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Polarization: questions and next steps
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direction of the daughter baryon momentum, both in the
parent rest frame denoted by an asterisk.
Ξ− (Ξ̄þ) hyperon decay happens in two steps: Ξ− →

Λþ π− with subsequent decay Λ → pþ π−. If Ξ− is
polarized, its polarization is partially transferred to the
daughter Λ. Both steps in such a cascade decay are parity
violating and thus can be used for an independent meas-
urement of the polarization of Ξ− (Ξ̄þ).
The polarization of the daughter baryon in a weak decay

of a spin 1=2 hyperon is described by the Lee-Yang formula
[19–21] in terms of the three parameters α (parity violating
part), β (violation of the time reversal symmetry), and γ
(satisfying α2 þ β2 þ γ2 ¼ 1). For a particular case of
Ξ → Λþ π decay it reads:

P#
Λ ¼ ðαΞ þ P#

Ξ · p̂#ΛÞp̂#Λ þ βΞP#
Ξ × p̂#Λ þ γΞp̂#Λ × ðP#

Ξ × p̂#ΛÞ
1þ αΞP#

Ξ · p̂#Λ
;

ð3Þ

where p̂#Λ is the unit vector of the Λmomentum 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 ¼ CΞ−ΛP#

Ξ ¼ 1

3
ð1þ 2γΞÞP#

Ξ: ð4Þ

Using the measured value for the γΞ parameter [21,22], the
polarization transfer coefficient for Ξ− to Λ decay is

CΞ−Λ ¼ 1

3
ð1þ 2 × 0.916Þ ¼ þ0.944: ð5Þ

The polarization of the daughter baryon in a two particle
decay of spin 3=2 hyperon, Ω → Λþ K, is also described
by three parameters αΩ, βΩ, and γΩ [23]. The decay
parameter αΩ determines the angular distribution of Λ in
the Ω rest frame and is measured to be small [22]:
αΩ ¼ 0.0157& 0.0021; this makes it practically impossible

to measure theΩ polarization via analysis of the daughterΛ
angular distribution. The polarization transfer in this case is
determined by the γΩ parameter via [23–25]

P#
Λ ¼ CΩ−ΛP#

Ω ¼ 1

5
ð1þ 4γΩÞP#

Ω: ð6Þ

The time-reversal violation parameter βΩ is expected
to be small. This combined with the constraint that
α2 þ β2 þ γ2 ¼ 1 limits the unmeasured parameter to
γΩ ≈&1, resulting in a polarization transfer CΩ−Λ ≈ 1
or CΩ−Λ ≈ −0.6.
Our analysis is based on the data of Auþ Au collisions

at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV collected in 2010, 2011, 2014, and
2016 by the STAR detector. Charged-particle tracks were
measured in the time projection chamber (TPC) [26], which
covers the full azimuth and a pseudorapidity range of
jηj < 1. The collision vertices were reconstructed using the
measured charged-particle tracks and were required to be
within 30 cm relative to the TPC center in the beam
direction for the 2010 and 2011 datasets to ensure a good
acceptance of reconstructed tracks. The narrower vertex
selection to be within 6 cm was applied in the 2014 and
2016 data due to an online trigger requirement for the
heavy flavor tracker installed prior to 2014 data taking. The
vertex in the radial direction relative to the beam center was
also required to be within 2 cm to reject background from
collisions with a beam pipe. Additionally, the difference in
the vertex positions along the beam direction from the
vertex position detectors (VPD) [27] located at forward and
backward pseudorapidities (4.24 < jηj < 5.1) was required
to be less than 3 cm to suppress pileup events in which
more than one heavy-ion collision occurred. These selec-
tion criteria yielded about 180 × 106(350 × 106) minimum
bias (MB) events for the 2010 (2011) dataset, 1 × 109 MB
events for the 2014 dataset, and 1.5 × 109 MB events for
the 2016 dataset. The MB trigger requires hits of both
VPDs and the zero-degree calorimeters (ZDCs) [28], which
detect spectator neutrons in jηj > 6.3. The collision central-
ity was determined from the measured multiplicity of
charged particles within jηj < 0.5 and a Monte Carlo
Glauber simulation [29,30].
The first-harmonic event plane angle Ψ1 as an exper-

imental estimate of the impact parameter direction was
determined by measuring the neutron spectator deflection
[31] in the ZDCs equipped with shower maximum detec-
tors [32–34]. The event plane resolution [35] is largest
(∼41%; the resolution is better if it is closer to 100%) at
30%–40% collision centrality for the 2014 and 2016
datasets, and is decreased by 4% for the 2010 and 2011
datasets [5].
The parent Ξ− (Ξ̄þ), Ω− (Ω̄þ), and their daughter

Λ (Λ̄) were reconstructed utilizing the decay channels of
Ξ− → Λπ− (99.887%),Ω− → ΛK− (67.8%), and Λ → pπ−

(63.9%), where the numbers in parentheses indicate the
corresponding branching ratio of the decays [22]. Charged
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FIG. 1. Invariant mass distributions of Ξ− (Ξ̄þ) andΩ− (Ω̄þ) for
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pions (kaons) and protons of the daughter particles were
identified based on the ionization energy loss in the TPC
gas, and the timing information measured by the time-of-
flight detector [36]. Reconstruction of Ξ− (Ξ̄þ), Ω− (Ω̄þ),
and Λ (Λ̄) was performed using the KF particle finder
package based on the Kalman filter (KF) method initially
developed for the CBM and ALICE experiments [37–39],
which utilizes the quality of the track fit as well as the decay
topology. Figure 1 shows the invariant mass distributions
for reconstructed Ξ− (Ξ̄þ) and Ω− (Ω̄þ) for 20%–80%
centrality. The purities for this centrality bin are higher than
90% for both species. The significance with the Kalman
filter method is found to be increased by ∼30% for Ξ
compared to the traditional method for reconstruction of
short-lived particles (e.g. see Refs. [5,40]). The hyperon
candidates were also ensured not to share their decay
products with other particles of interest.
The polarization along the initial angular momentum

direction can be defined as [41]

PH ¼ 8

παH

hsinðΨobs
1 − ϕ$

BÞi
ResðΨ1Þ

; ð7Þ

where αH is the hyperon decay parameter and ϕ$
B is the

azimuthal angle of the daughter baryon in the parent
hyperon rest frame. The azimuthal angle of the first-order
event plane is Ψobs

1 , and Res(Ψ1) is the resolution [35] with
which it estimates the reaction plane.
The extraction of hsinðΨobs

1 − ϕ$Þi was performed
in the same way as in our previous studies [4,5]. The
decay parameters of Λ, Ξ−, and Ω− have been recently
updated by the Particle Data Group [22] and the latest
values are used in this analysis; αΛ ¼ 0.732& 0.014,
αΞ ¼ −0.401& 0.010, and αΩ ¼ 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 polari-
zation transfer factors CΞΛðΩΛÞ from Eqs. (4) and (6) are
used to obtain the parent polarization.
The largest systematic uncertainty (37%) was attributed

to the variation of the results obtained with datasets taken in
different years. The difference could be partly due to the
change in the detector configuration (inclusion of the heavy
flavor tracker in the 2014 and 2016 data taking) and
increased luminosity in recent years, both of which lead
to the reduction of detecting efficiency. After careful checks
of the detector performance and detailed quality assurance
of the data, weighted average over different datasets was
used as the final result. All other systematic uncertainties
were assessed based on the weighted average: by compar-
ing different polarization signal extractions [5] (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
parentheses represent the uncertainty for the Ξ polarization
via the daughter Λ polarization measurement. A correction
for nonuniform acceptance effects [41] 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 [5],
effects from the pT dependent efficiency of the hyperon
reconstruction were found to be negligible.
Figure 2 shows the collision energy dependence of the

Λ hyperon global polarization measured earlier [4,5,9,41]
together with the new results on Ξ and Ω global polar-
izations at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. (Note that the statistical
and systematic uncertainties for the Λ are smaller than
the symbol size.) For both Ξ and Ω polarizations, the
particle and antiparticle results are averaged to reduce the
statistical uncertainty. Also to maximize the significance
of the polarization signal, the results were integrated
over the centrality range 20%–80%, transverse
momentum pT > 0.5 GeV=c, and rapidity jyj < 1.
Global polarization of Ξ− and Ξ̄þ measurements via
daughter Λ polarization show positive values, with no
significant difference between Ξ− and Ξ̄þ [PΞð%Þ ¼
0.77& 0.16ðstatÞ & 0.49ðsystÞ and PΞ̄ð%Þ ¼ 0.49&
0.16ðstatÞ & 0.20ðsystÞ]. The average polarization value
obtained by this method is hPΞið%Þ ¼ 0.63&
0.11ðstatÞ & 0.26ðsystÞ. The Ξþ Ξ̄ polarization was
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A. Global polarization. Acceptance e↵ects5

For the case of an imperfect detector, we consider the average of hsin ( RP � �⇤
)i but take into account the fact6

that the integral over solid angle d⌦⇤
= d�⇤

sin ✓⇤d✓⇤ of the hyperon decay baryon’s 3-momentum p⇤
in the hyperon7

rest frame is a↵ected by detector acceptance:8
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Here pH is the hyperon 3-momentum, and A
�
pH ,p⇤

p

�
is a function to account for detector acceptance. The integral9

of this function over (d⌦⇤
p
/4⇡)(d�H/2⇡) is normalized to unity. The global polarization can depend on the relative10

azimuthal angle (�H� RP). Taking into account the symmetry of the system, one can expand the global polarization11

as a function of (�H � RP) in a sum over even harmonics. We keep below only the first two terms.12
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For the perfect acceptance A0 = 1 and A2 = 0.15

Similarly one obtaines:16
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i
, (8)

hsin( RP � �⇤
) sin ✓⇤ cos[2(�H � �⇤

)]i = ↵H

3


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Note extra factors of “2”  
in the definitions, 
compared to 2007 
paper. 
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Polarization in heavy ion collisions 9

Polarization of � (�) hyperons in Pb–Pb collisions ALICE Collaboration

the top RHIC energy in semi-central collisions as shown in Fig. 3. The Pz,s2 does not exhibit a significant
dependence on rapidity as shown in Fig. 4.
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Figure 2: (color online) Centrality dependence of hPz sin(2� �2�2)i averaged for � and � in Pb–Pb collisions at
p

sNN = 5.02 TeV and it’s comparison with the RHIC results for Au–Au collisions at
p

sNN = 200 GeV. The model
calculations [38] for � and strange quark for Pb–Pb collisions at

p
sNN = 5.02 TeV using the approach described

in Ref. [23] are shown by dashed-dotted lines.
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Figure 3: (color online) Transverse momentum dependence of hPz sin(2� �2�2)i averaged for � and � in Pb–Pb
collisions at

p
sNN = 5.02 TeV in semi-central collisions and it’s comparison with the similar RHIC results for

Au–Au collisions at
p

sNN = 200 GeV. The model calculations [38] for � and strange quark for Pb–Pb collisions
at

p
sNN = 5.02 TeV in the 30–50% centrality interval using the approach described in Ref. [23] are shown by

dashed-dotted lines.

Hyperon polarization along the beam direction in Au–Au collisions at psNN = 200 GeV and Pb–Pb
collisions at psNN = 2.76 TeV were calculated both in hydrodynamical and transport models [12, 14]
using a local equilibrium formula relating the mean spin vector of a particle to the thermal vorticity.
Both STAR and ALICE measurements are in stark disagreement with those calculations which predict
negative sign for Pz,s2 at RHIC and the LHC energies. This is in contrast with the global polarization
measurements [5–7] where hydrodynamic [8, 39] and transport [40] models describe the collision-energy
dependence reasonably well. Surprisingly, the Blast Wave model, which accounts only for the kinematic
vorticity describes Pz,s2 rather well [17]. This finding was also confirmed by later calculations [18]. Also,
a calculation using the chiral kinetic approach with AMPT initial conditions [15], which accounts for the
transverse vorticity fields due to deviation from longitudinal boost invariance, generates the correct sign
for Pz,s2.

6

Fig. 4. Need to replot?The sine modulation of ⇤ polarization along the beam direction as a

function of centrality from RHIC and the LHC. Various model calculations are also compared.

The experimental data are rescaled according to recent update of ⇤ decay parameter
13

which are

shown in the figure.
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for detector acceptance. The integral of this function over (d⌦⇤
p
/4⇡)(d�H/2⇡) is

normalized to unity. The global polarization can depend on the relative azimuthal
angle (�H � RP). Taking into account the symmetry of the system, one can expand
the global polarization as a function of (�H � RP) in a sum over even harmonics.
We keep below only the first two terms.
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Note that ⟨Py⟩ ≠ Py,0
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Polarization of � (�) hyperons in Pb–Pb collisions ALICE Collaboration

the top RHIC energy in semi-central collisions as shown in Fig. 3. The Pz,s2 does not exhibit a significant
dependence on rapidity as shown in Fig. 4.
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Figure 2: (color online) Centrality dependence of hPz sin(2� �2�2)i averaged for � and � in Pb–Pb collisions at
p

sNN = 5.02 TeV and it’s comparison with the RHIC results for Au–Au collisions at
p

sNN = 200 GeV. The model
calculations [38] for � and strange quark for Pb–Pb collisions at

p
sNN = 5.02 TeV using the approach described

in Ref. [23] are shown by dashed-dotted lines.
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Figure 3: (color online) Transverse momentum dependence of hPz sin(2� �2�2)i averaged for � and � in Pb–Pb
collisions at

p
sNN = 5.02 TeV in semi-central collisions and it’s comparison with the similar RHIC results for

Au–Au collisions at
p

sNN = 200 GeV. The model calculations [38] for � and strange quark for Pb–Pb collisions
at

p
sNN = 5.02 TeV in the 30–50% centrality interval using the approach described in Ref. [23] are shown by

dashed-dotted lines.

Hyperon polarization along the beam direction in Au–Au collisions at psNN = 200 GeV and Pb–Pb
collisions at psNN = 2.76 TeV were calculated both in hydrodynamical and transport models [12, 14]
using a local equilibrium formula relating the mean spin vector of a particle to the thermal vorticity.
Both STAR and ALICE measurements are in stark disagreement with those calculations which predict
negative sign for Pz,s2 at RHIC and the LHC energies. This is in contrast with the global polarization
measurements [5–7] where hydrodynamic [8, 39] and transport [40] models describe the collision-energy
dependence reasonably well. Surprisingly, the Blast Wave model, which accounts only for the kinematic
vorticity describes Pz,s2 rather well [17]. This finding was also confirmed by later calculations [18]. Also,
a calculation using the chiral kinetic approach with AMPT initial conditions [15], which accounts for the
transverse vorticity fields due to deviation from longitudinal boost invariance, generates the correct sign
for Pz,s2.

6

Fig. 4. Need to replot?The sine modulation of ⇤ polarization along the beam direction as a

function of centrality from RHIC and the LHC. Various model calculations are also compared.

