ratio of the term proportional to the vorticity and the
term proportional to energy density gradient along x in Eq. (16) as
a function of x for y = 0 and y = 2 fm for the collision of two
hard-sphere nuclei with 7-fm radius at an impact parameter b =
6 fm.

on the coordinates x, y). Thereby, longitudinal momentum
density [Eq. (5)] conservation is fulfilled even though vz is
independent of x and the angular momentum conservation
[Eq. (4)] is also fulfilled. We think that this assumption is
quite unnatural. First, it cannot hold in our specific example
of instantaneous thermalization at infinitely large energy (with
the infinitesimally thin fluid in Fig. 4) because the only velocity
that is compatible with symmetry and independent of x is 0,
thus making both momentum and angular momentum density
vanishing. However, even in the more realistic and more
general case of finite thermalization time, it does not lead to the
same flow velocity field as in the case of angular momentum
conserved through Bjorken scaling breaking because of the
absence of the vorticity term. This can be shown by enforcing
the equality of angular momentum densities in the two
approaches:

4
3 ρ̃0γ̃

2
0 ṽz0 = 4

3ρ0γ
2
0 vz0, (21)

where quantities with a tilde on the left-hand side are such
that only ρ̃ depends on x whereas on the right-hand side we
have the standard ones in our approach. From this equation it
follows that

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃ 2
0 ṽz0 = ∂ρ

∂x

∣∣∣∣
t=0

γ 2
0 vz0 + ρ0

∂γ 2
0 vz0

∂x

∣∣∣∣
t=0

. (22)

Using Eqs. (22) and (21) to obtain ∂ρ/∂x in the equation
of motion at time t = 0 [Eq. (13)], we get, after some
manipulations,

∂ux

∂t

∣∣∣∣
t=0

= − 1
4γ0ρ0

∂ρ

∂x

∣∣∣∣
t=0

= − 1
4ρ̃0γ̃0

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃0

γ0

+ 1
4γ 3

0 vz0

∂γ 2vz0

∂x

∣∣∣∣
t=0

. (23)
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Novel rapidity dependence of directed flow in high energy heavy ion collisions

R.J.M. Snellings(a), H. Sorge(b), S.A. Voloshin(a)∗, F.Q. Wang(a), N. Xu(a)

(a) Nuclear Science Division, LBNL, Berkeley, California 94720, USA
(b) Department of Physics, SUNY Stony Brook, New York 11794, USA

(July 27, 2018)

For high energy nucleus-nucleus collisions, we show that
a combination of space-momentum correlations characteris-
tic of radial expansion together with the correlation between
the position of a nucleon in the nucleus and its stopping, re-
sults in a very specific rapidity dependence of directed flow:
a reversal of sign in the mid-rapidity region. We support our
argument by RQMD model calculations for Au+Au collisions
at

√
s = 200 AGeV.

PACS numbers: 25.75.-q, 25.75.Ld, 25.75.Dw, 25.75.Gz,
24.10.Lx

The study of anisotropic flow in high energy nuclear
collisions has attracted increasing attention from both ex-
perimentalists and theorists [1–4]. The rich physics of di-
rected and elliptical flow [5–13] is due to their sensitivity
to the system evolution at early time. Anisotropic flow
in general is also sensitive to the equation of state [1,10]
which governs the evolution of the system created in the
nuclear collision.
The collective expansion of the system created during a

heavy-ion collision implies space-momentum correlation
in particle distributions at freeze-out. Simplified, this
means that particles created on the left side of the system
move in the left direction and particles created on the
right side move in the right direction (on average). We
will show that the rapidity dependence of directed flow
of nucleons and pions can address this space-momentum
correlation experimentally.
A sketch of a medium central symmetric heavy-ion col-

lision is shown in Fig. 1, from before the collision (a,b)
to the resulting distributions of ⟨x⟩ and ⟨px⟩ shown in
(d). In Fig. 1a the projectile and target are shown before
the collision in coordinate space. In Fig. 1b the overlap
region is magnified and the “spectators” are not shown.
It shows in a schematic way the number of nucleons and
their position in the x–z plane (where x̂ is the impact
parameter direction). Projectile nucleons (light color) at
negative x suffer more rapidity loss than those at positive
x, ending up closer to mid-rapidity. Assuming a positive
space-momentum correlation (as indicated in Fig. 1c),
these nucleons have negative ⟨px⟩, while those at positive
x have positive ⟨px⟩. This results in a wiggle structure in
the rapidity dependencies of ⟨x⟩ and ⟨px⟩ which is shown
schematically in Fig. 1d.
The shape of the wiggle, both the magnitude of ⟨px⟩

and the rapidity range, depends on the strength of the
space-momentum correlation, the initial beam-target ra-

pidity gap and the amount of stopping. Therefore, the
dependence of the wiggle on the collision centrality, sys-
tem size and center of mass energy may reveal impor-
tant information on the relation between radial flow and
baryon stopping. In addition, it has been shown that the
magnitude of ⟨px⟩ depends on the nuclear matter equa-
tion of state [14].

FIG. 1. A schematic sketch of a medium central sym-
metric heavy-ion collision in progressing time (a),(c) and the
rapidity distribution of ⟨px⟩ and ⟨x⟩ in (d). In (b) the over-
lap region is magnified and the “spectators” are not shown In
these figures x is the coordinate along the impact parameter
direction and z is the coordinate along the projectile direction
(for a more detailed description see text).

The above picture changes for collisions at lower ener-
gies, where there is no clear rapidity separation between
projectile and target nucleons at freeze-out, because nu-
cleons cross over mid-rapidity. Moreover, when the time
for the nuclei to pass each other becomes long relative to
the characteristic time scale for particle production, the
interactions between particles and spectators (so-called
shadowing) become important. This has been pointed
out by many people and recently in [8,15,16]. This is
consistent with the results of heavy ion collisions, in the
2 to 158 AGeV energy range, where the experimental ob-
served slope around mid-rapidity in directed flow shows
a trend from a positive value at 2 AGeV [3] to almost
zero at 158 AGeV [4].
Note that the change of sign of directed flow

at mid-rapidity has been discussed for Ca+Ca colli-
sions at 350 AMeV [17] and for Au+Au collisions at
11 AGeV [11,12,18]. However, the physical origins on
which these predictions are based are different from what

1

figure from R. Snellings et al., PRL84, 2803(200)
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FIG. 5. Initial longitudinal velocity profile along the reaction
plane y = 0 for two different impact parameters for the collision
of two hard-sphere nuclei with 7-fm radius.

and the flow velocity vz0:

vz0 =
3 dP

dxdy√
4
(

dE
dxdy

)2
− 3

(
dP

dxdy

)2
+ 2 dE

dxdy

, (19)

which is shown in Fig. 5 for the case of hard-sphere nuclei with
7-fm radius. According to Eq. (18), the proper energy density
is an even function of x, as was expected with the assumption
(17), whereas vz0 is an odd function of x. Also, it can be seen
from Fig. 5 that vz0 has a singular derivative at the edge of the
overlap region, a consequence of the hard-sphere assumption;
such singularities disappear with smooth density profiles. By
using Eqs. (19), (18), (5), and (17) we can compute the ratio
of the second to the first term in Eq. (16) for the x axis:

−
2ρ0γ

4
0 vz0

∂vz0
∂x

∣∣∣
t=0

∂ργ 2

∂x

∣∣∣
t=0

(20)

and thereby evaluate the importance of the vorticity term
for the expansion rate. This ratio is shown in Fig. 6 for the
case of hard-sphere nuclei for two different y values at an
impact parameter b = 6 fm. It is seen that the second term is
a consistent fraction of the first term even near the collision
center x = 0 (about 20%) whereas it steeply increases at larger
x values; at the boundary of the x interval the ratio shows spikes
owing to the hard-sphere assumption and it is not shown. Of
course, these numbers refer to an oversimplified example and
just for the initial expansion kick, but the conclusion that the
longitudinal velocity gradient cannot be neglected in more
realistic hydrodynamical calculations should hold.

As has been mentioned, in some hydrodynamical calcula-
tions [3,11], a nonvanishing angular momentum of the plasma
is tacitly introduced by enforcing an asymmetric x dependence
for the proper energy density in peripheral collisions keeping
the Bjorken longitudinal scaling (i.e., the independence of vz

x
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FIG. 6. Ratio of the term proportional to the vorticity and the
term proportional to energy density gradient along x in Eq. (16) as
a function of x for y = 0 and y = 2 fm for the collision of two
hard-sphere nuclei with 7-fm radius at an impact parameter b =
6 fm.

on the coordinates x, y). Thereby, longitudinal momentum
density [Eq. (5)] conservation is fulfilled even though vz is
independent of x and the angular momentum conservation
[Eq. (4)] is also fulfilled. We think that this assumption is
quite unnatural. First, it cannot hold in our specific example
of instantaneous thermalization at infinitely large energy (with
the infinitesimally thin fluid in Fig. 4) because the only velocity
that is compatible with symmetry and independent of x is 0,
thus making both momentum and angular momentum density
vanishing. However, even in the more realistic and more
general case of finite thermalization time, it does not lead to the
same flow velocity field as in the case of angular momentum
conserved through Bjorken scaling breaking because of the
absence of the vorticity term. This can be shown by enforcing
the equality of angular momentum densities in the two
approaches:

4
3 ρ̃0γ̃

2
0 ṽz0 = 4

3ρ0γ
2
0 vz0, (21)

where quantities with a tilde on the left-hand side are such
that only ρ̃ depends on x whereas on the right-hand side we
have the standard ones in our approach. From this equation it
follows that

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃ 2
0 ṽz0 = ∂ρ

∂x

∣∣∣∣
t=0

γ 2
0 vz0 + ρ0

∂γ 2
0 vz0

∂x

∣∣∣∣
t=0

. (22)

Using Eqs. (22) and (21) to obtain ∂ρ/∂x in the equation
of motion at time t = 0 [Eq. (13)], we get, after some
manipulations,

∂ux

∂t

∣∣∣∣
t=0

= − 1
4γ0ρ0

∂ρ

∂x

∣∣∣∣
t=0

= − 1
4ρ̃0γ̃0

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃0

γ0

+ 1
4γ 3

0 vz0

∂γ 2vz0

∂x

∣∣∣∣
t=0

. (23)
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Novel rapidity dependence of directed flow in high energy heavy ion collisions

R.J.M. Snellings(a), H. Sorge(b), S.A. Voloshin(a)∗, F.Q. Wang(a), N. Xu(a)

(a) Nuclear Science Division, LBNL, Berkeley, California 94720, USA
(b) Department of Physics, SUNY Stony Brook, New York 11794, USA

(July 27, 2018)

For high energy nucleus-nucleus collisions, we show that
a combination of space-momentum correlations characteris-
tic of radial expansion together with the correlation between
the position of a nucleon in the nucleus and its stopping, re-
sults in a very specific rapidity dependence of directed flow:
a reversal of sign in the mid-rapidity region. We support our
argument by RQMD model calculations for Au+Au collisions
at

√
s = 200 AGeV.

PACS numbers: 25.75.-q, 25.75.Ld, 25.75.Dw, 25.75.Gz,
24.10.Lx

The study of anisotropic flow in high energy nuclear
collisions has attracted increasing attention from both ex-
perimentalists and theorists [1–4]. The rich physics of di-
rected and elliptical flow [5–13] is due to their sensitivity
to the system evolution at early time. Anisotropic flow
in general is also sensitive to the equation of state [1,10]
which governs the evolution of the system created in the
nuclear collision.
The collective expansion of the system created during a

heavy-ion collision implies space-momentum correlation
in particle distributions at freeze-out. Simplified, this
means that particles created on the left side of the system
move in the left direction and particles created on the
right side move in the right direction (on average). We
will show that the rapidity dependence of directed flow
of nucleons and pions can address this space-momentum
correlation experimentally.
A sketch of a medium central symmetric heavy-ion col-

lision is shown in Fig. 1, from before the collision (a,b)
to the resulting distributions of ⟨x⟩ and ⟨px⟩ shown in
(d). In Fig. 1a the projectile and target are shown before
the collision in coordinate space. In Fig. 1b the overlap
region is magnified and the “spectators” are not shown.
It shows in a schematic way the number of nucleons and
their position in the x–z plane (where x̂ is the impact
parameter direction). Projectile nucleons (light color) at
negative x suffer more rapidity loss than those at positive
x, ending up closer to mid-rapidity. Assuming a positive
space-momentum correlation (as indicated in Fig. 1c),
these nucleons have negative ⟨px⟩, while those at positive
x have positive ⟨px⟩. This results in a wiggle structure in
the rapidity dependencies of ⟨x⟩ and ⟨px⟩ which is shown
schematically in Fig. 1d.
The shape of the wiggle, both the magnitude of ⟨px⟩

and the rapidity range, depends on the strength of the
space-momentum correlation, the initial beam-target ra-

pidity gap and the amount of stopping. Therefore, the
dependence of the wiggle on the collision centrality, sys-
tem size and center of mass energy may reveal impor-
tant information on the relation between radial flow and
baryon stopping. In addition, it has been shown that the
magnitude of ⟨px⟩ depends on the nuclear matter equa-
tion of state [14].

FIG. 1. A schematic sketch of a medium central sym-
metric heavy-ion collision in progressing time (a),(c) and the
rapidity distribution of ⟨px⟩ and ⟨x⟩ in (d). In (b) the over-
lap region is magnified and the “spectators” are not shown In
these figures x is the coordinate along the impact parameter
direction and z is the coordinate along the projectile direction
(for a more detailed description see text).

The above picture changes for collisions at lower ener-
gies, where there is no clear rapidity separation between
projectile and target nucleons at freeze-out, because nu-
cleons cross over mid-rapidity. Moreover, when the time
for the nuclei to pass each other becomes long relative to
the characteristic time scale for particle production, the
interactions between particles and spectators (so-called
shadowing) become important. This has been pointed
out by many people and recently in [8,15,16]. This is
consistent with the results of heavy ion collisions, in the
2 to 158 AGeV energy range, where the experimental ob-
served slope around mid-rapidity in directed flow shows
a trend from a positive value at 2 AGeV [3] to almost
zero at 158 AGeV [4].
Note that the change of sign of directed flow

at mid-rapidity has been discussed for Ca+Ca colli-
sions at 350 AMeV [17] and for Au+Au collisions at
11 AGeV [11,12,18]. However, the physical origins on
which these predictions are based are different from what

1

figure from R. Snellings et al., PRL84, 2803(200)
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Magnetization of an uncharged body  
when spun on its axis

figure: M. Matsuo et al., Front. Phys., 30 (2015)
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Barnett effect:  
rotation→polarization

χ: magnetic susceptibility 
γ: gyromagnetic ratio

S. Barnett, Phys. Rev. 6, 239 (1915)

Einstein-de-Haas effect:  
polarization→rotation

  

Converse: Einstein-De Haas effect
the only experiment by Einstein

Rotation of a ferromagnet originally at rest 
when put into an external H field

An effect of angular momentum 
conservation:
spins get aligned with H (irreversibly) and 
this must be compensated by a on overall
orbital angular momentum

A. Einstein, W. J. de Haas, Koninklijke Akademie van Wetenschappen te Amsterdam, Proceedings, 18 I, 696-711 (1915)

Change in the direction/strength  
of magnetic-field  
-> Rotation of a ferromagnet 

Conservation of the total angular 
momentum.

~J = ~L+ ~S
A.Einstein, W. J. de Haas,  
B.Koninklijke Akademie van Wetenschappen te Amsterdam,   
C.Proceedings, 18 I, 696-711 (1915) 

“the only experiment by Einstein”
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Magnetization of an uncharged body  
when spun on its axis

figure: M. Matsuo et al., Front. Phys., 30 (2015)
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Barnett effect:  
rotation→polarization

χ: magnetic susceptibility 
γ: gyromagnetic ratio

S. Barnett, Phys. Rev. 6, 239 (1915)

Einstein-de-Haas effect:  
polarization→rotation

  

Converse: Einstein-De Haas effect
the only experiment by Einstein

Rotation of a ferromagnet originally at rest 
when put into an external H field

An effect of angular momentum 
conservation:
spins get aligned with H (irreversibly) and 
this must be compensated by a on overall
orbital angular momentum

A. Einstein, W. J. de Haas, Koninklijke Akademie van Wetenschappen te Amsterdam, Proceedings, 18 I, 696-711 (1915)

Change in the direction/strength  
of magnetic-field  
-> Rotation of a ferromagnet 

Conservation of the total angular 
momentum.

~J = ~L+ ~S
A.Einstein, W. J. de Haas,  
B.Koninklijke Akademie van Wetenschappen te Amsterdam,   
C.Proceedings, 18 I, 696-711 (1915) 

“the only experiment by Einstein”

Global polarization is a relativistic analogue of the Barnett effect 
Barnett:  Mechanical rotation → spin polarization (magnetization)   
HIC:        Fluid vorticity → particle spin polarization
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Fluid vorticity → Electron spin current 
Analogy to the heavy-ion case

R. Takahashi et al., Nat. Phys. 12, 52-56 (2016)
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Parity-violating weak decay of hyperons
⇤ ! 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”

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

S. Voloshin and TN, PRC94.021901(R) (2016)
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RHIC-STAR experiment
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Relativistic Heavy Ion Collider (RHIC) 

- at Brookhaven National Lab. (NY, USA) 
- 3.8 km in circumference 
- √sNN = 7.7-200 GeV for A+A 
 species: p+p, p(d)+Au, He+Au, Cu+Cu, Cu+Au, A+Au…

Beam-Beam Counter

Time Of Flight detector
(|η|<0.9)Time Projection Chamber

(|η|<1)

Zero Degree Calorimeter 
with Shower Maximum 
Detector

Vertex Position Detector

Solenoidal Tracker At RHIC (STAR)
- Full azimuth and wide rapidity coverage 
- Excellent particle identification
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Identification of (weakly) decaying particles
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Figure 2: Charged particles from a single Au+Au collision ionize the gas in the TPC, form-

ing tracks that curve in the magnetic field of the detector. The tracks are reconstructed in three

dimensions, making them relatively easy to distinguish, but are projected onto a single plane in

this figure. As the tracks exit at the outer radius, they leave a signal in the Time-of-Flight (TOF)

detector. The species of charged particles is determined by the amount of ionization in the TPC

and the flight time as measured by TOF. Charged daughters from the weak decay L ! p+p� are

extrapolated backwards, and the parent is identified through topological selection. A clear peak at

the L mass, obtained by summing over many events, is observed in the invariant-mass distribution,

shown in the inset.

the overall angular momentum, Ĵsys, as shown schematically in figure 3.

Recently, Takahashi et al.8 reported the first observation of a coupling between the vorticity

4

Calculate invariant mass from daughter particles

M2 = (E1 + E2)
2 � (~p1 + ~p2)

2
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FIG. 5. Examples of the invariant mass distributions at
√

sNN = 62.4 GeV for φ, K0
s , ", ", #−, #

+
, $−, and $

+
. The combinatorial

background is described by the mixed-event technique, which is shown as a gray shaded histogram.

additional correlated background. Such a correlated back-
ground, for example from the ", can appear in the π+π− (K0

s )
invariant mass distribution if the proton was misidentified as a
π+. Such a correlated background does not create a peak in the
invariant mass distribution of the particles of interest because
the daughter-particle masses are chosen to be the nominal
ones (e.g., π mass instead of proton mass), but it appears as
a broad distribution which can significantly affect the signal
extraction. To remove this correlated background, additional
invariant mass spectra with identical track combinations, but
different daughter mass values, e.g., (p,π−) and (π+,π−),
were investigated. The background was removed by applying
invariant mass cuts on the corresponding unwanted peaks
in the misidentified invariant mass distributions. Usually,
the correlated background from particle misidentification
increases with the pT values of the mother particle.

The remaining uncorrelated combinatorial background was
subtracted with the mixed-event technique. Event classes were
defined to mix only events with similar global properties; the
classes consisted of 9 centrality ranges, 14 z-vertex ranges,
and 10 event-plane angle ranges. The event buffer depth
varied between 3 and 15. The mixed-event distributions were
normalized at least 3σ away from the mass peak on both
sides. The mixed-event distributions so obtained were in
excellent agreement for all particle species and energies with
the combinatorial background shown in Fig. 5 for 0%–80%
centrality Au + Au collisions at

√
sNN = 62.4 GeV for φ, ",

", K0
s , #−, #

+
, $−, and $

+
. The correlated background to

the left of the #−, #
+

, $−, and $
+

peaks in Fig. 5 is a result
of a self-correlation between the three daughter particles. In
the case of the #, two π mesons with the same charge are
in the final state and both combinations ["(p,π1) + π2 and
"(p,π2) + π1] result in similar invariant mass values. These
wrong combinations appear as a bump structure to the left of
the true peak. The two structures were separated by an invariant

mass cut. In the case of the $, a double misidentification of
the π and K resulted in a similar effect.

IV. EVENT PLANE RECONSTRUCTION

The event plane (EP) is obtained from the angles of the
reconstructed particles and the beamline. It is an estimate of the
participant plane that is defined by the participating nucleons
in the collision. The EP was reconstructed using the flow of
the measured particles, as discussed in Ref. [5]. To achieve the
best resolution for v2, the second harmonic EP angle '2 was
calculated as

'2 = tan−1
[ ∑

i wi sin(2φi)∑
i wi cos(2φi)

]/
2, (7)

where φi is the azimuthal angle of particle i and wi is its weight.
The weight in units of GeV/c was chosen to be linear with
pT up to 2 GeV/c and then constant at a value of 2 for higher
momenta. Only those particles with a momentum between
0.15 and 5 GeV/c, |η| < 1, dca <1 cm and having more than
15 hits in the TPC were used for this calculation. Two different
EPs were reconstructed: one using all of the reconstructed
tracks in the TPC (“full TPC” method) and one using only
those tracks in the opposite pseudorapidity hemisphere to the
particle track of interest (“η-sub” method). In the full TPC
case, self-correlations were avoided by removing the particle
of interest from the tracks used for the EP reconstruction. In
the η-sub method, an additional pseudorapidity gap of ±0.05
was applied to reject some tracks for the EP reconstruction.
In general, the η-sub method reduces the effect of “nonflow,”
which includes the decay of resonances to several charged
daughter particles, Hanbury-Brown Twiss correlations, and
jets [8]. However, the resolution is lower and therefore the
correction to obtain v2 is larger.
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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FIG. 3. ⟨sin("1 − φ∗
p )⟩ as a function of the invariant mass for !

