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The strongly interacting system created in ultrarelativistic nuclear collisions behaves
almost as an ideal fluid with rich patterns of the velocity field exhibiting strong vortical
structure. Vorticity of the fluid, via spin-orbit coupling, leads to particle spin polariza-
tion. Due to the finite orbital momentum of the system, the polarization on average is
not zero; it depends on the particle momenta reflecting the spatial variation of the local
vorticity.

In the last few years, this field experienced a rapid growth due to experimental
discoveries of the global and local polarizations. Recent measurements triggered further
development of the theoretical description of the spin dynamics and suggestions of sev-
eral new mechanisms for particle polarization. In this review, we focus mostly on the
experimental results. We compare the measurements with the existing theoretical cal-
culations but try to keep the discussion of possible underlying physics at the qualitative
level. Future measurements and how they can help to answer open theoretical questions
are also discussed. We pay a special attention to the employed experimental methods,
as well as to the detector e↵ects and associated corrections to the measurements.
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The strongly interacting system created in ultrarelativistic nuclear collisions behaves
almost as an ideal fluid with rich patterns of the velocity field exhibiting strong vortical
structure. Vorticity of the fluid, via spin-orbit coupling, leads to particle spin polariza-
tion. Due to the finite orbital momentum of the system, the polarization on average is
not zero; it depends on the particle momenta reflecting the spatial variation of the local
vorticity.

In the last few years, this field experienced a rapid growth due to experimental
discoveries of the global and local polarizations. Recent measurements triggered further
development of the theoretical description of the spin dynamics and suggestions of sev-
eral new mechanisms for particle polarization. In this review, we focus mostly on the
experimental results. We compare the measurements with the existing theoretical cal-
culations but try to keep the discussion of possible underlying physics at the qualitative
level. Future measurements and how they can help to answer open theoretical questions
are also discussed. We pay a special attention to the employed experimental methods,
as well as to the detector e↵ects and associated corrections to the measurements.

Keywords: polarization; vorticity; nuclear collisions.

PACS numbers:

Contents

1. Introduction: Polarization as a collective phenomenon . . . . . . . . . . . 2
2. Global and local polarizations . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1. Nonrelativistic vorticity and the global polarization, hP�yi . . . . . 4
2.2. Role of the magnetic field . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3. Anisotropic flow and polarization along the beam direction . . . . . 7
2.4. Circular polarization, P�; polarization along x-direction, Px . . . . . 9

3. Spin and polarization in hydrodynamic description . . . . . . . . . . . . . 10

1

July 11, 2024 23:5 WSPC Polarization-in-HIC

2 T. Niida and S. Voloshin

3.1. Kinematic vorticity, thermal gradients, acceleration . . . . . . . . . . 10
3.2. Shear-induced polarization and the spin Hall e↵ect . . . . . . . . . . 11
3.3. Additional comments . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4. How is it measured? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.1. Self-analyzing weak decays of hyperons . . . . . . . . . . . . . . . . 13

4.1.1. Multistrange hyperons and two-step decays . . . . . . . . . . 13
4.2. Global polarization measurement . . . . . . . . . . . . . . . . . . . . 15

4.2.1. Global polarization in which frame? . . . . . . . . . . . . . . 16
4.3. Measuring polarization induced by anisotropic flow . . . . . . . . . . 16
4.4. Feed-down e↵ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.5. Vector mesons spin alignment . . . . . . . . . . . . . . . . . . . . . . 17
4.6. Detector acceptance e↵ects . . . . . . . . . . . . . . . . . . . . . . . 19

4.6.1. Polarization along the initial angular momentum . . . . . . . 19
4.6.2. Polarization along the beam direction . . . . . . . . . . . . . 20
4.6.3. Acceptance e↵ects in spin alignment measurements . . . . . . 21

5. Overview of experimental results . . . . . . . . . . . . . . . . . . . . . . . 22
5.1. Global polarization of ⇤ hyperons . . . . . . . . . . . . . . . . . . . 22

5.1.1. Energy dependence . . . . . . . . . . . . . . . . . . . . . . . . 22
5.1.2. Particle-antiparticle di↵erence . . . . . . . . . . . . . . . . . . 23
5.1.3. Di↵erential measurements . . . . . . . . . . . . . . . . . . . . 25

5.2. Global polarization of multi-strange hyperons . . . . . . . . . . . . . 27
5.3. Global spin alignment of vector mesons . . . . . . . . . . . . . . . . 29
5.4. Polarization along the beam direction . . . . . . . . . . . . . . . . . 31

6. Open questions and future perspective . . . . . . . . . . . . . . . . . . . . 35
7. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1. Introduction: Polarization as a collective phenomenon

The discovery of the global polarization in heavy-ion collisions, the hyperon po-
larization along the system orbital momentum,1,2 followed by the measurements
of the polarization along the beam direction,3 opened totally new opportunities
for study of the nuclear collision dynamics and the properties of the quark-gluon
plasma (QGP), as well as for deeper understanding of the spin and its transport
in QGP medium. These polarization measurements are among the most signifi-
cant discoveries made in heavy-ion collision program along with observations of the
strong elliptic flow and jet quenching,4–7 and have generated intense theoretical
discussions as well as experimental activities.

The phenomenon of the global polarization in heavy-ion collisions arises from
the partial conversion of the orbital angular momentum of the colliding nuclei into
the spin angular momentum of produced particles.8–10 As a result, the particles on
average become polarized along the direction of the initial orbital momentum of the
two colliding nuclei. The term “global” in the name of the phenomenon indicates
that the component of the particle polarization along the system orbital momentum

In print:
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2003 first ideas/discussions 
        (STAR meeting in Prague) 
 
2004  Idea goes “on-shell” 
            first publications 

 
 
 

2007  Fist measurements 
 
 
         
          

         First ideas on local vorticity      

2013   ALICE Physics Week in Padova 
      idea of thermodynamical equilibrium 

2017  STAR measurements in BES 
            first “non-zero” measurements
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o r  

(cos 0) = ~- ~p. 

It is related to the fact that the parent particle is 
polarized (p + 0) and that parity is violated in the de- 
cay (~ + 0). 

We now consider a cascade decay of the type 

E --+ A rc, A -~ N rE. 

Parity violation in E decay will induce a non-vanish- 
ing longitudinal polarization of the A (p~)=c~ z. Any 
transverse polarization of the E in its production pro- 
cess would be averaged away in its contribution to 
PA (15), taking E produced to the right and to the 
left of the incident beam. The acceptance of the experi- 
ment can be assumed not to favour one of the sides, 
even if it is not fully symmetric in azimuth. The even- 
tual decay of the A will thus show an average up- 
- down asymmetry 

u p - d o w n  1 
0~ A (X~. 

up + down 2 

The asymmetry parameters are known to be ~A = 0.64 
and ez= --0.44 respectively. One is therefore consid- 
ering a 15% effect. 

Using PC invariance, the asymmetry parameters 
change sign going from particle to antiparticle. Rela- 
tion (18) therefore also applies as such to the E---, A re, 
A ~ N ~  cascade. Only such a cascade process could 
lead to an u p - d o w n  asymmetry in A(A) decay. It 
therefore tests the relative abundance of E(E) daugh- 
ters among the A (7) sample. 