The experimental data are rescaled according to recent update of ⇤ decay parameter
13
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shown in the figure.
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normalized to unity. The global polarization can depend on the relative azimuthal
angle (�H � RP). Taking into account the symmetry of the system, one can expand
the global polarization as a function of (�H � RP) in a sum over even harmonics.
We keep below only the first two terms.
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Idea: calculate , where  is the angle relative to the quantization axis⟨cos(Θ*)⟩ Θ*

Decrease the statistical errors for about 10%
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Total 𝑃𝜇
=Thermal vorticity + Shear effects 

-In the scenario of ‘S-quark 
memory’, the total 𝑃𝜇 with SIP
qualitatively agrees with data

23

𝑚𝑠 = 0.3 GeV

Compare with exp data: 𝑃𝑦 𝜙 with & without SIP
B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021）

STAR, NPA, 982 
(2019) 511-514

𝑚Λ = 1.116 GeV
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• Brief history / introduction 
• Some old and new results 
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• New approaches 
• Current limits and near future

Mostly on CME; CMW, CVE, only in passing

• EM fields estimates 
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 is calculated as velocity of the center of massvz gradients are calculated with rapidity (e.g. in the “fluid” rest frame)
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Total 𝑃𝜇
=Thermal vorticity + Shear effects 

-In the scenario of ‘S-quark 
memory’, the total 𝑃𝜇 with SIP
qualitatively agrees with data

23

𝑚𝑠 = 0.3 GeV

Compare with exp data: 𝑃𝑦 𝜙 with & without SIP
B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021）

STAR, NPA, 982 
(2019) 511-514

𝑚Λ = 1.116 GeV
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It is not clear why hydro without SIP predicts  
larger polarization “out-of-plane” — which is  
at odds with expectation from the right plot
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A. Global polarization. Acceptance e↵ects5

For the case of an imperfect detector, we consider the average of hsin ( RP � �⇤
)i but take into account the fact6

that the integral over solid angle d⌦⇤
= d�⇤

sin ✓⇤d✓⇤ of the hyperon decay baryon’s 3-momentum p⇤
in the hyperon7
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/4⇡)(d�H/2⇡) is normalized to unity. The global polarization can depend on the relative10
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Ã0 (P2 + P0v2)�

1

2
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Polarization of � (�) hyperons in Pb–Pb collisions ALICE Collaboration

the top RHIC energy in semi-central collisions as shown in Fig. 3. The Pz,s2 does not exhibit a significant
dependence on rapidity as shown in Fig. 4.
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Figure 2: (color online) Centrality dependence of hPz sin(2� �2�2)i averaged for � and � in Pb–Pb collisions at
p

sNN = 5.02 TeV and it’s comparison with the RHIC results for Au–Au collisions at
p

sNN = 200 GeV. The model
calculations [38] for � and strange quark for Pb–Pb collisions at

p
sNN = 5.02 TeV using the approach described

in Ref. [23] are shown by dashed-dotted lines.
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Figure 3: (color online) Transverse momentum dependence of hPz sin(2� �2�2)i averaged for � and � in Pb–Pb
collisions at

p
sNN = 5.02 TeV in semi-central collisions and it’s comparison with the similar RHIC results for

Au–Au collisions at
p

sNN = 200 GeV. The model calculations [38] for � and strange quark for Pb–Pb collisions
at

p
sNN = 5.02 TeV in the 30–50% centrality interval using the approach described in Ref. [23] are shown by

dashed-dotted lines.

Hyperon polarization along the beam direction in Au–Au collisions at psNN = 200 GeV and Pb–Pb
collisions at psNN = 2.76 TeV were calculated both in hydrodynamical and transport models [12, 14]
using a local equilibrium formula relating the mean spin vector of a particle to the thermal vorticity.
Both STAR and ALICE measurements are in stark disagreement with those calculations which predict
negative sign for Pz,s2 at RHIC and the LHC energies. This is in contrast with the global polarization
measurements [5–7] where hydrodynamic [8, 39] and transport [40] models describe the collision-energy
dependence reasonably well. Surprisingly, the Blast Wave model, which accounts only for the kinematic
vorticity describes Pz,s2 rather well [17]. This finding was also confirmed by later calculations [18]. Also,
a calculation using the chiral kinetic approach with AMPT initial conditions [15], which accounts for the
transverse vorticity fields due to deviation from longitudinal boost invariance, generates the correct sign
for Pz,s2.

6

Fig. 4. Need to replot?The sine modulation of ⇤ polarization along the beam direction as a

function of centrality from RHIC and the LHC. Various model calculations are also compared.

The experimental data are rescaled according to recent update of ⇤ decay parameter
13

which are

shown in the figure.
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p
/4⇡)(d�H/2⇡) is

normalized to unity. The global polarization can depend on the relative azimuthal
angle (�H � RP). Taking into account the symmetry of the system, one can expand
the global polarization as a function of (�H � RP) in a sum over even harmonics.
We keep below only the first two terms.

PH

�
�H � RP, pH

t
, ⌘H

�
= P0

�
pH
t

, ⌘H
�

+ 2P2

�
pH
t

, ⌘H
�
cos{2[�H � RP]}. (10)

Substituting it into Eq. 9 and integrating over  RP one gets

hsin( RP � �⇤)i =
↵H

2

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤) sin ✓⇤ [(P0 + 2P2v2) � (P2 + P0v2) cos [2(�H � �⇤)]](11)

=
↵H⇡

8
[A0 (P0 + 2P2v2) � A2(P2 + P0v2)] , (12)

where the “acceptance” functions A0(pHt , ⌘H) and A2(pHt , ⌘H) are defined by:

A0(p
H

t
, ⌘H) =

4

⇡

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤) sin ✓⇤. (13)

A2(p
H

t
, ⌘H) =

4

⇡

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤) sin ✓⇤ cos [2(�H � �⇤)]. (14)

For the perfect acceptance A0 = 1 and A2 = 0.
Similarly one obtaines:

hsin( RP � �⇤) cos[2(�H � �⇤)]i =
↵H⇡

8


A0 (P2 + P0v2) � 1

2
A2(P0 + 3P2v2)

�
,(15)

Note that ⟨Py⟩ ≠ Py,0

IN PROGRESS
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Pz,sn = ⟨Pz sin[n(ϕ − Ψn)]⟩

10
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The dataset for this analysis was collected in 2014 by the
STAR detector during the period of Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Charged-particle tracks were measured
in the time projection chamber (TPC) [23], which covers
the full azimuth and a pseudorapidity range of −1 < η < 1.
The collision vertices were reconstructed using the mea-
sured charged-particle tracks. Events were selected to have
the collision vertex position within 6 cm of the center of the
TPC in the beam direction and within 2 cm in the radial
direction with respect to the beam center. In addition, the
difference between the vertex positions along the beam
direction determined by the TPC and the vertex position
detectors (VPD) [24] located at forward and backward
rapidities (4.24< jηj < 5.1) was required to be less than
3 cm to suppress pileup events. These selection criteria
yielded about 1 × 109 minimum bias events, where the
minimum bias trigger required hits of both VPDs and the
zero-degree calorimeters [25] located at jηj > 6.3.
The collision centrality was determined from the mea-

suredmultiplicity of charged particles within jηj < 0.5and a
Monte Carlo Glauber simulation [26]. The second-order
event plane (Ψ2) as an experimental estimate of the reaction
plane was determined by the charged-particle tracks within
the transverse momentum range of 0.15< pT < 2 GeV=c
and 0.1 < jηj < 1 in the same way as in Ref. [27]. The
resolution of the measured planeΨobs

2 defined as ResðΨ2Þ ¼
hcos 2ðΨobs

2 −Ψ2Þi was estimated with the two-subevent
method [28], where the two subevents correspond to
pseudorapidity regions −1 < η < −0.1 and 0.1 < η < 1.
In midcentral collisions the event plane resolution peaks
at ∼0.76.
Charged particles of good quality TPC tracks (see

Ref. [15] for details) with 0.15< pT < 10 GeV=c and
jηj < 1 were used in this analysis. Λ and Λ̄ hyperons were
reconstructed via decay channels Λ → pþ π− and
Λ̄ → p̄þ πþ, corresponding to ð63.9% 0.5Þ% of all decays
]10 ]. The hyperon identification was based on the invariant

mass of the two daughters with cuts on decay topology to
reduce the combinatoric background [15].
The component of the polarization along the beam

direction Pz can be measured by taking θ&p in Eq. (1) as
the polar angle of the daughter proton in the Λ (Λ̄) rest
frame and calculating the hcos θ&pi. This yields

Pz ¼
hcos θ&pi

αHhcos2θ&pi
: ð2Þ

The factor hcos2 θ&pi, expected to be *1=3for the case of the
perfect detector acceptance, was extracted from the data to
account for finite pseudorapidity acceptance. It was found
to be close to 1=3at all collision centralities, but showed a
systematic decrease at low pT.
A significant fraction of Λ and Λ̄ are the decay products

of heavier baryons such as Σ& and Ξ. This leads to about
∼10% reduction in measured Λ polarization compared to
that of primary Λ [29,30]. No correction for feed-down
effects are done in the current analysis.
To extract the signal hcos θ&pi, two techniques were used:

the event plane method and the invariant mass method. In
the event plane method, hcos θ&pi was measured as a
function of azimuthal angle of Λ ðΛ̄Þ relative to Ψ2. The
effects due to detector acceptance and inefficiencies are
removed by requiring that the azimuthal average to be zero,
as expected due to symmetry. Figure 2 shows hcos θ&pisub of
Λ and Λ̄ as a function of azimuthal angle relative to Ψ2 for
the 20%–60% centrality bin. The solid lines indicate the fit
results to the function p0 þ 2p1 sinð2ϕ − 2Ψ2Þ, where p0

FIG. 1. A sketch illustrating the system created in a noncentral
heavy-ion collision viewed in the transverse plane (x-y), showing
stronger in-plane expansion (solid arrows) and expected vortic-
ities (open arrows). Here, the colliding beams are oriented along
the z axis and the x-z plane defines the reaction plane. See text for
explanations of ϕs and ϕb.
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FIG. 2. hcos θ&pi of Λ and Λ̄ hyperons as a function of azimuthal
angle ϕ relative to the second-order event plane Ψ2 for 20%–60%
centrality bin in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open
boxes show the systematic uncertainties and hisub denotes the
subtraction of the acceptance effect (see text). Solid lines show
the fit with the sine function shown inside the figure. Note that the
data are not corrected for the event plane resolution.
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Rough estimate of                                , 
comparable or slightly higher than that in Au+Au (~0.1%) for the same centrality.

* sign is flipped for anti-Λ
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Rough estimate of                                , half of Pz{Ψ2} signal.  
Need to look into the systematics and necessary corrections.
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* sign is flipped for anti-Λ
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SUMMARY
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           Vorticity: an important piece in the picture of heavy ion collisions 

- Leads to global polarization, which can be used for a direct measurements of 
vorticity/velocity fields 

- The global polarization measurements indicate thermal vorticity values of  the 
order of a few percent at lower RHIC energy, strongly decreasing with collision 
energy 

- Polarization seems to be stronger for particle emitted in-plane 
- The split between lambda and lambda-bar polarization is likely due to the strong 

magnetic fields of the order of  

- Elliptic (and higher harmonics)  flow leads to a nontrivial azimuthal structure in 
polarization along the beam direction.  

  

Very rich and extremely interesting physics! … as well as very important for the 
interpretation of existing data (e.g. elliptic flow)  
  
A lot more to come! 

eB ⇠ 10�2m2
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Blast wave parameterization 
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Number of emitting “sources”:

⇢t = ⇢t,max[r/rmax(�s)][1 + a2 cos(2�s)]

/ [1 + 2s2 cos(2�b)]

!z ⇡ ⇢t,max sin(n�s)[an � 2sn]

Transverse rapidity (boost):

The effects should be present also at higher harmonics,  
e.g. for triangular flow. 
Provides connection to vn(pt) and azFemto measurements
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Polarization of Λ and Λ̄ Hyperons along the Beam Direction
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The polarization of the Λ and Λ̄ hyperons along the beam (z) direction, P z, has been measured in Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV recorded with ALICE at the Large Hadron Collider (LHC). The main
contribution to P z comes from elliptic flow-induced vorticity and can be characterized by the second
Fourier sine coefficient P z;s2 ¼ hP z sinð2φ − 2Ψ2Þi, where φ is the hyperon azimuthal emission angle and
Ψ2 is the elliptic flow plane angle. We report the measurement of P z;s2 for different collision centralities
and in the 30%–50% centrality interval as a function of the hyperon transverse momentum and rapidity.
The P z;s2 is positive similarly as measured by the STAR Collaboration in Au-Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, with somewhat smaller amplitude in the semicentral collisions. This is the first
experimental evidence of a nonzero hyperon P z in Pb-Pb collisions at the LHC. The comparison of the
measured P z;s2 with the hydrodynamic model calculations shows sensitivity to the competing contributions
from thermal and the recently found shear-induced vorticity, as well as to whether the polarization is
acquired at the quark-gluon plasma or the hadronic phase.

DOI: 10.1103/PhysRevLett.128.172005

The system created in high-energy nuclear collisions
behaves almost like an ideal fluid [1]. Its evolution is
characterized by nontrivial velocity and vorticity fields,
resulting in the polarization of the produced particles. In
particular, the shear in the initial velocity distributions of
the participants in off-center nuclear collisions leads to a
nonzero vorticity component and a net particle polarization
along the orbital momentum of the colliding nuclei, a
phenomenon termed as global polarization [2–4]. Recent
measurements at RHIC show a significant global polari-
zation of Λ and Λ̄ hyperons in Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
7.7–200 GeV with the polarization magnitude of a few to a
fraction of a percent, monotonically decreasing with
increasing

ffiffiffiffiffiffiffiffi
sNN

p
[5,6]. The global hyperon polarization

measured by the ALICE Collaboration in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 and 5.02 TeV [7] was found to be at the per
mil level, consistent with zero within experimental uncer-
tainties. The ALICE measurements are also consistent with
hydrodynamical model calculations for the LHC energies
and empirical estimates based on the collision energy
dependence of the directed flow due to the tilted source
[4,8,9]. The decrease in the global polarization at

midrapidity with collision energy is usually attributed to
a decreasing role of the baryon stopping [10] in the initial
velocity distributions.
In addition to the vorticity due to the orbital angular

momentum of the entire system, other physics processes,
such as anisotropic flow, jet energy deposition, and
deviation from longitudinal boost invariance of the trans-
verse velocity fields, generate vorticity [8,11–15] along
different directions depending on the location of the fluid
elements in the created system. It was predicted that, in
noncentral nucleus-nucleus collisions, the strong elliptic
flow would generate a nonzero vorticity component along
the beam axis (z) [8,12]. The vorticity and the correspond-
ing polarization exhibits a quadrupole structure in the
transverse plane. This polarization, characterized by the
second harmonic sine component in the Fourier decom-
position of the polarization along the beam axis (P z) as a
function of the particle azimuthal angle (φ) relative to the
elliptic flow plane Ψ2, is evaluated as

P z;s2 ¼ hP z sinð2φ − 2Ψ2Þi: ð1Þ

The sign of P z;s2 determines the phase of the P z modulation
in azimuth relative to the elliptic flow plane.
The Λ and Λ̄ polarization along the beam direction was

measured by the STAR Collaboration in Au-Au collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [16] and compared with the hydro-
dynamic [12], transport (AMPT) [14,17], and blast-wave
(BW) [8,16] model calculations. The measured P z;s2 was
found to be about 5 times smaller in magnitude and of

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW LETTERS 128, 172005 (2022)

0031-9007=22=128(17)=172005(13) 172005-1 © 2022 CERN, for the ALICE Collaboration