(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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p )⟩ as a function of the invariant mass for !

(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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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%).

0 10 20 30 40 50 60 70 80-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

P
Λ

σ (%)

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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Au+Au collisions at √sNN = 62.4 and 200 GeV in 2004 
with very limited statistics (~9M events)
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directed flow is of the same order of magnitude as for
charged particles (!10%), the effect of such interference is
negligible (!1%) in the ! and !̄ hyperon global polarization
measurement [26]. It is possible that because of both the
hyperon reconstruction procedure and the imperfection of the
reaction plane determination, the higher harmonics of hyperon
anisotropic flow (i.e., elliptic flow) will also contribute, but
these are higher order corrections than those from hyperon
directed flow.

To check the analysis code, Monte Carlo simulations with
sizable linear transverse momentum dependence of hyperon
global polarization and hydrodynamic pH

t spectra were per-
formed. Both the sign and magnitude of the reconstructed
polarization agreed with the input values within statistical
uncertainties.

The measurement could be affected by other systematic
effects. Most of them are similar to those present in an
anisotropic flow analysis, with the most significant one coming
from the determination of the event plane vector and its
resolution. In calculating the reaction plane resolution, we
used the random subevent technique [6], as well as the
mixed harmonic method [6,10,27] with the second-order event
plane determined from TPC tracks. The mixed harmonic
method is known to be effective in suppressing a wide
range of nonflow effects (short-range correlations, effects of
momentum conservation [28], etc.).

To suppress the contribution to the global polarization
measurement from nonflow effects (mainly due to momentum
conservation) the combination of both east and west forward
TPC event plane vectors was used. The contribution from
other few-particle correlations (i.e., resonances, jets, etc.) was
estimated by comparing the results obtained from correlations
using positive or negative particles to determine the reaction
plane. Uncertainties related to the dependence of tracking
efficiency (in particular, charged particle and ! (!̄) hyperon
reconstruction efficiency) on azimuthal angle were estimated
by comparing the results obtained with different magnetic
field settings and also with event plane vectors determined
from positively or negatively charged particles. The magnitude
of nonflow correlations is multiplicity dependent, and its
contribution to anisotropic flow measurement increases with
collision centrality. The average uncertainty due to the reaction
plane reconstruction is estimated to be 30%.

All uncertainties discussed in Secs. II A and II C are relative.
Table I summarizes systematic errors in the global polarization
measurement. Although some of the systematic uncertainty
contributions may be expected to be correlated, we have
conservatively combined all contributions by linear summation
to arrive at an upper limit for the total systematic uncertainty.
The overall relative uncertainty in the ! (!̄) hyperon global

TABLE I. Summary of systematic uncertainties of the
! (!̄) global polarization measurement. See Secs. II A
and II C for details.

Source of uncertainty Value

Decay parameter α!,!̄ error 2%
Background, K0

S contamination 8%
Multistrange feed-down 15%
#0 feed-down 30%
PH (φH − %RP) dependence (A2 term) 20%
Reaction plane uncertainty 30%
Hyperon anisotropic flow contribution !1%
Hyperon spin precession !0.1%

Total uncertainty (sum) 105%

polarization measurement due to detector effects is estimated
to be less than a factor of 2.

Taking all these possible correction factors into account
and considering that our measurements are consistent with
zero with statistical error of about 0.01, our results suggest
that the global ! and !̄ polarizations are !0.02 in magnitude.

III. CONCLUSION

The ! and !̄ hyperon global polarization has been
measured in Au+Au collisions at center-of-mass energies√

sNN = 62.4 and 200 GeV with the STAR detector at RHIC.
An upper limit of |P!,!̄| ! 0.02 for the global polarization of
! and !̄ hyperons within the STAR detector acceptance is
obtained. This upper limit is far below the few tens of percent
values discussed in Ref. [1], but it falls within the predicted
region from the more realistic calculations [4] based on the
HTL model.
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Results were consistent with zero…, giving an upper limit of PH<2%
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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) Positive polarization signal at lower energies! 
- PH looks to increase in lower energies 

*based on αΛ=-αΛ=0.64±0.013
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Becattini, Karpenko, Lisa, Upsal, and Voloshin,  
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μΛ: Λ magnetic moment 
T: temperature at thermal equilibrium- The most vortical fluid!
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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-
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Hint of the difference between Λ and anti-Λ PH 
- Effect of the initial magnetic field? (discussed later) 
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Vorticity we know

25

Ocean surface vorticity             ~10-5 s-1 
Jupiter’s great red spot             ~10-4 s-1  

Core of supercell tornado         ~10-1 s-1 

Rotating, heated soap bubbles ~102 s-1 
Superfluid helium nano droplet ~106 s-1

Ocean surface vorticity 
https://sos.noaa.gov/datasets/ocean-surface-vorticity/

Supercell in Oklahoma (2016) 
http://www.silverliningtours.com/tag/tornado/page/3/

vortex of soap bubble 
T. Muel et al., Scientific Report 3, 3455 (2013)

The shapes adopted by the rotating quantum
droplets display similarities andpointed differences
when comparedwith their classical counterparts. A
classical droplet, rotating as a rigid body, can be
described by the reduced angular velocity

W ¼
ffiffiffiffiffiffiffiffiffiffi
3rV
32ps

r
w ð1Þ

which defines the droplet’s aspect ratio (22, 23).
Here, r is the density, s is the surface tension, V
is the volume of the droplet, and w is its angular
velocity. No droplet is stable beyond the dis-
integration limit of WMAX = 0.75. At small W, a
droplet has a spheroidal shape. BeyondW = 0.56
(b/a = 1.50), viscous classical droplets become
unstable and begin to exhibit two-lobed shapes,
resembling a peanut that rotates around its short
axis. Multilobed droplet shapes emerge at even
higher W (22–24). In this work, we observe
axially symmetric droplets with aspect ratios as
high as b/a = 2.3, corresponding to W = 0.71
[section S4 of (21)], which is considerably higher
than the shape instability threshold of classi-
cal droplets. No evidence for multilobed shapes
was detected. Our results confirm the predicted
extended range of stability in rotating quantum
liquids (23) and indicate that superfluid droplets
remain axially symmetric up to rotational speeds
close to WMAX.
The angular velocities (w) of rotating droplets

can be determined from the degree of centrifugal
distortion, quantified by the a and b half-axes
[section S4 of (21)] (23). For the image in Fig. 2C,
this analysis leads to w = 1.4 × 107 s−1. The
rotation of a superfluid may manifest as a lattice
of uniformly distributed parallel vortices (1, 6, 7, 9)
with an area density of

nV ¼ 2wM
h

ð2Þ

Here,M is themass of the 4He atom, h is Planck’s
constant, and nV is the number of vortices per
unit area in a plane perpendicular to the axis of
rotation (6, 7). For the droplet imaged in Fig. 2C,
Eq. 2 predicts a vortex density ofnV = 2.8× 1014m–2

and a total number of vortices of NV = pb2nV =
160. Evidently, droplets in the beam are charac-
terized by a substantial degree of rotational ex-
citation and thus should contain large numbers

of quantum vortices. The existence of these
vortices is confirmed by doping the He droplets
with Xe atoms.
Figure 3 shows diffraction images of He drop-

lets doped with Xe atoms. In addition to the
characteristic ring patterns from the droplets,
many images exhibit Bragg spots that either lie
on a line crossing the image center (Fig. 3A) or
form an equilateral triangular pattern (Fig. 3B).
The Bragg spot separations in Fig. 3 correspond
to regularly spaced Xe structures with periods of
d ≈ 100 nm, whereas the ring patterns arise from
a droplet with R ≈ 1 mm. These numbers are
consistent with the condensation of Xe atoms
along the cores of multiple parallel vortices ar-
ranged in a lattice within the superfluid droplet
(Fig. 3C). According to this model, both linear
and triangular Bragg spot arrangements emerge
from ordered lattices with different relative an-
gles between the x-ray beam and the vortex lines.
The actual shape of the vortices cannot be de-
termined from the Bragg spots, although the
vortices in the arrays are expected to have some
curvature as they terminate perpendicular to the
droplet’s surface. Approximately 5% of the doped
droplet images exhibit Bragg spots. Considering
that the appearance of Bragg spots depends
critically on the relative alignment of the vortex
structures and the x-ray beam, which is randomly
distributed in these experiments, we estimate that
~50% of droplets contain vortex lattices [section
S7 of (21)].
The identification of quantum vortices pro-

vides direct evidence of the superfluidity of He
nanodroplets. The appearance of triangular vor-
tex arrangements agrees with previous observa-
tions of triangular arrays of quantum vortices in
rarified BECs (25, 26). The diameters of the
vortex cores in superfluid He, however, are small
compared with the droplet sizes and the vortex
length scales, which can lead to extended, three-
dimensional (3D) vortex arrangements.
The diffraction pattern in Fig. 3B provides a

direct measure of the vortex density, nV = 4.5 ×
1013 m–2, and the droplet radius, b = 1100 nm,
corresponding to a total number of vorticesNV =
170. The angular velocity of the rotating droplet
is w = 2.2 × 106 s–1 (Eq. 2). The diffraction rings in
Fig. 3B are circular within the experimental res-

olution (~3%). This observation and, in particular,
the emergence of the triangular Bragg pattern,
indicate that the droplet was imaged almost ex-
actly along the a axis. From the angular velocity
and the equatorial radius b, the aspect ratio and
reduced angular velocity of the droplet are es-
timated to be AR = 1.34 and W = 0.50, respec-
tively [section S4 of (21)]. These values fall well
within the axisymmetric shape stability limits for
rotating droplets. The vortex density in this drop-
let is about five orders of magnitude larger than
previously observed in rotating bucket experi-
ments with bulk superfluid helium (9, 10). These
numbers demonstrate that superfluid He drop-
lets provide access to unexplored regimes of ro-
tational excitation in quantum liquids. It is
intriguing that, although observation of the wheel
shapes in smaller droplets (b ≈ 300 to 400 nm)
indicates the existence of high vortex densities in
the range of nV ≈ 3 × 1014 m–2, no corresponding
Bragg patterns were observed in these droplets
[section S7 of (21)]. This may indicate that vor-
tices at extremely high densities fail to crystallize
and instead form a disordered state with little
resemblance to a lattice. Another possibility is
the existence of nonequilibrium states, which
may be related to quantum turbulence. However,
estimates [section S6 of (21)] show that turbu-
lence, which accompanies establishment (27) or
breakdown (28) of equilibrium quantum rota-
tion, decays before the interaction point. Hydro-
dynamic instability of the droplet shape at high
angular velocities may also disrupt vortex ar-
rays. The possibility for the formation of non-
stationary vortex states in superfluid heliumhas
been discussed (6) but has never been confirmed
experimentally. In addition, BECs at high w are
predicted to undergo a quantum phase transi-
tion into a highly correlated nonsuperfluid state
devoid of any vortices (26). It would therefore be
interesting to explore whether similar concepts
apply to rotating He droplets at high w.
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Fig. 3. He droplets doped with Xe atoms. (A and B) X-ray diffraction images of doped droplets, displayed in a logarithmic intensity scale. (C) Droplet and
embedded Xe clusters. Images in (A) and (B) correspond to tilted and parallel alignments of the vortex axes with respect to the incident x-ray beam, respectively.
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timated to be AR = 1.34 and W = 0.50, respec-
tively [section S4 of (21)]. These values fall well
within the axisymmetric shape stability limits for
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let is about five orders of magnitude larger than
previously observed in rotating bucket experi-
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numbers demonstrate that superfluid He drop-
lets provide access to unexplored regimes of ro-
tational excitation in quantum liquids. It is
intriguing that, although observation of the wheel
shapes in smaller droplets (b ≈ 300 to 400 nm)
indicates the existence of high vortex densities in
the range of nV ≈ 3 × 1014 m–2, no corresponding
Bragg patterns were observed in these droplets
[section S7 of (21)]. This may indicate that vor-
tices at extremely high densities fail to crystallize
and instead form a disordered state with little
resemblance to a lattice. Another possibility is
the existence of nonequilibrium states, which
may be related to quantum turbulence. However,
estimates [section S6 of (21)] show that turbu-
lence, which accompanies establishment (27) or
breakdown (28) of equilibrium quantum rota-
tion, decays before the interaction point. Hydro-
dynamic instability of the droplet shape at high
angular velocities may also disrupt vortex ar-
rays. The possibility for the formation of non-
stationary vortex states in superfluid heliumhas
been discussed (6) but has never been confirmed
experimentally. In addition, BECs at high w are
predicted to undergo a quantum phase transi-
tion into a highly correlated nonsuperfluid state
devoid of any vortices (26). It would therefore be
interesting to explore whether similar concepts
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[13] was applied. The measured polarization can be written
as

8
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⟨sin("RP − φ∗
p )⟩ = A0

(
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T , ηH
)
PH

(
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T , ηH
)
, (5)

where A0 is an acceptance correction factor defined as

A0
(
pH

T , ηH
)

= 4
π

⟨sin θ∗
p⟩. (6)

The correction factor A0 was estimated using the experimental
data.

The analysis was performed separately for each data set
taken in different years. As mentioned in Sec. III A, the event
plane resolution slightly differs in each year due to different
detector conditions. Also, for the 2014 data, the tracking
efficiency became worse at low pT because of the HFT. We
confirmed that this additional inefficiency does not affect our
final results. Since the results from the years 2010, 2011, and
2014 were consistent within their uncertainties, we combined
all results for the measured PH to improve the statistical
significance.

IV. RESULTS

Figure 4 presents the global polarization of ! and !̄ as a
function of the collision energy for the 20–50% centrality bin
in Au+Au collisions. The results from this analysis are shown
together with the results from lower collision energies

√
s

NN

= 7.7–62.4 GeV [14]. The 2007 result for
√

s
NN

= 200 GeV
[13] has a large uncertainty and is consistent with zero. Our
new results for

√
s

NN
= 200 GeV with significantly improved

statistical precision reveal nonzero values of the polarization
signal, 0.277 ± 0.040 (stat) ± 0.039

0.049 (sys) [%] and 0.240 ± 0.045
(stat) ± 0.061

0.045 (sys) [%] for ! and !̄, respectively, and are found
to follow the overall trend of the collision energy dependence.
While the energy dependence of the global polarization was not
obvious from the lower energy results, together with the new
200 GeV results, the polarization is found to decrease at higher
collision energy. Calculations for primary ! and all ! taking
into account the effect of feed-down from a 3+1D viscous hy-
drodynamic model vHLLE with the UrQMD initial state [15]
are shown for comparison. The model calculations agree with
the data over a wide range of collision energies, including

√
s

NN

= 200 GeV within the current accuracy of our experimental
measurements. Calculations from a Multi-Phase Transport
(AMPT) model predict slightly higher polarization than the
hydrodynamic model but are also in good agreement with the
data within uncertainties. Neither of the models accounts for
the effect of the magnetic field or predicts significant difference
in ! and !̄ polarization due to any other effect, e.g., nonzero
baryon chemical potential makes the polarization of particles
lower than that of antiparticles, but the effect is expected to
be small [40]. Other theoretical calculations [18,41] such as
a chiral kinetic approach with the quark coalescence model
[42] can also qualitatively reproduce the experimental data.
It should be noted that most of the models calculate the spin
polarization from the local vorticity at the freeze-out hypersur-
face. However, it is not clear when and how the vorticity and
polarization are coupled during the system evolution and how
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! with and without the feed-down effect are indicated by dashed
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visibility.

much the hadronic rescattering at the later stage affects the spin
polarization.

We also performed differential measurements of the
polarization versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapidity. The
vorticity of the system is expected to be smaller in more
central collisions because of smaller initial source tilt [8,33]
and/or because the number of spectator nucleons becomes
smaller. Therefore, the initial longitudinal flow velocity, which
would be a source of the initial angular momentum of the
system, becomes less dependent on the transverse direction
[12]. Figure 5 presents the centrality dependence of the
polarization. The polarization of ! and !̄ is found to be larger
in more peripheral collisions, as expected from an increase in
the thermal vorticity [43]. With the given large uncertainties,
it is not clear if the polarization saturates or even starts to drop
off in the most peripheral collisions.

Figure 6 shows the polarization as a function of pT for the
20–60% centrality bin. The polarization dependence on pT is
weak or absent, considering the large uncertainties, which is
consistent with the expectation that the polarization is gener-
ated by a rotation of the system and therefore does not have
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The correction factor A0 was estimated using the experimental
data.

The analysis was performed separately for each data set
taken in different years. As mentioned in Sec. III A, the event
plane resolution slightly differs in each year due to different
detector conditions. Also, for the 2014 data, the tracking
efficiency became worse at low pT because of the HFT. We
confirmed that this additional inefficiency does not affect our
final results. Since the results from the years 2010, 2011, and
2014 were consistent within their uncertainties, we combined
all results for the measured PH to improve the statistical
significance.

IV. RESULTS

Figure 4 presents the global polarization of ! and !̄ as a
function of the collision energy for the 20–50% centrality bin
in Au+Au collisions. The results from this analysis are shown
together with the results from lower collision energies
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to follow the overall trend of the collision energy dependence.
While the energy dependence of the global polarization was not
obvious from the lower energy results, together with the new
200 GeV results, the polarization is found to decrease at higher
collision energy. Calculations for primary ! and all ! taking
into account the effect of feed-down from a 3+1D viscous hy-
drodynamic model vHLLE with the UrQMD initial state [15]
are shown for comparison. The model calculations agree with
the data over a wide range of collision energies, including
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= 200 GeV within the current accuracy of our experimental
measurements. Calculations from a Multi-Phase Transport
(AMPT) model predict slightly higher polarization than the
hydrodynamic model but are also in good agreement with the
data within uncertainties. Neither of the models accounts for
the effect of the magnetic field or predicts significant difference
in ! and !̄ polarization due to any other effect, e.g., nonzero
baryon chemical potential makes the polarization of particles
lower than that of antiparticles, but the effect is expected to
be small [40]. Other theoretical calculations [18,41] such as
a chiral kinetic approach with the quark coalescence model
[42] can also qualitatively reproduce the experimental data.
It should be noted that most of the models calculate the spin
polarization from the local vorticity at the freeze-out hypersur-
face. However, it is not clear when and how the vorticity and
polarization are coupled during the system evolution and how
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much the hadronic rescattering at the later stage affects the spin
polarization.

We also performed differential measurements of the
polarization versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapidity. The
vorticity of the system is expected to be smaller in more
central collisions because of smaller initial source tilt [8,33]
and/or because the number of spectator nucleons becomes
smaller. Therefore, the initial longitudinal flow velocity, which
would be a source of the initial angular momentum of the
system, becomes less dependent on the transverse direction
[12]. Figure 5 presents the centrality dependence of the
polarization. The polarization of ! and !̄ is found to be larger
in more peripheral collisions, as expected from an increase in
the thermal vorticity [43]. With the given large uncertainties,
it is not clear if the polarization saturates or even starts to drop
off in the most peripheral collisions.

Figure 6 shows the polarization as a function of pT for the
20–60% centrality bin. The polarization dependence on pT is
weak or absent, considering the large uncertainties, which is
consistent with the expectation that the polarization is gener-
ated by a rotation of the system and therefore does not have
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The correction factor A0 was estimated using the experimental
data.

The analysis was performed separately for each data set
taken in different years. As mentioned in Sec. III A, the event
plane resolution slightly differs in each year due to different
detector conditions. Also, for the 2014 data, the tracking
efficiency became worse at low pT because of the HFT. We
confirmed that this additional inefficiency does not affect our
final results. Since the results from the years 2010, 2011, and
2014 were consistent within their uncertainties, we combined
all results for the measured PH to improve the statistical
significance.

IV. RESULTS

Figure 4 presents the global polarization of ! and !̄ as a
function of the collision energy for the 20–50% centrality bin
in Au+Au collisions. The results from this analysis are shown
together with the results from lower collision energies
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0.049 (sys) [%] and 0.240 ± 0.045
(stat) ± 0.061

0.045 (sys) [%] for ! and !̄, respectively, and are found
to follow the overall trend of the collision energy dependence.
While the energy dependence of the global polarization was not
obvious from the lower energy results, together with the new
200 GeV results, the polarization is found to decrease at higher
collision energy. Calculations for primary ! and all ! taking
into account the effect of feed-down from a 3+1D viscous hy-
drodynamic model vHLLE with the UrQMD initial state [15]
are shown for comparison. The model calculations agree with
the data over a wide range of collision energies, including
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= 200 GeV within the current accuracy of our experimental
measurements. Calculations from a Multi-Phase Transport
(AMPT) model predict slightly higher polarization than the
hydrodynamic model but are also in good agreement with the
data within uncertainties. Neither of the models accounts for
the effect of the magnetic field or predicts significant difference
in ! and !̄ polarization due to any other effect, e.g., nonzero
baryon chemical potential makes the polarization of particles
lower than that of antiparticles, but the effect is expected to
be small [40]. Other theoretical calculations [18,41] such as
a chiral kinetic approach with the quark coalescence model
[42] can also qualitatively reproduce the experimental data.
It should be noted that most of the models calculate the spin
polarization from the local vorticity at the freeze-out hypersur-
face. However, it is not clear when and how the vorticity and
polarization are coupled during the system evolution and how
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much the hadronic rescattering at the later stage affects the spin
polarization.