This can provide a test for the formation of a 
quark-gluon plasma in nucleus-nucleus collisions, 
which has the advantage of providing a straight yes 
or no answer [1]. 

The formation of a quark-gluon plasma is indeed 
expected to result in a strong abundance of s g pairs, 
due to the thermalization of a gluon-quark system 
above T~, with a chemical potential of u and d quarks 
imposed by the squashing nuclei [-11]. In the follow- 
ing hadronization the production of ff (3), involving 
two s quarks, should not be greatly suppressed as 
compared to that of A (7) involving only one s quark, 
as is the case in typical hadronic processes. 

If 7 is the ratio between the number of E produced 
to that of the number of antihyperons, Z and A, the 
mean u p - d o w n  asymmetry in 3 decay should be 
[10] 

u p -  down 1 7 
- - -  C~A C~z. ( 1 9 )  

(17) up+down 2  89 

One could expect 7 to be as high as 0.5 in events 
with large transverse energy where a quark-gluon 
plasma could have been formed 1-11]. The measure- 
ment should be done with 3 and with A. One expects 
the asymmetry to be more pronounced in the former 
case, since, in the latter, many of the A's should be 
mere fragments of nucleons into A K  systems. 

A sizeable asymmetry would indicate a relatively 
large abundance of Z with respect to A. This would 
be an unambiguous test of the formation of a quark- 
gluon plasma. 

One can translate the test into an effective lifetime 
test, measuring the effective lifetime of 3 and A 
through the time required (after Lorentz correction) 
for the formation of a V. If a good fraction of the 
//'s originate from ~ decays, the effective lifetime 
should be longer, since part of the A's are only gradu- 
ally produced through E decay. Here again we have 

(t8) 'a  yes or no answer. Different effective lifetimes would 
be a signature of the formation of a quark-gluon plas- 
ma. 

In the 1987 run, a new experiment in the f2' detec- 
tor will attempt to detect such a difference in effective 
lifetime. 
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The relatively large abundance of ~ expected to be a peculiar feature for the quark-gluon plasma formed in relativistic nuclear 
collisions can be readily observed by measuring the longitudinal polarization of.~ into which ~ cascades. This characteristic ~- 
signature of the quark-gluon plasma is discussed. 

In hot and dense regions of  nuclear matter there 
should be a high density of  strange particles, leading, 
inter alia, to an abundant formation of multi-strange 
baryons and antibaryons. This should be the case 
when the quark-gluon plasma phase expected for hot 
hadronic matter is formed. It has been argued [ 1 ] 
that the relative abundance of multi-strange 
antibaryons would then provide a key information 
about the formation of  a quark-gluon plasma. In 
particular, recent detailed calculations [2] suggest 
that the abundance of anticascades ~ (~Cl) is enriched 
to about half the abundance of antihyperons Y(g~l~l). 
This prediction may be compared to the ~ /Y ratio 
seen in standard hadronic reactions, which, at 
x/~= 63 GeV is only 0.06 _+ 0.02 in the central rapid- 
ity region [ 3]. Thus the quark-gluon plasma state 
would yield a ratio up to ten times greater. This ratio 
would be a rather characteristic feature of  this new 
state of  matter and it is very desirable to measure its 
value in central nuclear collisions as a function of 
rapidity (and transverse momentum) .  The parallel 
ratio ~r/lq is 0.27 _+ 0.02 when measured in the same 
experiment at ISR [ 3 ], while detailed quark-gluon 
plasma calculations [2] predict ?/lql p, . . . .  ~ 1 + 0.2. 
We thus see that the ~./~i" ratio is even a more specific 
observable than the Y/lq ratio. We argue that it pro- 

On leave from University of Cape Town, Rondebosch 7700, 
South Africa. 

:~ The different experiments presently using the oxygen beam 
provided by the SPS are presented in ref. [5]. NA35 is better 
suited for hyperon study. 
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vides a simple signature and the more so since the 
ISR ratios are certainly upper l imi ts  for those at 
x/~= 20 GeV, relevant to the oxygen run at CERN 
[4] ~j. However, the -~/Y ratio seems more difficult 
to establish experimentally. We show in this paper 
how the measurement of the longitudinal A polari- 
zation should easily allow one to establish the ratio 
of-~/Y abundances. We also give prescriptions for its 
measurement as well as predictions concerning the 
magnitude of the expected effect. We assume that the 
detector permits the observation and measurement 
of  the charged decay "V"s of the neutral A particles. 
The decaying A particles originate in part in the 
(rapid) electromagnetic decays of the ~o particles as 
well as from the weak decays of-~ o, ,~ - .  All anticas- 
cades ultimately become A, while only half of  all 
antihyperons Y will be in the A-decay chain, of  which 
64.2% are giving the typical "V" decay pattern. 
Assuming full acceptance for the "visual" detector 
for all "V"s, the total sample of  all seen "V"-events 
is 

Nv = 0.642Y( ½ +.~/Y) (1) 

and, should the abundance ratio -=/Y~ 1/2, we see 
that half of  the observed "V"s would be associated 
with the primordial -~ abundance. 

The central point of this paper is the profound dif- 
ference in the polarization of the A descending from 
the weak ~ decays. The weak decay polarizes the A- 
spin longitudinally, the mean value of its helicity 
being given by the decay asymmetry parameter o~v.. 
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Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

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

sNN < 40 GeV)

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

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

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

w = kBT
�
P L0 +P L0

�
/~, (3)

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

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

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

9

STAR, Nature 548, 62 (2017)

Positive signal at lower energies. 
The most vortical fluid ever observed!

(T=160 MeV)

! = (P⇤ + P⇤̄)kBT/~
⇠ 1022 s�1

Null result @200 GeV
10M events (2004 data)

Let’s revisit 200 GeV with ~150 times more events!
using recent data (2010, 2011, and 2014)
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Polarization four-vector in the LAB frame

At first order in the gradients:

F. B., V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338 (2013) 32F. B., V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338 (2013) 32 
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Polarization of fermions in a vorticular fluid
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Fermions become polarized in a vorticular fluid due to spin-vorticity coupling. Such a polarization
can be calculated from the Wigner function in a quantum kinetic approach. Extending previous
results for chiral fermions, we derive the Wigner function for massive fermions up to the next-to-
leading order in spatial gradient expansion. The polarization density of fermions can be calculated
from the axial vector component of the Wigner function and is found to be proportional to the local
vorticity ω. The polarizations per particle for fermions and anti-fermions decrease with the chemical
potential and increase with energy (mass). Both quantities approach the asymptotic value !ω/4
in the large energy (mass) limit. The polarization per particle for fermions is always smaller than
that for anti-fermions, whose ratio of fermions to anti-fermions also decreases with the chemical
potential. The polarization per particle on the Cooper-Frye freeze-out hyper-surface can also be
formulated and is consistent with the previous result of Becattini et al..