∼0.84 for the combined V0A and V0C detectors. The
results obtained using the event planes reconstructed in the
TPC and V0 detectors are found to be consistent with each
other and are combined to reduce the statistical uncertainty
considering the correlations between the event planes
reconstructed in two detectors. The Pz;s2 measured for Λ
and Λ̄ hyperons are consistent with each other as expected
for the polarization due to the elliptic flow-induced
vorticity and combined to calculate the average hyperon
polarization along the beam direction. A large fraction of
the measuredΛ and Λ̄ hyperons originate from the decay of
heavier resonances. In Ref. [34], it was shown that, under
the assumption of similar vorticity-induced polarization for
all final-state particles, the effect of feed-down is small, of
the order of 15%. Similar to the previous STAR measure-
ment [16], this measurement is not corrected for this effect.
The systematic uncertainties of this measurement are

evaluated by varying the criteria for the selection of the
events, hyperon daughters and topology of the decay,
assumptions on the possible contributions from the Λ and
Λ̄ background toward the measured polarization, the
pT-dependent reconstruction efficiency, and comparing
results obtained with different magnetic field orientations.
The efficiency is estimated from a Monte Carlo event
generator HIJING [35] by transporting the generated par-
ticles through GEANT3 [36] simulated detector response and
performing track reconstruction in the ALICE reconstruction
framework. The effect of the efficiency dependence on the
hyperon transverse momentum is found to be negligible. The
differences between the results estimated with the default
and varied parameters, if found statistically significant from
the Barlow criterion [37], are considered as a source of
systematic uncertainty. The Barlow criterion is applied for
each interval of centrality, pT , and yH for which the final
polarization results are presented. If the Barlow criterion
passes for more than 25% of the total intervals, the
contribution of that particular systematic source is included
in the measurement uncertainty. The contributions from the
different sources are added in quadrature to estimate the total
systematic uncertainty.
The centrality, pT , and yH dependences ofPz;s2 in Pb-Pb

collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV are shown in Figs. 2–4.
The Pz;s2 decreases toward more central collisions, similar
to the elliptic flow. For centralities larger than 60%, the
large uncertainties prevent a firm conclusion on its central-
ity dependence. The Pz;s2 also shows an increase with pT
up to pT ≈ 2.0 GeV=c in the 30%–50% centrality interval.
For higher pT (pT > 2.0 GeV=c), the Pz;s2 is consistent
with being constant, but the uncertainty in the measurement
does not allow for a strong conclusion. The ALICE results
are compared with the STAR measurements in Au-Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [16] in Figs. 2 and 3. As the
STAR results were obtained with αH ¼ 0.642 whereas the
ALICE measurement uses updated values αH ¼ 0.750 (Λ)
and −0.758 (Λ̄), the STAR results are rescaled with a factor

0.856 for a proper comparison. Figure 2 indicates that
the hyperon polarization in Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV is similar in magnitude for the central collisions
with somewhat smaller value in the semicentral collisions
compared to the top RHIC energy. The latter seems to
originate at lower transverse momenta (pT < 2.0 GeV=c),
where Pz;s2 at the LHC is smaller than that at the top RHIC
energy in semicentral collisions as shown in Fig. 3. The
Pz;s2 does not exhibit a significant dependence on rapidity
as shown in Fig. 4.
The comparison between the ALICE results and thePz;s2

values estimated from the fluid shear and thermal vorticity
in a hydrodynamic model following the scheme used in
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p ¼ 200 GeV. The model
calculations [38] for Λ and strange quark for Pb-Pb collisions atffiffiffiffiffiffiffiffi
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p ¼ 5.02 TeV in the 30%–50% centrality interval using the
approach described in Ref. [23] are shown by dash-dotted lines.
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∼0.84 for the combined V0A and V0C detectors. The
results obtained using the event planes reconstructed in the
TPC and V0 detectors are found to be consistent with each
other and are combined to reduce the statistical uncertainty
considering the correlations between the event planes
reconstructed in two detectors. The Pz;s2 measured for Λ
and Λ̄ hyperons are consistent with each other as expected
for the polarization due to the elliptic flow-induced
vorticity and combined to calculate the average hyperon
polarization along the beam direction. A large fraction of
the measuredΛ and Λ̄ hyperons originate from the decay of
heavier resonances. In Ref. [34], it was shown that, under
the assumption of similar vorticity-induced polarization for
all final-state particles, the effect of feed-down is small, of
the order of 15%. Similar to the previous STAR measure-
ment [16], this measurement is not corrected for this effect.
The systematic uncertainties of this measurement are

evaluated by varying the criteria for the selection of the
events, hyperon daughters and topology of the decay,
assumptions on the possible contributions from the Λ and
Λ̄ background toward the measured polarization, the
pT-dependent reconstruction efficiency, and comparing
results obtained with different magnetic field orientations.
The efficiency is estimated from a Monte Carlo event
generator HIJING [35] by transporting the generated par-
ticles through GEANT3 [36] simulated detector response and
performing track reconstruction in the ALICE reconstruction
framework. The effect of the efficiency dependence on the
hyperon transverse momentum is found to be negligible. The
differences between the results estimated with the default
and varied parameters, if found statistically significant from
the Barlow criterion [37], are considered as a source of
systematic uncertainty. The Barlow criterion is applied for
each interval of centrality, pT , and yH for which the final
polarization results are presented. If the Barlow criterion
passes for more than 25% of the total intervals, the
contribution of that particular systematic source is included
in the measurement uncertainty. The contributions from the
different sources are added in quadrature to estimate the total
systematic uncertainty.
The centrality, pT , and yH dependences ofPz;s2 in Pb-Pb

collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV are shown in Figs. 2–4.
The Pz;s2 decreases toward more central collisions, similar
to the elliptic flow. For centralities larger than 60%, the
large uncertainties prevent a firm conclusion on its central-
ity dependence. The Pz;s2 also shows an increase with pT
up to pT ≈ 2.0 GeV=c in the 30%–50% centrality interval.
For higher pT (pT > 2.0 GeV=c), the Pz;s2 is consistent
with being constant, but the uncertainty in the measurement
does not allow for a strong conclusion. The ALICE results
are compared with the STAR measurements in Au-Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [16] in Figs. 2 and 3. As the
STAR results were obtained with αH ¼ 0.642 whereas the
ALICE measurement uses updated values αH ¼ 0.750 (Λ)
and −0.758 (Λ̄), the STAR results are rescaled with a factor

0.856 for a proper comparison. Figure 2 indicates that
the hyperon polarization in Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV is similar in magnitude for the central collisions
with somewhat smaller value in the semicentral collisions
compared to the top RHIC energy. The latter seems to
originate at lower transverse momenta (pT < 2.0 GeV=c),
where Pz;s2 at the LHC is smaller than that at the top RHIC
energy in semicentral collisions as shown in Fig. 3. The
Pz;s2 does not exhibit a significant dependence on rapidity
as shown in Fig. 4.
The comparison between the ALICE results and thePz;s2

values estimated from the fluid shear and thermal vorticity
in a hydrodynamic model following the scheme used in
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FIG. 2. (Color online) ⟨cos θ∗p⟩ of Λ and Λ̄ hyperons as a func-
tion of azimuthal angle φ relative to the second-order event
plane Ψ2 for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-

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

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

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

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

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

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

As shown in Figs. 3 and 4, the hydrodynamic and
AMPT models predict the opposite sign in the sine co-
efficient of the polarization and their magnitudes differ
from the data roughly by a factor of 5. The reason of
this sign difference is under discussion in the community.
However, the sign change may be due to the relation
between azimuthal anisotropy and spatial anisotropy at
freeze-out [13]. There could be contributions from the
kinematic vorticity originating from the elliptic flow as
well as from the temporal gradient of temperatures at
the time of hadronization [14]. A recent calculation us-
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FIG. 4. (Color online) The second Fourier sine coefficient of
the longitudinal polarization of Λ and Λ̄ hyperons as a func-
tion of pT for 20%-60% centrality bin in Au+Au collisions at√
s
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= 200 GeV. Open boxes show the systematic uncer-
tainties. Magenta dashed line shows the hydrodynamic model
calculation [14] scaled by 0.2. Solid and dot-dashed lines with
the bands show the blast-wave (BW) model calculations with
Λ mass.

ing the chiral kinetic approach predicts the same sign
as the data [29]. The model accounts for the transverse
component of the vorticity, resulting in axial charge cur-
rents. Note that both the hydrodynamic and transport
models calculate local vorticity at freeze-out and convert
it to the polarization assuming local thermal equilibrium
of the spin degrees of freedom, while the chiral kinetic
approach takes into account nonequilibrium effects but
does not consider a contribution from the temperature
gradient which is a main source of Pz in the hydrody-
namic model.

These models indicate that the contribution from the
kinematic vorticity to Pz is negligible or opposite in the
sign to the naive expectation from the elliptic flow. In or-
der to estimate the contribution from the kinematic vor-
ticity we employed the blast-wave model (BW) [30–32].
Following Ref. [32] we parameterize the system velocity
field at freeze-out with temperature (T ) and transverse
flow rapidity (ρ) defined as ρ = r̃[ρ0 + ρ2 cos(2φb)]. Here
ρ0 and ρ2 are the maximal radial expansion rapidity and
its azimuthal modulation, r̃ is the relative distance to
the edge of the source, and φb defines the direction of the
local velocity as indicated in Fig. 1. The source shape,
assumed to be elliptical in the transverse plane, is pa-
rameterized by the Ry and Rx radii. Boost invariance is
assumed. Two fits to the data are performed: in one only
spectra and elliptic flow of π, K, and p(p̄) are fit; the sec-

ond fit [33] also includes azimuthal-angle-dependence of
the pion Gaussian source radii at freeze-out as measured
via Hanbury-Brown and Twiss (HBT) intensity interfer-
ometry. The average longitudinal vorticity is calculated
according to the following formula:

⟨ωz sin(2φ)⟩ =
∫

dφs

∫

rdr I2(αt)K1(βt)ωz sin(2φb)
∫

dφs

∫

rdr I0(αt)K1(βt)
(4)

ωz =
1

2

(

∂uy

∂x
−

∂ux

∂y

)

, (5)

where the integration is over the transverse cross-
sectional area of the source, uµ is a four-vector of the lo-
cal flow velocity [32], φs is the azimuth of the production
point (see Fig. 1 for the relation to φb), αt = pT /T sinh ρ,
βt = mT /T cosh ρ; In and K1 are the modified Bessel
functions. Assuming a local thermal equilibrium, the
longitudinal component of the polarization is estimated
as Pz ≈ ωz/(2T ). The uncertainties shown for the BW
model calculations corresponds to 1 σ variation in the
model parameters. See Ref. [34] for more details.
The BW calculations are compared to the data in

Figs. 3 and 4. From central to mid-central collisions both
BW calculations show positive sine coefficients which are
compatible in both sign and magnitude to the measure-
ment, although the BW model is based on a very sim-
ple picture of the freeze-out condition. It was shown in
Ref. [13] that the vorticity in the BW model has the
effects of the velocity field anisotropy (ρ2/ρ0) and the
spacial source anisotropy (Ry/Rx) contributing with op-
posite signs, which can explain a strong sensitivity of the
BW model predictions in the peripheral collisions to the
inclusions of the HBT radii.
We have presented the first measurements of the longi-

tudinal component of the polarization for Λ and Λ̄ hyper-
ons in Au+Au collisions at

√
s
NN

= 200 GeV. Finite sig-
nals of a quadrupole modulation of both Λ and Λ̄ polar-
ization along the beam direction are observed and found
to be qualitatively consistent with the expectation from
the vorticity component along the beam direction due to
the elliptic flow. The results exhibit a strong centrality
dependence with increasing magnitude as the collision
centrality becomes more peripheral. No significant pT
dependence is observed above pT > 1 GeV/c. A drop-off
of the signal is hinted at for pT < 1 GeV/c. The data
were compared to calculations from hydrodynamic and
AMPT models, both of which show the opposite phase of
the modulation and overpredict the magnitude of the po-
larization. This might indicate incomplete thermal equi-
libration of the spin degrees of freedom for the beam
direction component of the vorticity/polarization, as it
develops later in time compared to the global polariza-
tion. On the other hand, the blast-wave model calcu-
lations are much closer to the data, even more so when
the azimuthally sensitive HBT results along with the pT
spectra and v2 are included in the model fit. The blast-
wave model predicts the correct phase of Pz modulation

STAR, PRL123.13201 (2019)

BW parameters obtained with HBT:  
STAR, PRC71.044906 (2005) !!!

Would higher harmonics  
measurements help to observe 
the SIP contribution? 
Note that SIP contribution 
comes mostly (?) from dvz /dx

Note factor of 5!
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◆
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where E and p are the energy and momentum of the particle in the fluid rest frame.
In the non-relativistic limit the contribution related to the angular velocity

(coinciding with nonrelativistic vorticity) is the largest, with the contribution from
temperature gradients and acceleration being suppressed by v/c powers.

For completeness we also present an equation for the average spin vector trans-
formation

S⇤ = S � p · S
E(E + m)

p. (14)

While several model calculations do show a significant contribution to the final
polarization from temperature gradients and acceleration, in our more qualitative
discussion we mostly concentrate on the contribution from vorticity. Almost all of
our discussion is about hyperon polarization. The freeze-out temperature of the
system is about ⇠ 100 MeV, and all the hyperons are non-relativistic in the local
fluid frame. For that reason we often estimate the polarization in the fluid frame, al-
though all the experimental measurements are performed in the particle rest frame.
We do treat the hyperons as relativistic in the laboratory frame though, as the fluid
collective motion is relativistic. The nonrelativistic treatment might fail if the final
particle polarization is due to the coalescence of initially (during the system evo-
lution before the hadronization) polarized (constituent) quarks, with masses that
are only factor of 2–3 higher than the temperature.

All hydrodynamic calculations use the Cooper-Frye prescription20 for the fluid
freeze-out. This prescription has several known problems (see, e.g. ,21,22 which
might be not very important for calculations of the particle spectra, but it is not
known how good it is for calculation of the polarization. In particular the contri-
bution from the temperature gradients and acceleration might be questionable, as
the very concept of freeze-out excludes those e↵ect. Then their contribution would
be related to the corresponding relaxation times of the system.

Very recently two groups23,24 independently reported a new mechanism for the
spin polarization - so called “shear induced polarization” (SIP) originated in sym-
metric part of the velocity gradients ⇠µ⌫ = 1/2(@µu⌫ + @⌫uµ). Note that the ex-
pression for the polarization due to symmetric part of the velocity gradient tensor
obtained by two groups though similar, are not exactly the same with one “qual-
itative” di↵erence as that the expressions obtained in24 explicitly depends on the
freeze-out hyper-surface shape, while the expression23 allows “local” interpretation.
For our qualitative discussion of the e↵ect below we will use the definition.23

The origin of SIP is the motion of a particle in anisotropic fluid, it is zero if the
particle is moving with with the fluid velocity, which s in contrast to the polarization
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T

◆
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where E and p are the energy and momentum of the particle in the fluid rest frame.
In the non-relativistic limit the contribution related to the angular velocity

(coinciding with nonrelativistic vorticity) is the largest, with the contribution from
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S⇤ = S � p · S
E(E + m)

p. (14)
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due to vorticity, It is clearly seen if the corresponding expression are written in the
fluid rest frame uµ = (1, 0, 0, 0). There

S(vort)

i
⇡ E

8mT
✏ikj

1

2
(@kvj � @jvk) (15)

S(shear)

i
⇡ 1

4mTE
✏ikjpkpm

1

2
(@jvm + @mvj) (16)

and similarly the polarization due to the gradients in baryon chemical potential
(SHE – spin Hall e↵ect). The latter is important in particular for the interpretation
of the di↵erence in polarization of particles and antiparticles. The role of chemical
potential was also studies before in a di↵erent content with the conclusion that for
nonrelativistic hyperons the e↵ect is almost negligible. The new e↵ects, both SIP
and SHE are related to the motion of the particle in anisotropic fluid, and also is
suppressed for non-relativistic particles compared to the vorticity contribution. This
is one of the reason that calculations involving quark polarization indicate stronger
e↵ect compared to using hyperons. We discuss this in more detail in relation to the
experimental measurements of the local polarization.

Vorticous e↵ects may also strongly a↵ect the baryon dynamics of the system,
leading to a separation of baryon and antibaryons along the vorticity direction
(perpendicular to the reaction plane) – the so-called Chiral Vortical E↵ect (CVE).
The CVE is similar in many respect to the more familiar Chiral Magnetic E↵ect
(CME) - the electric charge separation along the magnetic field. For recent reviews
on those and similar e↵ects, as well as the status of the experimental search for those
phenomena, see.?, 25 For a reliable theoretical calculation of both e↵ects one has to
know the vorticity of the created system as well as the evolution of (electro)magnetic
field.