We also performed differential measurements of the
polarization versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapidity. The
vorticity of the system is expected to be smaller in more
central collisions because of smaller initial source tilt [8,33]
and/or because the number of spectator nucleons becomes
smaller. Therefore, the initial longitudinal flow velocity, which
would be a source of the initial angular momentum of the
system, becomes less dependent on the transverse direction
[12]. Figure 5 presents the centrality dependence of the
polarization. The polarization of ! and !̄ is found to be larger
in more peripheral collisions, as expected from an increase in
the thermal vorticity [43]. With the given large uncertainties,
it is not clear if the polarization saturates or even starts to drop
off in the most peripheral collisions.

Figure 6 shows the polarization as a function of pT for the
20–60% centrality bin. The polarization dependence on pT is
weak or absent, considering the large uncertainties, which is
consistent with the expectation that the polarization is gener-
ated by a rotation of the system and therefore does not have
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• Increasing trend toward lower energies,  
described well by various theoretical models  
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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
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indicated in the figure.

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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in heavy ion collisions is in the collective motion of the strongly interacting fluid,
and it is unlikely to be related to the hyperon polarization (with respect to the
production plane) observed in pp and pA collisions.11

In a non-central nuclear collision, the most prominent pattern in the initial col-
lective velocity distribution is a shear of the velocity field, dvz/dx 6= 0, where the z
direction is chosen along the beam, and the x direction is along the impact param-
eter vector defined as a vector connecting the centers of the two nuclei (pointing
from the “target” to the “projectile” nucleus, the latter defined as the one mov-
ing in the positive z direction, see Fig. 1. Such a shear in the velocity field leads
to nonzero vorticity characterizing the local orbital angular momentum density.
Particle binary interactions in the system would have on average non-zero orbital
angular momentum, which will be partially converted into spin of the final-state
particles. For example, in a system with non-zero vorticity consisting of pions, the
colliding pions have a preferential direction for their orbital angular momentum,
and the spin of ⇢ mesons produced in such collisions (⇡+⇡� ! ⇢0) would point in
that very direction.9

Z

X
PROJECTILE 
SPECTATORS

TARGET 
SPECTATOR

Fig. 1. Schematic view of a nuclear collision with x and z being the impact parameter and beam
directions, respectively. The system orbital angular momentum as well as the magnetic field points
into the page, opposite to the direction of the y axis. Solid yellow arrows indicate collective velocity
field at z = 0. Open arrow indicates vorticity of the system.

The idea of the global polarization is almost 20 years old with the initial pre-
dictions for the quark and final particles polarization as high as “in the order of
tens of a percent”.8 As pointed in Ref.,9 the global polarization phenomenon, if
that strong, could a↵ect the interpretation of di↵erent measurements. In partic-
ular, the polarization of the vector mesons would have a significant contribution
to the elliptic flow measurements.9,12 The decay products of the vector resonances
with spin pointing perpendicular to the reaction plane have the angular distribution
enhancing the in-plane particle production and thus contributing to the elliptic flow
measurements. The first measurements13 of the global polarization of ⇤ hyperons
in Au+Au collisions at 200 GeV by the STAR Collaboration put an upper limit on
hyperon polarization of |P⇤|  0.02. Subsequently, the theoretical predictions have
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• Increasing trend toward lower energies,  
described well by various theoretical models  
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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

indicated in the figure.

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-

- Velocity shear becomes smaller at higher energy due to  
longitudinal boost invariance 
- Dilution effect due to longer system lifetime

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
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indicated in the figure.

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-

- Velocity shear becomes smaller at higher energy due to  
longitudinal boost invariance 
- Dilution effect due to longer system lifetime

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
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Global polarization is sensitive to the initial velocity profile!
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Sushanta Tripathy, ALICE highlights, IS202508.09.2025

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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• ALICE preliminary result at 5.36 TeV shows PΛ ~ 0.07% with 5σ significance 
• Implying that the longitudinal boost invariance is (slightly) breaking  

• Empirical estimate with directed flow: PHLHC ~0.05-0.1% 
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P. Bozek and I. Wyskiel, PRC81.054902 (2010) 
U. Heinz and P. Kolb, J.Phys.G30:S1229 (2004)

- Two contributions to v1 
  initial tilt + density asymmetry 

L. ADAMCZYK et al. PHYSICAL REVIEW C 98, 014915 (2018)

FIG. 1. Cartoon illustrating different contributions to the directed
flow and their effect on the (pseudo)rapidity dependence of mean v1.
Panel (a) shows the effect of the “tilted source,” while panels (b) and
(c) include additional effects of asymmetric density distribution and
asymmetry in number of participating nucleons. In panels (b) and (c),
the dashed lines represent the effect of the “tilted source” only and
the solid lines represent the two effects combined.

(see the Appendix). In asymmetric collisions, as well as in sym-
metric collisions away from midrapidity, the initial transverse
density distribution has dipolelike asymmetry. This leads to an
additional contribution to anisotropic flow, interpreted either as
shadowing [16], or due to the difference in pressure gradients
in different directions within the transverse plane [17]. The
first harmonic term, often called dipole flow after a dipolelike
density asymmetry, contributes to directed flow. The sign of
the dipole flow contribution appears to be similar to that of
“tilted source.” However there exists a significant difference
between the two contributions—the contribution to ⟨px⟩ from
dipole flow is zero [18]. This fact can be used to disentangle the
relative contributions to directed flow from the “tilted source”
and initial density asymmetries. The condition ⟨px⟩dipole = 0
also leads to a characteristic v

dipole
1 (pT ) shape which crosses

zero at pT ∼ ⟨pT ⟩ [18]. Higher pT particles tend to be emitted
in this direction, while lower pT particles are emitted in the
opposite direction to balance the momentum in the system.
The sign of the average contribution to v1 is determined by the
low pT particles.

The fluctuations in the initial density distribution, in par-
ticular those leading to a dipole asymmetry in the transverse
plane, lead to nonzero directed flow, i.e., dipole flow, even
at midrapidity [18]. The direction (azimuthal angle) of the

initial dipole asymmetry !
dipole
1 determines the direction of

flow. The dipole flow angle !
dipole
1 can be approximated by

!1,3 = arctan(⟨r3 sin φ⟩/⟨r3 cos φ⟩) + π [18] where r and φ
are the polar coordinates of participants and a weighted average
is taken over the overlap region of two nuclei, with the weight
being the energy or entropy density. The angle !1,3 points in
the direction of the largest density gradient. Very schematically,
the modification to v1(η) for a particular fluctuation leading to
positive dipole flow is shown in Fig. 1(b).

The difference in the number of participating nucleons
(quarks) in the projectile and target nuclei also leads to the
change in rapidity of the “fireball” center of mass relative to
that of nucleon-nucleon system. In symmetric collisions such
a difference would be a consequence of fluctuations in the
number of participating nucleons event by event [19], while
in asymmetric collisions the position of the center of mass of
participating nucleons will be shifted on average, depending
on centrality. In this case, one would expect the overall shape
of v1(η) to be mostly unchanged, but the entire v1(η) curve to
be shifted in the direction of rapidity where more participants
move, as schematically indicated in Fig. 1(c).

Finally, we note that the dipole flow is found to be less
sensitive to the shear viscosity over entropy η/s [20] than v2
and v3, therefore it provides a better constraint on the geometry
and fluctuations of the system in the initial state.

In Pb+Pb and Au+Au collisions the initial dipolelike asym-
metry in the density distribution at midrapidity is caused purely
by the fluctuations, while Cu+Au collisions have an intrinsic
density asymmetry due to the asymmetric size of colliding
nuclei. In addition to the directed flow of the “tilted source”
[Fig. 1(a)], one might expect the dipole flow to be produced by
the asymmetric density gradient [Fig. 1(b)] and the center-of-
mass shift in asymmetric collisions [Fig. 1(c)]. Therefore it is
of great interest to study the different components of directed
flow in Cu+Au collisions to improve our understanding of
the role of gradients in the initial density distributions and the
hydrodynamic response to such an initial state.

Experimentally, the directed flow is often studied with the
first harmonic event plane determined by the spectator neutrons
[21–23]. Recent study [10] shows that in ultrarelativistic
nuclear collisions the spectators on average deflect outward
from the center of the collision, e.g., projectile spectators
deflect in the direction of the impact parameter vector. By
combining the measurements relative to the projectile !

p
SP and

target ! t
SP spectator planes, the ALICE Collaboration reported

the rapidity-odd and even components of directed flow in
Pb+Pb collisions at

√
sNN = 2.76 TeV [24]:
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where the “even” component might originate in the fluctuation
of the initial density. Note that the “projectile” nucleus defines
the forward direction and ⟨cos(!p
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FIG. 1. Cartoon illustrating different contributions to the directed
flow and their effect on the (pseudo)rapidity dependence of mean v1.
Panel (a) shows the effect of the “tilted source,” while panels (b) and
(c) include additional effects of asymmetric density distribution and
asymmetry in number of participating nucleons. In panels (b) and (c),
the dashed lines represent the effect of the “tilted source” only and
the solid lines represent the two effects combined.

(see the Appendix). In asymmetric collisions, as well as in sym-
metric collisions away from midrapidity, the initial transverse
density distribution has dipolelike asymmetry. This leads to an
additional contribution to anisotropic flow, interpreted either as
shadowing [16], or due to the difference in pressure gradients
in different directions within the transverse plane [17]. The
first harmonic term, often called dipole flow after a dipolelike
density asymmetry, contributes to directed flow. The sign of
the dipole flow contribution appears to be similar to that of
“tilted source.” However there exists a significant difference
between the two contributions—the contribution to ⟨px⟩ from
dipole flow is zero [18]. This fact can be used to disentangle the
relative contributions to directed flow from the “tilted source”
and initial density asymmetries. The condition ⟨px⟩dipole = 0
also leads to a characteristic v

dipole
1 (pT ) shape which crosses

zero at pT ∼ ⟨pT ⟩ [18]. Higher pT particles tend to be emitted
in this direction, while lower pT particles are emitted in the
opposite direction to balance the momentum in the system.
The sign of the average contribution to v1 is determined by the
low pT particles.

The fluctuations in the initial density distribution, in par-
ticular those leading to a dipole asymmetry in the transverse
plane, lead to nonzero directed flow, i.e., dipole flow, even
at midrapidity [18]. The direction (azimuthal angle) of the

initial dipole asymmetry !
dipole
1 determines the direction of

flow. The dipole flow angle !
dipole
1 can be approximated by

!1,3 = arctan(⟨r3 sin φ⟩/⟨r3 cos φ⟩) + π [18] where r and φ
are the polar coordinates of participants and a weighted average
is taken over the overlap region of two nuclei, with the weight
being the energy or entropy density. The angle !1,3 points in
the direction of the largest density gradient. Very schematically,
the modification to v1(η) for a particular fluctuation leading to
positive dipole flow is shown in Fig. 1(b).

The difference in the number of participating nucleons
(quarks) in the projectile and target nuclei also leads to the
change in rapidity of the “fireball” center of mass relative to
that of nucleon-nucleon system. In symmetric collisions such
a difference would be a consequence of fluctuations in the
number of participating nucleons event by event [19], while
in asymmetric collisions the position of the center of mass of
participating nucleons will be shifted on average, depending
on centrality. In this case, one would expect the overall shape
of v1(η) to be mostly unchanged, but the entire v1(η) curve to
be shifted in the direction of rapidity where more participants
move, as schematically indicated in Fig. 1(c).

Finally, we note that the dipole flow is found to be less
sensitive to the shear viscosity over entropy η/s [20] than v2
and v3, therefore it provides a better constraint on the geometry
and fluctuations of the system in the initial state.

In Pb+Pb and Au+Au collisions the initial dipolelike asym-
metry in the density distribution at midrapidity is caused purely
by the fluctuations, while Cu+Au collisions have an intrinsic
density asymmetry due to the asymmetric size of colliding
nuclei. In addition to the directed flow of the “tilted source”
[Fig. 1(a)], one might expect the dipole flow to be produced by
the asymmetric density gradient [Fig. 1(b)] and the center-of-
mass shift in asymmetric collisions [Fig. 1(c)]. Therefore it is
of great interest to study the different components of directed
flow in Cu+Au collisions to improve our understanding of
the role of gradients in the initial density distributions and the
hydrodynamic response to such an initial state.

Experimentally, the directed flow is often studied with the
first harmonic event plane determined by the spectator neutrons
[21–23]. Recent study [10] shows that in ultrarelativistic
nuclear collisions the spectators on average deflect outward
from the center of the collision, e.g., projectile spectators
deflect in the direction of the impact parameter vector. By
combining the measurements relative to the projectile !

p
SP and

target ! t
SP spectator planes, the ALICE Collaboration reported

the rapidity-odd and even components of directed flow in
Pb+Pb collisions at

√
sNN = 2.76 TeV [24]:
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where the “even” component might originate in the fluctuation
of the initial density. Note that the “projectile” nucleus defines
the forward direction and ⟨cos(!p
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the Riemann problems at cell interfaces [30]. It is therefore
important to check whether the code is not introducing, for
a given resolution, numerical errors which are larger than
the effects induced by the physics. We refer to the global
numerical errors generically as numerical viscosity.

We have thus calculated the T -vorticity for different physi-
cal viscosities (in fact η/s ratios), in order to provide an upper
bound for the numerical viscosity of ECHO-QGP in the ideal
mode. The mean value of the T -vorticity is shown in Fig. 5
and its extrapolation to zero occurs when |η/s| ! 0.002
which is a very satisfactory value, comparable with the one
obtained in Ref. [4]. The good performance is due to the use
of high-order reconstruction methods that are able to com-
pensate for the highly diffusive two-wave Riemann solver
employed [3].

5 Directed flow, angular momentum, and thermal
vorticity

With the initial conditions reported at the end of Sect. 3
we have calculated the directed flow of pions (both charged

Fig. 5 Mean of the absolute values of "µν/T 2 components at
the freeze-out hypersurface as a function of η/s. Note that the
"xη,"yη,"τη have been multiplied by 1/τ . Upper panel log scale.
Lower panel magnification of the region around zero viscosity

states) at the freeze-out and compared it with the STAR data
for charged particles collected in the centrality interval 40–
80 % [22]. Directed flow is an important observable for sev-
eral reasons. Recently, it has been studied at lower energy [31]
with a hybrid fluid-transport model (see also Ref. [32]). At√
sNN = 200 GeV, it has been calculated with an ideal 3+ 1

D hydro code first by Bozek and Wyskiel [18]. Herein, we
extend the calculation to the viscous regime.

The amount of generated directed flow at the freeze-out
depends, of course, on the initial conditions, particularly on
the parameter ηm (see Sect. 3), as shown in Fig. 6. The
directed flow also depends on η/s as shown in Fig. 7 and
could then be used to measure the viscosity of the QCD
plasma along with other azimuthal anisotropy coefficients.
It should be pointed out that, apparently, the directed flow
can be reproduced by our hydrodynamical calculation only
for −3 < y < 3.

The dependence of v1(y) on ηm and η/s makes it possible
to adjust the ηm parameter for a given η/s value. This adjust-
ment cannot be properly called a precision fit because, as
we have mentioned in the Introduction, several effects in the

Fig. 6 Directed flow of pions for different values of ηm parameter with
η/s = 0.1 compared with STAR data [22]

Fig. 7 Directed flow of pions for different values of η/s with ηm = 2.0
compared with STAR data [22]
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Fig. 8 Directed flow of pions at η/s = 0.1 and ηm = 2.0 compared
with STAR data [22]

comparison between data and calculations have been delib-
erately neglected in this work. However, since our aim was
to obtain a somewhat realistic evaluation of the vorticities,
we have chosen the value of ηm for which we obtain the best
agreement between our calculated pion v1(y) and the mea-
sured for charged particles in the central rapidity region. For
the fixed value η/s = 0.1 (approximately twice the conjec-
tured universal lower bound) the corresponding best value of
ηm turns out to be 2.0 (see Fig. 8).

It is worth discussing more in detail an interesting rela-
tionship between the value of the parameter ηm and that of
a conserved physical quantity, the angular momentum of the
plasma, which, for BIC is given by the integral (see Appendix
A for the derivation):

J y = −τ0

∫
dx dy dη x ε(x, y, η) sinh η. (32)

Since ηm controls the asymmetry of the energy density dis-
tribution in the η − x plane, one expects that Jy will vary
as a function of ηm . Indeed, if the energy density profile is
symmetric in η, the integral in Eq. (32) vanishes. Yet, for any
finite ηm ̸= 0, the profile (20) is not symmetric and Jy ̸= 0
(looking at the definition of f+ and f− it can be realized that
only in the limit ηm → ∞ the energy density profile becomes
symmetric). The dependence of the angular momentum on
ηm with all the initial parameters kept fixed is shown in Fig. 9.
For the value ηm = 2.0 it turns out to be around 3.18 × 103

in h̄ units.
It is also interesting to estimate an upper bound on the

angular momentum of the plasma by evaluating the angular
momentum of the overlap region of the two colliding nuclei.
This can be done by trying to extend the simple formula
for two sharp spheres. In our conventional reference frame,
the initial angular momentum of the nuclear overlap region
is directed along the y axis with negative value and can be
written as
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Fig. 9 Angular momentum (in h̄ units) of the plasma with Bjorken
initial conditions as a function of the parameter ηm
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Fig. 10 Estimated angular momentum (in h̄ units) of the overlap region
of the two colliding nuclei (solid line) and total angular momentum of
the plasma according to the parametrization of the initial conditions
(dashed line), as a function of the impact parameter

J y =
∫

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

where T± are the thickness functions like in Eq. (18) and

w(x, y) = min(n(x + b/2, y, 0), n(x − b/2, y, 0))
max(n(x + b/2, y, 0), n(x − b/2, y, 0))

is the function which extends the simple product of two θ

functions used for the overlap of two sharp spheres. Note
that the ω̃(x, y) is 1 for full overlap (b = 0) and implies a
vanishing angular momentum for very large b (see Fig. 10)
(see also Ref. [33]).

At b = 11.57 fm the above angular momentum is about
3.58 × 103 in h̄ units. This means that, with the current
parametrization of the initial conditions, for that impact
parameter about 89 % of the angular momentum is retained
by the hydrodynamical plasma, while the rest is possibly
taken away by the corona particles.

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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- Better description of v1 with the tilted source 
which accounts for vorticity.
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often simpler in terms of applying necessary corrections for the reaction plane resolution and detector
acceptance. In the case of the azimuthal analysis, the polarization can be calculated as:

PH = � 8
⇡↵H

hsin(�⇤
P
�  RP)i, (5)

⇢00 =
1
3
� 8

3
hcos[2(�⇤

p
�  RP)]i. (6)

For the global polarization, the analysis has to be performed using one of the first harmonic event
planes, with the reaction plane (and correspondingly, the angular momentum) direction to be deter-
mined by the deflection direction of the projectile spectators (which on average deflect outward of the
collision [9]). For the spin alignment measurements it is possible to use the second order event plane
(which typically has much better resolution).

2 Results

The progress in vector spin alignments measurements was presented at this conference in talks by
the STAR and ALICE Collaborations [10, 11]. The uncertainties in these measurements are still
relatively large, and the results are rather inconclusive; below I concentrate on the discussion of the
global polarization results.

Figure 3 shows a compilation of published[3, 12] and presented at this conference [10, 11] results
on the average global polarization of lambda and anti-lambda hyperons at mid-rapidity in mid-central
collisions as a function of collision energy. The blue solid and dashed lines are the results of hydro-
dynamic calculation [7, 13], with and without accounting for the hyperon feed-down contribution,
respectively. The procedure for the feed-down correction is outlined in [6] with Eq. 1 used for an esti-
mate of the polarization of the higher spin resonances. Note that the e↵ect of the feed-down correction
is rather modest – at the level of ⇠ 15%.
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Figure 3. Average global polarization of lambda hyperons as a function of collision energy. Boxes indicate the
systematic uncertainties.
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FIG. 1. Cartoon illustrating different contributions to the directed
flow and their effect on the (pseudo)rapidity dependence of mean v1.
Panel (a) shows the effect of the “tilted source,” while panels (b) and
(c) include additional effects of asymmetric density distribution and
asymmetry in number of participating nucleons. In panels (b) and (c),
the dashed lines represent the effect of the “tilted source” only and
the solid lines represent the two effects combined.

(see the Appendix). In asymmetric collisions, as well as in sym-
metric collisions away from midrapidity, the initial transverse
density distribution has dipolelike asymmetry. This leads to an
additional contribution to anisotropic flow, interpreted either as
shadowing [16], or due to the difference in pressure gradients
in different directions within the transverse plane [17]. The
first harmonic term, often called dipole flow after a dipolelike
density asymmetry, contributes to directed flow. The sign of
the dipole flow contribution appears to be similar to that of
“tilted source.” However there exists a significant difference
between the two contributions—the contribution to ⟨px⟩ from
dipole flow is zero [18]. This fact can be used to disentangle the
relative contributions to directed flow from the “tilted source”
and initial density asymmetries. The condition ⟨px⟩dipole = 0
also leads to a characteristic v

dipole
1 (pT ) shape which crosses

zero at pT ∼ ⟨pT ⟩ [18]. Higher pT particles tend to be emitted
in this direction, while lower pT particles are emitted in the
opposite direction to balance the momentum in the system.
The sign of the average contribution to v1 is determined by the
low pT particles.