I. INTRODUCTION

In non-central high-energy heavy-ion collisions, the large orbital angular momentum present in the colliding system
can lead to non-vanishing local vorticity in the hot and dense fluid [1–6]. The vorticity induced by global orbital
angular momentum in the fluid can be considered as local rotational motion of particles [3, 4, 7, 8]. It is closely
related to the rapidity dependence of the v1 flow and shear of the longitudinal flow velocity inside the reaction plane
[5, 9, 10].

As a result of spin-orbital coupling, quarks and anti-quarks can become polarized along the normal direction of the
reaction plane [1, 2, 5]. Through hadronization of polarized quarks and anti-quarks, hyperons can also be polarized in
the same direction in the final state [1, 2, 11]. Measurements of such global hyperon polarization is feasible through
the parity-violating decay of hyperons [12, 13]. Such measurements will shed light on properties of the vorticular
structures of the strongly coupled quark-gluon plasma (sQGP) in high-energy heavy-ion collisions.

Quark and anti-quark polarization in a vorticular fluid is also closely related to the Chiral Magnetic and Vortical
Effects [14–19]. From the solutions of Wigner functions for chiral or massless fermions in a quantum kinetic approach
one can derive the axial current jµ5 = ρ5uµ+ξ5ωµ+ξB5 Bµ, where ρ5 is the axial charge density, uµ is the fluid velocity,
ωµ ≡ 1

2ε
µσαβuσ∂αuβ is the vorticity 4-vector, and Bµ = 1

2ε
µνλσuνFλσ is the 4-vector of the magnetic field with Fλρ

being the strength tensor of the electromagnetic field. The coefficients ξ5 and ξB5 are all functions of temperatures
and chemical potentials µ and µ5 [19]. In a three-flavor quark matter with u, d and s quarks and their anti-quarks,
ξB5 = 0. In other words, the axial current in a three-flavor quark matter is blind to the magnetic field and solely
induced by the vorticity. Such an axial current leads to the Local Polarization Effect [19] which is also connected to
the spin-vorticity coupling for chiral or massless fermions [20].

In this paper, we will extend our Wigner function method for massless fermions to massive ones and formulate the
polarization of massive fermions induced by vorticity. In Section II, we will give a brief introduction to the Wigner
function method and derive the equations for the Wigner function components for massive fermions based on Ref.
[21, 22]. The Wigner function components can be determined perturbatively by gradient expansion. In Section III,
we will derive the Wigner function at the leading order by definition. Using the projection method we can extract
each component of the Wigner function at the leading order. We will propose the first order solution for the axial
vector component in Section IV by extending the solution for massless fermions. In Section V, we will show that the
axial vector component can be regarded as the spin density in phase space. We can obtain the polarization density
after completion of momentum integration of the axial vector component in Section VI. We will also formulate the
fermion polarization on the freezeout hypersurface by extending the Cooper-Frye formula. We will give a summary
of the results in the final section.

We adopt the same sign conventions for fermion charge Q as in Refs. [19, 20, 22, 23], and the same sign convention
for the axial vector Aµ ∼

〈

ψ̄γµγ5ψ
〉

as in Resf. [19, 20, 23] but different sign convention from Ref. [22].
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entire system evolution. Therefore, it would be interesting to check whether the
polarization changes smoothly with the beam energy. Recently the STAR Collabo-
ration has reported ⇤ global polarization in Au+Au collisions at

p
sNN = 3 GeV,84

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

sNN = 2.4 GeV
and Ag+Ag collisions at

p
sNN = 2.55 GeV by the HADES Collaboration.89 The re-

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

Calculation from the three-fluid dynamics (3FD)82 incorporating the equation
of state (EoS) for the first-order phase transition (1PT) captures the trend of the
experimental data. The 3FD model also shows sensitivity of the global polariza-
tion to EoS as seen in some di↵erence in the calculations for the first-order phase
transition and hadronic (HG) EoS.

5.1.2. Particle-antiparticle di↵erence

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

p
sNN.90 The new RHIC BES-II

results from Au+Au collisions at 19.6 GeV and 27 GeV greatly improve the statis-
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Good description of directed flow  
requires accounting for vorticity!

Slope, dv1/dη proportional to ? ω
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
momentum shift 〈px〉/〈pT 〉 as a function of η in 10%-40% centrality for Cu+Au, Au+Au, and Pb+Pb collisions. Thick solid
and dashed lines show the hydrodynamic model calculations with η/s=0.08 and 0.16, respectively, for Cu+Au collisions [31].
Thin lines in the left panel show a linear fit to the data.

not reproduce neither the magnitude of the directed flow485

nor its pseudorapidity dependence.486

The even component of directed flow, veven1 , in Au+Au487

does not depend on pseudorapidity (within error-bars)488

and is very similar in magnitude to veven1 in Pb+Pb col-489

lision at LHC energies. The pevenx in both Au+Au and490

Pb+Pb collisions is consistent with zero, which indicates491

zero net transverse momentum in the systems. This492

agrees with the expectation that the even component of493

v1 originates from event-by-event fluctuations of the ini-494

tial density. The magnitude of vfluc1 in Cu+Au is larger495

than that of veven1 in Au+Au. This would be due either to496

larger initial density fluctuations in Cu+Au collisions or497

to stronger correlations between the spectator and dipole498

fluctuation planes.499

The results presented in Figs. 4–5, and in particular a500

positive intercept of v1(η) and negative intercept of 〈px〉,501

are consistent with a picture of directed flow in Cu+Au502

collisions as a superposition of that from a tilted source503

(shifted in rapidity to the system center-of-mass rapid-504

ity) and dipole flow due to non-zero average density gra-505

dients. Compared to the v1(η) dependence in symmetric506

collisions, the first mechanism shifts the function toward507

negative rapidities, and the second moves the entire func-508

tion up (note that the Cu nucleus is defined as the pro-509

jectile) as shown in Fig. 1(a-b). This picture receives fur-510

ther support from the study of the centrality dependence511

of the corresponding slopes and intercepts presented in512

Fig. 6. Very similar slopes of v1 and 〈px〉/〈pT 〉 would be513

a natural consequence of a tilted source. The intercepts514

of 〈px〉 follow very closely the shift in rapidity center-of-515

mass of the system shown with the solid line in Fig. 6(b),516

which was calculated by a Monte-Carlo Glauber model517

based on the ratio of Au and Cu participant nucleons,518

yCM ∼ 1

2
ln(NAu

part/N
Cu
part). (12)

The centrality dependence of v1 intercept (more exactly,519

in this picture the difference in v1 and 〈px〉 intercepts)520

in Fig. 6(d) would be mostly determined by the decorre-521

lations between the dipole flow direction, Ψ1.3, and the522

reaction (spectator) planes.523524

The slopes of vodd(conv)1 and 〈pconvx 〉/〈pT 〉, Fig. 5, agree525

within 10% both in Au+Au and Cu+Au collisions. In526

Pb+Pb collisions the v1 slope is almost a factor of two527

larger than that of 〈pconvx 〉/〈pT 〉. This clearly indicates528

that both mechanisms, “tilted source” (for which one529

would expect the slope of 〈pconvx 〉/〈pT 〉 to be about 50%530

larger than that of vodd(conv)1 , see Appendix), and ini-531

tial density asymmetries (for which 〈pconvx 〉 = 0), play532

a significant role in formation of the directed flow even533

in symmetric collisions. The relative contribution of the534

 For mid-central collisions (20% - 40%) tilted source  
contribution is about 2/3, its fraction increases in 
more peripheral collisions. 