In view of the recent polarization measurements in ultra-relativistic heavy ion
collisions, we discuss the possibility of a physical meaning of the spin angular mo-
mentum in quantum field theory and relativistic hydrodynamics.26

2.3. Modeling

3. How is it measured

[Acceptance/e�ciency e↵ects – global and z-polarization, di�culty in
spin alignment measurements. Using symmetries...]

3.1. Self-analyzing weak decays of hyperons

Hyperon weak decays provide a most straightforward way to experimentally mea-
sure polarization of particles produced in heavy-ion collisions. Because of its parity-
violating weak decay, the angular distribution of the decay prodcut at the hyperon
rest frame obeys the following relation:

dN

d⌦⇤ =
1

4⇡
(1 + ↵HP

⇤
H

· p̂⇤
B
) , (17)
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Momentum in the rest frame of the fluid - averaging over the production volume  
should further suppress such contributions.

Sx ∝ pxpy ∝ sin(2ϕ)
Sy ∝ p2

z − p2
x ∝ ∼ 1 + cos(2ϕ)

Sz ∝ pypz ∝ sin(2θ) sin(ϕ)

Contribution from :dvz /dx

Contributions due to  and  should be small in nonrelativistic limit! ∇T A

Similarly for SIP



Chi retreat UCLA,  December 204, 2022page S.A. Voloshin

Hydro calculation

13

Vorticity and Polarization in Heavy Ion Collisions: Hydrodynamic Models 33

to:
r`) = )�`/22 (44)

Therefore in the case of ideal uncharged fluid - which QGP is at a very high energy
- the grad T and acceleration contributions will be exactly equal to each other.

Fig. 26 Contributions to the global (left panel) and quadrupole longitudinal (right panel) com-
ponents of ⇤ polarization stemming from gradients of temperature (dotted lines), acceleration
(dashed lines) and vorticity (dash-dotted lines). Solid lines show the sums of all 3 contributions.
The hydrodynamic calculation with vHLLE is performed with an averaged Monte Carlo Glauber
IS corresponding to 20-50% central Au-Au collisions at

p
BNN = 200 GeV RHIC energy.

Let’s turn to the results from a realistic hydrodynamic calculation [32]. On Fig. 26
we plot the contributions to the global and quadrupole longitudinal polarization
components from gradients of temperature, acceleration and vorticity individually, as
well as their sum. One can see that the resulting ?) -integrated global polarization of
⇤, which is dominated by its low-?) contributions, has the largest contribution from
the classical vorticity term. At the same time, 52 has a negligible contribution from
the vorticity term and virtually equal contributions from the grad T and acceleration
terms. The latter result is expectable, as in hydrodynamics of ideal uncharged fluid
the temperature gradient and acceleration fields are related as follows:

�` =
1
)

�`am
a

) (45)

Thus the small di�erence between the grad T and acceleration contributions seen on
Fig. 26 shows that, even though the shear viscosity over entropy ratio in the calcu-
lations changes between [/B = 0.08 . . . 0.2, the resulting hydrodynamic evolution is
quantitatively not very di�erent from ideal one.

Vorticity and Polarization in Heavy Ion

Collisions: Hydrodynamic Models

Iurii Karpenko

Abstract Fluid dynamic approach is a workhorse for modelling collective dynamics
in relativistic heavy-ion collisions. The approach has been successful in describing
various features of the momentum distributions of hadrons produced in the heavy-
ion collisions, such as ?) spectra, flow coe�cients E= etc. As such, the description
of the phenomenon of polarization of ⇤ hyperons in heavy-ion collisions has to be
incorporated into the hydrodynamic approach. We start this chapter by introducing
di�erent definitions of vorticity in relativistic fluid dynamics. Then we present a
derivation of the polarization of spin 1/2 fermions in the relativistic fluid. The latter
is directly applied to compute the spin polarization of the ⇤ hyperons, which are
produced from the hot and dense medium, described with fluid dynamics. It is
followed by a review of the existing calculations of global or local polarization of
⇤ hyperons in di�erent hydrodynamic models of relativistic heavy-ion collisions.
We particularly focus on the explanations of the collision energy dependence of
the global ⇤ polarization from the di�erent hydrodynamic models, the polarization
component in the beam direction as well as on the origins of the global and local ⇤
polarization.

1 Introduction: vorticities in a fluid

Heavy-ion collisions at ultra-relativistic energies create a strongly interacting system
characterized by extremely high temperature and energy density. For a large fraction
of its lifetime the system shows strong collective e�ects and can be described by
relativistic hydrodynamics. In particular, the large elliptic flow observed in such
collisions, indicates that the created quasi-macroscopic system is strongly coupled,
and has an extremely low viscosity to entropy ratio. From the very success of the

Iurii Karpenko
Czech Technical University in Prague, B�ehová 7, 11519 Prague 1, Czech Republic, e-mail: yu.
karpenko@gmail.com
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⟨Pz sin[2(ϕH − Ψn)]⟩

14

Using average over Ru+Ru and Zr+Zr 
Assuming the same polarization for  and Λ Λ̄

STAR

T. Niida, STAR FCV PWG Meeting, Oct/13/2021
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The dataset for this analysis was collected in 2014 by the
STAR detector during the period of Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Charged-particle tracks were measured
in the time projection chamber (TPC) [23], which covers
the full azimuth and a pseudorapidity range of −1 < η < 1.
The collision vertices were reconstructed using the mea-
sured charged-particle tracks. Events were selected to have
the collision vertex position within 6 cm of the center of the
TPC in the beam direction and within 2 cm in the radial
direction with respect to the beam center. In addition, the
difference between the vertex positions along the beam
direction determined by the TPC and the vertex position
detectors (VPD) [24] located at forward and backward
rapidities (4.24< jηj < 5.1) was required to be less than
3 cm to suppress pileup events. These selection criteria
yielded about 1 × 109 minimum bias events, where the
minimum bias trigger required hits of both VPDs and the
zero-degree calorimeters [25] located at jηj > 6.3.
The collision centrality was determined from the mea-

suredmultiplicity of charged particles within jηj < 0.5and a
Monte Carlo Glauber simulation [26]. The second-order
event plane (Ψ2) as an experimental estimate of the reaction
plane was determined by the charged-particle tracks within
the transverse momentum range of 0.15< pT < 2 GeV=c
and 0.1 < jηj < 1 in the same way as in Ref. [27]. The
resolution of the measured planeΨobs

2 defined as ResðΨ2Þ ¼
hcos 2ðΨobs

2 −Ψ2Þi was estimated with the two-subevent
method [28], where the two subevents correspond to
pseudorapidity regions −1 < η < −0.1 and 0.1 < η < 1.
In midcentral collisions the event plane resolution peaks
at ∼0.76.
Charged particles of good quality TPC tracks (see

Ref. [15] for details) with 0.15< pT < 10 GeV=c and
jηj < 1 were used in this analysis. Λ and Λ̄ hyperons were
reconstructed via decay channels Λ → pþ π− and
Λ̄ → p̄þ πþ, corresponding to ð63.9% 0.5Þ% of all decays
]10 ]. The hyperon identification was based on the invariant

mass of the two daughters with cuts on decay topology to
reduce the combinatoric background [15].
The component of the polarization along the beam

direction Pz can be measured by taking θ&p in Eq. (1) as
the polar angle of the daughter proton in the Λ (Λ̄) rest
frame and calculating the hcos θ&pi. This yields

Pz ¼
hcos θ&pi

αHhcos2θ&pi
: ð2Þ

The factor hcos2 θ&pi, expected to be *1=3for the case of the
perfect detector acceptance, was extracted from the data to
account for finite pseudorapidity acceptance. It was found
to be close to 1=3at all collision centralities, but showed a
systematic decrease at low pT.
A significant fraction of Λ and Λ̄ are the decay products

of heavier baryons such as Σ& and Ξ. This leads to about
∼10% reduction in measured Λ polarization compared to
that of primary Λ [29,30]. No correction for feed-down
effects are done in the current analysis.
To extract the signal hcos θ&pi, two techniques were used:

the event plane method and the invariant mass method. In
the event plane method, hcos θ&pi was measured as a
function of azimuthal angle of Λ ðΛ̄Þ relative to Ψ2. The
effects due to detector acceptance and inefficiencies are
removed by requiring that the azimuthal average to be zero,
as expected due to symmetry. Figure 2 shows hcos θ&pisub of
Λ and Λ̄ as a function of azimuthal angle relative to Ψ2 for
the 20%–60% centrality bin. The solid lines indicate the fit
results to the function p0 þ 2p1 sinð2ϕ − 2Ψ2Þ, where p0

FIG. 1. A sketch illustrating the system created in a noncentral
heavy-ion collision viewed in the transverse plane (x-y), showing
stronger in-plane expansion (solid arrows) and expected vortic-
ities (open arrows). Here, the colliding beams are oriented along
the z axis and the x-z plane defines the reaction plane. See text for
explanations of ϕs and ϕb.
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FIG. 2. hcos θ&pi of Λ and Λ̄ hyperons as a function of azimuthal
angle ϕ relative to the second-order event plane Ψ2 for 20%–60%
centrality bin in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open
boxes show the systematic uncertainties and hisub denotes the
subtraction of the acceptance effect (see text). Solid lines show
the fit with the sine function shown inside the figure. Note that the
data are not corrected for the event plane resolution.
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Rough estimate of                                , 
comparable or slightly higher than that in Au+Au (~0.1%) for the same centrality.

* sign is flipped for anti-Λ
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FIG. 4. Transverse momentum dependence of the second and
third order Fourier sine coe�cients of ⇤ +⇤̄ polarization along
the beam direction for 20-60% central isobar Ru+Ru and
Zr+Zr collisions at

p
sNN = 200 GeV, compared to the the

second order measurements in Au+Au collisions [38]. Open
boxes show systematic uncertainties. Results for the third or-
der evnt plane measurements in isobar collisions are slightly
shifted for a better visibility.

to or slightly higher than that for Au+Au collisions.
Figure 5 shows the centrality dependence of the second

sine Fourier coe�cients of Pz in isobar collisions com-
pared to results from Au+Au collisions at

p
sNN = 200

GeV [11] and Pb+Pb collisions at
p

sNN = 5.02 TeV from
the ALICE experiment [12]. The results do not show any
strong energy dependence nor system size dependence for
a given centrality. The isobar collisions, smaller systems,
show slightly larger polarization values in midcentral col-
lisions, but the di↵erence is not significant. Note that
the elliptic flow v2 in 5.02 TeV Pb+Pb collisions [45] is
⇠60% larger than that in 200 GeV isobar collisions [38].
The data do not follow a naive expectation from the v2
magnitude as observed in the hydrodynamic model cal-
culations [31]. The data are also plotted as a function
of an average number of nucleon participants Npart es-
timated from the Glauber model in the inset of Fig. 5,
showing that the data scales better with Npart.

In conclusion, ⇤ and ⇤̄ hyperon polarization along the
beam direction has been measured in isobar Ru+Ru and
Zr+Zr collisions at

p
sNN = 200 GeV, with respect to

the second order event plane and, for the first time, to
the third order event plane. The polarization is found
to have a sinusoidal azimuthal dependence relative to
both the event planes, indicating the creation of com-
plex vorticities induced by the elliptic and triangular flow
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FIG. 5. Comparison of the second Fourier sine coe�cients
of ⇤ +⇤̄ polarization component along the beam direction
among isobar and Au+Au collisions at

p
sNN = 200 GeV and

Pb+Pb collisions at
p
sNN = 5.02 TeV. Open boxes show sys-

tematic uncertainties. The inset presents the same data plot-
ted as a function of average number of participants hNparti.

in heavy-ion collisions. The second and third order sine
Fourier coe�cients of the polarization exhibit increas-
ing trend toward peripheral collisions and are qualita-
tively consistent with hydrodynamic model calculations
including both thermal vorticity and thermal shear con-
tributions though the model underestimates the data in
peripheral collisions. The polarization also exhibits pT
dependence similar to those of elliptic and triangular flow
coe�cients. The second order sine coe�cient is also com-
pared to those in 200 GeV Au+Au and 5.02 TeV Pb+Pb
collisions, showing little system size dependence and en-
ergy dependence of the polarization. These results pro-
vide new insights into polarization mechanism and vor-
ticity fields in heavy-ion collisions as well as additional
constraint on properties and dynamics of the matter cre-
ated in the collisions.
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Using average over Ru+Ru and Zr+Zr 
Assuming the same polarization for  and Λ Λ̄
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Rough estimate of                                , half of Pz{Ψ2} signal.  
Need to look into the systematics and necessary corrections.

hPz sin(�� 3)i ⇠ 0.1%
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* sign is flipped for anti-Λ
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The dataset for this analysis was collected in 2014 by the
STAR detector during the period of Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Charged-particle tracks were measured
in the time projection chamber (TPC) [23], which covers
the full azimuth and a pseudorapidity range of −1 < η < 1.
The collision vertices were reconstructed using the mea-
sured charged-particle tracks. Events were selected to have
the collision vertex position within 6 cm of the center of the
TPC in the beam direction and within 2 cm in the radial
direction with respect to the beam center. In addition, the
difference between the vertex positions along the beam
direction determined by the TPC and the vertex position
detectors (VPD) [24] located at forward and backward
rapidities (4.24< jηj < 5.1) was required to be less than
3 cm to suppress pileup events. These selection criteria
yielded about 1 × 109 minimum bias events, where the
minimum bias trigger required hits of both VPDs and the
zero-degree calorimeters [25] located at jηj > 6.3.
The collision centrality was determined from the mea-

suredmultiplicity of charged particles within jηj < 0.5and a
Monte Carlo Glauber simulation [26]. The second-order
event plane (Ψ2) as an experimental estimate of the reaction
plane was determined by the charged-particle tracks within
the transverse momentum range of 0.15< pT < 2 GeV=c
and 0.1 < jηj < 1 in the same way as in Ref. [27]. The
resolution of the measured planeΨobs

2 defined as ResðΨ2Þ ¼
hcos 2ðΨobs

2 −Ψ2Þi was estimated with the two-subevent
method [28], where the two subevents correspond to
pseudorapidity regions −1 < η < −0.1 and 0.1 < η < 1.
In midcentral collisions the event plane resolution peaks
at ∼0.76.
Charged particles of good quality TPC tracks (see

Ref. [15] for details) with 0.15< pT < 10 GeV=c and
jηj < 1 were used in this analysis. Λ and Λ̄ hyperons were
reconstructed via decay channels Λ → pþ π− and
Λ̄ → p̄þ πþ, corresponding to ð63.9% 0.5Þ% of all decays
]10 ]. The hyperon identification was based on the invariant

mass of the two daughters with cuts on decay topology to
reduce the combinatoric background [15].
The component of the polarization along the beam

direction Pz can be measured by taking θ&p in Eq. (1) as
the polar angle of the daughter proton in the Λ (Λ̄) rest
frame and calculating the hcos θ&pi. This yields

Pz ¼
hcos θ&pi

αHhcos2θ&pi
: ð2Þ

The factor hcos2 θ&pi, expected to be *1=3for the case of the
perfect detector acceptance, was extracted from the data to
account for finite pseudorapidity acceptance. It was found
to be close to 1=3at all collision centralities, but showed a
systematic decrease at low pT.
A significant fraction of Λ and Λ̄ are the decay products

of heavier baryons such as Σ& and Ξ. This leads to about
∼10% reduction in measured Λ polarization compared to
that of primary Λ [29,30]. No correction for feed-down
effects are done in the current analysis.
To extract the signal hcos θ&pi, two techniques were used:

the event plane method and the invariant mass method. In
the event plane method, hcos θ&pi was measured as a
function of azimuthal angle of Λ ðΛ̄Þ relative to Ψ2. The
effects due to detector acceptance and inefficiencies are
removed by requiring that the azimuthal average to be zero,
as expected due to symmetry. Figure 2 shows hcos θ&pisub of
Λ and Λ̄ as a function of azimuthal angle relative to Ψ2 for
the 20%–60% centrality bin. The solid lines indicate the fit
results to the function p0 þ 2p1 sinð2ϕ − 2Ψ2Þ, where p0

FIG. 1. A sketch illustrating the system created in a noncentral
heavy-ion collision viewed in the transverse plane (x-y), showing
stronger in-plane expansion (solid arrows) and expected vortic-
ities (open arrows). Here, the colliding beams are oriented along
the z axis and the x-z plane defines the reaction plane. See text for
explanations of ϕs and ϕb.
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FIG. 2. hcos θ&pi of Λ and Λ̄ hyperons as a function of azimuthal
angle ϕ relative to the second-order event plane Ψ2 for 20%–60%
centrality bin in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open
boxes show the systematic uncertainties and hisub denotes the
subtraction of the acceptance effect (see text). Solid lines show
the fit with the sine function shown inside the figure. Note that the
data are not corrected for the event plane resolution.
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Rough estimate of                                , 
comparable or slightly higher than that in Au+Au (~0.1%) for the same centrality.