The fluctuations in the initial density distribution, in par-
ticular those leading to a dipole asymmetry in the transverse
plane, lead to nonzero directed flow, i.e., dipole flow, even
at midrapidity [18]. The direction (azimuthal angle) of the

initial dipole asymmetry !
dipole
1 determines the direction of

flow. The dipole flow angle !
dipole
1 can be approximated by

!1,3 = arctan(⟨r3 sin φ⟩/⟨r3 cos φ⟩) + π [18] where r and φ
are the polar coordinates of participants and a weighted average
is taken over the overlap region of two nuclei, with the weight
being the energy or entropy density. The angle !1,3 points in
the direction of the largest density gradient. Very schematically,
the modification to v1(η) for a particular fluctuation leading to
positive dipole flow is shown in Fig. 1(b).

The difference in the number of participating nucleons
(quarks) in the projectile and target nuclei also leads to the
change in rapidity of the “fireball” center of mass relative to
that of nucleon-nucleon system. In symmetric collisions such
a difference would be a consequence of fluctuations in the
number of participating nucleons event by event [19], while
in asymmetric collisions the position of the center of mass of
participating nucleons will be shifted on average, depending
on centrality. In this case, one would expect the overall shape
of v1(η) to be mostly unchanged, but the entire v1(η) curve to
be shifted in the direction of rapidity where more participants
move, as schematically indicated in Fig. 1(c).

Finally, we note that the dipole flow is found to be less
sensitive to the shear viscosity over entropy η/s [20] than v2
and v3, therefore it provides a better constraint on the geometry
and fluctuations of the system in the initial state.

In Pb+Pb and Au+Au collisions the initial dipolelike asym-
metry in the density distribution at midrapidity is caused purely
by the fluctuations, while Cu+Au collisions have an intrinsic
density asymmetry due to the asymmetric size of colliding
nuclei. In addition to the directed flow of the “tilted source”
[Fig. 1(a)], one might expect the dipole flow to be produced by
the asymmetric density gradient [Fig. 1(b)] and the center-of-
mass shift in asymmetric collisions [Fig. 1(c)]. Therefore it is
of great interest to study the different components of directed
flow in Cu+Au collisions to improve our understanding of
the role of gradients in the initial density distributions and the
hydrodynamic response to such an initial state.

Experimentally, the directed flow is often studied with the
first harmonic event plane determined by the spectator neutrons
[21–23]. Recent study [10] shows that in ultrarelativistic
nuclear collisions the spectators on average deflect outward
from the center of the collision, e.g., projectile spectators
deflect in the direction of the impact parameter vector. By
combining the measurements relative to the projectile !

p
SP and

target ! t
SP spectator planes, the ALICE Collaboration reported

the rapidity-odd and even components of directed flow in
Pb+Pb collisions at

√
sNN = 2.76 TeV [24]:
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where the “even” component might originate in the fluctuation
of the initial density. Note that the “projectile” nucleus defines
the forward direction and ⟨cos(!p
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the Riemann problems at cell interfaces [30]. It is therefore
important to check whether the code is not introducing, for
a given resolution, numerical errors which are larger than
the effects induced by the physics. We refer to the global
numerical errors generically as numerical viscosity.

We have thus calculated the T -vorticity for different physi-
cal viscosities (in fact η/s ratios), in order to provide an upper
bound for the numerical viscosity of ECHO-QGP in the ideal
mode. The mean value of the T -vorticity is shown in Fig. 5
and its extrapolation to zero occurs when |η/s| ! 0.002
which is a very satisfactory value, comparable with the one
obtained in Ref. [4]. The good performance is due to the use
of high-order reconstruction methods that are able to com-
pensate for the highly diffusive two-wave Riemann solver
employed [3].

5 Directed flow, angular momentum, and thermal
vorticity

With the initial conditions reported at the end of Sect. 3
we have calculated the directed flow of pions (both charged

Fig. 5 Mean of the absolute values of "µν/T 2 components at
the freeze-out hypersurface as a function of η/s. Note that the
"xη,"yη,"τη have been multiplied by 1/τ . Upper panel log scale.
Lower panel magnification of the region around zero viscosity

states) at the freeze-out and compared it with the STAR data
for charged particles collected in the centrality interval 40–
80 % [22]. Directed flow is an important observable for sev-
eral reasons. Recently, it has been studied at lower energy [31]
with a hybrid fluid-transport model (see also Ref. [32]). At√
sNN = 200 GeV, it has been calculated with an ideal 3+ 1

D hydro code first by Bozek and Wyskiel [18]. Herein, we
extend the calculation to the viscous regime.

The amount of generated directed flow at the freeze-out
depends, of course, on the initial conditions, particularly on
the parameter ηm (see Sect. 3), as shown in Fig. 6. The
directed flow also depends on η/s as shown in Fig. 7 and
could then be used to measure the viscosity of the QCD
plasma along with other azimuthal anisotropy coefficients.
It should be pointed out that, apparently, the directed flow
can be reproduced by our hydrodynamical calculation only
for −3 < y < 3.

The dependence of v1(y) on ηm and η/s makes it possible
to adjust the ηm parameter for a given η/s value. This adjust-
ment cannot be properly called a precision fit because, as
we have mentioned in the Introduction, several effects in the

Fig. 6 Directed flow of pions for different values of ηm parameter with
η/s = 0.1 compared with STAR data [22]

Fig. 7 Directed flow of pions for different values of η/s with ηm = 2.0
compared with STAR data [22]
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Fig. 8 Directed flow of pions at η/s = 0.1 and ηm = 2.0 compared
with STAR data [22]

comparison between data and calculations have been delib-
erately neglected in this work. However, since our aim was
to obtain a somewhat realistic evaluation of the vorticities,
we have chosen the value of ηm for which we obtain the best
agreement between our calculated pion v1(y) and the mea-
sured for charged particles in the central rapidity region. For
the fixed value η/s = 0.1 (approximately twice the conjec-
tured universal lower bound) the corresponding best value of
ηm turns out to be 2.0 (see Fig. 8).

It is worth discussing more in detail an interesting rela-
tionship between the value of the parameter ηm and that of
a conserved physical quantity, the angular momentum of the
plasma, which, for BIC is given by the integral (see Appendix
A for the derivation):

J y = −τ0

∫
dx dy dη x ε(x, y, η) sinh η. (32)

Since ηm controls the asymmetry of the energy density dis-
tribution in the η − x plane, one expects that Jy will vary
as a function of ηm . Indeed, if the energy density profile is
symmetric in η, the integral in Eq. (32) vanishes. Yet, for any
finite ηm ̸= 0, the profile (20) is not symmetric and Jy ̸= 0
(looking at the definition of f+ and f− it can be realized that
only in the limit ηm → ∞ the energy density profile becomes
symmetric). The dependence of the angular momentum on
ηm with all the initial parameters kept fixed is shown in Fig. 9.
For the value ηm = 2.0 it turns out to be around 3.18 × 103

in h̄ units.
It is also interesting to estimate an upper bound on the

angular momentum of the plasma by evaluating the angular
momentum of the overlap region of the two colliding nuclei.
This can be done by trying to extend the simple formula
for two sharp spheres. In our conventional reference frame,
the initial angular momentum of the nuclear overlap region
is directed along the y axis with negative value and can be
written as
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Fig. 9 Angular momentum (in h̄ units) of the plasma with Bjorken
initial conditions as a function of the parameter ηm

 0

 10000

 20000

 30000

 40000

 50000

 60000

 70000

 80000

 90000

 0  2  4  6  8  10  12  14

|J
y | (

- h 
un

its
)

b (fm)

Fig. 10 Estimated angular momentum (in h̄ units) of the overlap region
of the two colliding nuclei (solid line) and total angular momentum of
the plasma according to the parametrization of the initial conditions
(dashed line), as a function of the impact parameter

J y =
∫

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

where T± are the thickness functions like in Eq. (18) and

w(x, y) = min(n(x + b/2, y, 0), n(x − b/2, y, 0))
max(n(x + b/2, y, 0), n(x − b/2, y, 0))

is the function which extends the simple product of two θ

functions used for the overlap of two sharp spheres. Note
that the ω̃(x, y) is 1 for full overlap (b = 0) and implies a
vanishing angular momentum for very large b (see Fig. 10)
(see also Ref. [33]).

At b = 11.57 fm the above angular momentum is about
3.58 × 103 in h̄ units. This means that, with the current
parametrization of the initial conditions, for that impact
parameter about 89 % of the angular momentum is retained
by the hydrodynamical plasma, while the rest is possibly
taken away by the corona particles.

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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- Better description of v1 with the tilted source 
which accounts for vorticity.
- v1 slope seems to follow the trend of PH 
-> expect PH(LHC) ~ PH(RHIC-top)/2
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Xingrui Gou @ Hot Quarks 2025

Energy dependence of Λ global polarization : from BES-II

p New STAR preliminary results at 0'' = 7.7-17.3 GeV from BES-II

p Significant improvement in precision was achieved, collision energy dependence consistent with BES-I
• (% = 1.17 ± 0.40(%ABA) ± 0.27(%E%A) [BES-I] 1.19 ± 0.04(%ABA) ± 0.05(%E%A) [BES-II] at 14.6 GeV

2025/5/13 12

Nature548.62(2017)

• Much improvement with the STAR BES-II data 
• No significant difference between Λ and Λbar

<latexit sha1_base64="J95Zh2KyeywYZGDFwysoaG1HqPc="></latexit>

14.6 GeV

PH(%) = 1.17± 0.40(stat)± 0.27(syst) [BES-I]

PH(%) = 1.19± 0.04(stat)± 0.05(syst) [BES-II]
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FIG. 2. The midcentral PH measurements reported in this work
are shown alongside previous measurements in the upper panel, and
are consistent with previous measurements at the energies studied
here. The difference between integrated P!̄ and P! is shown at√

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

√
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2σ .

netic field strength through

|B| ≈ Ts|P!̄ − P!|
2|µ!|

, (3)

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

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

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

√
sNN = 19.6 and 27 GeV. Statistical uncertainties

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

√
sNN =

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

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

While the above procedure allows us to quote a value for
the magnetic field, it makes naive assumptions and therefore
should be used cautiously. A major factor, which is not taken
into account here, is the difference between the production
times of ! and !̄ hyperons. !̄ hyperons may be produced
later in the collision [45] when the overall magnetic field is
smaller, and would therefore experience a weaker effect of
the magnetic field that is expected to enhance the measured
P!̄. Furthermore, vorticity is expected to drop in magnitude as
the QGP evolves; because !̄ hyperons may be produced later
in time, this effect would reduce the measured P!̄ [45]. In the
absence of a magnetic field, one would then expect P!̄ < P!.
In such a case, even an agreement between P! and P!̄ could
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• Taking ΔPΛ~0.3% (2σ), the upper limit of the late-stage B-field would be <1013 T  
• Note: The splitting could be other effects, e.g. finite μB and different freeze-out in space-time
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FIG. 2. The midcentral PH measurements reported in this work
are shown alongside previous measurements in the upper panel, and
are consistent with previous measurements at the energies studied
here. The difference between integrated P!̄ and P! is shown at√

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

√
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2σ .

netic field strength through

|B| ≈ Ts|P!̄ − P!|
2|µ!|

, (3)

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

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

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

√
sNN = 19.6 and 27 GeV. Statistical uncertainties

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

√
sNN =

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

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

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

RHIC  
27 GeV RHIC  

200 GeV

LHC  
2.76 TeV
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• Data from STAR/HADES at lower energies 
• Continuous increase down to √sNN~2.5 GeV 
‣ Predicted to have the maximum around √sNN = 3 GeV 

- Initial L & “stopping” to “transparency” at midrapidity 

• To be investigated in future experiments  
(CBM, H-NS, NICA…)

STAR, PRC104, L061901 (2021) 
HADES, PLB835(2022)137506 X.-G. Deng et al., PRC101.064908 (2020)
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FIG. 3. Initial kinematic vorticity at mid rapidity as a function of the
collision energy for impact parameters b = 5, 8, and 10 fm.

enough (our computation suggests a turning point aroundp
sNN ⇠ 3 � 5 GeV depending on centrality), the particles

near the mid-rapidity are not effective angular-momentum
carriers and most of the angular momenta are carried by the
particles with large rapidity (but at large rapidity the angu-
lar momentum may not be necessarily manifested as fluid
vorticity) and leaving the mid-rapidity region approximately
boost invariant. With

p
sNN growing to be very large, the

mid-rapidity region respects a good Bjorken scaling struc-
ture which does not support the fluid vorticity. We note that
in recent preliminary results reported by HADES Collabora-
tion [42], the ⇤ polarization indeed appears to be very small atp
sNN = 2.4 GeV. Recalling that the global ⇤ polarization atp
sNN = 7.7�200 GeV measured by STAR Collaboration [1]

and at
p
sNN = 2.76 and 5.02 TeV by ALICE Collabora-

tion [39] is decreasing with
p
sNN, our results combined with

the previous studies in, e.g. Ref. [40], are consistent with the
current experimental data if we adopt the vorticity interpreta-
tion of the global ⇤ polarization.

We show the time evolution of the thermal vorticity in Fig. 4
for two different centralities given by b = 5 fm and b = 8 fm.
It exhibits similar time dependence comparing to Fig. 2 for
the kinematic vorticity. It was shown that if a fluid is at global
equilibrium the thermal vorticity is responsible for determin-
ing the spin polarization density of the fluid [6, 8, 26, 58]. In
low-energy heavy-ion collisions, we must emphasize that the
system may not reach thermal equilibrium and may not have
a well-defined local temperature in the thermodynamic sense.
Thus, the temperature and in turn the thermal vorticity shown
in Fig. 4 may not have the same physical meaning as that given
in a system at equilibrium. So in this situation we do not ex-
pect that the thermal vorticity we show here can determine
the spin polarization. However, it could still be regarded as
the low-collision-energy counterpart of the thermal vorticity
defined at high collision energy and thus can give some hint
about the spin polarization at low collision energies.

In parallel with Fig. 3, we show the energy dependence of
the thermal vorticity at mid-rapidity for Au + Au collisions
in Fig. 5 which also exhibits non-monotonic feature. We here
note that the energy dependence of the thermal vorticity at
low-energy range was also calculated recently by using the
three-fluid dynamics (3FD) model [59]. They adopted a dif-
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FIG. 4. Time evolution of the mid-rapidity thermal vorticity at dif-
ferent energies and impact parameters in the simulation with the
UrQMD model.
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FIG. 5. Initial thermal vorticity at mid rapidity as a function of the
collision energy for impact parameters b = 5, 8, and 10 fm.

ferent definition for the origin of the time axis so that our vor-
ticity at t = 0 roughly corresponds theirs at the peak value;
in this sense, their results are qualitatively consistent with
ours. We note that although the initial thermal vorticity is non-
monotonic, the thermal vorticity at late time (e.g., at t = 14
fm) is roughly a decreasing function of

p
sNN; in order to be

consistent with the measured ⇤ polarization, this suggests that
the ⇤ hyperons are mostly generated in the early stage of the
collisions when

p
sNN is small.

Finally, we show the spatial distribution of the vorticities in
the transverse plane, i.e. the x-y plane, in Fig. 6 and Fig. 7.
We can observe from Fig. 6 that the kinematic vorticity is
roughly negative in the overlapping region consistent with the
direction of the angular momentum. As the system expands,
the vorticity at the center of the overlapping region becomes
smaller and smaller; this is more clearly seen in the bottom
panels for

p
sNN = 10 GeV as the system expands faster than

that of
p
sNN = 2.5 GeV shown in the top panels. One may

also notice that there are regions (near the periphery of the nu-
clei) with strong positive vorticity which is a corona effect due
to the sharp density difference at the boundary. Very similar
phenomena are also shown for the thermal vorticity in Fig. 7.

IV. SUMMARY AND DISCUSSIONS

In summary, we have computed the kinematic and thermal
vorticities in low-energy heavy-ion collisions in the energy
range

p
sNN = 1.9�50 GeV in the framework of the UrQMD
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FIG. 10. Polarization as a function of the collision energy. Forp
B## < 5 GeV we use di↵erent fits to the nucleon-nucleon

inelastic cross-section f## and for higher energies we use the
reported in [55]. Upper panel shows results with Fit 1 [56]
and lower panel shows results with Fit 2 [42, 57]. Both pan-
els show preliminary data point from HADES as reported in
Ref. [19]. Shaded areas correspond to the region delimited
by the values of I and Ī calculated with the fits to the QGP
volume and lifetime as shown in Figs. (6) and (7).

centrality given by [67]:

2(1) = c12

f�D�D
⇥ 100% (17)

where f�D�D is the inelastic cross-section of the collision.
Therefore

h1i = 1

2 5 � 28

π 2 5

28

1(2)32 (18)

which yields 120% ⇡ 6.66 fm, 150% ⇡ 10.52fm, and h1i =

FIG. 11. Polarization as a function of the collision energy
for centrality range 20 - 50 %. Comparison with STAR-BES
data[16]. Shaded areas correspond to the region delimited by
the fits to the QGP volume and lifetime as shown in Figs. (6)
and (7).

8.73 fm. Thus, the average number of ⇤s produced in the
QGP and the corona, h#⇤QGPi and h#⇤RECi are given by

h#⇤QGPi =
1

150% � 120%

π 150%

120%

#⇤QGP(1)31

h#⇤RECi =
1

150% � 120%

π 150%

120%

#⇤REC (1)31 (19)

Using these results into Eq. (1) and calculating the in-
trinsic polarization with the mean value of the impact
parameter h1i in Eq.(18), we obtain the polarization for
the STAR-BES centrality range. This is shown in Fig. 11.
We observe that the trend is similar to the case of the
analysis with a smaller centrality range. The di↵erence
is in the magnitude of the global polarization, which in-
creases for larger centrality, as a consequence of the an-
gular velocity increase.
In both Figs. (10) and (11), the shaded areas corre-

spond to the region delimited by the fits to the QGP
volume and life-time shown in Figs. (6) and (7). Notice
that in our approach, the space-time evolution of the
QGP plays a central role in determining the height for
the ⇤/⇤̄ polarizations.

V. SUMMARY AND CONCLUSIONS

We have shown that the main characteristic features
of the ⇤ and ⇤ polarization excitation functions in semi-
central relativistic heavy-ion collisions can be well de-
scribed using a model where these hyperons come from
a low (corona) and a high (core) density region, whose
size and life-time depend on the collision energy. The

A. Ayala et al., PRC105.034907 (2022)
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PV|
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V| . Variations with Bcrit > 1 were

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

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

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

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

p but not in the integrated result.

Due to the lower charged particle multiplicity in
Ag+Ag collisions the peripheral events are contaminated
with Ag+C events of similar multiplicity originating from
collisions of beam ions with the carbon target holder.
These collisions are in general not symmetric with re-
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FIG. 3. Global polarization of ⇤ hyperons as a function of the
center-of-mass energy above 2mN, where mN is the nucleon
mass. Statistical uncertainties are indicated by the error bars
attached to the data points and the systematic uncertainties
are represented by the boxes. All results are scaled to the cur-
rently accepted value of the decay parameter ↵⇤ = 0.732 [35].
The model calculations based on 3D-fluid-dynamics [29] are
shown as solid lines (green, blue, brown) for three di↵erent
EoSs. The red solid line represents the prediction by the
AMPT model, assuming a direct connection between the po-
larization vector and the thermal vorticity in thermal equilib-
rium [31].

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

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

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

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

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

LHCRHICHADES

Hadronic Partonic
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Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)

CΛR : Spin transfer coefficient in R → Λ decay 
SR   : Parent particle R’s spin  
fΛR  :  Fraction of Λ originating from parent R

- 15%-20% dilution of primary Λ polarization (model-dependent) 
- Polarization of daughter particles can be used to study their  
parent’s polarization!  e.g. Ξ and Ω

S⇤
⇤ = CS⇤

R

Only ~25% of measured Λ and anti-Λ are primary, while ~60% are feed-down from 
Σ*→Λπ, Σ0→Λγ, Ξ→Λπ 
Polarization of parent particle R is transferred to its daughter Λ

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:
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(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

6

where  (1)
EP is the first harmonic (directed flow) event

plane (e.g. determined by the deflection of projectile

spectators) and R
(1)
EP is the corresponding event plane

resolution (see Ref. [11] for the discussion of the detector
acceptance e↵ects).

It should be pointed out that in relativistic heavy ion
collisions the electromagnetic field may also play a role
in determining the polarization of produced particles. If
we keep the assumption of local thermodynamic equilib-
rium, one can apply the formulae (30), (31). However,
as yet, it is not clear if the spin degrees of freedom will
respond to a variation of thermal vorticity as quickly as
to a variation of the electromagnetic field. If the relax-
ation times were sizeably di↵erent, one would estimate
thermal vorticity and magnetic field from the measured
polarization (see Section VI) at di↵erent times in the pro-
cess. The magnetic moments of particles and antiparti-
cles have opposite signs, so the e↵ect of the electromag-
netic field is a splitting in global polarization of particles
and antiparticles. Particularly, the ⇤ magnetic moment
is µ⇤ ⇡ �0.61µN = �0.61e/(2mp) [33] and, under the
assumption above, one can take advantage of a di↵er-
ence in the polarization of primary ⇤s and ⇤̄s (i.e. those
emitted directly at hadronization) to estimate the (mean
comoving) magnetic field:

eB ⇡ ��P
prim

mpT/0.61 (34)

where mp is the proton mass, and �P
prim ⌘ P

prim
⇤ �

P
prim

⇤
is the di↵erence in polarization of primary ⇤ and

⇤. An (absolute) di↵erence in the polarization of pri-
mary ⇤’s of of 0.1% then would correspond to a mag-
netic field of the order of ⇠ 10�2

m
2
⇡, well within the

range of theoretical estimates [36–38]. However, we warn
that equation 34 should not be applied to experimental
measurements without a detailed accounting for polar-
ized feed-down e↵ects, which are discussed in Section VI.