 At LHC energies “tilted sources” contribution is  
smaller, about 1/3

→ polarization at LHC ~ 1/6 of that at RHIC 200 GeV

 - fraction of “tilted source” contribution to αts v1
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Fig. 7. (Left) Centrality dependence of ⇤(⇤̄) of P�y polarization component in Au+Au collisions atp
sNN = 3, and 200 GeV compared to viscous hydrodynamic model calculation.93 (Right) Rapidity

dependence of ⇤(⇤̄) P�y compared to Particle-in-Cell Relativistic (PICR) hydrodynamics model97

and viscous hydrodynamic model CLVisc.96 Note that the data for 3 GeV in the left (right) plot
are scaled by 0.1 (0.2), and the average pseudorapidity for 200 GeV is converted to the rapidity
in the right panel.

It should be noted that the polarization P�y component seems to have little
dependence on the hyperon transverse momentum pT ,2,84,89,90 which qualitatively
agrees with theoretical models that predict a mild pT dependence. Figure 8(left)
shows hyperons’ transverse momentum dependence of the polarization along the
system angular momentum in Au+Au collisions at

p
sNN = 200 GeV, compared

to hydrodynamic model calculations with two di↵erent initial conditions:23 Monte
Carlo Glauber with the initial source tilt and UrQMD initial state. The UrQMD
initial condition includes the initial flow from a preequilibrium phase that would
a↵ect the initial velocity field. Similar trend was also seen at lower collision ener-
gies.84,89,90

The STAR Collaboration also studied charge asymmetry (Ach) dependence of
the global polarization for a possible relation to anomalous chiral e↵ects.38 Accord-
ing to Ref.,99 the global polarization could be explained by axial charge separation
due to the chiral vortical e↵ect. In addition, the axial current J5 can be generated
in the system with nonzero vector chemical potential µv under a strong magnetic
field B (J5 / QeµvB), aka chiral separation e↵ect, where Qe represents net elec-
tric charge of particles. For massless quarks, their momentum direction is aligned
(anti-aligned) with spin direction for right-handed (left-handed) quarks. Thus the
J5, if generated, might contribute to the hyperon global polarization. The event
charge asymmetry defined as Ach = (N+ � N�)/(N+ + N�) where N+(N�) is the
number of positively (negatively) charged particles was used to study the possible
relation with the polarization assuming Ach / µv. Figure 8(right) shows ⇤ and ⇤̄
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Figure 4: V1 of charged particles as a function of centrality for a
midpseudorapidity region (|!| < 1.3) and a forward pseudorapidity
region (2.5 < |!| < 4.0). Two RHIC datasets, 62.4 and 200GeV
Au+Au [44], and one LHC dataset, 2.76TeV Pb+Pb [53], are shown
at midpseudorapidity, while only 200GeV Au+Au [44] is shown
at forward pseudorapidity. Note that the data points at forward
pseudorapidity are divided by 6 in order to be plotted on a common
scale with the data at midpseudorapidity.

per unit rapidity; in other words, for a -xed value of "#ch/"!,
there is no signi-cant dependence on beam energy, or on
centrality, or on the mass of the colliding system..is type of
scaling is called “entropy-driven” so/ physics. .e directed
0ow results for two beam energies and two colliding systems
reported by STAR in [44] (see Figure 3) represented one of the
-rst (and still few) violations of entropy-driven multiplicity
scaling. In contrast, this scaling is observed to hold, with
caveats, for homogeneity lengths from femtoscopy [67, 68],
for elliptic 0ow per average participant eccentricity [67, 69],
and for various strangeness yields [67].

3. Directed Flow of Charged Particles in Mass-
Asymmetric Collisions

In mass-asymmetric collisions like Cu+Au, the well-de-ned
distinction that exists in mass-symmetric collisions between
the odd V1(!) component (a hydrodynamic e3ect correlated
with the reaction plane) and the even V1(!) component
(an initial-state 0uctuation e3ect unrelated to the reaction
plane) no longer holds. In a recent paper from the PHENIX
collaboration, they reportmidrapidity charged hadron V1($!)
in Cu+Au collisions at √&NN = 200GeV for centralities
of 10–20%, 20–30%, 30–40%, and 40–50%, using spectator
neutrons from the Au side of the collision to determine
the event plane; see Figure 5 [66]. However, they preserve
the standard convention for the sign of V1 by de-ning the
direction of bounce-o3 by remnants of the -rst nucleus in the

A+A system (Cu) to be positive. An even more recent paper
from STAR reports V1($!) distributions for the same system
and centrality that are consistent within errors [70].

.e PHENIX results in Figure 5 [66] reveal that the
higher $! particles at midrapidity (above 1 or 1.5GeV/' in$!) and at all the studied centralities have negative V1 and
so are preferentially emitted with azimuths parallel to the
Au fragment bounce-o3 direction (and antiparallel to the Cu
fragment bounce-o3 direction). Whether or not the more
abundant particles below 1GeV/' are preferentially emitted
with opposite azimuths, as might be expected based on
momentum conservation, cannot be answered within the
systematic uncertainty of the measurements [66].

In the STAR collaboration’s analysis of charged particle
directed 0ow in Cu+Au collisions at √&NN = 200GeV, a
particular focus is the V1 di3erence between positive and
negative charges. .is di3erence has the potential to be
sensitive to the strong electric -eld between the two incident
ions, whose electric charges di3er by 79 − 29 = 50 units; this
-eld has a lifetime on the order of a fraction of a fm/'. Figure 6
[70] presents V1(!) at medium $! (1 < $! < 2GeV/') and
intermediate centrality (10–40%). Like the PHENIX result,
this V1 measurement was made relative to the event plane
from spectator neutrons, dominated by the Au side. It is
evident fromFigure 6 that both even and odd components are
present, and most interestingly, there is a signi-cant pattern
showing a larger magnitude for negative particles.

.e Parton-Hadron String Dynamics (PHSD) model [72,
73], when the initial electric -eld is explicitly modeled,
predicts a V1 di3erence signal that is an order of magnitude
larger than observed [70]. On the other hand, parton distri-
bution functions [74] can be used to estimate the number of
quarks and antiquarks at very early times in relation to the
number created in the collision; then given certain plausible
assumptions, as set out in [70], it can be inferred that only
a small fraction of the total quarks created in the collision
are produced during the lifetime of the initial electric -eld.
In addition to this important insight, the charged-dependent
directed 0ow measurements in Cu+Au collisions o3er new
and valuable quantitative information with relevance to the
ChiralMagnetic E3ect [75, 76] and the ChiralMagneticWave
[77, 78].

4. Differential Measurements of Identified
Particle Directed Flow

.e charged particle measurements reviewed in Section 2 are
an admixture of all emitted particle species. Measurements
of directed 0ow for identi-ed particles o3er more insights
into the underlying physics that controls this observable. In
this section, we discuss the dependence of V1 on $!, ), and
centrality for several identi-ed particle species.