* sign is flipped for anti-Λ

3

function of the invariant mass or measuring hcos ✓⇤
p
i af-

ter the acceptance correction as a function of azimuthal
angle relative to the event plane and fitting it with
the sine Fourier function as shown later in Fig. 2 (see
Ref. [11] for more details). It should be noted that
hcos ✓⇤

p
sin[n(�� n)]i can be directly calculated for a se-

lected mass window if the purity of ⇤ samples is high (the
background contribution, if any, is anyway negligible),
which is found to provide consistent results. As men-
tioned above, di↵erent event planes such as the EPD or
di↵erent TPC subevents were also used for cross checks;
the results were found to be consistent among them.
For the TPC event plane, daughter particles could be
included in the event plane. The e↵ect of a possible
self-correlation was studied by explicitly excluding the
daughters from the event plane determination or using
the EPD and was found to be negligible.

Figure 2 shows hcos ✓⇤
p
isub as a function of ⇤ (⇤̄)’s

azimuthal angle relative to the second and third order
event planes, where the superscript “sub” indicates sub-
tractions of the detector acceptance and ine�ciency ef-
fects [11] and multiplied by the sign of ↵H for a clearer
comparison between ⇤ and ⇤̄. The right panel presents
the first measurement of longitudinal polarization rela-
tive to the third order event plane where similar sine
patterns are clearly seen, indicating the presence of
triangular-flow-driven vorticity. Since the results for ⇤
and ⇤̄ are consistent as expected in the vorticity driven
polarization picture (note that the di↵erence seen in the
third order is ⇠ 1�), both the results are combined to
enhance the statistical significance.
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FIG. 2. hcos ✓⇤pi of ⇤ and ⇤̄ as a function of hyperon azimuthal
angle relative to the second (left) and third-order (right) event
planes, n(�� n), in 20-60% central isobar collisions at

p
sNN

= 200 GeV. The sign of the data for ⇤̄ is flipped as indicated
by sgn(↵H). The solid lines are fit functions as indicated and
the extracted parameters are presented in the figures. Note
that the data are not corrected for the event plane resolution.

The sine modulations of Pz are studied as a function
of collision centrality as shown in Fig. 3. Results of the
measurements relative to both event planes are compa-
rable in magnitude and exhibit similar centrality depen-
dence, increasing in more peripheral collisions. Calcula-

tions from hydrodynamic model [31] with shear viscosity
⌘T/(e + P ) = 0.08 and including both thermal vorticity
and shear induced polarization qualitatively describe the
data in terms of their signs and magnitudes, but not well
the centrality dependence, especially in peripheral colli-
sions. Note that without the shear induced polarization
contribution the model predicts the sign of the polariza-
tion to be opposite to what was observed in the data [31];
the model results also depend on a particular implemen-
tation of the shear induced contribution. Note that the
model calculations within ideal hydrodynamics leads to
almost zero Pz, indicating that the polarization measure-
ments put an additional constraint on shear viscosity of
the medium [31].
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FIG. 3. The second and third order Fourier sine coe�cients
of ⇤ +⇤̄ polarization along the beam direction in isobar
Ru+Ru and Zr+Zr collisions at

p
sNN = 200 GeV. Open boxes

show systematic uncertainties. Solid bands show calculations
from hydrodynamic model including contribution from the
shear induced polarization in addition to thermal vorticity
(!th) [31].

If the observed polarization along the beam direction is
induced by collective anisotropic flow, one would expect a
transverse momentum dependence similar to that of the
flow. The Pz sine modulations for both event planes are
plotted as a function of hyperons’ transverse momentum
in Fig. 4. Results show a pT dependence indeed similar to
pT dependence of elliptic (v2) and triangular (v3) flow.
The third order Pz modulation increases at higher pT
compared to the second order (steeper pT evolution) and
crosses the second order around pT ⇡ 2 GeV/c. The sim-
ilar pattern is also observed in flow measurements [43, 44]
which further supports that the observed polarization is
driven by collective flow. The second-order polarization
results for isobar collisions are found to be comparable
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FIG. 4. Transverse momentum dependence of the second and
third order Fourier sine coe�cients of ⇤ +⇤̄ polarization along
the beam direction for 20-60% central isobar Ru+Ru and
Zr+Zr collisions at

p
sNN = 200 GeV, compared to the the

second order measurements in Au+Au collisions [38]. Open
boxes show systematic uncertainties. Results for the third or-
der evnt plane measurements in isobar collisions are slightly
shifted for a better visibility.

to or slightly higher than that for Au+Au collisions.
Figure 5 shows the centrality dependence of the second

sine Fourier coe�cients of Pz in isobar collisions com-
pared to results from Au+Au collisions at

p
sNN = 200

GeV [11] and Pb+Pb collisions at
p

sNN = 5.02 TeV from
the ALICE experiment [12]. The results do not show any
strong energy dependence nor system size dependence for
a given centrality. The isobar collisions, smaller systems,
show slightly larger polarization values in midcentral col-
lisions, but the di↵erence is not significant. Note that
the elliptic flow v2 in 5.02 TeV Pb+Pb collisions [45] is
⇠60% larger than that in 200 GeV isobar collisions [38].
The data do not follow a naive expectation from the v2
magnitude as observed in the hydrodynamic model cal-
culations [31]. The data are also plotted as a function
of an average number of nucleon participants Npart es-
timated from the Glauber model in the inset of Fig. 5,
showing that the data scales better with Npart.

In conclusion, ⇤ and ⇤̄ hyperon polarization along the
beam direction has been measured in isobar Ru+Ru and
Zr+Zr collisions at

p
sNN = 200 GeV, with respect to

the second order event plane and, for the first time, to
the third order event plane. The polarization is found
to have a sinusoidal azimuthal dependence relative to
both the event planes, indicating the creation of com-
plex vorticities induced by the elliptic and triangular flow
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FIG. 5. Comparison of the second Fourier sine coe�cients
of ⇤ +⇤̄ polarization component along the beam direction
among isobar and Au+Au collisions at

p
sNN = 200 GeV and

Pb+Pb collisions at
p
sNN = 5.02 TeV. Open boxes show sys-

tematic uncertainties. The inset presents the same data plot-
ted as a function of average number of participants hNparti.

in heavy-ion collisions. The second and third order sine
Fourier coe�cients of the polarization exhibit increas-
ing trend toward peripheral collisions and are qualita-
tively consistent with hydrodynamic model calculations
including both thermal vorticity and thermal shear con-
tributions though the model underestimates the data in
peripheral collisions. The polarization also exhibits pT
dependence similar to those of elliptic and triangular flow
coe�cients. The second order sine coe�cient is also com-
pared to those in 200 GeV Au+Au and 5.02 TeV Pb+Pb
collisions, showing little system size dependence and en-
ergy dependence of the polarization. These results pro-
vide new insights into polarization mechanism and vor-
ticity fields in heavy-ion collisions as well as additional
constraint on properties and dynamics of the matter cre-
ated in the collisions.
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⟨Pz sin[4(ϕH − Ψn)]⟩
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 : SIP vs vorticityPx
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Another set of equations can be defined as

hsin( RP � �⇤) sin ✓⇤i =
↵H

3

h
Ã0 (P0 + 2P2v2) � Ã2(P2 + P0v2)

i
,(16)

hsin( RP � �⇤) sin ✓⇤ cos[2(�H � �⇤)]i =
↵H

3


Ã0 (P2 + P0v2) � 1

2
Ã2(P0 + 3P2v2)

�
,(17)

where

Ã0(p
H

t
, ⌘H) =

3

2

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤) sin2 ✓⇤. (18)

Ã2(p
H

t
, ⌘H) =

3

2

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤) sin2 ✓⇤ cos [2(�H � �⇤)]. (19)

6.2. Shear induced polarization

Very recently two groups30,31 indepepndently reported a new mechanism for the
spin polarization - so called “shear induced polarization” (SIP) originated in sym-
metric part of the velocity gradients ⇠µ⌫ = 1/2(@µu⌫ +@⌫uµ). The calculations32,33

including such contributionion shows that this e↵ect might resolve the problem wih
the sign of Pz,s2. Note thet the expression for the polarization due to symmet-
ric part of the velocity gradient tensor though similar, are not exactly the same
with one “qualitative” di↵erence as that the exepressions obtained in31 explicitly
depends on the freeze-out hypersuface shape, while the expression30 allows “lo-
cal” interpretation. For our qulitative discussion of the e↵ect below we will use the
definition.30

The origin of SIP is the motion of a particle in anisotropic fluid, it is zero if the
particle is moving with with the fluif velocity, which s in contrast to the polarization
dur to vorticity, It is clear ly seen if the corresponding expression are written in the
fluid rest frame uµ = (1, 0, 0, 0). There

S(!)

i
⇡ 1

8T
✏ikj

1

2
(@kuj � @juk) (20)

S(⇠)

i
⇡ 1

4T

1

mE
✏ikjpkpm

1

2
(@jum + @muj) (21)

7. Summary
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Ã2(p
H

t
, ⌘H) =

3

2

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤) sin2 ✓⇤ cos [2(�H � �⇤)]. (19)

6.2. Shear induced polarization

Very recently two groups30,31 indepepndently reported a new mechanism for the
spin polarization - so called “shear induced polarization” (SIP) originated in sym-
metric part of the velocity gradients ⇠µ⌫ = 1/2(@µu⌫ +@⌫uµ). The calculations32,33

including such contributionion shows that this e↵ect might resolve the problem wih
the sign of Pz,s2. Note thet the expression for the polarization due to symmet-
ric part of the velocity gradient tensor though similar, are not exactly the same
with one “qualitative” di↵erence as that the exepressions obtained in31 explicitly
depends on the freeze-out hypersuface shape, while the expression30 allows “lo-
cal” interpretation. For our qulitative discussion of the e↵ect below we will use the
definition.30

The origin of SIP is the motion of a particle in anisotropic fluid, it is zero if the
particle is moving with with the fluif velocity, which s in contrast to the polarization
dur to vorticity, It is clear ly seen if the corresponding expression are written in the
fluid rest frame uµ = (1, 0, 0, 0). There

S(!)

i
⇡ 1

8T
✏ikj

1

2
(@kuj � @juk) (20)

S(⇠)

i
⇡ 1

4T

1

mE
✏ikjpkpm

1

2
(@jum + @muj) (21)

7. Summary

Acknowledgements

S. Voloshin is supported by the U.S. Department of Energy O�ce of Science, O�ce
of Nuclear Physics under Award No. DE-FG02-92ER40713.

References

1. Z.-T. Liang and X.-N. Wang, “Globally polarized quark-gluon plasma in non-central
A+A collisions”, Phys. Rev. Lett. 94 (2005) . [Erratum: Phys.Rev.Lett. 96, 039901
(2006)]. Wiil be difficult to separate  

the two contributions



Chi retreat UCLA,  December 204, 2022page S.A. Voloshin

The Cooper-Frye prescription

18

186 G. SCHIEHHOLZ AND M. G. SCHMIDT

1969 (unpublished); A. C. Hirshfeld, J. G. Korner,
and M. G. Schmidt, Z. Phys. 252, 255 (1972).

24See for example L. Gonzalez Mestres and R. Hong
Tuan, Orsay Report No. LPTHE 72/20 (unpublished).
L. Gonzalez Mestres and R. Hong Tuan, Phys. Lett.
458, 282 (1973).

2~G. Cohen-Tannoudji, F. Henyey, G. L. Kane, and
W. J. Zakrzewski, Ref. 14.

27M G. Schmidt, Phys. Lett. 438, 417 (1973). ]it this
paper it has been shown that the residue function f
describes effects of the hadron bound-state wave func-
tion.
SJ. F. Gunion, S. J. Brodsky, and. R. Blankenbecler,
Phys. Lett. 398, 649 (1972); Phys. Rev. D 8, 287
(1973).

2~R. Blankenbecler, S. J. Brodsky, J. F. Gunion, and
R. Savit, Phys. Rev. D 8, 4117 (1973).

3 R. Gatto and G. Preparata, Nucl. Phys. 847, 313 (1972).
3~S. Deser, W. Gilbert, and E. C. G. Sudarshan, Phys.
Rev. 115, 731 (1959); N. Nakanishi, Prog. Theor.
Phys. 26, 337 {1961).
Even though the derivation of Eqs. (4.13) and (4.14) from
our dual model is very instructive, we can look at the
light-cone spectral function as a self-supporting Ansatz:

G. Schierholz and M. G. Schmidt, Phys. Lett. 488, 341
{1974).
S. L. Adler, Phys. Rev. 143, 1144 (1966); see also
J. D. Bjorken, ibid. 148, 1467 (1966).

34V. N. Gribov and L. N. Lipatov, Phys. Lett. 378, 78
(1971); Yad. Fiz. 15, 781 (1972) jSov. J. Nucl. Phys. 15,
438 (1972)]; for scaling models and further literature
see G. Schierholz, Phys. Lett. 478, 374 {1973).
H. D. Dahmen and F. Steiner, Phys. Lett. 438, 217
(1973}.

3 S. J. Brodsky and G. R. Farrar, Phys. Rev. Lett. 31,
1153 (1973};V. A. Matveev, R. M. Muradyan, and
A. N. Tavkhelidze, Nuovo Cimento Lett. 7, 719 (1973).

~7J. J. Sakurai and D. Schildknecht, Phys. Lett. 408, 121
(1972); 418, 489 (1972); 428, 216 (1972); A. Brambn,
E. Etim, and M. Greco, ibid. 418, 609 {1972).

3gR. C. Brower, A. Rabl, and J. H. Weis, Ref. 2; J. J.
Sakurai, Phys. Rev. Lett. 22, 981 (1969).

38P. G. O. Freund, Phys. Rev. Lett. 20, 235 (1968);
H. Harari, ibid. 20, 1395 {1968).
Such a trajectory has been discussed on different
grounds by Y. Nambu, Phys. Rev. D 4, 1193 (1971).

4~Ã, A. Bardeen and W, -K. Tung, Phys. Rev. 173, 1423
gases).

PHYSICAL REVIEW D VOLUM E 10, NUMB ER 1 1 JULY 1974

Single-particle distribution in the hydrodynamic and statistical thermodynamic models
of multiparticle production

Fred Cooper* and Graham Frye
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We find that the single-particle distribution EdN/d p for an expanding relativistic gas de-
scribed by a distribution function obeying the Boltzmann transport equation is not of the form
of an integral over collective motions of a velocity weight function times a "Lorentz-transformed"
rest-frame distribution function. This casts doubt on the algorithms of Milekhin and Hagedorn
for determining the single-particle distribution function in their models of particle production.
For the hydrodynamic model, the correct algorithm is presented.