Finally, we note that a small di↵erence between ⇤ and
⇤̄ polarization could also be due to the finite baryon
chemical potential making the factor (1�nF ) in eq. (20)
di↵erent for particles and antiparticles; this Fermi statis-
tics e↵ect might be relevant only at low collision energies.

V. SPIN ALIGNMENT OF VECTOR MESONS

The global polarization of vector mesons, such as � or
K

⇤, can be accessed via the so-called spin alignment [39,
40]. 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 di↵erent for the state Sz = 0, and this fact can be
used to determine a polarization of the parent particle.
By referring to eq. (12), in the thermal approach the
deviation of the probability for the state Sz = 0 from
1/3, is only of the second order in $:

p0 =
1

1 + 2 cosh$c
⇡ 1

3 +$2
c

⇡ 1

3
(1�$

2
c/3), (35)

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 ! ⇤+ ⇡0 +0.900
⌅� ! ⇤+ ⇡� +0.927
⌃0 ! ⇤+ � -1/3

TABLE I. Polarization transfer factors C (see eq. (36)) for
important decays X ! ⇤(⌃)⇡

which could make this measurement di�cult. Similarly
di�cult will be the detection of the global polarization
with the help of other strong decay channels, e.g. pro-
posed in Ref. [41].

VI. ACCOUNTING FOR DECAYS

According to eq. (30) (or, in the non-relativistic limit,
equations 14-17), the polarization of primary ⇤ hyper-
ons provides a measurement of the (comoving) thermal
vorticity and the (comoving) magnetic field of the sys-
tem 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 ⌃⇤ ! ⇤ + ⇡, the
electromagnetic decay ⌃0 ! ⇤ + �, and the weak decay
⌅! ⇤+ ⇡.
When polarized particles decay, their daughters are

themselves polarized because of angular momentum con-
servation. 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 A), that is:

S⇤
D = CS⇤

P (36)

where P is the parent particle, D the daughter and C

a coe�cient whose expression (see Appendix A) may or
may not depend on the dynamical amplitudes. In many
two-body decays, the conservation laws constrain the fi-
nal state to such an extent that the coe�cient C is inde-
pendent of the dynamical matrix elements. This happens,
e.g., in the strong decay ⌃⇤(1385) ! ⇤⇡ and the electro-
magnetic ⌃0 ! ⇤� decay, whereas it does not in ⌅! ⇤⇡
decays, which is a weak decay.
If the decay products have small momenta com-

pared to their masses, one would expect that the spin
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‣ One can extend measurements to Ξ and Ω hyperons 
‣ Challenging due to smaller |αH| and low production rate…
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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
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Difference could arise from effects of the initial magnetic37
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out [8], or through meson-baryon interactions [9]. There-40
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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
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Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-65
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The polarization of the daughter baryon in a weak de-70
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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
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at
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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−
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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
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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
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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 =
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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
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dΩ∗ =
1

4π
(1 + αHP∗
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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
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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
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∗
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parity violating weak decay Ξ → Λ + π, as well as by measuring the polarization of the daughter4
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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
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polarized along the direction of the initial orbital mo-18
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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
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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 antipar-35

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

tion. Difference could arise from effects of the 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. Thus43

far, only Λ and Λ̄ polarizations have been measured, and44

they differ by a couple of standard deviations at most,45

with available statistics.46

In this paper we present the first measurements of the47

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,48

as well as spin s = 3/2 Ω hyperon in Au+Au collisions49

at
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H is the57

hyperon polarization, and p̂∗
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direction of the daughter baryon momentum, both in the59
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Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →61

Λ+π− with subsequent decay Λ → p+π−. If Ξ− is polar-62

ized, its polarization is partially transferred to daughter63

Λ. Both steps in such a cascade decay are parity violat-64
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ment of the polarization of Ξ− (Ξ̄+).66

The polarization of the daughter baryon in a weak de-67
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where p̂∗
Λ is the unit vector of the Λ momentum in the74

Ξ rest frame. Averaging over the angular distribution of75

the Λ in the rest frame of the Ξ given by Eq. 2 yields76

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)77

Using the measured value for the γΞ− parameter [13, 14],78

the polarization transfer coefficient for Ξ− to Λ decay is:79

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)80

81

‣ Polarization of daughter Λ in Ξ (s=1/2)→Λ decay
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of the system orbital momentum.34
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field [7], from the fact that different particles are pro-38
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ing, and thus can be used for an independent measure-65

ment of the polarization of Ξ− (Ξ̄+).66

The polarization of the daughter baryon in a weak de-67

cay of a spin 1/2 hyperon is described by the Lee-Yang68

formula [11–13] in terms of the three parameters α (parity69

violating part), β (violation of the time reversal symme-70

try), and γ (satisfying α2+β2+ γ = 1). For a particular71

case of Ξ → Λ+ π decay it reads:72

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)73

where p̂∗
Λ is the unit vector of the Λ momentum in the74

Ξ rest frame. Averaging over the angular distribution of75

the Λ in the rest frame of the Ξ given by Eq. 2 yields76

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)77

Using the measured value for the γΞ− parameter [13, 14],78

the polarization transfer coefficient for Ξ− to Λ decay is:79

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)80

81

T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957) 

C⌅�⇤ = +0.944
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hyperon decay mode αH
magnetic 

moment μH
spin

Λ (uds) Λ→pπ- 
(BR: 63.9%) 0.732 -0.613 1/2

Ξ- (dss) Ξ-→Λπ- 
(BR: 99.9%) -0.401 -0.6507 1/2

Ω- (sss) Ω-→ΛK- 

(BR: 67.8%) 0.0157 -2.02 3/2
Λ 

π -

θ
PΞ(Ω)

p

π -

PΛ

θ
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‣ Similarly, daughter Λ polarization from Ω (s=3/2)

2

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

Here γΩ is unknown.  
Considering αΩ, βΩ≪1, γΩ~±1, the polarization  
transfer CΩΛ leads to: C⌦⇤ ⇡ +1 or� 0.6
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‣ One can extend measurements to Ξ and Ω hyperons 
‣ Challenging due to smaller |αH| and low production rate…
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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
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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
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where p̂∗
Λ is the unit vector of the Λ momentum in the77
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hyperon decay mode αH
magnetic 

moment μH
spin

Λ (uds) Λ→pπ- 
(BR: 63.9%) 0.732 -0.613 1/2

Ξ- (dss) Ξ-→Λπ- 
(BR: 99.9%) -0.401 -0.6507 1/2

Ω- (sss) Ω-→ΛK- 

(BR: 67.8%) 0.0157 -2.02 3/2
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exhibited by all particles for both Cuþ Cu and Auþ Au
collisions, at a given value of hNparti above "60, the
production of strange hadrons is higher in Cuþ Cu colli-
sions than in Auþ Au collisions. Similar patterns are
observed for the multistrange particles in the bottom panels
of Fig. 3. The Cuþ Cu and Auþ Au difference also
applies to the nonstrange sector, as shown in Fig. 4.

Finally, as shown in Fig. 2, the higher yields per hNparti
in Cuþ Cu apply across the measured pT range, pT >
0:5 GeV is assumed in the canonical framework that the
observed strangeness enhancement actually results from a
suppression of strangeness production in pþ p collisions
[3]. This suppression arises from the need to conserve
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FIG. 2. K0
S, !þ "!, #þ "#, and $þ "$ spectra divided by

hNparti for Cuþ Cu 0%–10% (hNparti" 99) and Auþ Au 20%–

40% (hNparti" 141)
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV collisions, where jyj<
0:5. The Auþ Au multistrange data have been previously pub-
lished [25]. The ! and "! yields have been feed-down subtracted
from weak decays. The uncertainties on the spectra points are
statistical and systematic; for clarity the uncertainty on hNparti
has not been included. The curves show the functions described
in the text used to extract dN=dy.
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FIG. 1. K0
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from Cuþ Cu and Auþ Au
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV collisions,
where jyj< 0:5. The ! and "! yields have not been feed-down
subtracted from weak decays. The uncertainties on the spectra
points are statistical and systematic combined.

TABLE I. Midrapidity dN=dy for strange hadrons in Cuþ Cu and Auþ Au
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV collisions. Combined statistical and
systematic errors are shown.

Cuþ Cu 0%–10% 10%–20% 20%–30% 30%–40% 40%–60%
hNparti 99:0$ 1:5 74:6$ 1:2 53:7$ 1:0 37:8$ 0:7 21:5$ 0:5

K0
S 13:9$ 1:0 9:81$ 0:68 6:49$ 0:44 4:22$ 0:32 2:24$ 0:23

! 4:68$ 0:45 3:20$ 0:31 2:13$ 0:21 1:40$ 0:14 0:72$ 0:07
"! 3:79$ 0:37 2:60$ 0:25 1:75$ 0:17 1:16$ 0:11 0:60$ 0:06
# 0:62$ 0:08 0:35$ 0:04 0:23$ 0:03 0:15$ 0:02 0:08$ 0:01
"# 0:52$ 0:08 0:32$ 0:046 0:20$ 0:03 0:16$ 0:03 0:07$ 0:01
$þ "$ 0:141$ 0:017 0:106$ 0:012 0:068$ 0:008 0:045$ 0:007 0:015$ 0:003
Auþ Au 0%–5% 10%–20% 20%–40% 40%–60% 60%–80%
hNparti 350$ 4 238$ 5 147$ 4 67:5$ 2:7 23:0$ 1:2
K0

S 43:5$ 2:4 27:8$ 1:4 16:5$ 0:83 7:26$ 0:49 2:14$ 0:19
! 14:8$ 1:5 9:16$ 0:89 5:70$ 0:55 2:38$ 0:23 0:71$ 0:07
"! 11:7$ 0:9 7:27$ 0:55 4:53$ 0:34 1:82$ 0:14 0:55$ 0:04

PRL 108, 072301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

17 FEBRUARY 2012

072301-4

STAR, PRL108.072301(2012)

Very good purity and significance of Ξ and Ω hyperons with KF Particle Finder package. 
But still statistically very challenging, i.e. Ξ (Ω) yield ~1/10 (1/100) of Λ yield

KF Particle: 
I. Kisel, JPCS1070.012015 (2018) 
S. Gorbunov, M. Zyzak, Ph.D. theses

STAR, PRL126, 162301 (2021)
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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

‣ Hint of hierarchy in PH:    PΛ < PΞ < PΩ

hP⇤i = 0.24± 0.03 (stat)± 0.03 (syst) %

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

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

＊ combined Ξ PH from the two methods



T. Niida, HuaDa QCD school @CCNU

Ξ and Ω global polarizations at √sNN = 200 GeV

40

STAR, PRL126, 162301 (2021)

5

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±
0.010, and αΩ = 0.0157 ± 0.0021. When comparing to
earlier measurements, the previous results are rescaled by
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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-
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theses represent the uncertainty for the Ξ polarization
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was less than 2%. Due to a weak pT dependence on the
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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:    PΛ < PΞ < PΩ

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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＊ combined Ξ PH from the two methods

‣ Thermal model predicts: 

‣ Earlier freeze-out leads to larger PH 

‣ Models including feed-down capture the trend
D.-X. Wei, W.-T. Deng, and X.-G. Huang, PRC99.014905 (2019)

O.Vitiuk, L.V.Bravina, and E.E.Zabrodin, PLB803(2020)135298

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)

B. Fu et al., PRC103.024903 (2021) 
H. Li et al., PLB827(2022)136971

<latexit sha1_base64="4/yRvXscWcFUdPE+DIkM9fsW7DA=">AAACH3icbVDLSsNAFJ34rPUVdekmWAQXUhKt1U2h6MaFYAX7gCaEyWTSDp1JwsxEKCF+iRt/xY0LRcRd/8ZJ20VtvTDMmXPP4c49XkyJkKY50paWV1bX1gsbxc2t7Z1dfW+/JaKEI9xEEY14x4MCUxLipiSS4k7MMWQexW1vcJP320+YCxKFj3IYY4fBXkgCgqBUlKtXG25qd0hWy+875fNhdvqcP+4Z7sGsZgccovQiS8+zGYmrl8yyOS5jEVhTUALTarj6j+1HKGE4lIhCIbqWGUsnhVwSRHFWtBOBY4gGsIe7CoaQYeGk4/0y41gxvhFEXJ1QGmN21pFCJsSQeUrJoOyL+V5O/tfrJjK4clISxonEIZoMChJqyMjIwzJ8wjGSdKgARJyovxqoD1UgUkVaVCFY8ysvgtZZ2aqWKw+VUv16GkcBHIIjcAIscAnq4BY0QBMg8ALewAf41F61d+1L+55Il7Sp5wD8KW30C9NQo3w=</latexit>

P⌅ = P⇤, P⌦ =
5

3
P⇤
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‣ Better significance of PΞ (~5σ) from STAR BES-II 
‣ Positive PΩ with a hint of larger value than Λ&Ξ 

 
 
 
 

‣ Based on the global vorticity picture, the  
unmeasured γΩ (γΩ=+1 or -1) can be constrained  
γΩ = +1 or -1 → CΩΛ = 1 or -0.6 

2

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
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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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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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senting the classical flow rotation field, and the 2nd contains
the relativistic correction terms. This second term is primarily
responsible for the x and z directed polarizations. Although
this separation is not covariant, to compare with the exper-
imental results, we present our polarization data always in
the rest frame of the Λ (except the Fig. 4 and upper panel of
Fig. 5).

A detailed explanation for the correct sign of longitudi-
nal polarization in this paper needs a careful examination of
the second term’s distribution over the transverse momentum
plane:

Π2z ∝ S2z = pxω0y − pyω0x

which has two competing terms ω0y , ω0x , and ω0i =
1
2 (∂tβi + ∇β0) has also two terms inside it. However, an
intuitive explanation is like this: the second term is related to
the system’s transverse expansion. The transverse expansion
at freeze-out for higher energy is more drastic and anisotropic
than at lower energy, which result in a magnitude increase of
longitudinal polarization, and the anisotropy even changes
its direction at very low energy, which result in sign changes
from 8.0 GeV at FAIR to 200 GeV at RHIC.

The freeze-out time in this paper was chosen accord-
ing to two principles: (1) it should be within the typical
hydrodynamic evolution time: 6–10 fm/c. (2) the calculated
global polarization values at different centrality percentages
at 200 GeV should agree with the experimental data. We have
checked that, for a freeze-out time that conforms the above
criteria, the longitudinal polarization structure and magni-
tude has only minor changes compared to the results we show
here.

Besides, according to our work in preparation, the z-
directed thermal vorticity on the transverse plane [x, y] has a
quadrupolar structure only around the ‘appropriate’ freeze-
out time, i.e. it takes time for the z-directed thermal vorticity
to develop into a good quadrupolar structure. Based on this,
one can naturally surmise that if we ignore the above prin-
ciples and chose the freeze-out time freely, the z-directed
polarization on transverse momentum plane also needs time
to achieve a good quadrupolar structure.

Finally, we explore also the global polarization as a func-
tion of rapidity, as shown in the lower panel of Fig. 5. The red
dashed line in the lower panel is a rough approximation of the
experimental data, which shows no significant dependence
on the rapidity and fluctuates around the average value 3%.
One can see that the global polarization from our model also
shows no significant dependence on the rapidity. The global
polarization, Π0y , for b0 = 0.5, 0.6, 0.68, fluctuates around
the average value of 2.8%, 3.8% and 6% respectively, which
are magnitudes similar to the global polarization. For more
peripheral collisions, the fluctuations are relatively larger,
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Fig. 5 The first term of the polarization (upper panel), and the global
polarization (lower panel) as a function of rapidity at different impact
parameter ratios. The red dashed line in the lower panel figure is a rough
approximation of the experimental data

e.g. at the case of b0 = 0.68, there exists a dip in rapidity
bin |y| < 0.4. Beyond the rapidity range |y| > 1 the global
polarization drops rapidly to zero.

The first term of the y-directed polarization, as shown
in the upper panel of Fig. 5, exhibits a normal distribution
with respect to the rapidity, with peak value at center rapid-
ity y = 0, which is similar to the vorticity distribution on
pseudo-rapidity from the AMPT model [32]. This similarity
of structure simply demonstrates the definition of polariza-
tion vector’s first term, i.e. Π1y arises purely from the spa-
tial component of relativistic vorticity, ω = 1

2∇ × β. For
more peripheral collisions with larger impact parameter, the
global polarization distribution peaks higher at center rapid-
ity y = 0 and drops faster to zero with a narrower width.
Finally, the two figures together indicate that the second term
related to the system expansion, flatten the peak of the first
term induced by classical vorticity. This results in an even
distribution of global polarization on the rapidity.

123

PICR model

LOCAL SPIN POLARIZATION IN HIGH ENERGY HEAVY … PHYSICAL REVIEW RESEARCH 1, 033058 (2019)

FIG. 8. The polarizations in the −y direction as functions of the
rapidity in Au + Au collisions with the AMPT initial condition. The
transverse-momentum range is set to pT ∈ [0, 3] GeV.

are vanishing since there is no orbital angular momentum
encoded in the initial state.

Only the T vorticity in our simulation can describe the data
of Pz(φp) which is the main finding of the paper. The temper-
ature part ω(T )

µν (T ) in the T vorticity (8) plays an essential role
in producing the right sign of Pz(φp): the sign of ω(T )

µν (T ) is
different from that of ω(K )

µν but with larger magnitude, so the T
vorticity takes the sign of ω(T )

µν (T ). It is just the opposite way
for the thermal vorticity (13) to make its sign: the temperature
part ω(th)

µν (T ) has the same sign as ω(K )
µν .

The implication of the T vorticity by the data may possibly
indicate the following.

(i) The time behavior of the temperature at the freeze-out
is essential for the T vorticity to reproduce the correct sign of
Pz(φp).

(ii) The T vorticity might be coupled with the spin in a way
similar to that in which a magnetic moment is coupled to a
magnetic field. Considering an ideal fluid without a conserved
charge density (such as the baryon number density) which is

FIG. 9. The longitudinal polarizations as functions of azimuthal
angles in transverse momenta in Au + Au collisions with the AMPT
initial condition. An alternative average method corresponding to
Eq. (26) is used. The pT range is chosen to be pT ∈ [0, 1.2] GeV
to match the magnitude of the data.

the case in the current hydrosimulation for high energy heavy
ion collisions, Tuµ can be regarded as a vector potential and
the T-vorticity tensor is then the corresponding field-strength
tensor, so the conservation of T-vorticity flux is similar to the
conservation of the magnetic flux in an ideally conducting
fluid [see Eqs. (11) and (12)]. However, such a picture is
not yet rigorously established and it is also unclear how
the roles of the T vorticity and the thermal vorticity change
when the system approaches global equilibrium. Nevertheless,
for collisions at lower energies in which the baryon number
density is finite, the conservation of the T-vorticity flux does
not hold anymore [85]. Thus, the behavior of Pz(φp) in low
energy collisions might provide a test of this point of view.

(iii) The assumption that the spin chemical potential can
be constructed using T and uµ might not be correct, so
the fact that the T vorticity can qualitatively reproduce the
experimental data for Pz(φp) and Py(φp) is just accidental.
This may be tested by using the spin hydrodynamics, which
is, however, beyond the scope of this work and we leave it for
the future.

(iv) It is also possible that it is a coincidence from the main
assumption that the spin vector is given by the T vorticity in
the same way as the thermal vorticity.

The true relationship between the spin vector on the freeze-
out hypersurface and all these vorticities is unclear and has to
be figured out.

All our results depend on a set of parameters and as-
sumptions. For Pz(φp) and Py(φp), one of the most sensitive
parameters is the cutoffs in pT in Eq. (25). For example, as
shown in Fig. 6, if we choose the range pT ∈ [0, 1.2] GeV,
the theoretical results match the data of Pz(φp). However, if
we choose the larger range pT ∈ [0, 3] GeV, our theoretical
results are much larger than the data of Pz(φp). The aim of this
paper is a qualitative study instead of a quantitative one. We
will carry out a detailed and quantitative study of the effects
in the future.

VI. SUMMARY

There is a disagreement between theoretical model cal-
culations and recent experimental data about the azimuthal
angle dependence of both the longitudinal and transverse
polarization of hyperons. These theoretical models are mainly
based on the hydrodynamic or kinetic descriptions of the fluid
vorticity and express the spin polarization in terms of the
thermal vorticity. However, away from global equilibrium, the
linear relationship between the spin polarization and thermal
vorticity may not be valid (higher order contribution might
be relevant). Instead, the spin polarization (or equivalently
the spin chemical potential) itself should be regarded as a
dynamical variable. Recently there have been attempts in
formulating the theory of relativistic hydrodynamics with the
spin chemical potential as a (quasi-)hydrodynamic variable,
but so far there has been no reliable numerical implementation
of the spin hydrodynamics in the market yet.

In this paper, we assume that the spin vector is determined
from the spin chemical potential $µν in the same way as from
the thermal vorticity when the thermal vorticity is small [see
Eqs. (16) and (17)]. We also assume that the spin chemical
potential $µν is still determined by the fluid velocity and
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FIG. 6. (Left) The averaged ! and !̄ spin polarization along
y direction in 20–50% centrality range of Au+Au collisions as a
function of collision energy. The rapidity window for ! and !̄ is
|Y | < 1. Open points: STAR data [5,6]. Red solid points: this work.
(Right) The spin polarization Py for "0 and #−. Other parameters
are the same as the left panel.

polarization of ! and !̄ hyperons in momentum space. In
Fig. 6 (left) we show our result for the global spin polarization
of ! and !̄ hyperons along the y direction, i.e., the direction
of the total OAM, for Au+Au collisions in the centrality
region 20–50% and rapidity region −1 < Y < 1 from

√
s =

7.7–200 GeV, where Y = 1
2 ln[(p0 + pz)/(p0 − pz)]. Within

the error bars, our numerical result is consistent with the
experimental data except for 7.7 GeV where the data for !̄ is
very large. We do not take into account the possible feed-down
contributions to the global polarization; the previous estimate
showed that including such contributions will suppress the
! and !̄ polarization by about 10–20% [5,49,54–56]. Com-
paring to Fig. 1, we emphasize that the energy dependence
of Py is consistent with that of ϖzx . We also depict the pT

and rapidity Y dependence of the global polarization and
compare to the experimental data in Fig. 7. The results show
different patterns as those simulated in Ref. [57]. The rapidity
dependence is qualitatively consistent with the space-time-
rapidity dependence of fluid vorticity [18]. Within error bars,
consistence between the data [6] and our simulation is seen.