4.1. Dependence of V1 on Transverse Momentum. Measure-
ments of V1($!) for protons, antiprotons, and charged pions
have been reported by the E877 collaboration at the AGS
(11*GeV/') [30–33]. For antiprotons, large negative values of
V1 are observed for $! > 0.1GeV/' but with large statistical
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tical uncertainty in the measurements, and show no significant di↵erence between
particle-antiparticle polarizations. Following Eq. 2, one could put an upper limit
on the magnetic field e↵ect assuming the local thermodynamic equilibrium for the
spin degrees of freedom:

�PH = P⇤̄ � P⇤ =
2|µ⇤|B

T
, (57)

where µ⇤ = �µ⇤̄ = �0.613µN with µN being the nuclear magneton. Thus, one
arrives at the upper limit on the magnitude of the magnetic field B . 1013 T
assuming the temperature T = 150 MeV and ignoring the feed-down contributions
(see Sec. 4.4). The estimated magnitude of the magnetic field is still considerably
large and presents an important input for the dynamical modeling e.g., magneto-
hydrodynamics, constraining the electric conductivity of the plasma.

M. I. ABDULHAMID et al. PHYSICAL REVIEW C 108, 014910 (2023)

FIG. 2. The midcentral PH measurements reported in this work
are shown alongside previous measurements in the upper panel, and
are consistent with previous measurements at the energies studied
here. The difference between integrated P!̄ and P! is shown at√

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

√
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2σ .

netic field strength through

|B| ≈ Ts|P!̄ − P!|
2|µ!|

, (3)

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

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

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

√
sNN = 19.6 and 27 GeV. Statistical uncertainties

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

√
sNN =

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

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

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

014910-6

Fig. 6. Collision energy dependence of the di↵erence in global polarizations of ⇤̄ and ⇤ hyperons,
P⇤̄ � P⇤. The figure is taken from Ref.89

It should be noted that several other sources could contribute to the polarization
di↵erence. Ref.40 suggests that the di↵erent space-time distributions and emission
times of ⇤ and ⇤̄ hyperons lead to the polarization di↵erence. ⇤̄ hyperons, emitted
earlier in time, are less a↵ected by the dilution of the vorticity with the system
expansion, leading to larger polarization of ⇤̄. On the other hand, Ref.90 argues that
the formation time of ⇤ is smaller than that of ⇤̄, leading to larger polarization
of ⇤. The actual situation might be even more complicated since the spin-orbit
coupling may take place at quark level. Ref.41 reported that the strong interaction
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tical uncertainty in the measurements, and show no significant di↵erence between
particle-antiparticle polarizations. Following Eq. 2, one could put an upper limit
on the magnetic field e↵ect assuming the local thermodynamic equilibrium for the
spin degrees of freedom:

�PH = P⇤̄ � P⇤ =
2|µ⇤|B

T
, (57)

where µ⇤ = �µ⇤̄ = �0.613µN with µN being the nuclear magneton. Thus, one
arrives at the upper limit on the magnitude of the magnetic field B . 1013 T
assuming the temperature T = 150 MeV and ignoring the feed-down contributions
(see Sec. 4.4). The estimated magnitude of the magnetic field is still considerably
large and presents an important input for the dynamical modeling e.g., magneto-
hydrodynamics, constraining the electric conductivity of the plasma.
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are consistent with previous measurements at the energies studied
here. The difference between integrated P!̄ and P! is shown at√

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

√
sNN = 7.7 GeV is outside the axis

range, but is consistent with zero within 2σ .

netic field strength through

|B| ≈ Ts|P!̄ − P!|
2|µ!|

, (3)

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

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

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

√
sNN = 19.6 and 27 GeV. Statistical uncertainties

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

√
sNN =

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

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

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

014910-6

Fig. 6. Collision energy dependence of the di↵erence in global polarizations of ⇤̄ and ⇤ hyperons,
P⇤̄ � P⇤. The figure is taken from Ref.89

It should be noted that several other sources could contribute to the polarization
di↵erence. Ref.40 suggests that the di↵erent space-time distributions and emission
times of ⇤ and ⇤̄ hyperons lead to the polarization di↵erence. ⇤̄ hyperons, emitted
earlier in time, are less a↵ected by the dilution of the vorticity with the system
expansion, leading to larger polarization of ⇤̄. On the other hand, Ref.90 argues that
the formation time of ⇤ is smaller than that of ⇤̄, leading to larger polarization
of ⇤. The actual situation might be even more complicated since the spin-orbit
coupling may take place at quark level. Ref.41 reported that the strong interaction

eB
m2

π
≈

T
mπ

mP

0.613mπ
ΔPΛ ≈ 10 ΔPΛ

188 L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184–190

Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

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

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

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

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

4. Energy dependence

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

eB(t, "x = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

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

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

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

RHIC 
BES

RHIC 
200 GeV

LHC

Significant limits on the magnetic field at freeze-out  
(time ~ 10 - 15 fm? )

!!! The splitting could be also due to other effects, 
e.g. baryon chemical potential 
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Feed-down and polarization transfer

12

CΛR : coefficient of spin transfer from parent R to Λ 
SR   : parent particle’s spin 

Primary  polarization is diluted by 15%-20% 
 (model-dependent)

Λ

S⇤
⇤ = CS⇤

R

~60% of measured Λ are feed-down from Σ*→Λπ, Σ0→Λγ, Ξ→Λπ 
Polarization of parent particle R is transferred to its daughter Λ 
(Polarization transfer could be negative!)

6

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

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

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

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

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

eB ⇡ ��P
prim

mpT/0.61 (34)

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

prim
⇤ �

P
prim

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

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

m
2
⇡, well within the

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

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

V. SPIN ALIGNMENT OF VECTOR MESONS

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

⇤, can be accessed via the so-called spin alignment [39,
40]. Parity is conserved in the strong decays of those
particles and, as a consequence, the daughter particle
distribution is the same for the states Sz = ±1. In fact,
it is di↵erent for the state Sz = 0, and this fact can be
used to determine a polarization of the parent particle.
By referring to eq. (12), in the thermal approach the
deviation of the probability for the state Sz = 0 from
1/3, is only of the second order in $:

p0 =
1

1 + 2 cosh$c
⇡ 1

3 +$2
c

⇡ 1

3
(1�$

2
c/3), (35)

Decay C
parity-conserving: 1/2+ ! 1/2+ 0� �1/3
parity-conserving: 1/2� ! 1/2+ 0� 1
parity-conserving: 3/2+ ! 1/2+ 0� 1/3
parity-conserving: 3/2� ! 1/2+ 0� �1/5

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

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

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

VI. ACCOUNTING FOR DECAYS

According to eq. (30) (or, in the non-relativistic limit,
equations 14-17), the polarization of primary ⇤ hyper-
ons provides a measurement of the (comoving) thermal
vorticity and the (comoving) magnetic field of the sys-
tem that emits them. However, only a fraction of all
detected ⇤ and ⇤̄ hyperons are produced directly at the
hadronization stage and are thus primary. Indeed, a large
fraction thereof stems from decays of heavier particles
and one should correct for feed-down from higher-lying
resonances when trying to extract information about the
vorticity and the magnetic field from the measurement of
polarization. Particularly, the most important feed-down
channels involve the strong decays of ⌃⇤ ! ⇤ + ⇡, the
electromagnetic decay ⌃0 ! ⇤ + �, and the weak decay
⌅! ⇤+ ⇡.
When polarized particles decay, their daughters are

themselves polarized because of angular momentum con-
servation. The amount of polarization which is inherited
by the daughter particle, or transferred from the parent
to the daughter, in general depends on the momentum
of the daughter in the rest frame of the parent. As long
as one is interested in the mean, momentum-integrated,
spin vector in the rest frame, a simple linear rule applies
(see Appendix A), that is:

S⇤
D = CS⇤

P (36)

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

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

pared to their masses, one would expect that the spin
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Spin transfer suggests that the polarization 
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Measuring  and  polarizationΞ Ω

13

• Different spin, magnetic moments, quark structure 
• Less feed-down in  and  compared to  
• Freeze-out at different time?