With the advent of new high-energy accelerators,
there has been a revival of interest in many-body
approaches to particle production. In particular,
the statistical thermodynamic model of Hagedorn'
and Landau's hydrodynamic model' have had con-
siderable success in fitting single-particle in-
clusive data. Recent review papers have summa-
rized the history and successes of these models. ' '
In both models, one assumes that the collision
process yields a distribution of collective motions.
In Hagedorn's approach these collective motions
are called fireballs; in Landau's approach the
collective motions are that of the hadronic fluid
and one has an entropy and energy distribution in
terms of the fluid velocity. In both models one
assumes that in the local rest frame the distribu-

tion of momenta is isotropic and is described by
either a Bose or a Fermi distribution of the ob-
served particle.
The question to which we address ourselves is

whether the momentum distribution in the center-
of-mass frame is given by the probabi1. ity of
finding a particle with collective velocity v times
the Lorentz-boosted thermal distribution normal-
ized to the total number of particles. The invari-
ant single-particle distribution that follows from
this assumption is' '

dN p dN g(E, T(v))
d'p = d'v a(T(v))

where E and T are, respectively, the energy and
temperature in the comoving or local rest frame
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of the collective motion, and

g(E, T) =g(2v) '[exp(E/&T)~1] ',

g(E, T}d'P.
(2}

= M(s, v) F(s, v, M(s, v)),~ V

where F(s, v, M) is the probability of producing a
fireball of mass M. It is difficult to criticize
Eqs. (1) and (3) directly, so we will concentrate on
Milekhin's' version of Landau's model, in which
dN/d'v is proportional to the distribution of entro-
py in the fluid. In a notation explained below [see
Eq. (18)], Mtlekhin's expression is

We systematically use a bar to designate the value
of a quantity in the comoving frame; thus,

E=y(v)E-y(v)v p,
where y(v) = (1 —v') "' and E and p are the energy
and momentum in the center-of-mass frame.

In the generalized statistical thermodynamic
models, '

a, and is equal to the number of particles at time
t if we choose da „=(d'x, tt). The invariant single-
particle distribution in momentum space, of those
particles on a, is

E, = f(x, P)P "do„.
a

(9)

f(x, P}=g(E(v(x)), T(x)). (10}

The contrast between Eqs. (5) and (9) is that P"
has been replaced by Eu" in Eq. (5). To choose
between them, we make a further excursion into
transport theory.

The Boltzmann equation is

where ~I is the rate of change in f due to colli-
sions. The stress-energy tensor defined by
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Equation (9) is to be compared with Eq. (5}under
the assumption that the fluid is locally in thermo-
dynamic equilibrium,

dK
(

aesop

Equations (1) and (4) can be combined to give

E, = g(E, T(v))Eu "do „.dN q

(4)

(5)

is conserved by virtue of energy-momentum con-
servation in individual collisions,

(13)

Equation (5) yields the correct number of parti-
cles, but it is inconsistent with energy conserva-
tion [see Eq. (20)), so we are led to consider how
one determines EdN/d'P for the simplest system,
an expanding ideal gas.

The transport theory of a relativistic gas has
been well studied. "We consider one type of
particle of mass m and picture a many-body
system as a collection of world lines that have
local binary collisions and branching to describe
particle creation and annihilation. In the neighbor-
hood of a space-time point x", the net number of
lines making positive transit across an element
der„of a 3-surface whose tangents lie within

The collective velocity 4-vector u "(x)
= (y(x), y(x)v(x)) is defined by

n(x)u" (x) = P "f(x, P)DP .

The quantity n(x}u"(x) is a number current density
and can be used to count the net number of parti-
cles on e,

n(x)u "(x)do„= DP f(x, P)P"do„=N(a),

(15)
but there is no reason in general for it to be con-
served,

DP =- 26'(P' —m')d'P

about P" serves to define a Lorentz-invariant
distribution function f(x, P},

dN(o) =f(x, P)P

"der „DP

.
The integral

(6) s„(n(x)u "(x))= AI'Dp $0.
Now n(x} is a Lorentz scalar. Its meaning is
established by using the Lorentz transformation
to the comoving frame as a change of variables
in evaluating the integral in Eq. (14). The trans-
formation is

N(o) = DP f(x, P)P "d&r„

counts the net number of lines intersecting a given

P " = L„"(v)P ' = Lo (v) E + L,"(v)P ',
where

(16)
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We find that the single-particle distribution EdN/d p for an expanding relativistic gas de-
scribed by a distribution function obeying the Boltzmann transport equation is not of the form
of an integral over collective motions of a velocity weight function times a "Lorentz-transformed"
rest-frame distribution function. This casts doubt on the algorithms of Milekhin and Hagedorn
for determining the single-particle distribution function in their models of particle production.
For the hydrodynamic model, the correct algorithm is presented.

With the advent of new high-energy accelerators,
there has been a revival of interest in many-body
approaches to particle production. In particular,
the statistical thermodynamic model of Hagedorn'
and Landau's hydrodynamic model' have had con-
siderable success in fitting single-particle in-
clusive data. Recent review papers have summa-
rized the history and successes of these models. ' '
In both models, one assumes that the collision
process yields a distribution of collective motions.
In Hagedorn's approach these collective motions
are called fireballs; in Landau's approach the
collective motions are that of the hadronic fluid
and one has an entropy and energy distribution in
terms of the fluid velocity. In both models one
assumes that in the local rest frame the distribu-

tion of momenta is isotropic and is described by
either a Bose or a Fermi distribution of the ob-
served particle.
The question to which we address ourselves is

whether the momentum distribution in the center-
of-mass frame is given by the probabi1. ity of
finding a particle with collective velocity v times
the Lorentz-boosted thermal distribution normal-
ized to the total number of particles. The invari-
ant single-particle distribution that follows from
this assumption is' '

dN p dN g(E, T(v))
d'p = d'v a(T(v))

where E and T are, respectively, the energy and
temperature in the comoving or local rest frame
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= M(s, v) F(s, v, M(s, v)),~ V

where F(s, v, M) is the probability of producing a
fireball of mass M. It is difficult to criticize
Eqs. (1) and (3) directly, so we will concentrate on
Milekhin's' version of Landau's model, in which
dN/d'v is proportional to the distribution of entro-
py in the fluid. In a notation explained below [see
Eq. (18)], Mtlekhin's expression is

We systematically use a bar to designate the value
of a quantity in the comoving frame; thus,

E=y(v)E-y(v)v p,
where y(v) = (1 —v') "' and E and p are the energy
and momentum in the center-of-mass frame.

In the generalized statistical thermodynamic
models, '

a, and is equal to the number of particles at time
t if we choose da „=(d'x, tt). The invariant single-
particle distribution in momentum space, of those
particles on a, is

E, = f(x, P)P "do„.
a

(9)

f(x, P}=g(E(v(x)), T(x)). (10}

The contrast between Eqs. (5) and (9) is that P"
has been replaced by Eu" in Eq. (5). To choose
between them, we make a further excursion into
transport theory.

The Boltzmann equation is

where ~I is the rate of change in f due to colli-
sions. The stress-energy tensor defined by
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the assumption that the fluid is locally in thermo-
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servation in individual collisions,
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Equation (5) yields the correct number of parti-
cles, but it is inconsistent with energy conserva-
tion [see Eq. (20)), so we are led to consider how
one determines EdN/d'P for the simplest system,
an expanding ideal gas.

The transport theory of a relativistic gas has
been well studied. "We consider one type of
particle of mass m and picture a many-body
system as a collection of world lines that have
local binary collisions and branching to describe
particle creation and annihilation. In the neighbor-
hood of a space-time point x", the net number of
lines making positive transit across an element
der„of a 3-surface whose tangents lie within
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= (y(x), y(x)v(x)) is defined by
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The quantity n(x}u"(x) is a number current density
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(15)
but there is no reason in general for it to be con-
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DP =- 26'(P' —m')d'P

about P" serves to define a Lorentz-invariant
distribution function f(x, P},

dN(o) =f(x, P)P

"der „DP

.
The integral

(6) s„(n(x)u "(x))= AI'Dp $0.
Now n(x} is a Lorentz scalar. Its meaning is
established by using the Lorentz transformation
to the comoving frame as a change of variables
in evaluating the integral in Eq. (14). The trans-
formation is
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counts the net number of lines intersecting a given
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where
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Is BW “closer” to Milekhin’s prescription?
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Vorticity and particle polarization in heavy ion collisions (exper-
imental perspective)

Sergei A. Voloshin1,⋆

1Wayne State University, 666 W. Hancock, Detroit 48201, Michigan, U.S.A.

Abstract. The recent measurements of the global polarization and vector meson spin
alignment along the system orbital momentum in heavy ion collisions are briefly re-
viewed. A possible connection between the global polarization and the chiral anoma-
lous effects is discussed along with possible experimental checks. Future directions, in
particular those aimed on the detailed mapping of the vorticity fields, are outlined. The
Blast Wave model is used for an estimate of the anisotropic flow effect on the vorticity
component along the beam direction. We also point to a possibility of a circular pattern
in the vorticity field in asymmetric, e.g. Cu+Au, central collisions.

1 Introduction

The idea of the global polarization in heavy ion collisions, the phenomenon characterized by the po-
larization of the secondary particles along the global system orbital momentum, is almost 15 years
old. It went “on-shell” in 2004 [1, 2] with the initial predictions for the hyperon polarization as high
as “in the order of tens of a percent” [1]. The first measurements [3] by the STAR Collaboration
of the lambda hyperon polarization in Au+Au collisions at 200 GeV put an upper limit on hyperon
polarization of about |PΛ| ≤ 0.02. Subsequently, the theoretical predictions have been improved [4],
especially with a better understanding of the statistical mechanics of vortical fluid with non-zero spin
particles [5], and development of the hydrodynamical calculations assuming local angular momentum
equilibrium. Rough estimate of the polarization can be obtained with the help of a simple nonrela-
tivistic expression for a particle distribution in a fluid with nonzero vorticity [6] (for a strict relativistic
consideration see [7]):

p ∝ exp
[−E/T − ω(s + l)/T − µB/T

]
, (1)

whereω = 1
2∇×v is the nonrelativistic vorticity, and v is the fluid velocity. Figure 1 shows a cartoon of

a non-central nuclear collision with arrows indicating the velocity field of the matter at the plane z = 0.
Just “guessing” that the difference in velocities in the “upper” and “lower” parts of the system is about
a few tenths of the speed of light and that the transverse size of the system is about 10 fm, one would
conclude that the vorticity might be at the level of a few percent of fm−1. Then the nonrelativistic
formula (1) yields for the spin 1/2 particle polarization, P ≈ ω/(2T ), in the range of a few percent
(assuming T ∼ 100 MeV).

⋆e-mail: sergei.voloshin@wayne.edu

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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One of the analyses, where the results 
directly depends on the correction: 
the effect — nonzero results —  
can be faked by “slightly off”  
acceptance/efficiency correction. 
In that, it is very different from the global 
or  analyses, where “wrong correction”, 
could lead only to a relatively small  
difference in the magnitude of the effect.

Pz

This is one of the reasons for 3 years old  
Cu-Au analysis being still “in progress”
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Probability to reconstruct 
decay on the left is  
different from 
that on the right

Figure 6. The collective velocity of the source element at angle φs at the
surface is along the boost angle φb, perpendicular to the surface described
by Eq. 9. The boost velocity is given by Eq. 10.

notated as ρ0, amplitude of azimuthal modulation in expansion velocity, noted below as b, and the
spatial anisotropy parameter a. The source (see Fig. 6) is then described by the following equations:

rmax = R[1 − a cos(2φs)], (9)

ρt = ρt,max[r/rmax(φs)][1 + b cos(2φs)] ≈ ρt,max(r/R)[1 + (a + b) cos(2φs)]. (10)

It is assumed that the collective velocity of the source element located at azimuthal angle φs is boosted
with velocity ρt perpendicular to the surface of the ellipse similar to that of Eq. 9. Assuming that
a ≪ 1, b ≪ 1, the difference φs − φb ≈ 2a sin(2φs) and the vorticity:

ωz = 1/2(∇×v)z ≈ (ρt,nmax/R) sin(nφs)[bn − an]. (11)

The estimates above should be valid for anisotropic flow of any harmonics - which is the reason we
have changed in Eq. 11 the harmonic order from 2 to n. It is obviously quite a rough approximation
(which in principle can be improved) as it leads to a discontinuity at the origin. It provides the
following estimate for the hyperon polarization:

Pz ≈ ωz/(2T ) ≈ 0.1 sin(nφs)[bn − an], (12)

where we assumed that ρt,nmax ∼1, R ≈ 10 fm, and T ≈ 100 MeV. In practice, the coefficients bn
and an are both of the order of a few percent, often close to each other. That results in the values for
z-polarization not greater than a few per-mill, almost an order of magnitude lower than obtained in
hydrodynamics calculations [7, 13].

The measurements of the z component of polarization could be relatively simple as they do not
require the knowledge of the first harmonic event plane. The acceptance effects should be also readily
accounted for requiring that the z component of the polarization averaged over all azimuthal angles to
be zero.

We note that vorticity fields due the anisotropic flow are formed closer to the freeze-out, unlike
the ones due to the “shear” in the initial velocity fields (as shown in Fig 1). Having in mind the finite
relaxation time for establishing the equilibrium the relation between these two vorticities and the final
polarizations can be different.

Finally, we mention another very interesting possibility for vorticity studies in asymmetric nuclear
collisions such as Cu+Au. For relatively central collisions, when during the collision a smaller nucleus
is fully “absorbed” by the larger one (e.g. such collisions can be selected by requiring no signal in the
zero degree calorimeter in the lighter nucleus beam direction), one can easily imagine a configuration
with toroidal velocity field, and as a consequence, a vorticity field in the form of a circle. The direction
of the polarization in such a case would be given by p̂T×ẑ, where p̂T and ẑ are the unit vectors along
the particle transverse momentum and the (lighter nucleus) beam direction.

6
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angular distribution ∝ sin2 θ, where θ is the angle relative
to the spin direction (in the resonance rest frame), and
consequently ∝ cos(2φ), where the angle φ is now the az-
imuthal angle with respect to the reaction plane, and thus
would contribute to the elliptic flow (modulo distortions
due to transformation from the resonance rest frame).
Such an additional contribution could probably explain
the very strong elliptic flow observed at RHIC (recall,
that in transverse momentum region, pt ∼ 3 GeV/c ellip-
tic flow at RHIC can not be explained by any model [4]).
Finally I note that the effect of strong correlation be-

tween the polarization of hyperons produced in nuclear
collisions may complicate the analysis aimed on testing
a possibility of the parity violation [5] in such collisions.
As hyperon polarization would be along the total orbital
momentum of the system, and due to the parity violation
in their decays, it would lead to the preferential emission
of the daughters of their decay along (or opposite) to the

system orbital momentum direction. The difference from
the effect discussed in [5] would be only in the constant
alignment of the particle emission with the orbital mo-
mentum compared to event-by event fluctuation in sign
(parallel and anti-parallel to the orbital momentum) in
the original effect. The fluctuations in the hyperon pro-
duction could mask the real parity violation effect and
special precautions should be taken to avoid this prob-
lem.
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the hadronization mechanisms in the different kine-
matic regions if ρ00 differs noticeably from 1/3. Be-
fore such data become available, one can, however,
find constraints on ρ00 from the measured azimuthal
anisotropy of produced hadrons, since finite fraction
of final hadrons come from vector meson decays and
they have a particular angular distribution with respect
to the reaction plane according to Eq. (3) if ρ00 ̸= 1/3.
Such an angular distribution will produce an azimuthal
asymmetry with respect to the reaction plane. If one
characterizes the asymmetry by the second coefficient
v2 of the Fourier transformation of the angular distri-
bution similarly as the elliptic flow study [20], v2 > 0
for ρ00 < 1/3 and v2 < 0 if ρ00 > 1/3.
Note that the angular distribution in Eq. (3) is in the

rest frame of the decaying vector mesons. To calculate
the azimuthal anisotropy of the decay products in the
center of mass (c.m.) frame of A + A collisions, one
has to perform Lorentz transformation on the momen-
tum distribution of the decay products from the rest
frame of the vector mesons. Since quarks’ polariza-
tions should disappear at large pT as we have argued
earlier, the vector mesons’ spin alignment should ap-
proach to ρ00 = 1/3 at large pT . Therefore, we can
assume the following ansatz for the pT dependence of
ρ00,

(13)ρ00(pT ) = ρ000 +
(
1
3

− ρ000

)
2
π
tan− 1

(
pT

a0

)
,

where ρ000 is the value of the spin alignment at pT = 0
and a0 sets the pT scale at which quark’s polarization
vanishes. We will use a0 = 0.5 GeV/c to illustrate the
effect of vector mesons’ spin alignment on the v2 of
final hadrons.
Effects of vector resonances’ decay on final pio-

ns’ azimuthal asymmetry has been studied recently
[21,22] without spin alignment. We will follow the
same procedure and assume that vector mesons at
low pT have an exponential distribution in mT =√

p2T + m2 with an effective temperature T =
200 MeV. The azimuthal anisotropy of ρ mesons is
assumed to follow the scaling behavior of a recombi-
nation model [21,22]

(14)v
ρ
2 = 0.22

1.0+ e − (pT /2.0− 0.35)/0.2 − 0.06.