In Fig. 6 (right) we draw the spin polarization of "0 and
#− for Au+Au collisions in 20–50% centrality range and
rapidity window |Y | < 1. The results are similar with that of
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FIG. 7. The pT and rapidity dependence of the global polar-
ization at different collision energies. Open points: STAR data [6].
Dotted lines: this work.
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FIG. 8. The rapidity-azimuth distribution of the event-averaged
spin polarization of ! and !̄ for Au+Au collisions at 20–50%
centrality range at 19.6 and 200 GeV, respectively.

! and !̄ and can be understood by noticing the mass ordering
and spin ordering among !, "0, and #−: m! < m"0 < m#−

and spin(#−) = 3/2, spin("0) = spin(!) = 1/2. According
to Eq. (4) and Eq. (6), lighter- and higher-spin particles are
easier to be polarized by the fluid vorticity. The study of "0

and #− polarization may also provide useful information for
the understanding of the magnetic-field contribution to the
spin polarization of hadrons. This is because that the valence
quark contents of !, "0, and #− are uds, uss, and sss,
respectively, and their magnetic moments are all dominated
by strange quarks, µ! ≈ µs, µ"0 ≈ 2µs , and µ#− ≈ 3µs . As
µs ≈ −0.613µN < 0, the magnetic field (which is roughly
along the same direction as the OAM) will give a negative
contribution to the spin polarization and thus will reduce the
polarization spitting among !, "0, and #− or even violate the
polarization ordering as shown in Fig. 6 (right), which does
not contain any magnetic-field contribution.

Next, we study the final-state ! and !̄ spin response to the
vortical quadrupole in the partonic phase as shown in Fig. 5.
In Fig. 8, we show the distribution of event-averaged Py for
! and !̄ in the rapidity-azimuth (Y -φ) plane for Au+Au
collisions at 19.6 and 200 GeV and centrality 20–50%. Corre-
sponding to Fig. 5 in coordinate space, the quadrupole in Py in
momentum space is also clearly seen in Fig. 8. If we focus on
the midrapidity region, e.g., |Y | < 1, where the global OAM
contribution could dominate, we find that Py increases from
the in-plane direction to the out-of-plane direction, as shown
in Fig. 9 which is, however, opposite to the experimental
data. We note that similar opposite-to-experiment behavior of
Py was also seen in the hydrodynamic simulations [16,58].
This discrepancy between theoretical calculations and exper-
imental data is very puzzling. One issue that may affect the
azimuthal dependence is that the spin polarization along the
out-of-plane direction may be quenched by the hot medium,
which is not taken into account in the theoretical calculations.
We will in future works study this puzzle.

Next, let us focus on the question: What is the specific
hadronic observable for the smoke-loop vortical structure at
finite space-time rapidity? The rapidity odd feature of such
a vortical structure suggests that the polarization weighted
by the rapidity will be a good observable; such an idea was
examined in Ref. [27] and indeed, they found that the rapidity-
sign weighted polarization is very large and has mild collision
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Figure 11: The polarization of Λ and Λ̄ in the WS model as functions of rapidity in Au+Au collisions at different collision
energies. We use the collision energy dependent κ0 as as determined in the right panel of Fig. 10. The impact parameter is set
to b = 1.2RA corresponding to the centrality 20-50%. The results in case (a), (b), (c) and (d) are presented in panel (a), (b),
(c) and (d) respectively.

V. SUMMARY

We propose a geometric model for the hadron polarization in heavy ion collisions with an emphasis on the rapidity
dependence. It is based on the model of Brodsky, Gunion, and Kuhn and that of the Bjorken scaling [25]. The starting
point is the hadron rapidity distribution d3NAA/d2rTdY as a function of the transverse position rT in the overlapping
region of colliding nuclei and the rapidity Y . We use the hard sphere and Woods-Saxon model for the nuclear density
distribution from which the thickness function is obtained. The rapidity distribution d3NAA/dxdY depending on the
in-plane position x in the overlapping region can be derived from d3NAA/d2rT dY by integration over the out-plane
position y. The average rapidity of hadrons can be obtained from the normalized distribution d3NAA/dxdY or f(Y, x).
The collective logitudinal momentum ⟨pz⟩ is proportional to d ln f(Y, x)/dY . Then the average local orbital angular
momentum ⟨Ly⟩ is proportional to the average of d ln f(Y, x)/dxdY over x, which is a function of Y . The hadron
polarization is assumed to be proportional to α(Y ) ⟨Ly⟩ with α(Y ) is an unknown rapidity function representing a
transfer coefficient from the orbital angular momentum in the initial state to the hadron polarization in the final
state. There are two parameters in our model that can have rapidity dependence. These parameters at mid-rapidity
can be constrained by the polarization data of Λ and Λ̄. Finally we make predictions for the rapidity dependence of
the hadron polarization in the collision energy range 7.7-200 GeV by taking a few assumed forms of the parameters.
The predictions can be tested by future experiments.
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Rapidity dependence of PJ

43

‣ At 3 GeV (FXT), the measurement almost reaches ybeam, 
but no clear rapidity dependence observed  

‣ Uncertainties need to be reduced for a firm conclusion

3

extrapolate to the full pT range. Different functional
forms were tested: mT -exponential, Boltzmann and
Gaussian. The function found to best describe the
data was the Gaussian in pT [f(pT ) ∝ e−p2

T /(2σ2)] and
this function has been used for all fits. This functional
form was also used in [14].
The mean transverse momentum ⟨pT ⟩ of the spectra

calculated from the fit is found to be within 0.1 GeV/c
at each rapidity for the three functional forms. For
protons which have the best counting statistics, ⟨pT ⟩
decreases from ⟨pT ⟩ = 1.01± 0.01(stat) GeV/c at y =
0 to ⟨pT ⟩ = 0.84± 0.01(stat) GeV/c at y ∼ 3.
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FIG. 2: Proton, anti–proton, and net–proton rapidity den-
sities dN/dy as a function of rapidity at

√
sNN = 200

GeV. The horizontal bars shows the rapidity intervals for
the projections. The errors shown with vertical lines are
statistical only while the caps includes both statistical and
systematic. No weak decay correction has been applied.

The differential yield within the measured pT range
varies from 85% of the total dN/dy near mid–rapidity
to 45% at y ∼ 3. The systematic errors on dN/dy
were estimated from the difference in dN/dy values
obtained using different spectrometer settings cover-
ing the same (y, pT ) regions, the discrepancy between
the two different efficiency methods, and by estimat-
ing the effects of the pT extrapolation. The system-
atic errors were found to be 10-15% for mid-rapidity
(y < 1) and 20-30% for forward rapidities.
Figure 2 shows the resulting rapidity densities

dN/dy as a function of rapidity. The most prominent
feature of the data is that while the proton and anti–
proton dN/dy decrease at rapidities away from mid–
rapidity the net–proton dN/dy increases over all three

units of rapidity, from dN/dy(y=0) = 6.4±0.4(stat)±
1.0(syst) to dN/dy(y=3) = 12.4±0.3(stat)±3.2(syst).
A Gaussian fit to the anti-proton dN/dy distribu-

tion gives the total extrapolated anti–proton yield :
84±6 (92% in−3 < y < 3). For protons the yield from
a Gaussian fit to dN/dy in the range, −3 < y < 3, is
138± 7.
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FIG. 3: The net–proton rapidity distribution at AGS [7,
15, 16] (Au+Au at

√
sNN = 5 GeV), SPS [17] (Pb+Pb at√

sNN = 17 GeV) and this measurement (
√
sNN = 200

GeV). The data are all from the top 5% most central
collisions and the errors are both statistical and system-
atic (the light grey band shows the 10% overall normal-
ization uncertainty on the E802 points, but not the 15%
for E917). The data have been symmetrized. For RHIC
data black points are measured and grey points are sym-
metrized, while the opposite is true for AGS and SPS data
(for clarity). At AGS weak decay corrections are negligible
and at SPS they have been applied.

Figure 3 shows net–proton dN/dy measured at AGS
and SPS compared to these results. The distributions
show a strong energy dependence, the net–protons
peak at mid–rapidity at AGS, while at SPS a dip is
observed in the middle of the distribution. At RHIC a
broad minimum has developed spanning several units
of rapidity, indicating that at RHIC energies collisions
are quite transparent.
To calculate the rapidity loss, dN/dy must be

known from mid–rapidity to projectile rapidity, yp =
5.36. BRAHMS measures to y ∼ 3, so the shape of the
rapidity distribution must be extrapolated to calcu-
late ⟨δy⟩. The baryon number of participating nucle-
ons (Npart) is conserved, while the net–proton number
is not necessarily conserved. To obtain net–baryons,
the number of net–neutrons and net–hyperons have
to be estimated and the contribution from weak de-
cays included in the measured net–protons has to be
deduced. Using MC simulations we find these contri-
butions to be c1 = 0.53±0.05 protons for each Λ, and
c2 = 0.49± 0.05 protons for each Σ+ decay. There is

BRAHMS, PRL93,102301(2004)
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0-50% centrality, pT > 0.7 GeV/c
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FIG. 6. The y dependence of P! is compared with AMPT [20]
at an impact parameter of 8 fm. We observe no dependence within
uncertainties, even for the most forward ! hyperons. Statistical un-
certainties are represented with lines while systematic uncertainties
are represented with boxes.

global angular momentum in the system [45]. This
expectation is borne out by the 3FD calculations as well
as the partonic-transport calculations, though the overall
scale of the latter is much lower than the data. A similar
dependence of PH was observed in collisions at two orders of
magnitude higher energy,

√
sNN = 200 GeV [17]. In Fig. 5,

P! is seen to be independent of transverse momentum,
within uncertainties, similar to the lack of dependence seen
in top-energy RHIC collisions [17]. At both

√
sNN = 3 and

200 GeV [17], partonic-transport calculations predict only a
mild dependence.

Global polarization is directly related to J⃗ , a manifestly
three-dimensional phenomenon correlating transverse and
longitudinal degrees of freedom. However, PH decreases with
increasing collision energy, even as |J⃗| increases with

√
sNN;

cf. Fig. 3. This may be partly due to longer evolution times at
higher energies, increasing the viscosity-driven decay of vor-
ticity before polarized hyperon emission [46]. An increased
system temperature at higher

√
sNN may also play a small role

in decreased polarization [47]. Several models associate the√
sNN dependence of PH with the vorticity becoming increas-

ingly concentrated at forward rapidity, |y| ! 1–1.5, including
transport [45], hydrodynamics [19,42,48,49], and geometric-
driven calculations [50]. Correspondingly, these models pre-
dict a strong increase of PH as |y| is increased. Still other cal-
culations predict a dramatic reduction of PH away from mid-
rapidity [43,51,52]. In most models, the dependence becomes
stronger at lower

√
sNN since higher-energy collisions better

approximate boost invariance in the mid-rapidity region.
While all previous measurements were confined to the

region |y| ≪ |ybeam| and were unable to reconstruct forward-

rapidity ! hyperons, the present measurement covers the
range −0.2 ! y " ybeam which reaches the upper limit of
y! at this collision energy. As shown in Fig. 6, we find no
significant dependence of P! on rapidity, though statistical
uncertainties are relatively large and a loose centrality selec-
tion is used. This is already sufficiently precise to disagree
with the prediction of AMPT.

Our measurement of nonzero P! at
√

sNN = 3 GeV
demonstrates that vorticity aligned with Ĵ is at a maximum
below

√
sNN = 7.7 GeV. The data agree roughly with calcula-

tions made using the 3FD model, integrated over mid-rapidity,
but are dramatically larger than such calculations made us-
ing the partonic-transport model AMPT. As in Ref. [17], we
observe a significant centrality dependence of P! that is con-
sistent with increasing J⃗ . Our measurement of the dependence
of P! on y is uniquely valuable because we have access to the
most forward-rapidity ! hyperons. Interestingly, despite the
variety of model calculations predicting quite strong depen-
dence of PH on y [19,42,43,45,48–52], we see no statistically
significant dependence. A migration of PH towards forward
rapidity has been offered as a potential explanation of the
monotonic fall of PH with

√
sNN [45]. Given our observation,

such an explanation may be incorrect, though this does not
dispel such arguments as the state of the system at higher en-
ergy is notably different; measurements of PH using the STAR
forward upgrade will provide indispensable comparisons to
the work presented here.
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a strong pT dependence. One might expect a decrease of the
polarization at lower pT due to the smearing effect caused by
scattering at the later stage of the collisions, and/or a decrease
of polarization at higher pT because of a larger contribution
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from jet fragmentation, but it is difficult to discuss such effects
given the current experimental uncertainties. Calculations for
primary ! from a hydrodynamic model with two different
initial conditions (ICs) [44] are compared to the data. The pT

dependence of the polarization slightly depends on the initial
conditions, i.e., Glauber IC with the initial tilt of the source
[8,9] and the initial state from the UrQMD model [45]. The
UrQMD IC includes a preequilibrium phase which leads to
the initial flow, but the Glauber IC does not include it, and the
initial energy density profile is different between the two ICs,
both of which would affect the initial angular momentum. The
data are closer to the UrQMD IC but on average are slightly
higher than the calculations.

Figure 7 presents the pseudorapidity dependence of the
polarization for ! and !̄. It is consistent with being constant
within uncertainties. The vorticity is expected to decrease
at large rapidities but might also have a local minimum at
η = 0 due to complex shear flow structure [15,43,46]. Due
to baryon transparency at higher collision energy and the
event-by-event fluctuations in the participant center-of-mass,
such a dependence might be difficult to observe within the
acceptance of the STAR detector.

As mentioned in the Introduction, the vorticity might be
also related to anomalous chiral effects [19]. In addition to
the contribution from the chiral vortical effect discussed in
Ref. [18], the axial current J5 can be generated in the medium
with nonzero vector chemical potential µv by the magnetic
field B (J5 ∝ eµvB) via the chiral separation effect [47]. Note
that J5 points along the magnetic field in the case of eµv > 0
(where e is the particle electric charge) but is opposite for
eµv < 0. Since the directions of the magnetic field and the ini-
tial angular momentum of the system are parallel, an additional
contribution by J5 to the polarization might be observed, i.e.,
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FIG. 4. PH measurements are shown as a function of hyperon pT

at
√

sNN = 19.6 and 27 GeV. Statistical uncertainties are represented
as lines while systematic uncertainties are represented as boxes.
There is no observed dependence of PH on pT at

√
sNN = 19.6 or

27 GeV, consistent with previous observations.

be an indication of a nonzero magnetic field. Other complicat-
ing factors include the difference in production phase space
between ! and !̄ hyperons and their different freeze-out
conditions; these were studied in detail using the UrQMD
model in Ref. [46]. Ultimately, an extraction of the magnetic
field from P! and P!̄ will be dependent on models that at-
tempt to accurately simulate these effects, which may depend
on

√
sNN . Additional theoretical model studies and measure-

ments using high statistics at different
√

sNN are therefore
important to better place limits on the late-stage magnetic field
sustained by the QGP in order to estimate its conductivity.

Global polarization as a function of collision centrality is
observed to increase monotonically, as seen in Fig. 3. Such
behavior has been seen in previous studies from collision
energies of

√
sNN = 3 GeV to 200 GeV [16,18]. This behavior

is qualitatively consistent with the system angular momentum

FIG. 5. PH measurements are shown as a function of hyperon y
at

√
sNN = 19.6 and 27 GeV. Statistical uncertainties are represented

as lines while systematic uncertainties are represented as boxes. The
data set at

√
sNN = 19.6 GeV takes advantage of STAR upgrades to

reach larger |y|.

increasing with collision centrality as well as numerous model
calculations with varying underlying assumptions [30,47]. At
either of the collision energies studied here, we observe no
dependence of PH with respect to pT. In Fig. 4, we show
fluctuations of PH about the mean value with no significant
deviations. Calculations using a multiphase transport (AMPT)
model predict PH increasing with respect to pT at this collision
energy [21,23]; while no such dependence is observed in this
study, the model predictions are consistent with the uncertain-
ties on the data.

In the present study, we are able to take advantage of
the recently upgraded iTPC in the

√
sNN = 19.6 GeV data

set, which allows us to extend our track measurements to
|y| < 1.5. We see in Fig. 5 PH as a function of y for the
range |y| < 1.5 at

√
sNN = 19.6 GeV and |y| < 1 at

√
sNN =

27 GeV. Two separate calculations made with the AMPT
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(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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‣ Larger polarization in in-plane than out-of-plane 
‣ The data cannot be explained by thermal vorticity ω/T alone 

- “Spin puzzle” with the local polarization (discussed later) 
‣ Including shear-induced polarization Ξ/T can reproduce the observed sign 
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The STAR Collaboration

Fig. 8. The polarization coe!cients 𝜔
𝜀,𝜗2

 of ω + 𝜛ω obtained from the two meth-
ods as a function of centrality in isobar Ru+Ru and Zr+Zr collisions at ⌋𝜚

NN

= 200GeV. The data points are slightly shifted along the horizontal axis for 
visibility.

fashion. Note that 𝜔
𝜀,𝜗0

 and 𝜔
H
 do not need to match because of the pres-

ence of the elliptic "ow.
In Fig. 8, the second-order Fourier cosine coe!cient of the polariza-

tion 𝜔
𝜀,𝜗2

 for ω and 𝜛ω (see Eqs. (6) and (10)) is presented as a function of 
centrality. The coe!cient 𝜔

𝜀.𝜗2
 is found to be positive at the 2.4𝜍 signi#-

cance level, with 𝜔
𝜀.𝜗2

(%) = 0.138 ± 0.038(stat.) ± 0.058(syst.) for 20–50% 
centrality. This indicates a larger polarization of hyperons emitted in-
plane rather than out-of-plane. Recent theoretical studies have shown 
the sensitivity of the azimuthal dependence of the polarization to the ini-
tial conditions and bulk viscosity of the medium [34]. These results pro-
vide important new insights for theoretical models aiming to describe 
the polarization mechanism and to disentangle the contributions from 
thermal vorticity and shear-induced polarization.

4.3. εϑ
+ 𝜛ε

+ Global polarization

The global polarization of charged ε hyperons was studied by uti-
lizing the two-step decay of ε  ω𝜑  𝛻𝜑𝜑. Two independent meth-
ods were used to measure εϑ( 𝜛ε+) polarization [18]. The #rst method 
measures ε polarization by analyzing the daughter ω distribution in 
the ε rest frame (direct method). In the second method, the daugh-
ter ω polarization is determined #rst and then the polarization trans-
fer coe!cient P ϖ

ω
= 𝜕

εω
P ϖ

ε
 in the decay process was used to extract 

the parent ε polarization (polarization transfer method). The polariza-
tion transfer coe!cient from ε to daughter ω, 𝜕

εω
, is known to be

𝜕
εω

= +0.944 [18,57].
The results of the εϑ

+ 𝜛ε
+ global polarization are shown in Fig. 9, 

together with the ω global polarization for comparison. The global po-
larization of εϑ

+ 𝜛ε
+ determined from the polarization transfer method 

is found to be positive as 𝜔
εϑ+ 𝜛ε+

(%) = 0.61 ± 0.21(stat.) ± 0.04(syst.) for 
20–50% centrality. The polarization of εϑ

+ 𝜛ε
+ determined from the 

direct method is found to be 𝜔
ε
(%) = ϑ0.32 ± 0.39(stat.) ± 0.08(syst.) with 

larger uncertainty, due to smaller value of decay parameter ⌈ℵ
ε
⌈ com-

pared to ⌈ℵ
ω
⌈. The results from the two methods are expected to be con-

sistent, and the observed di$erence is on the order of ϱ 2𝜍 for 20–50% 
centrality. Considering a better sensitivity of the measurement with the 
polarization transfer method, the 𝜔

ε
 results suggest a hint of larger po-

larization than ω. The possible hierarchy of 𝜔
ε
> 𝜔

ω
 is consistent with 

our previous measurement in Au+Au collisions [18] and could be ex-

Fig. 9. Global polarization of εϑ
+ 𝜛ε

+ as a function of centrality in Ru+Ru and 
Zr+Zr collisions at ⌋𝜚

NN

 = 200GeV. Results for the ω + 𝜛ω measurements are 
shown for comparison. The data points are slightly shifted along the horizontal 
axis for visibility.

plained by the thermal vorticity picture for spin-1/2 particles and feed-
down e$ects [58].