Ξ Ω Λ

Mass 
(GeV/c2)

cτ
(cm)

decay 
mode

decay 
parameter

magnetic 
moment 
(μN)

spin

Λ (uds) 1.115683 7.89 Λ->πp 
(63.9%)

0.732�0.014 −0.613 1/2

Ξ- (dss) 1.32171 4.91 Ξ-->Λπ-

(99.887%)
−0.401�0.010 −0.6507 1/2

Ω- (sss) 1.67245 2.46 Ω-->ΛK-

(67.8%)
0.0157�0.002 -2.02 3/2

P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

αH
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Global polarization of Ξ and Ω hyperons in Au+Au collisions at
√
sNN= 200 GeV

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

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

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

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

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

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

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

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

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

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

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

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

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

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

polarized along the direction of the initial orbital mo-18

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

served by the STAR Collaboration in the beam energy20

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

precision, in the high statistics analysis of the 200 GeV22

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

larization of the produced particles is determined by the24

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

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

temperature), the polarization of the particles is given27

by [7]:28

P =
〈s〉
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, 〈s〉 is the mean spin30

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

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

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

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

Difference could arise from effects of the initial magnetic37

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

duced at different times or regions as the system freezes39

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

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

is important to measure the polarization for different par-42

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

to study the possible contribution from the initial mag-44

netic field, the polarization measurement with particles45

of different magnetic moment would provide additional46

information. Thus far, only Λ and Λ̄ polarizations have47

been measured, and they differ by a couple of standard48

deviations at most, with available statistics.49

In this paper we present the first measurements of the50

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

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

at
√
sNN=200 GeV.53

Hyperon weak decays present the most straightforward54

possibility for measuring the polarization of the produced55

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

ter particle distribution in the rest frame of the hyperon57

directly depends on the hyperon polarization:58

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)59

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

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

direction of the daughter baryon momentum, both in the62

parent rest frame denoted by an asterisk.63

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

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

ized, its polarization is partially transferred to daughter66

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

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

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

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

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

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

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

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

case of Ξ → Λ+ π decay it reads:75

P∗
Λ =

(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
Λ + βΞP∗

Ξ × p̂∗
Λ + γΞp̂∗

Λ × (P∗
Ξ × p̂∗

Λ)

1 + αΞP∗
Ξ · p̂∗

Λ

,

(3)76

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

Ξ rest frame. Averaging over the angular distribution of78

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

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)80
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Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

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

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

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

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

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

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

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

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

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

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

CΩΛ = 1.12
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The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

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

polarized along the direction of the initial orbital mo-18

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

served by the STAR Collaboration in the beam energy20

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

precision, in the high statistics analysis of the 200 GeV22

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

larization of the produced particles is determined by the24

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

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

temperature), the polarization of the particles is given27

by [7]:28

P =
〈s〉
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, 〈s〉 is the mean spin30

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

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

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

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

tion. Difference could arise from effects of the magnetic37

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

duced at different times or regions as the system freezes39

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

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

is important to measure the polarization for different par-42

ticles, and if possible, particles of different spins. Thus43

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

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

with available statistics.46

In this paper we present the first measurements of the47

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

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

at
√
sNN=200 GeV.50

Hyperon weak decays present the most straightforward51

possibility for measuring the polarization of the produced52

particles [10]. In parity-violating weak decays the daugh-53

ter particle distribution in the rest frame of the hyperon54

directly depends on the hyperon polarization:55

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)56

where αH is the hyperon decay parameter, P∗
H is the57

hyperon polarization, and p̂∗
B is the unit vector in the58

direction of the daughter baryon momentum, both in the59

parent rest frame denoted by an asterisk.60

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →61

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

ized, its polarization is partially transferred to daughter63

Λ. Both steps in such a cascade decay are parity violat-64

ing, and thus can be used for an independent measure-65

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

The polarization of the daughter baryon in a weak de-67
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Global polarization of Ξ and Ω hyperons has been measured for the first time in Au+Au collisions1

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

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

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

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

and Ξ+, is measured to be 〈PΞ〉 = 0.64 ± 0.11 (stat.) ± 0.26 (syst.)% for the collision centrality6

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

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

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

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

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

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

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

polarized along the direction of the initial orbital mo-18

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

served by the STAR Collaboration in the beam energy20

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

precision, in the high statistics analysis of the 200 GeV22

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

larization of the produced particles is determined by the24

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

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

temperature), the polarization of the particles is given27

by [7]:28

P =
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T
, (1)29

where s is the spin of the particle, 〈s〉 is the mean spin30

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

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

Following from Eq. 1, all particles, as well as antipar-35
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tion. A difference could arise from effects of the initial37
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are produced at different times or regions as the system39
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Therefore, to establish the global nature of the polar-41

ization, it is important to measure the polarization for42

different particles, and if possible, particles of different43

spins. In order to study the possible contribution from44
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with particles of different magnetic moment would pro-46

vide additional information. Thus far, only Λ and Λ̄ po-47

larizations have been measured, and they differ by a cou-48

ple of standard deviations at most, with available statis-49

tics.50

In this paper we present the first measurements of the51

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,52

as well as spin s = 3/2 Ω hyperon in Au+Au collisions53

at
√
sNN=200 GeV.54

Hyperon weak decays present the most straightforward55

possibility for measuring the polarization of the produced56
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directly depends on the hyperon polarization:59

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)60

where αH is the hyperon decay parameter, P∗
H is the61

hyperon polarization, and p̂∗
B is the unit vector in the62

direction of the daughter baryon momentum, both in the63

parent rest frame denoted by an asterisk.64

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →65

Λ + π− with subsequent decay Λ → p + π−. If Ξ− is66

polarized, its polarization is partially transferred to the67

daughter Λ. Both steps in such a cascade decay are par-68

ity violating and thus can be used for an independent69

measurement of the polarization of Ξ− (Ξ̄+).70

The polarization of the daughter baryon in a weak de-71

cay of a spin 1/2 hyperon is described by the Lee-Yang72

formula [11–13] in terms of the three parameters α (parity73

violating part), β (violation of the time reversal symme-74

try), and γ (satisfying α2+β2+ γ = 1). For a particular75

case of Ξ → Λ + π decay it reads:76

P∗
Λ =

(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
Λ + βΞP∗

Ξ × p̂∗
Λ + γΞp̂∗

Λ × (P∗
Ξ × p̂∗

Λ)