Shown in Fig. 1 are the azimuthal anisotropies of pi-
ons from ρ meson decays with three limiting cases of

Fig. 1. Azimuthal anisotropy v2 of pions from the decay of ρ vec-
tor mesons that have spin alignment according to Eq. (13) with
ρ000 = 1/3 (solid line), 0 (dot-dashed line) and 1 (dashed line).

ρ-mesons’ spin alignment. For ρ000 = 1/3, ρ-mesons
are not aligned, pion distribution in the rest frame
of the ρ-meson is isotropic. Therefore, v2 of pions
(solid line) from the decay follows closely that of the
ρ mesons. For one extreme case, ρ000 = 1, the angu-
lar distribution of pions prefers the out-plane direction
and therefore v2 is negative at low pT shown as dashed
line. As the transverse momentum of the ρ-meson in-
creases, the opening angle of pions from the decay in
the c.m. frame of A + A collisions becomes smaller.
Eventually, v2 of pions approaches that of ρ-meson
(solid line) at high pT . But it is always smaller than v2
of the ρ-mesons. For another extreme case, ρ000 = 0,
the azimuthal anisotropy of pions (dot-dashed line) is
positive and larger than that of the ρ-mesons for small
pT while it approaches to the ρ-mesons’ v2 at large
pT from above.
Since there are also directly produced pions, one

needs to also include them in the estimate of the ef-
fect of ρ-mesons’ spin alignment on the azimuthal
anisotropy of the final pions. The ρ/π ratio is mea-
sured to be 0.183 in peripheral Au + Au collisions
at

√
s = 200 GeV about the same value as in p + p

at the same energy [24]. We simply assume the same
value for the total number of ρ mesons. We also as-
sume that v2 for the directly produced pions is the
same as ρ-mesons. Shown in Fig. 2 are v2(pT ) of
the final produced pions with the above three limit-
ing cases of ρ-mesons’ spin alignment as compared to
the experimental data [23] which are always above the
assumed v2 of the ρ-mesons (solid line) in the scal-
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ready been carried out in lepton induced reactions and
hadron–hadron collisions [4–13,16–18].
Unlike the polarization of hyperons, the spin-

alignment of vector mesons, ρV
00, does not know the

direction of the reaction plane since it only depends on
cos2 θ (see Eq. (3)). Therefore, one cannot measure the
sign of the quark polarization through spin-alignment
of vector mesons. On the other hand, one does not
need to determine the direction of the reaction plane
to measure the spin alignment which is directly re-
lated to the magnitude of the quark polarization along
the orientation of the reaction plane.
We now assume that quarks and anti-quarks in the

QGP are polarized as described in [1] and calculate
the spin alignment of V by considering the following
three different hadronization scenarios: (1) recombi-
nation of the polarized quarks and anti-quarks; (2) re-
combination of the polarized quarks (anti-quarks) with
unpolarized anti-quarks (quarks); (3) fragmentation of
polarized quarks (or anti-quarks).
The picture envisaged here is the following. In a

non-central A + A collision, a QGP is formed and
the quarks and anti-quarks in the QGP are polarized.
Besides them, there are also quarks and anti-quarks
created in the accompanying processes such as the
hard scattering of the partons and the subsequent par-
ton cascade, etc. These quarks and anti-quarks are
characterized by higher transverse momenta and are
unpolarized. Hence, there are different possibilities
for hadrons to be produced. First, they can be pro-
duced via the recombination of the quarks and anti-
quarks in QGP, this corresponds to the hadroniza-
tion scenario (1). Second, they can also be formed
via the recombination of the quarks/anti-quarks in
QGP with those from the accompanying processes.
In this case, we have the recombination of polar-
ized quarks (anti-quarks) with unpolarized anti-quarks
(quarks), and this corresponds to the hadronization
scenario (2). Finally, they can also be produced via
the fragmentation of a fast quark/anti-quark from the
QGP. This corresponds to the scenario (3). Clearly,
the three different hadronization scenarios should
contribute to different kinematic regions. While the
first scenario should play the dominant role in the
low pT and central rapidity region, the second and
third should play the important roles for the inter-
mediate pT and forward rapidity regions, respec-
tively.

We first consider the hadronization scenario (1) of
constituent quark recombination in which both quarks
and anti-quarks are polarized. This is likely the case
for hadronization in the central rapidity region for low
pT hadrons. We take −n⃗b = −ŷ as the quantization
axis, and obtain the spin density matrix for quarks
ρq as

(5)ρq = 1
2

(
1+ Pq 0
0 1− Pq

)
,

and similarly for anti-quarks ρq̄. Since the system is
thermalized, there should be no intrinsic correlation
between the quark and anti-quark in QGP. Also, since
our purpose is to study the effect of global quark polar-
ization, we will not go to the detail of the recombina-
tion mechanism but, just as people usually do [14,15],
assume no particular correlation between the quark
and the anti-quark that combine into a vector meson.
Hence, we can calculate the spin density matrix of the
vector meson V by making the direct product of ρq

and ρq̄. After transforming it to the coupled basis, we
obtain the normalized spin density matrix ρV for vec-
tor mesons as

(6)ρV =

⎛

⎜⎜⎝

(1+Pq)(1+Pq̄)

3+PqPq̄
0 0

0 1−PqPq̄

3+PqPq̄
0

0 0 (1−Pq)(1−Pq̄)

3+PqPq̄

⎞

⎟⎟⎠ .

Hence, we obtain

(7)ρ
V (rec)
00 = 1− PqPq̄

3+ PqPq̄
,

and all the non-diagonal elements are zero. Assuming
Pu = Pd = Pū = Pd̄ ≡ Pq, and Ps = Ps̄ , we obtain the
results for ρ and K∗ mesons as

(8)ρ
ρ(rec)
00 =

1− P 2
q

3+ P 2
q

,

(9)ρ
K∗(rec)
00 = 1− PqPs

3+ PqPs
.

We see that both ρ
ρ
00 and ρK∗

00 are smaller than 1/3 if
they are produced via recombination of similarly po-
larized quarks and anti-quarks. The non-diagonal ele-
ments are zero if there is no correlation between the
polarization of the quark and anti-quark.
The polarization of quark and anti-quark discussed

in [1] is a low pT phenomenon, since the polariz-
ing interaction typically has a momentum scale of
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p0 = µL0, where 1/µ is the interaction range and L0
is the typical relative orbital angular momentum be-
tween two-colliding partons. When the initial pT of a
quark is much larger than p0, the quark will not be po-
larized. But such a quark can still recombine with a
polarized low pT anti-quark to form a hadron, accord-
ing to the hadronization scenario (2). The spin align-
ment for such formed vector mesons can be obtained
by inserting Pq = 0 or Pq̄ = 0 into Eq. (7). We have
then ρV

00 = 1/3, even if one of the constituent quarks
is polarized before recombination.
Finally, we consider the hadronization scenario (3),

i.e., fragmentation of a polarized quark q↑ → V + X.
This likely happens for quarks with large rapidities
in the QGP and may play an important for hadrons
in the forward rapidity region. The situation in this
case is very much different from that in scenario (1)
or (2). Here, the anti-quark that combines with the
initial polarized quark is created in the fragmentation
process and may carry the information of the initial
quark that induces this creation. This implies that the
polarization of this anti-quark can be correlated to that
of the initial quark. Since this is a non-perturbative
process that cannot be calculated from pQCD, we do
not know a priori whether such a correlation indeed
exists. Fortunately, the situation here is very similar
to e+e−→ Z0 → qq̄→ V + X, where the initial q

and q̄ are longitudinally polarized so that we have the
fragmentation process q⃗→ V + X. Therefore, we can
compare it with the latter to extract some useful infor-
mation.
The 00-element of the spin density matrix for the

vector mesons in e+e−→ Z0 → qq̄→ V + X have
been measured at LEP [13,16–18]. The results show
clearly that ρV

00 is significantly larger than 1/3 in the
helicity frame of the vector meson (i.e., the quanti-
zation axis is taken as the polarization direction of
the fragmenting quark) at large fractional momenta.
A simple calculation [19] for ρV

00 in e+e−→ V + X

has been carried out by building the direct product
of the spin density matrix of the polarized leading
quark (ρq) and that of the anti-quark created during the
fragmentation process (ρfragq̄ ). In the helicity frame,
ρq takes exactly the form as shown by Eq. (5). The
most general form was taken for ρ

frag
q̄ . The calcula-

tion is exactly the same as that for quark recombina-
tion. It also leads to a result of ρV

00 for the first rank
V ’s similar to that shown by Eq. (7). The only differ-

ence is that we should replace Pq̄ in Eq. (7) by P
frag
q̄ ,

which is the polarization of the anti-quark created in
the fragmentation process. This result has been com-
pared with the available data [13,16–18]. It has been
found out that, the available data can only be fitted if
the anti-quark is taken as effectively polarized in the
opposite direction as the leading quark, and the polar-
ization is P

frag
q̄ = −βPq, where β ≈ 0.5 was obtained

[19] by fitting the data [13,16–18]. Hence, for the first
rank V ’s,

(10)ρ
V (frag)
00 =

1+ βP 2
q

3−βP 2
q

.

For V ’s other than the first rank hadrons, ρV = 1/3.
These results can be considered as a parametrization
of the LEP data [13,16–18].
If the same model can be applied to the fragmen-

tation of quarks (anti-quarks) polarized along the op-
posite direction of the reaction plane in heavy-ion
collisions, then the anti-quarks (quarks) that are pro-
duced in the fragmentation and will combine with the
leading quarks (anti-quarks) to form vector mesons
is effectively polarized in the opposite direction as
the initial quarks (anti-quarks) with the polarization
P
frag
q̄ = −βPq. One can then obtain a result for ρV

00
in the same form as that shown by Eq. (10). The dif-
ference is that now the quantization axis is along the
opposite direction of the reaction plane, which is trans-
verse to the direction of longitudinal motion. Taking
the fragmentation of different flavors of quarks and
anti-quarks into account, we obtain, for the first rank
V ’s,

(11)ρ
ρ(frag)
00 =

1+ βP 2
q

3−βP 2
q

,

(12)

ρ
K∗(frag)
00 = fs

ns + fs

1+ βP 2
q

3−βP 2
q

+ ns

ns + fs

1+ βP 2
s

3−βP 2
s

,

where ns and fs are the strange quark abundances rel-
ative to up or down quarks in QGP and quark fragmen-
tation, respectively. Therefore, in this case of quark
fragmentation, ρ00 is always larger than 1/3.
One can measure directly the angular distribution

of vector mesons’ decay products with respect to
the reaction plane and therefore determine the spin-
alignment of vector mesons in non-central heavy-
ion collisions. Such measurements will elucidate

Z.-T. Liang, X.-N. Wang / Physics Letters B 629 (2005) 20–26 23
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in the same form as that shown by Eq. (10). The dif-
ference is that now the quantization axis is along the
opposite direction of the reaction plane, which is trans-
verse to the direction of longitudinal motion. Taking
the fragmentation of different flavors of quarks and
anti-quarks into account, we obtain, for the first rank
V ’s,

(11)ρ
ρ(frag)
00 =

1+ βP 2
q

3−βP 2
q

,

(12)

ρ
K∗(frag)
00 = fs

ns + fs

1+ βP 2
q

3−βP 2
q

+ ns

ns + fs

1+ βP 2
s

3−βP 2
s

,

where ns and fs are the strange quark abundances rel-
ative to up or down quarks in QGP and quark fragmen-
tation, respectively. Therefore, in this case of quark
fragmentation, ρ00 is always larger than 1/3.
One can measure directly the angular distribution

of vector mesons’ decay products with respect to
the reaction plane and therefore determine the spin-
alignment of vector mesons in non-central heavy-
ion collisions. Such measurements will elucidate

NSM: ⇢00 ⇡ 1
3 + (!/T )2

v2 of pions from 100% polarized rho decays is ~20%!

dN
d cos ✓⇤

/ w0|Y1,0|2 + w+1|Y1,1|2 + w�1|Y1,�1|2 / w0 cos2 ✓⇤ + (w+1 + w�1) sin
2 ✓⇤/2
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30–50%, and 50–80% collision centralities, respec-
tively [29].
There are three main sources of systematic uncertainties

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

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

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

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. Large hNparti

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

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

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

p ¼
2.76 TeV and minimum bias pp collisions at

ffiffiffi
s

p
¼ 13 TeV.

Results are shown for spin alignment with respect to the event
plane [panels (a),(b)], production plane [(c),(d)], and random
event plane [(e),(f)] for K"0 (left column) and ϕ (right column).
The statistical and systematic uncertainties are shown as bars and
boxes, respectively.
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Evidence of Spin-Orbital Angular Momentum Interactions in Relativistic
Heavy-Ion Collisions
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The first evidence of spin alignment of vector mesons (K!0 and ϕ) in heavy-ion collisions at the Large
Hadron Collider (LHC) is reported. The spin density matrix element ρ00 is measured at midrapidity
(jyj < 0.5) in Pb-Pb collisions at a center-of-mass energy (

ffiffiffiffiffiffiffiffi
sNN

p
) of 2.76 TeV with the ALICE detector. ρ00

values are found to be less than 1=3 (1=3 implies no spin alignment) at low transverse momentum
(pT < 2 GeV=c) for K!0 and ϕ at a level of 3σ and 2σ, respectively. No significant spin alignment is
observed for the K0

S meson (spin ¼ 0) in Pb-Pb collisions and for the vector mesons in pp collisions. The
measured spin alignment is unexpectedly large but qualitatively consistent with the expectation from
models which attribute it to a polarization of quarks in the presence of angular momentum in heavy-ion
collisions and a subsequent hadronization by the process of recombination.