5.  Summary

We report the results of the global polarization measurements for 
ω, 𝜛ω, εϑ, and ε+ hyperons in Ru+Ru and Zr+Zr collisions at ⌋𝜚

NN
 = 

200GeV with the STAR experiment. No signi#cant di$erence between 
ω and 𝜛ω global polarization in Ru + Ru and Zr + Zr collisions is ob-
served, suggesting little contribution of the magnetic-#eld-driven e$ect 
on the observed hyperon polarization. Global polarization of ω + 𝜛ω in 
isobar collisions is found to be similar to that in Au+Au collisions, in-
dicating no obvious collision system size dependence. Our results are 
in agreement with the calculations from hydrodynamic models incorpo-
rating the shear-induced polarization in the “s-quark memory” scenario. 
The polarization has been measured as a function of collision central-
ity, hyperon transverse momentum, pseudorapidity, and azimuthal an-
gle. The polarization increases towards peripheral collisions, consistent 
with the increasing system’s angular momentum, but shows no signi#-
cant dependence on the transverse momentum or pseudorapidity. The 
#rst results of azimuthal angle dependence indicate a larger polarization 
in the in-plane direction with 2.4𝜍 signi#cance, providing important in-
formation for understanding the shear-induced polarization contribu-
tion. Furthermore, the global polarization of εϑ and ε+ hyperons via 
the measurement of daughter ω polarization indicates positive polar-
ization with 2.9𝜍 signi#cance in 20–50% centrality, as expected in the 
global vorticity picture. These results o$er new insights into the polar-
ization mechanism and vorticity #elds of the QGP created in heavy-ion 
collisions.
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Fig. 4. Global polarization of ω + 𝜔ω as a function of centrality in the combined 
Ru+Ru and Zr+Zr collisions at ⌋𝜀

NN

 = 200GeV (left panel) and results av-
eraged over 20–50% centrality (right panel). Results for ω + 𝜔ω measurements 
in Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13] are shown for comparison. The 
inset presents the same data plotted as a function of the average number of 
participants ⌈𝜗

part
⌉. Solid and dashed-dotted lines show calculations from the 

hydrodynamic model (MUSIC) with the AMPT initial condition [35] for the iso-
bar collisions with two di!erent scenarios (see text). The data points are slightly 
shifted along the horizontal axis for visibility.

Fig. 5. The transverse momentum dependence of ω + 𝜔ω 𝜛
H
 for 20%–60% cen-

trality in the combined Ru+Ru and Zr+Zr collisions at ⌋𝜀
NN

 = 200GeV, to-
gether with the results for Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13]. Shaded 
boxes and vertical lines show systematic and statistical uncertainties, respec-
tively. See Fig. 4 caption for the description of theory curves.

constrain the models. Our data versus 𝜚 are in agreement with the model 
calculations from 𝜀-quark memory scenario for isobar collisions, but the 
calculations underestimate the Au+Au data.

4.2.  Azimuthal angle dependence

According to theoretical calculations in hydrodynamics and trans-
port models, hyperon polarization is expected to depend on the az-
imuthal angle of hyperon. Calculations based on thermal vorticity pre-

Fig. 6. The pseudorapidity dependence of ω + 𝜔ω 𝜛
H
 for 20%–60% centrality 

in the combined Ru+Ru and Zr+Zr collisions at ⌋𝜀
NN

 = 200GeV, compar-
ing with results for Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13]. Shaded boxes 
and vertical lines show systematic and statistical uncertainties, respectively. See 
Fig. 4 caption for the description of theory curves.

Fig. 7. The polarization coe"cient 𝜛
𝜍,𝜑0

 of ω + 𝜔ω as a function of centrality (left 
panel) and for 20–50% centrality (right panel) in isobar Ru+Ru and Zr+Zr col-
lisions at ⌋𝜀

NN

 = 200GeV, from two methods (see texts). Azimuthally integrated 
results of the 𝜛

H
 are shown for comparison. The data points are slightly shifted 

along the horizontal axis for visibility.

dict larger polarization in the out-of-plane direction [20,62,63], while 
the sign of the modulation could be #ipped, i.e. larger polarization 
along the in-plane direction, by incorporating the thermal shear con-
tribution [33,35,36,64]. This situation is analogous to the spin “sign 
puzzle” observed in measurements of polarization along the beam di-
rection [37–39].

Fig. 7 shows the coe"cient 𝜛
𝜍,𝜑0

 as de$ned in Eq. (4), obtained with 
the two methods as described in Eqs. (5) and (9). Both descriptions re-
quire the measurements of the elliptic #ow. In this study, the elliptic 
#ow of ω was measured using the same criteria as the polarization mea-
surement.

The 𝜛
𝜍,𝜑0

 results from the two methods are consistent with each 
other and agree with the average polarization 𝜛

H
 calculated using 

Eq. (1), where the polarization is extracted in the azimuthally-integrated
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Fig. 2. Resolutions of the !rst-order event plane from the ZDC-SMDs (left) and 
the second-order event plane from the TPC (right) as a function of collision 
centrality in Ru+Ru and Zr+Zr collisions at ⌋𝜔

NN

 = 200GeV.

3.3.  Event plane determination

In order to reconstruct the direction of the initial orbital angular 
momentum of the system, one needs to determine the azimuthal angle 
of the impact parameter vector, which is de!ned as a vector connecting 
the centers of the two nuclei and pointing to the nucleus traveling in the 
positive 𝜀 direction. The !rst-order event plane angle ω

1
 as an exper-

imental estimate of the impact parameter direction was reconstructed 
by using the ZDC-SMDs measuring the de"ection angle of the spectator 
neutrons [55]. Additionally, to study the azimuthal angle dependence 
of the polarization, the second-order event plane angle ω

2
 was recon-

structed based on the azimuthal distribution of charged tracks from the 
TPC within 0.2 < 𝜗

T
< 2GeV/𝜛 and ⌈𝜚⌈ < 1.

The event plane resolution, Res(ω
𝜍
)= ⌉cos[𝜍(ωobs

𝜍
ε ω

𝜍
)]{, was es-

timated using the two-subevent method [56], which correlates event 
plane angles from the forward and backward regions. Here, ωobs

𝜍
 denotes 

a measured 𝜍th order event plane. Fig. 2 shows the !rst- and second-
order event plane resolutions as a function of collision centrality. The 
resolutions are very similar for the two isobar systems, peaking at ap-
proximately 0.24 and 0.60 for the !rst- and second-order event planes, 
respectively. Note that the resolution for the !rst-order event plane (ω

1
) 

is slightly larger in Zr+Zr collisions due to the greater number of neu-
trons contributing to ω

1
 measurement. In contrast, the resolution for the 

second-order event plane (ω
2
) is slightly larger in Ru+Ru collisions, 

which can be attributed to the larger charged-particle multiplicity at 
midrapidity contributing to ω

2
 calculation [43].

3.4.  Polarization measurement

The polarization along the initial angular momentum direction, 
perpendicular to the impact parameter vector, can be calculated
as [12],

𝜑
H
=

8

𝛻𝜕
H

1

ℵ
0

⌉sin(ω
1
ε ℶ

ϑ

B
){

Res(ω
1
)

. (1)

Here 𝜑
H
 denotes the hyperon polarization, and ℶϑ

B
 is the azimuthal an-

gle of the daughter baryon in the hyperon rest frame. The decay pa-
rameters for ϖ and ϱ hyperons are set to 𝜕

ϖ
= ε𝜕 ℷϖ

= 0.732 ± 0.014 and 
𝜕
ϱε

= ε𝜕 ℷϱ+
= ε0.401 ± 0.058 [57], assuming charge conjugation parity 

symmetry. The acceptance correction factor ℵ
0
 is estimated from the 

data (see Eq. (7) below). Due to the uniformity of the STAR detector, ℵ
0

is very close to unity, with only a few percent deviation depending on 
centrality, 𝜗

T
, and 𝜚.

The polarization signal was extracted using the invariant mass 
method [13], where the value of ⌉sin(ω

1
ε ℶ

ϑ

B
){ in Eq. (1) was mea-

sured as a function of the invariant mass ℸ
inv
. The observed polariza-

tion ⌉sin(ω
1
ε ℶ

ϑ

B
){obs contains contributions from both, signal and back-

ground, denoted as “Sg” and “Bg”, respectively:
⌉sin(ω

1
ε ℶ

ϑ

B
){obs = (1 ε ⊳

Bg
(ℸ

inv
))⌉sin(ω

1
ε ℶ

ϑ

B
){Sg

+ ⊳
Bg
(ℸ

inv
)⌉sin(ω

1
ε ℶ

ϑ

B
){Bg. (2)

where ⊳Bg
(ℸ

⊲𝜍0
) is the background fraction as a function of ℸ

inv
, which 

is extracted by !tting the invariant mass distribution. The background 
contribution ⌉sin(ω

1
ε ℶ

ϑ

B
){Bg can arise due to misidenti!cation of parti-

cles. The data were !tted with Eq. (2) to extract the polarization signal. 
The contribution from the background is found to be consistent with 
zero within uncertainty and is considered as a source of systematic un-
certainty in this analysis (see Section 3.5).

In addition to the invariant mass method, the event plane method 
was also used to extract hyperon polarization. In the event plane 
method [13], the number of hyperons was counted in each bin of 
(ω

1
ε ℶ

ϑ

B
) after subtracting the combinatorial background in the sig-

nal mass window. The mass window was chosen to be 31 of the mass 
width. Then the hyperon yield as a function of ω

1
ε ℶ

ϑ

B
 was !tted with 

a sine function to obtain polarization signal ⌉sin(ω
1
ε ℶ

ϑ

B
){Sg. Alterna-

tively, ⌉sin(ω
1
ε ℶ

ϑ

B
){Sg can be directly extracted by taking the average 

within the signal mass window and corrected for background contribu-
tion (pro!le method). The results from di#erent methods are found to 
be consistent and the di#erence is taken as a systematic uncertainty.

The notion of the global polarization refers to the particle polar-
ization along the system’s OAM assuming averaging over the particle’s 
entire momentum space. In general, the polarization 𝜑

H
 could vary de-

pending on the particle transverse momentum, rapidity, and azimuthal 
emission angle, re"ecting the variation of the “local” properties of the 
"uid. Here we consider the 𝜑

H
 dependence on the azimuthal angle of 

the hyperon relative to the reaction plane. Considering the symmetry of 
the system geometry, the polarization can be expressed as a function of 
the hyperon’s azimuthal angle, ℶ

H
ε ω

RP
, as follows [27]:

𝜑
H
(ℶ

H
ε ω

RP
) = 𝜑

2,𝜛0
+ 2

ς}
𝜍=1

𝜑
2,𝜛(2𝜍)

cos[2𝜍(ℶ
H
ε ω

RP
)] (3)

φ 𝜑
2,𝜛0

+ 2𝜑
2,𝜛2

cos[2(ℶ
H
ε ω

RP
)]. (4)

The study of the coe$cient 𝜑
2,𝜛2

 is of particular interest as di#erent 
theoretical models predict di#erent azimuthal modulations of 𝜑

3
 (see 

more discussion in Section 4.2).
Taking into account the detector acceptance e#ects as well as the 

elliptic "ow, the polarization coe$cients 𝜑
2,𝜛0

 and 𝜑
2,𝜛2

 can be written 
as [27]:
⌉sin(ω

1
ε ℶ

ϑ

B
){

=
𝜕
H
𝛻

8

⦃
ℵ
0

⦄
𝜑
2,𝜛0

+ 2𝜑
2,𝜛2

0
2

⟨
ε ℵ

2

⦄
𝜑
2,𝜛2

+ 𝜑
2,𝜛0

0
2

⟨⟩
, (5)

⌉sin(ω
1
ε ℶ

ϑ

B
) cos[2(ℶ

H
ε ω

4𝜑
)]{

=
𝜕
H
𝛻

8

⟪
ℵ
0
(𝜑

2,𝜛2
+ 𝜑

2,𝜛0
0
2
) ε

1

2
ℵ
2
(𝜑

2,𝜛0
+ 3𝜑

2,𝜛2
0
2
)

⟫
, (6)

where ℵ
0
 and ℵ

2
 are the acceptance correction factors de!ned as:

ℵ
0
=

4

𝛻 ∱ 5∇
ϑ

4𝛻

5ℶ
H

2𝛻
ℵ(𝝎

H
,𝝎ϑ) sin 6ϑ

B
, (7)

ℵ
2
=

4

𝛻 ∱ 5∇
ϑ

4𝛻

5ℶ
H

2𝛻
ℵ(𝝎

H
,𝝎ϑ) sin 6ϑ

B
cos[2(ℶ

H
ε ℶ

ϑ

B
)]. (8)

The function ℵ(𝝎
H
,𝝎ϑ) accounts for the detector acceptance and 6ϑ

B
 is 

de!ned as the angle between the momentum of the decay baryon in the 
hyperon rest frame and the beam direction. The factors ℵ

0
 and ℵ

2
 are 

extracted directly from the data. Using the measurements of 0
2
, one can 

solve Eqs. (5) and (6) with respect to 𝜑
2,𝜛0

 and 𝜑
2,𝜛2
, thus one can obtain 

the dependence of the polarization on the hyperon’s azimuthal angle 
with respect to the second-order event plane (method-1).

The same information about the polarization can be also obtained 
from another set of equations [27] (method-2):
⌉sin(ω

1
ε ℶ

ϑ

B
) sin 6

ϑ

B
{

=
𝜕
H

3

⦃
7ℵ
0

⦄
𝜑
2,𝜛0

+ 2𝜑
2,𝜛2

0
2

⟨
ε 7ℵ

2

⦄
𝜑
2,𝜛2

+ 𝜑
2,𝜛0

0
2

⟨⟩
, (9)

⌉sin(ω
1
ε ℶ

ϑ

B
) sin 6

ϑ

B
cos[2(ℶ

H
ε ω

4𝜑
)]{

=
𝜕
H

3

⟪
7ℵ
0
(𝜑

2,𝜛2
+ 𝜑

2,𝜛0
0
2
) ε

1

2

7ℵ
2
(𝜑

2,𝜛0
+ 3𝜑

2,𝜛2
0
2
)

⟫
, (10)
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Fig. 2. Resolutions of the !rst-order event plane from the ZDC-SMDs (left) and 
the second-order event plane from the TPC (right) as a function of collision 
centrality in Ru+Ru and Zr+Zr collisions at ⌋𝜔

NN

 = 200GeV.

3.3.  Event plane determination

In order to reconstruct the direction of the initial orbital angular 
momentum of the system, one needs to determine the azimuthal angle 
of the impact parameter vector, which is de!ned as a vector connecting 
the centers of the two nuclei and pointing to the nucleus traveling in the 
positive 𝜀 direction. The !rst-order event plane angle ω

1
 as an exper-

imental estimate of the impact parameter direction was reconstructed 
by using the ZDC-SMDs measuring the de"ection angle of the spectator 
neutrons [55]. Additionally, to study the azimuthal angle dependence 
of the polarization, the second-order event plane angle ω

2
 was recon-

structed based on the azimuthal distribution of charged tracks from the 
TPC within 0.2 < 𝜗

T
< 2GeV/𝜛 and ⌈𝜚⌈ < 1.

The event plane resolution, Res(ω
𝜍
)= ⌉cos[𝜍(ωobs

𝜍
ε ω

𝜍
)]{, was es-

timated using the two-subevent method [56], which correlates event 
plane angles from the forward and backward regions. Here, ωobs

𝜍
 denotes 

a measured 𝜍th order event plane. Fig. 2 shows the !rst- and second-
order event plane resolutions as a function of collision centrality. The 
resolutions are very similar for the two isobar systems, peaking at ap-
proximately 0.24 and 0.60 for the !rst- and second-order event planes, 
respectively. Note that the resolution for the !rst-order event plane (ω

1
) 

is slightly larger in Zr+Zr collisions due to the greater number of neu-
trons contributing to ω

1
 measurement. In contrast, the resolution for the 

second-order event plane (ω
2
) is slightly larger in Ru+Ru collisions, 

which can be attributed to the larger charged-particle multiplicity at 
midrapidity contributing to ω

2
 calculation [43].

3.4.  Polarization measurement

The polarization along the initial angular momentum direction, 
perpendicular to the impact parameter vector, can be calculated
as [12],

𝜑
H
=

8

𝛻𝜕
H

1

ℵ
0

⌉sin(ω
1
ε ℶ

ϑ

B
){

Res(ω
1
)

. (1)

Here 𝜑
H
 denotes the hyperon polarization, and ℶϑ

B
 is the azimuthal an-

gle of the daughter baryon in the hyperon rest frame. The decay pa-
rameters for ϖ and ϱ hyperons are set to 𝜕

ϖ
= ε𝜕 ℷϖ

= 0.732 ± 0.014 and 
𝜕
ϱε

= ε𝜕 ℷϱ+
= ε0.401 ± 0.058 [57], assuming charge conjugation parity 

symmetry. The acceptance correction factor ℵ
0
 is estimated from the 

data (see Eq. (7) below). Due to the uniformity of the STAR detector, ℵ
0

is very close to unity, with only a few percent deviation depending on 
centrality, 𝜗

T
, and 𝜚.

The polarization signal was extracted using the invariant mass 
method [13], where the value of ⌉sin(ω

1
ε ℶ

ϑ

B
){ in Eq. (1) was mea-

sured as a function of the invariant mass ℸ
inv
. The observed polariza-

tion ⌉sin(ω
1
ε ℶ

ϑ

B
){obs contains contributions from both, signal and back-

ground, denoted as “Sg” and “Bg”, respectively:
⌉sin(ω

1
ε ℶ

ϑ

B
){obs = (1 ε ⊳

Bg
(ℸ

inv
))⌉sin(ω

1
ε ℶ

ϑ

B
){Sg
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Bg
(ℸ
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)⌉sin(ω

1
ε ℶ

ϑ

B
){Bg. (2)

where ⊳Bg
(ℸ

⊲𝜍0
) is the background fraction as a function of ℸ

inv
, which 

is extracted by !tting the invariant mass distribution. The background 
contribution ⌉sin(ω

1
ε ℶ

ϑ

B
){Bg can arise due to misidenti!cation of parti-

cles. The data were !tted with Eq. (2) to extract the polarization signal. 
The contribution from the background is found to be consistent with 
zero within uncertainty and is considered as a source of systematic un-
certainty in this analysis (see Section 3.5).

In addition to the invariant mass method, the event plane method 
was also used to extract hyperon polarization. In the event plane 
method [13], the number of hyperons was counted in each bin of 
(ω

1
ε ℶ

ϑ

B
) after subtracting the combinatorial background in the sig-

nal mass window. The mass window was chosen to be 31 of the mass 
width. Then the hyperon yield as a function of ω

1
ε ℶ

ϑ

B
 was !tted with 

a sine function to obtain polarization signal ⌉sin(ω
1
ε ℶ

ϑ

B
){Sg. Alterna-

tively, ⌉sin(ω
1
ε ℶ

ϑ

B
){Sg can be directly extracted by taking the average 

within the signal mass window and corrected for background contribu-
tion (pro!le method). The results from di#erent methods are found to 
be consistent and the di#erence is taken as a systematic uncertainty.

The notion of the global polarization refers to the particle polar-
ization along the system’s OAM assuming averaging over the particle’s 
entire momentum space. In general, the polarization 𝜑

H
 could vary de-

pending on the particle transverse momentum, rapidity, and azimuthal 
emission angle, re"ecting the variation of the “local” properties of the 
"uid. Here we consider the 𝜑

H
 dependence on the azimuthal angle of 

the hyperon relative to the reaction plane. Considering the symmetry of 
the system geometry, the polarization can be expressed as a function of 
the hyperon’s azimuthal angle, ℶ

H
ε ω

RP
, as follows [27]:
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The study of the coe$cient 𝜑
2,𝜛2

 is of particular interest as di#erent 
theoretical models predict di#erent azimuthal modulations of 𝜑

3
 (see 

more discussion in Section 4.2).
Taking into account the detector acceptance e#ects as well as the 

elliptic "ow, the polarization coe$cients 𝜑
2,𝜛0

 and 𝜑
2,𝜛2

 can be written 
as [27]:
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where ℵ
0
 and ℵ

2
 are the acceptance correction factors de!ned as:

ℵ
0
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4
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ϑ
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5ℶ
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B
)]. (8)

The function ℵ(𝝎
H
,𝝎ϑ) accounts for the detector acceptance and 6ϑ

B
 is 

de!ned as the angle between the momentum of the decay baryon in the 
hyperon rest frame and the beam direction. The factors ℵ

0
 and ℵ

2
 are 

extracted directly from the data. Using the measurements of 0
2
, one can 

solve Eqs. (5) and (6) with respect to 𝜑
2,𝜛0

 and 𝜑
2,𝜛2
, thus one can obtain 

the dependence of the polarization on the hyperon’s azimuthal angle 
with respect to the second-order event plane (method-1).

The same information about the polarization can be also obtained 
from another set of equations [27] (method-2):
⌉sin(ω
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ε ℶ
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⟪
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STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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Global lambda polarization Talk by Joey Adams (Thu T02-II)

Precision new FXT (3 GeV) and BES-II 
(19.6 GeV) results follow the global trend

No system dependence at fixed centrality or B-field driven splitting seen in 200 GeV collisions

Posters by Kosuke Okubo (Wed T02) & Xingrui Gou (Wed T02)
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• System size dependence predicted (for a given centrality) 
• Longer system lifetime dilutes the vorticity/polarization 

• Initial B-field (|B|2) difference is 10-15% between Ru+Ru and Zr+Zr
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Cu > 16
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FIG. 11. (Color Online) The centrality dependence of the
Pearson correlation between charged hadron anisotropic flow
vn and the Fourier coe�cients of the longitudinal polarization
P z
n in Au+Au collisions at 200 GeV.

coe�cients for n = 1 � 5 in Au+Au collisions. We find
strong positive correlations between vn and P

z
n for n = 2

and 3 from central up to 60% in centrality. These strong
correlations indicate that an event-shape analysis by se-
lecting collision events according to vn at fixed multiplic-
ity could show a positive correlation with the P

z
n coe�-

cient of the ⇤’s longitudinal polarization. The strengths
of the ⇢(v2n, (P z

n)2) correlations are weaker for the har-
monic orders n = 1 and 5 compared to those for n = 2�4,
but they are still significantly larger than zero. Finally,
these Pearson correlations are four-particle correlations
that can be directly measured by the experiments pro-
vided there are enough statistics. These measurements
can verify whether the event-by-event oscillation patterns
of the longitudinal polarization are correlated with the
underlying anisotropic flow of the medium.