1 + αΞP∗
Ξ · p̂∗

Λ

,

(3)77

where p̂∗
Λ is the unit vector of the Λ momentum in the78

Ξ rest frame. Averaging over the angular distribution of79

the Λ in the rest frame of the Ξ given by Eq. 2 yields80

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)81

Using the measured value for the γΞ− parameter [13, 14],82

the polarization transfer coefficient for Ξ− to Λ decay is:83

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)84

85

3

(Dated: November 3, 2020)

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

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

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

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

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

and Ξ+, is measured to be 〈PΞ〉 = 0.64 ± 0.11 (stat.) ± 0.26 (syst.)% for the collision centrality6

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

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

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

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

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

CΩΛ = 1.12

PACS numbers: 25.75.-q, 25.75.Ld

The phenomenon of global polarization in heavy-ion13

collisions arises from the partial conversion of the orbital14

angular momentum of colliding nuclei into the spin an-15

gular momentum of the particles produced in the colli-16

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

polarized along the direction of the initial orbital mo-18

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

served by the STAR Collaboration in the beam energy20

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

precision, in the high statistics analysis of the 200 GeV22

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

larization of the produced particles is determined by the24

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

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

temperature), the polarization of the particles is given27

by [7]:28

P =
〈s〉
s

≈ (s+ 1)

3

ω

T
, (1)29

where s is the spin of the particle, 〈s〉 is the mean spin30

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

velocity field. Averaged over the entire system volume32

the vorticity direction should coincide with the direction33

of the system orbital momentum.34

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

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

tion. A difference could arise from effects of the initial37

magnetic field [7], from the fact that different particles38

are produced at different times or regions as the system39

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

Therefore, to establish the global nature of the polar-41

ization, it is important to measure the polarization for42

different particles, and if possible, particles of different43

spins. In order to study the possible contribution from44

the initial magnetic field, the polarization measurement45

with particles of different magnetic moment would pro-46

vide additional information. Thus far, only Λ and Λ̄ po-47

larizations have been measured, and they differ by a cou-48

ple of standard deviations at most, with available statis-49

tics.50

In this paper we present the first measurements of the51

global polarization of spin s = 1/2 Ξ− and Ξ̄+ hyperons,52

as well as spin s = 3/2 Ω hyperon in Au+Au collisions53

at
√
sNN=200 GeV.54

Hyperon weak decays present the most straightforward55

possibility for measuring the polarization of the produced56

particles [10]. In parity-violating weak decays the daugh-57

ter particle distribution in the rest frame of the hyperon58

directly depends on the hyperon polarization:59

dN

dΩ∗ =
1

4π
(1 + αHP∗

H · p̂∗
B) , (2)60

where αH is the hyperon decay parameter, P∗
H is the61

hyperon polarization, and p̂∗
B is the unit vector in the62

direction of the daughter baryon momentum, both in the63

parent rest frame denoted by an asterisk.64

Ξ− (Ξ̄+) hyperon decay happens in two steps: Ξ− →65

Λ + π− with subsequent decay Λ → p + π−. If Ξ− is66

polarized, its polarization is partially transferred to the67

daughter Λ. Both steps in such a cascade decay are par-68

ity violating and thus can be used for an independent69

measurement of the polarization of Ξ− (Ξ̄+).70

The polarization of the daughter baryon in a weak de-71

cay of a spin 1/2 hyperon is described by the Lee-Yang72

formula [11–13] in terms of the three parameters α (parity73

violating part), β (violation of the time reversal symme-74

try), and γ (satisfying α2+β2+ γ = 1). For a particular75

case of Ξ → Λ + π decay it reads:76

P∗
Λ =

(αΞ +P∗
Ξ · p̂∗

Λ)p̂
∗
Λ + βΞP∗

Ξ × p̂∗
Λ + γΞp̂∗

Λ × (P∗
Ξ × p̂∗

Λ)

1 + αΞP∗
Ξ · p̂∗

Λ

,

(3)77

where p̂∗
Λ is the unit vector of the Λ momentum in the78

Ξ rest frame. Averaging over the angular distribution of79

the Λ in the rest frame of the Ξ given by Eq. 2 yields80

P∗
Λ = CΞ−ΛP

∗
Ξ = 1

3 (1 + 2γΞ)P
∗
Ξ. (4)81

Using the measured value for the γΞ− parameter [13, 14],82

the polarization transfer coefficient for Ξ− to Λ decay is:83

CΞ−Λ = 1
3 (2× 0.89 + 1) = +0.927. (5)84

85

4

The polarization of the daughter baryon in a two par-86

ticle decay of spin 3/2 hyperon, Ω → Λ + K, is also87

described by three parameters αΩ, βΩ, and γΩ [15]. The88

decay parameter αΩ, determines the angular distribution89

of Λ in the Ω rest frame and is measured to be small [14]:90

αΩ = 0.0157±0.0021; this makes the Ω polarization mea-91

surement via analysis of the daughter Λ angular distribu-92

tion practically impossible. The polarization transfer in93

this case is determined by the γΩ parameter via [15–17]:94

P∗
Λ = CΩ−ΛP

∗
Ω = 1

5 (1 + 4γΩ)P
∗
Ω. (6)95

The time-reversal violation parameter βΩ is expected to96

be small. This combined with the constraint that α2 +97

β2 + γ2 = 1, limits unmeasured parameter γΩ ≈ ±1,98

resulting in a polarization transfer CΩ−Λ ≈ 1 or CΩ−Λ ≈99

−0.6.100

Our analysis is based on the data of Au+Au collisions101

at
√
sNN = 200 GeV collected in 2010, 2011, 2014, and102

2016 by the STAR detector. Charged-particle tracks were103

measured in the time projection chamber (TPC) [18],104

which covers the full azimuth and a pseudorapidity range105

of |η| < 1. The collision vertices were reconstructed using106

the measured charged-particle tracks and were required107

to be within 30 cm in the beam direction for the 2010108

and 2011 datasets. The narrower vertex selection to be109

within 6 cm was applied in the 2014 and 2016 data due to110

online trigger requirement for the Heavy Flavor Tracker111

installed prior to 2014 data taking. The vertex in the112

radial direction relative to the beam center was also re-113

quired to be within 2 cm. Additionally, the difference in114

the vertex positions along the beam direction from the115

vertex position detectors (VPD) [19] located at forward116

and backward pseudorapidities (4.24 < |η| < 5.1) was re-117

quired to be less than 3 cm to suppress pileup events in118

which more than one heavy-ion collision occurred. These119

selection criteria yielded about 180 (350) million mini-120

mum bias (MB) events for the 2010 (2011) dataset, 1121

billion MB events for the 2014 dataset, and 1.5 billion122

MB events for the 2016 dataset. The MB trigger re-123

quires hits of both VPDs and the zero-degree calorimeters124

(ZDCs) [20], which detect spectator neutrons in |η| > 6.3,125

within certain timing cut for both detectors. The colli-126

sion centrality was determined from the measured multi-127

plicity of charged particles within |η| < 0.5 and a Monte-128

Carlo Glauber simulation [21, 22].129

The first-harmonic event plane angle Ψ1 as an exper-130

imental estimate of the impact parameter direction was131

determined by measuring the neutron spectator deflec-132

tion [23] in the ZDCs equipped with Shower Maximum133

Detectors (SMD) [24]. The event plane resolution [25] is134

largest (∼41%) for collisions with 30%-40% centrality in135

the 2014 and 2016 datasets and is increased by 4% for136

the 2010 and 2011 datasets [5].137

The parent Ξ− (Ξ̄+), Ω− (Ω̄+), and their daughter138

Λ (Λ̄) were reconstructed utilizing the decay channels139

of Ξ− → Λπ− (99.887%), Ω− → ΛK− (67.8%), and140
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FIG. 1. (Color online) Invariant mass distributions of Ξ−