DOI: 10.1103/PhysRevLett.125.012301

Ultrarelativistic heavy-ion collisions create a system of
deconfined quarks and gluons, called the quark-gluon
plasma (QGP) [1–3] and provide the opportunity to study
its properties. In collisions with nonzero impact parameter,
a large angular momentum of Oð107Þℏ [4] and magnetic
field of Oð1014Þ T [5] are also expected. While the
magnetic field is short lived (a few fm=c), the angular
momentum is conserved and could affect the system
throughout its evolution. Experimental observables like
correlations in azimuthal angle [6,7] could be used to study
the influence of these initial conditions on the properties
and the dynamical evolution of the QGP and its subsequent
hadronization.
Spin-orbit interactions have wide observable conse-

quences in several branches of physics [8–10]. In the
presence of a large angular momentum, the spin-orbit
coupling of quantum chromodynamics (QCD) could lead
to a polarization of quarks followed by a net-polarization of
vector mesons (K!0 and ϕ) [11–15] along the direction of
the angular momentum.
The spin state of a vector meson is described by a 3 × 3

Hermitian spin-density matrix [15]. Its trace is 1 and ρ11
and ρ−1−1 cannot be measured separately in two-body
decays to pseudoscalar mesons. Consequently, there is only
one independent diagonal element, ρ00. The elements of the
spin-density matrix can be studied by measuring the

angular distributions of the decay products of vector
mesons with respect to a quantization axis. Here two
different quantization axes are used: (i) a vector
perpendicular to the production plane (PP) of the vector
meson and (ii) the normal to the reaction plane (RP) of the
system. The PP is defined by the flight direction of the
vector meson and the beam direction.
The spin-density matrix element ρ00 is determined from

the distribution of the angle θ! between the kaon decay
daughter and the quantization axis in the decay rest frame
[16,17],

dN
d cos θ!

∝ ½1 − ρ00 þ cos2θ!ð3ρ00 − 1Þ': ð1Þ

ρ00 is 1=3 in the absence of spin alignment and the angular
distribution in Eq. (1) is uniform. The experimental
signature of spin alignment is a nonuniform angular
distribution (ρ00 ≠ 1=3).
The direction of the angular momentum in noncentral

heavy-ion collisions is perpendicular to the reaction plane
(subtended by the beam axis and impact parameter) [12].
The spin-orbit interaction is expected to lead to spin
alignment with respect to the RP. The reaction plane
orientation cannot be measured directly, but is estimated
from the final state distributions of particles. This exper-
imentally measured plane is called the event plane (EP)
[18]. The deviation of the EP with respect to the RP is
corrected using the EP resolution (R) and observed
ρobs00 [19],

ρ00 ¼
1

3
þ
"
ρobs00 −

1

3

#
4

1þ 3R
: ð2Þ
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and calculating the corresponding factor R. This gives
Δρ00ðRNDEPÞ ¼ Δρ00ðEPÞ × 1

4(R ¼ 0 for random plane)
andΔρ00ðPPÞ ¼ Δρ00ðEPÞ × ð1þ3v2Þ=4(R ¼ v2 for pro-
duction plane, where v2 is the second Fourier coefficient of
the azimuthal distribution of produced particles relative to
the event plane angle). Here Δρ00 ¼ ρ00-1=3. This is
further confirmed using a toy model simulation with the
PYTHIA 8.2 event generator [30] by incorporating v2 and
spin alignment (see the Supplemental Material [17] for
further details).
In the past, spin alignment measurements in eþe−

[31–33], hadron-proton [34] and nucleon-nucleus colli-
sions [35] were carried out to understand the role of spin in
the dynamics of particle production, finding ρ00 > 1=3and
off-diagonal elements close to zero with respect to the PP.
For pp collisions at

ffiffiffi
s

p
¼ 13TeV, we find ρ00 ∼ 1=3

within the studied pT range (see Fig. 2). New preliminary
results from RHIC have found deviations of ρ00 from 1=3
indicating spin alignment for vector mesons at lower

ffiffiffiffiffiffiffiffi
sNN

p

[36,37]. The ρ00 for ϕ mesons in mid-central Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76TeV is less than 1=3 while
the preliminary finding for mid-central Au-Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is ρ00 greater than 1=3. The ρ00 > 1=3
for ϕ mesons has been interpreted as evidence for a
coherent ϕ meson field [38]. Similar conclusions cannot
be easily applied to K%0 as it consists of valence quarks of
unequal mass (s and d̄), which makes it impossible to
separate the effects of vorticity and due to electromangetic
and mesonic fields. Significant polarization of Λ baryons
(spin ¼ 1=2) was reported at low RHIC energies. The
polarization is found to decrease with increasing

ffiffiffiffiffiffiffiffi
sNN

p

[39,40]. At the LHC, the global polarization for Λ baryon is
compatible with zero within uncertainties [PΛð%Þ ¼
0.01& 0.06& 0.03] [41]. The spin alignment for vector
mesons in heavy ion collisions could have contributions
from angular momentum [12,13], electromagnetic fields
[15] and mesonic fields [38]. While no quantitative
theoretical calculation for vector meson polarization at
LHC energies exists, the expected order of magnitude can
be estimated and the measurements for vector mesons and
hyperons can be related in a model dependent way.
Considering only the angular momentum contribution
and recombination as the process of hadronization [13],
the ρ00 of vector mesons are related to quark polarization as
ρ00 ¼ ð1 − PqPq̄Þ=ð3þ PqPq̄Þ where Pq and Pq̄ are quark
and antiquark polarization, respectively. Assuming Pu ¼
Pū ¼ Pd ¼ Pd̄ and Ps ¼ Ps̄, the measured pT integrated
ρ00 values for K%0 and ϕ mesons in 10–50% Pb-Pb colli-
sions could translate to light quark polarization of ∼0.8and
strange quark polarization of ∼0.2. Using a thermal and
nonrelativistic approach as discussed in [42], vorticity (ω)
and temperature (T) are related to ρ00 and vector
meson polarization (PV) as ρ00 ≃ 1

3f1 − ½ðω=TÞ2=3(g and
PV ≃ ð2ω=3TÞ, respectively. Also in this approach, the
measured ρ00 for K%0 would correspond to K%0 polarization
of ∼0.6and the ρ00 for ϕ mesons would give ϕ meson
polarization of ∼0.3.
In the recombination model, Λ polarization depends

linearly on quark polarization whereas vector meson
polarization depends quadratically on it. One would there-
fore expect the polarization for K%0 to be of the same order
or smaller than the one measured for theΛ at LHC [41], i.e.,
vanishing small [Oð0.01%Þ] rather than order 1. The large
effect observed for the ρ00 in mid-central Pb-Pb collisions
at low pT is therefore puzzling. This result should stimulate
further theoretical work in order to study which effects
could make such a huge difference between Λ and K%0

polarization. Possible reasons may include the transfer of
the quark polarization to the hadrons (baryon vs meson),
details of the hadronization mechanism (recombination vs
fragmentation), rescattering, regeneration, and possibly the
lifetime and mass of the relevant hadron. Moreover, the
vector mesons are predominantly directly produced
whereas the hyperons have large contributions from res-
onance decays.
In conclusion, for the first time, evidence has been found

for a significant spin alignment of vector mesons in heavy-
ion collisions. The effect is strongest at low pT with respect
to a vector perpendicular to the reaction plane and for mid-
central (10–50%) collisions. These observations are quali-
tatively consistent with expectations from the effect of large
initial angular momentum in noncentral heavy-ion colli-
sions, which leads to quark polarization via spin-orbit
coupling, subsequently transferred to hadronic degrees of
freedom by hadronization via recombination. However, the
measured spin alignment is surprisingly large compared to
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Figure 3: Global spin alignment measurement of � and K⇤0 vector mesons in Au+Au colli-

sions. The measured matrix element ⇢00 as a function of beam energy for the � and K⇤0 vector

mesons within the indicated windows of centrality, momentum in the plane transverse to the beam

axis (pT ), and rapidity, y = tanh�1 �z. �z is the component of velocity along the beam direction

in units of the speed of light. The two points on the right (Pb+Pb collisions at 2.76 TeV) are inte-

grated over the ALICE collaboration results25, with the pT integration region being 1.0 - 5.0 GeV/c

for � and K⇤0. Errors displayed for ALICE data points are statistical only. The red solid curve is

a fit to data in the range of
p
sNN = 19.6 to 200 GeV, based on a theoretical calculation with a

�-meson field 2. The red dashed line is an extension of the solid curve with the fitted parameter

C(y)
s (⌘ g4�hẼ2

�,z + Ẽ2
�,xi). The black dashed line represents ⇢00 = 1/3.

7

Observation of Global Spin Alignment of � and K⇤0 Vector

Mesons in Nuclear Collisions

The strong force, as one of the four fundamental forces at work in the universe, governs in-

teractions of quarks and gluons, and binds together the atomic nucleus. Notwithstanding

decades of progress since Yukawa first developed a description of the force between nucleons

in terms of meson exchange 1, a full understanding of the strong interaction remains a ma-

jor challenge in modern science. One remaining difficulty arises from the non-perturbative

nature of the strong force, which leads to the phenomenon of quark confinement at distance

scales on the order of the size of the proton. Here we show that in relativistic heavy-ion colli-

sions, where quarks and gluons are set free over an extended volume, two species of produced

vector (spin-1) mesons, namely � and K⇤0, emerge with a surprising pattern of global spin

alignment. In particular, the global spin alignment for � is unexpectedly large, while that for

K⇤0 is consistent with zero. The observed spin-alignment pattern and magnitude for the �

cannot be explained by conventional mechanisms, while a model with strong force fields2, 3

accommodates the current data. This is the first time that the strong force field is experi-

mentally supported as a key mechanism that leads to global spin alignment. We extract a

quantity proportional to the intensity of the field of the strong force. Within the framework

of the Standard Model, where the strong force is typically described in the quark and gluon

language of Quantum Chromodynamics, the field being considered here is an effective proxy

description. This is a qualitatively new class of measurement, which opens a new avenue for

studying the behaviour of strong force fields via their imprint on spin alignment.
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RHIC: Mean field of φ meson plays a role?  
Does it change from RHIC to LHC?

If it is related to the vorticity, it must depend 
on the direction. In mean field approach (as  
well as any others) -  
what are the predictions for  and ?ρ1,1 ρ−1,−1

One possibility for noticeable spin alignment 
might be strong, fluctuating in direction,  
polarization, e.g vorticity, (the mechanism 
discussed by B. Mueller). 
This possibility might be checked  
with  correlationsΛΛ

Helicity conservation and heavy resonance  
decays into vector mesons?
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Figure 24: �-meson e�ciency w.r.t. event plane with finite v2.
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dN
d cos θ*

∝ (1 − ρ00) + (3ρ00 − 1)cos2 θ*
Reconstruction efficiency changes ~ (1) 
with the emission angle relative  
to the reaction plane

𝒪

Opacity/width reflects efficiency and/or multiplicity

It ,ight be better to present an efficiency  
(1d) plot vs  ̂n*p ⋅ ̂nΛ

The efficiency entangles elliptic flow and polarization, 
neither of them can be measured independently 
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Summary
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 measurements surprisingly (or not?) well agree with the BW expectations 

It is not clear how/why  and  and SIP contributions appear to be large/significant  
A specific, better unique, predictions for SIP, SHE, etc. are needed  

Pz
∇μT Aμ

New techniques are being developed, 
Many new measurements appear and many will be available soon 
including higher harmonics, , differential   Px Py

Spin alignment: I think a thorough review and understanding of the detector effects are needed

Is the  “Cooper-Frye” prescription really good for polarization calculations?
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EXTRA SLIDES
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Spin alignment in vector meson decays
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dN
d cos ✓⇤

/ (1� ⇢00) + (3⇢00 � 1) cos2 ✓⇤

� ! K� +K+

K⇤0 ! ⇡ +K

⇢00 = 1
3 � 4

3 hcos[2(�
⇤
p � RP)]i

dN
d cos ✓⇤

/ w0|Y1,0|2 + w+1|Y1,1|2 + w�1|Y1,�1|2 / w0 cos2 ✓⇤ + (w+1 + w�1) sin
2 ✓⇤/2

Strong decays of vector mesons in to two 
(pseudo)scalar particles

Quarkonium polarization in nuclear collisions at the LHC ALICE Collaboration

1 Introduction

Quarkonia, bound states of charm (c) and anticharm (c) or bottom (b) and antibottom (b) quarks, repre-
sent an important tool to test our understanding of quantum chromodynamics (QCD), since their produc-
tion process involves both perturbative and non-perturbative aspects. At high energy, the creation of the
heavy quark-antiquark pair is a process that can be described using a perturbative QCD approach, due to
the large value of the charm and bottom quark masses (mc ⇠ 1.3 GeV/c2, mb ⇠ 4.2 GeV/c2). However,
the subsequent formation of the bound state is a non-perturbative process that can be described only by
empirical models or effective field theory approaches. Among those, models based on Non-Relativistic
QCD (NRQCD) [1] give the most successful description of the production cross section, as measured
at high-energy hadron colliders (Tevatron, RHIC, LHC) [2–13]. In this approach, the non-perturbative
aspects are parameterized via long-distance matrix elements (LDME), corresponding to the possible in-
termediate color, spin and angular momentum states of the evolving quark-antiquark pair. The values of
LDMEs need to be fitted on a chosen sample of measurements and can be then considered as universal
quantities, in the sense that they can be used in the calculation of production cross sections and other
observables corresponding, for example, to different collision systems and energies.

Among the various charmonium states, the J/y meson, with quantum numbers JPC = 1��, was the
first to be discovered. It is surely the most studied, also due to the sizeable decay branching ratio to
dilepton pairs ((5.961± 0.033)% for the µ+µ� channel [14]) that represents an excellent experimental
signature. While the J/y production cross sections are well reproduced by NRQCD-based models, it
was soon realized that describing the measured polarization of this state represents a much more difficult
problem [15]. The polarization, corresponding to the orientation of the particle spin with respect to a
chosen axis, can be accessed via a study of the polar (q) and azimuthal (f ) production angles, relative
to that axis, of the two-body decay products in the quarkonium rest frame. Their angular distribution
W (q ,f) is parameterized as

W (q ,f) µ 1
3+lq

�
1+lq cos2 q +lf sin2 q cos2f +lqf sin2q cosf

�
, (1)

with the polarization parameters lq , lf and lqf corresponding to various combinations of the elements
of the spin density matrix of J/y production [16]. In particular, the two cases (lq = 1, lf = 0, lqf = 0)
and (lq = �1, lf = 0, lqf = 0) correspond to the so-called transverse and longitudinal polarizations,
respectively. At leading order, the high-pT production is dominated by gluon fragmentation and there-
fore the J/y would be expected to be transversely polarized [15]. However, the results from the CDF
experiment at Tevatron showed that the J/y exhibits a very small polarization [17, 18], an observation
which was impossible to reconcile with the NRQCD prediction. As of today, on the experimental side,
accurate results on inclusive and prompt (i.e., removing contributions from b-quark decays) J/y polar-
ization have become available at LHC energies [19–22]. They confirm that this state shows little or no
polarization in a wide rapidity (up to y = 4.5) and transverse momentum region (from 2 to 70 GeV/c),
with the exception of the LHCb measurements at

p
s= 7 TeV [21], where the value lq =�0.145±0.027

was obtained in the interval 2 < pT < 15 GeV/c and 2 < y < 4.5, in the helicity frame (its definition will
be given later in Sec. 3). On the theory side, a huge effort was pursued in order to move to a complete
next-to-leading order (NLO) description of the J/y production process [23, 24], and to the calculation
of the polarization variables [25, 26]. Further important progress includes a quantitative evaluation of
the contribution of feed-down processes (J/y coming from the decay of cc and y(2S) states) on the
polarization observables [27]. It was shown that at NLO there are rather large cancellations between
contributions corresponding to the different possible combinations of the spin and angular momentum
of the intermediate cc states, reaching a more satisfactory description of the absence of polarization ob-
served in the data [28]. However, those descriptions usually require the inclusion of both cross section

2

 - probability for ρ00 = w0 sz = 0

V → l+l−

Unlike  
and , the daughters  
in   have spin 1/2 

K0* → Kπ
ϕ → K+K−

J/ψ → l+l−