D. Collision system scan at the top RHIC energy

The Relativistic Heavy-Ion Collider is a versatile ma-
chine to study the proprieties of Quark-Gluon Plasma
with di↵erent nuclei species. In addition to Au+Au colli-
sions, Ru+Ru and O+O collisions are recently performed
with high precision. These smaller collision systems allow
us to study how the hyperon’s polarization observables
change with the collision system size. In this subsection,
we perform a parameter-free extrapolation from Au+Au
collisions to these small systems.

Figure 12 shows the centrality dependence of the ⇤
global polarization in Au+Au, Ru+Ru, and O+O colli-
sions. For all three collision systems, the magnitude of
the global polarization increases with the centrality. Be-
cause in our model the ⇤ global polarization is strongly
correlated with the system’s orbital angular momentum,
the monotonic increase of the P

y with centrality reflects
that the centrality defined by charged hadron multiplic-
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FIG. 12. (Color Online) The centrality dependence of ⇤’s
global polarization in Au+Au, Ru+Ru, and O+O collisions
at

p
sNN = 200GeV.

ity is strongly correlated with the collision geometry, even
in the small O+O collisions. Now comparing the mag-
nitudes of P

y across the three collision systems, we find
the P

y is larger in smaller systems at the same centrality.
This system size dependence can be understood as the
fireball lifetimes are shorter in the smaller collision sys-
tems. Hence, thermal vorticity tensors have less time to
reduce their sizes in O+O collisions than those in Au+Au
collisions at the same centrality bin. With the future ex-
perimental measurements at RHIC, our prediction for the
system size dependence of ⇤’s P

y can help us to verify
whether the fluid thermal vorticity is the main contribu-
tion to ⇤’s global polarization.

We also study the system size dependence of the az-
imuthal dependence of the ⇤ longitudinal polarization.
In Fig. 13, we plot the Fourier coe�cients p

z
n{SP} of the

⇤ longitudinal polarization for (n = 1 � 3) in Au+Au,
Ru+Ru, and O+O collisions. We have not accumulated
enough statistics for the higher-order coe�cients n = 4
and 5 for the small collision systems. We find a good mul-
tiplicity scaling for p

z
1{SP} and p

z
3{SP} across di↵erent

collision systems. This multiplicity scaling is expected
because both the dipolar and triangular flow coe�cients
are mostly driven by event-by-event fluctuations in all
these three collision systems. The odd-order oscillations
of P

z are mainly controlled by the fireball lifetime which
is correlated with the particle multiplicity. The multiplic-
ity scaling does not work for p

z
2{SP} because it receives

contributions from the collision geometry in central and
semi-peripheral collisions.

IV. CONCLUSIONS

In this work, we perform event-by-event (3+1)D dy-
namical simulations to systematically study the hy-
peron’s polarization observables in heavy-ion collisions
at 200 GeV.

3

FIG. 2: (color online) The velocity component distribution ~v = (vx, v⌘) (black arrows) on the x-⌘ plane and the corresponding
vorticity component !y distribution (colored contour plot), for 20-50% AuAu, CuAu and CuCu collisions at

p
sNN = 63GeV

at time t = 2 fm/c.

these di↵erent systems, we first show in Fig. 2 the ve-
locity component distribution ~v = (vx, v⌘) on the x-⌘
plane as well as the corresponding vorticity component
!y distribution. The three panels are for AuAu, CuAu
and CuCu collisions respectively, all computed for 20-
50% centrality at

p
s = 63GeV at time t = 2fm/c. While

we’ve done calculations at a variety of beam energies, we
choose this particular energy for comparison as experi-
mental data were taken at this energy for all three sys-
tems. From Fig. 2, one sees that the vorticity distribution
patterns, consistent with previous AuAu results [26], are
highly similar among these di↵erent systems. What ap-
pears somewhat surprising is that, despite the di↵erence
in system size and spatial spread of fireball, even the ab-
solute magnitude of vorticity component !y is very close
for all of them. We’ve verified this observation to be true
for calculations at varied values of the collisional beam
energy.
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y〉
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FIG. 3: (color online) The averaged vorticity h!yi as a func-
tion of time, for 20-50% AuAu, CuAu and CuCu collisions atp
sNN = 63GeV respectively.

In order to more quantitatively compare the systems,
we compute the averaged vorticity component !y as a
function of time. While the local vorticity !y varies
a lot and even oscillates in sign across the fireball (as
seen in Fig.2), after properly averaging over the fireball,
the obtained h!yi has a definitive sign that aligns with
the global angular momentum and is directly relevant for
the size of the observable polarization e↵ect in the end.
We use the same averaging procedure as that used for
the AuAu calculations in [26] to compute the h!yi for
the CuAu and CuCu systems. The results are shown in
Fig. 3. Indeed the values of h!yi are found to be fairly
comparable for all of them with slightly larger values for
the AuAu system, confirming the qualitative observation
from Fig.2. This quantitative comparison also implies
that the potentially observable signals, i.e. the parti-
cle polarization e↵ects, should also be comparable thus
equally measurable for CuAu and CuCu systems as well.

FIG. 4: (color online) The predicted P⇤ signals versus colli-
sional beam energy

p
sNN for 20-50% CuCu and CuAu colli-

sions in comparison with the AuAu collisions.
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• Within current uncertainties, no difference between Au+Au and isobar systems 
• No significant difference between Λ and anti-Λ in isobar collisions

The STAR Collaboration

Fig. 4. Global polarization of ω + 𝜔ω as a function of centrality in the combined 
Ru+Ru and Zr+Zr collisions at ⌋𝜀

NN

 = 200GeV (left panel) and results av-
eraged over 20–50% centrality (right panel). Results for ω + 𝜔ω measurements 
in Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13] are shown for comparison. The 
inset presents the same data plotted as a function of the average number of 
participants ⌈𝜗

part
⌉. Solid and dashed-dotted lines show calculations from the 

hydrodynamic model (MUSIC) with the AMPT initial condition [35] for the iso-
bar collisions with two di!erent scenarios (see text). The data points are slightly 
shifted along the horizontal axis for visibility.

Fig. 5. The transverse momentum dependence of ω + 𝜔ω 𝜛
H
 for 20%–60% cen-

trality in the combined Ru+Ru and Zr+Zr collisions at ⌋𝜀
NN

 = 200GeV, to-
gether with the results for Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13]. Shaded 
boxes and vertical lines show systematic and statistical uncertainties, respec-
tively. See Fig. 4 caption for the description of theory curves.

constrain the models. Our data versus 𝜚 are in agreement with the model 
calculations from 𝜀-quark memory scenario for isobar collisions, but the 
calculations underestimate the Au+Au data.

4.2.  Azimuthal angle dependence

According to theoretical calculations in hydrodynamics and trans-
port models, hyperon polarization is expected to depend on the az-
imuthal angle of hyperon. Calculations based on thermal vorticity pre-

Fig. 6. The pseudorapidity dependence of ω + 𝜔ω 𝜛
H
 for 20%–60% centrality 

in the combined Ru+Ru and Zr+Zr collisions at ⌋𝜀
NN

 = 200GeV, compar-
ing with results for Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13]. Shaded boxes 
and vertical lines show systematic and statistical uncertainties, respectively. See 
Fig. 4 caption for the description of theory curves.

Fig. 7. The polarization coe"cient 𝜛
𝜍,𝜑0

 of ω + 𝜔ω as a function of centrality (left 
panel) and for 20–50% centrality (right panel) in isobar Ru+Ru and Zr+Zr col-
lisions at ⌋𝜀

NN

 = 200GeV, from two methods (see texts). Azimuthally integrated 
results of the 𝜛

H
 are shown for comparison. The data points are slightly shifted 

along the horizontal axis for visibility.

dict larger polarization in the out-of-plane direction [20,62,63], while 
the sign of the modulation could be #ipped, i.e. larger polarization 
along the in-plane direction, by incorporating the thermal shear con-
tribution [33,35,36,64]. This situation is analogous to the spin “sign 
puzzle” observed in measurements of polarization along the beam di-
rection [37–39].

Fig. 7 shows the coe"cient 𝜛
𝜍,𝜑0

 as de$ned in Eq. (4), obtained with 
the two methods as described in Eqs. (5) and (9). Both descriptions re-
quire the measurements of the elliptic #ow. In this study, the elliptic 
#ow of ω was measured using the same criteria as the polarization mea-
surement.

The 𝜛
𝜍,𝜑0

 results from the two methods are consistent with each 
other and agree with the average polarization 𝜛

H
 calculated using 

Eq. (1), where the polarization is extracted in the azimuthally-integrated
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 = 200GeV (left panel) and results av-
eraged over 20–50% centrality (right panel). Results for ω + 𝜔ω measurements 
in Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13] are shown for comparison. The 
inset presents the same data plotted as a function of the average number of 
participants ⌈𝜗

part
⌉. Solid and dashed-dotted lines show calculations from the 

hydrodynamic model (MUSIC) with the AMPT initial condition [35] for the iso-
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gether with the results for Au+Au collisions at ⌋𝜀

NN

 = 200GeV [13]. Shaded 
boxes and vertical lines show systematic and statistical uncertainties, respec-
tively. See Fig. 4 caption for the description of theory curves.

constrain the models. Our data versus 𝜚 are in agreement with the model 
calculations from 𝜀-quark memory scenario for isobar collisions, but the 
calculations underestimate the Au+Au data.

4.2.  Azimuthal angle dependence

According to theoretical calculations in hydrodynamics and trans-
port models, hyperon polarization is expected to depend on the az-
imuthal angle of hyperon. Calculations based on thermal vorticity pre-
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NN

 = 200GeV [13]. Shaded boxes 
and vertical lines show systematic and statistical uncertainties, respectively. See 
Fig. 4 caption for the description of theory curves.

Fig. 7. The polarization coe"cient 𝜛
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 of ω + 𝜔ω as a function of centrality (left 
panel) and for 20–50% centrality (right panel) in isobar Ru+Ru and Zr+Zr col-
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NN

 = 200GeV, from two methods (see texts). Azimuthally integrated 
results of the 𝜛
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 are shown for comparison. The data points are slightly shifted 
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dict larger polarization in the out-of-plane direction [20,62,63], while 
the sign of the modulation could be #ipped, i.e. larger polarization 
along the in-plane direction, by incorporating the thermal shear con-
tribution [33,35,36,64]. This situation is analogous to the spin “sign 
puzzle” observed in measurements of polarization along the beam di-
rection [37–39].

Fig. 7 shows the coe"cient 𝜛
𝜍,𝜑0

 as de$ned in Eq. (4), obtained with 
the two methods as described in Eqs. (5) and (9). Both descriptions re-
quire the measurements of the elliptic #ow. In this study, the elliptic 
#ow of ω was measured using the same criteria as the polarization mea-
surement.

The 𝜛
𝜍,𝜑0

 results from the two methods are consistent with each 
other and agree with the average polarization 𝜛

H
 calculated using 

Eq. (1), where the polarization is extracted in the azimuthally-integrated
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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

indicated in the figure.

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-

• Transverse polarization wrt production plane could 
contribute to the measured global polarization at low 
√sNN, through coupling with directed flow

F. Liu and Z. Tu, PRD113, 114051 (2026)
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• Transverse polarization wrt production plane could be 
related to the measured global polarization at low √sNN, 
through coupling with the directed flow
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Low √sNN
(large |v1|)
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ωpbeam→ωb
Summary   

    We present a mechanism that can:

 Generate the Ʌ Global Polarization by coupling transverse polarization to v1 flow. 

 Large contribution to measurement at low-energy HICs, but negligible at high-energy HICs.

Vorticity-Induced Global Polarization and Transverse Polarization can coexist. They can be 

developed at different stages of HICs.

24

No vorticity, only transverse PΛ & v1

~20% of PH could come from transverse Λ polarization based on a rough estimate,  
Under investigation experimentally…
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Y. Fujimoto, K. Fukushima, Y. Hidaka, PLB816(2021)136184

• Vorticity ω can play a role similar to baryon chemical potential μB  
• Deconfinement transition temperature becomes lower if the system is rotating 

- Opposite trend is found in LQCD

Y. Fujimoto, K. Fukushima and Y. Hidaka Physics Letters B 816 (2021) 136184

Fig. 2. Deconfinement transition surface as a function of the baryon chemical po-
tential µ and the angular velocity ω.

gluons are massless gauge bosons. This is why J 2
ℓ (krr) + J 2

ℓ+2(krr)
appears above. The quark pressure reads more straightforwardly:

pq = − T
8π2

∞∑

ℓ=−∞

∫

$IR
ℓ

dk2
r

∫
dkz

[
J 2
ℓ (krr) + J 2

ℓ+1(krr)
]

× log

{

1+exp

[

−
√

k2
r +k2

z + (ℓ+ 1
2 )ω− µ

Nc

T

]}

(22)

and the anti-quark pressure, pq̄ , takes almost the same expression 
with µ → −µ.

Here our criterion for the deconfinement transition is pre-
scribed, in a way similar to Ref. [40], as

p
pSB

(Tc, µ, ω) = γ . (23)

Here, γ is a constant, which is chosen to reproduce Tc(µ = ω =
0) = 154 MeV in accordance with the lattice-QCD results [39]. This 
condition fixes γ = 0.18 in our calculation. Now we can numeri-
cally solve Eq. (23) to identify Tc = Tc(µ, ω) as plotted in Fig. 2.

Now it is evident that Tc is a decreasing function with increas-
ing ω just like the behavior along the µ direction. We cannot 
directly study the chiral properties within the HRG model, but it is 
conceivable that the deconfinement Tc and the chiral restoration 
temperature are linked even at finite ω. We can also notice that 
the effect of ω makes Tc drop faster than that of µ. We under-
stand this from the ω induced effective chemical potential which is 
proportional to ℓ + Si . Because ℓ becomes arbitrarily large, the sys-
tem can be more sensitive to the effective chemical potential than 
the baryon chemical potential. From our parameter free analyses 
we make a conclusion that the deconfining transition temperature 
is lowered by the rotation effect.

7. Revisiting the radial dependence

It would be an interesting problem to make systematic inves-
tigations of the r and ω dependence in the pressure. The main 
focus of the present work is the survey of the phase diagram, so 
we will not go into systematic discussions here. Still, it would be 
instructive to verify our physical interpretation of the r and ω de-
pendence in Eq. (19) from the numerical calculation.

We fix the temperature, T = 0.15 GeV, and change r for three 
different values of ω = 0.1, 0.2, 0.3 GeV. The range of r is 
[0.01, 0.17] GeV−1. Our numerical calculations lead to the r de-
pendence as shown in Fig. 3. We have checked that each curve 
on Fig. 3 is well fitted by a quadratic function ∝ r2 as expected 

Fig. 3. &p as a function of r for three different values of ω.

from Eq. (19). From this quadratic r dependence we can numeri-
cally estimate σ defined in Eq. (19). For ω = 0.1 GeV the numerical 
coefficient reads: &p/r2 ≃ 8.19141 × 10−6 GeV6. The correspond-
ing value of σ is σ ≃ 3.21, from which we can infer,

ν(ω = 0.1 GeV) ≃ 7 . (24)

For different ω the results are slightly changed, but of the same 
order. This value of ν is comparable to the thermal degrees of 
freedom of light mesons, i.e., pions and Kaons. We have a full ex-
pression of Eq. (12) and we do not have to rely on an Ansatz like 
Eq. (19). In this sense the above mentioned estimate of ν should 
be understood as a consistency check. It would be a very intriguing 
question to see the spatial distribution of the angular momentum 
density, ⟨ j⟩(r), as well as the moment of inertia, dI(r), directly 
from Eq. (12). We will report a thorough analysis in a separate 
publication and stop our discussions at the level of the consistency 
check in the present paper.

8. Summary

We studied the effect of rotation on the deconfinement transi-
tion from hadronic to quark matter. We devised the hadron res-
onance gas (HRG) model in a rotating frame and formulated a 
practical scheme for the pressure calculation that is dependent on 
the radial distance r from the rotation axis. Adopting a working 
criterion for deconfinement in the view of the Hagedorn picture, 
we found that increasing the angular velocity ω lowers the decon-
finement transition temperature, which is similar to the effect of 
baryon chemical potential. We then drew the 3D phase diagram 
of rotating hot and dense matter in Fig. 2. Our physics discussions 
include not only the phase diagram but also the physical inter-
pretation of the spatial dependence of the pressure. The numerical 
results are consistent with the physical interpretation in terms of 
the moment of inertia. Our result is in tension with the lattice-QCD 
results [23,24], which only calculate the Polyakov loops at present. 
It would be interesting to see the thermodynamic quantities on 
the lattice in rotating frames as we have done in this work, and 
compare with the HRG counterpart.

There are many interesting directions for future extensions. In 
the context of the QCD phase diagram research it would provide 
us with an inspiring insight to study whether the deconfinement 
and the chiral restoration transitions should be locked or unlocked 
by rotational effects. Also, a more comprehensive analysis involv-
ing the magnetic field on top of rotation would be desirable for 
phenomenological applications. Since we formulated the pressure 
as a function of r and ω, it has paved a clear path for the micro-
scopic computation of the angular momentum and the moment of 

5

the color superconductivity at high density and low
temperature (see, e.g., Ref. [38] for a recent review).
Different from the chiral condensate, the diquark pairing
state has orbital angular momentum L ¼ 0 while total spin
S ¼ 0 (i.e., antisymmetric combination of individual quark
spins), again with the total angular momentum J ¼ 0. We
use the same NJL model and for simplicity we focus on the
low-temperature high-density region where the chiral
symmetry is already restored. Assuming a mean-field
2SC diquark condensate Δϵαβ3ϵij ¼ −2Gdhiψα

i Cγ
5ψβ

j i,
the grand potential is given by (with Nf ¼ 2 and Nc ¼ 3)

Ω ¼
Z

d3~r
!

Δ2

4Gd
−

1

4π2
X

n

Z
dk2t

Z
dkz

× ½JnðktrÞ2 þ Jnþ1ðktrÞ2&

× NfT½ðNc − 2Þðln ð1þ eϵ
þ
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þ
n =TÞ

þ ln ð1þ eϵ
−
n =TÞ þ ln ð1þ e−ϵ

−
n =TÞÞ

þ 2ðln ð1þ eϵ
Δþ
n =TÞ þ ln ð1þ e−ϵ

Δþ
n =TÞ

þ ln ð1þ eϵ
Δ−
n =TÞ þ ln ð1þ e−ϵ

Δ−
n =TÞÞ&

"
: ð9Þ

In the above, the mean-field quasiparticle dispersion ϵ'n and
ϵΔ'n is given by ϵ'n ¼ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2z þ k2t þm2

p
' μÞ − ðnþ 1

2Þω
and ϵΔ'n ¼ ½ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2z þ k2t þm2

p
' μÞ2 þ Δ2&12 − ðnþ 1

2Þω.
The diquark condensate Δ at given values of T, μ, and ω,

can then be determined from the gap equation for the order
parameter: ½δΩ=δΔðrÞ& ¼ 0 and ½δ2Ω=δΔðrÞ2& > 0. By
numerically solving the equation, we show in Fig. 4 the
Δ (at r ¼ 0.1 GeV−1) as a function of ω for several values
of T and fixed μ ¼ 400 MeV. With increasing ω, the
diquark condensate always decreases toward zero, through
a first-order transition at low T while a second-order
transition at higher T. This result again confirms the generic
rotational suppression effect on the scalar diquark pairing.
Summary and discussions.—In summary, we have found

a generic rotational suppression effect on the fermion
pairing state with zero angular momentum. This effect is

demonstrated for two well-known pairing phenomena in
QCD matter, namely, the chiral condensate and the color
superconductivity. The scalar pairing states in these two
examples, while different in many aspects, are both found
to be reduced with increasing rotation of the system. In the
case of chiral phase transition, we have identified the
phase boundary with a critical point on the T − ω param-
eter space.
Apart from significant theoretical interests, it is tempt-

ing to discuss potential implications of the rotational
suppression effect for several physics systems. The phase
diagram of QCD matter on the T − ω plane could be
quantitatively explored by ab initio lattice simulations
which has recently become feasible [9]. In heavy ion
collisions there is a sizable global angular momentum
(∼105ℏ) carried by the fireball (see, e.g., Ref. [6]) with ω
reaching the order of 0.1 GeV, which may possibly help
restore chiral symmetry at lower temperature. For the
dense matter in neutron stars, the global rotation has a
frequency up to ω ∼ 103 s−1 with ωr ∼ 0.1c (where c is
speed of light) at the outer crust which might influence
the nucleon mass or nucleon-nucleon pairings as well as
the moment of inertia for such stars [28,29]. To see
whether any measurable consequence in these QCD
systems may result therein, requires quantitative studies.
In the nonrelativistic domain, the cold fermionic gas is an
ideal place to study the rotational suppression effect on
the fermion pairing and the BCS-BEC crossover phe-
nomenon [39–43]. A realistic investigation of potential
phenomenological applications, as well as a very detailed
discussion of the present theoretical study, will be
reported elsewhere in the future.
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work of the Beam Energy Scan Theory (BEST) Topical
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FIG. 3. The phase diagram on the T − ω plane (see text).
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Summary of day-3

Hyperon global polarization was observed in relativistic heavy-ion collisions 
Average global polarization can be explained by various models, supporting the global 
(thermal) vorticity picture 

The estimated vorticity ω is of the order of ω~1021 s-1; the most vortical fluid ever observed 

No significant magnetic-field-induced splitting was observed;  
Upper limit of the late-stage magnetic-field: B<1013 T 

Some open questions 

- Rapidity dependence, Polarization mechanism at low-√sNN, Spin dependence of the 
polarization needs to be confirmed (Ω hyperons)
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