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

√
sNN = 200 GeV taken in 2014. Vertical dashed

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

Λ → pπ− (63.9%), where the numbers in parenthesis141

indicate the corresponding branching ratio of the de-142

cays [26]. Charged pions (kaons) and protons of the143

daughter particles were identified based on the ioniza-144

tion energy loss in the TPC gas, and the timing informa-145

tion measured by the Time-Of-Flight detector[27]. Re-146

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-147

formed based on the Kalman Filter method developed for148

the CBM and ALICE experiments [28–30], which utilizes149

the quality of the track fit as well as the decay topology.150

Figure 1 shows the invariant mass distributions for recon-151

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.152

The purities for this centrality bin are higher than 90%153

for both species. The significance with the Kalman Filter154

method is found to be increased by ∼ 30% for Ξ com-155

pared to the traditional identification method based on156

the decay topology (e.g. see Refs. [5, 31]). The hyperon157

candidates were also ensured not to share their daughters158

and granddaughters with other particles of interest.159

The polarization along the initial angular momentum160

direction can be defined as [32]:161

PH =
8

παH

〈sin(Ψobs
1 − φ∗

B)〉
Res(Ψ1)

, (7)162

where αH is the hyperon decay parameter and φ∗
B is the163

azimuthal angle of the daughter baryon in the parent hy-164

peron rest frame. The azimuthal angle of the first-order165

event plane is Ψobs
1 , and Res(Ψ1) is the resolution [25]166

with which it estimates the reaction plane.167

The extraction of 〈sin(Ψobs
1 − φ∗)〉 was performed in168

the same way as in our previous studies [4, 5]. The decay169

parameters of Λ, Ξ−, and Ω− have been recently updated170

by the Particle Data Group [26] and the latest values are171

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±172

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and173

Ω hyperon polarization measurements via measurements174

of the daughter Λ polarization, the polarization transfer175
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online trigger requirement for the Heavy Flavor Tracker111

installed prior to 2014 data taking. The vertex in the112

radial direction relative to the beam center was also re-113

quired to be within 2 cm. Additionally, the difference in114

the vertex positions along the beam direction from the115

vertex position detectors (VPD) [19] located at forward116

and backward pseudorapidities (4.24 < |η| < 5.1) was re-117

quired to be less than 3 cm to suppress pileup events in118

which more than one heavy-ion collision occurred. These119

selection criteria yielded about 180 (350) million mini-120

mum bias (MB) events for the 2010 (2011) dataset, 1121

billion MB events for the 2014 dataset, and 1.5 billion122

MB events for the 2016 dataset. The MB trigger re-123

quires hits of both VPDs and the zero-degree calorimeters124

(ZDCs) [20], which detect spectator neutrons in |η| > 6.3,125

within certain timing cut for both detectors. The colli-126

sion centrality was determined from the measured multi-127

plicity of charged particles within |η| < 0.5 and a Monte-128

Carlo Glauber simulation [21, 22].129

The first-harmonic event plane angle Ψ1 as an exper-130

imental estimate of the impact parameter direction was131

determined by measuring the neutron spectator deflec-132

tion [23] in the ZDCs equipped with Shower Maximum133

Detectors (SMD) [24]. The event plane resolution [25] is134

largest (∼41%) for collisions with 30%-40% centrality in135

the 2014 and 2016 datasets and is increased by 4% for136

the 2010 and 2011 datasets [5].137

The parent Ξ− (Ξ̄+), Ω− (Ω̄+), and their daughter138

Λ (Λ̄) were reconstructed utilizing the decay channels139

of Ξ− → Λπ− (99.887%), Ω− → ΛK− (67.8%), and140
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FIG. 1. (Color online) Invariant mass distributions of Ξ−

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

√
sNN = 200 GeV taken in 2014. Vertical dashed

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

Λ → pπ− (63.9%), where the numbers in parenthesis141

indicate the corresponding branching ratio of the de-142

cays [26]. Charged pions (kaons) and protons of the143

daughter particles were identified based on the ioniza-144

tion energy loss in the TPC gas, and the timing informa-145

tion measured by the Time-Of-Flight detector[27]. Re-146

construction of Ξ− (Ξ̄+), Ω− (Ω̄+), and Λ (Λ̄) was per-147

formed based on the Kalman Filter method developed for148

the CBM and ALICE experiments [28–30], which utilizes149

the quality of the track fit as well as the decay topology.150

Figure 1 shows the invariant mass distributions for recon-151

structed Ξ− (Ξ̄+) and Ω− (Ω̄+) for 20%-80% centrality.152

The purities for this centrality bin are higher than 90%153

for both species. The significance with the Kalman Filter154

method is found to be increased by ∼ 30% for Ξ com-155

pared to the traditional identification method based on156

the decay topology (e.g. see Refs. [5, 31]). The hyperon157

candidates were also ensured not to share their daughters158

and granddaughters with other particles of interest.159

The polarization along the initial angular momentum160

direction can be defined as [32]:161

PH =
8

παH

〈sin(Ψobs
1 − φ∗

B)〉
Res(Ψ1)

, (7)162

where αH is the hyperon decay parameter and φ∗
B is the163

azimuthal angle of the daughter baryon in the parent hy-164

peron rest frame. The azimuthal angle of the first-order165

event plane is Ψobs
1 , and Res(Ψ1) is the resolution [25]166

with which it estimates the reaction plane.167

The extraction of 〈sin(Ψobs
1 − φ∗)〉 was performed in168

the same way as in our previous studies [4, 5]. The decay169

parameters of Λ, Ξ−, and Ω− have been recently updated170

by the Particle Data Group [26] and the latest values are171

used in this analysis; αΛ = 0.732±0.014, αΞ = −0.401±172

0.010, and αΩ = 0.0157 ± 0.0021. In case of the Ξ and173

Ω hyperon polarization measurements via measurements174

of the daughter Λ polarization, the polarization transfer175

Smaller , more difficult to measure Pα

  : P-violation 
  : CP violation
α
β

 , spin 1/2Ξ

 spin 3/2,  not known Ω, γ
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Possibility to determine  under assumption of the global polarization  γΩ
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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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taken in 2014. Vertical dashed lines indicate three standard
deviations (3σ) from the peak positions, assuming a normal
distribution.
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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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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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VORTICITY IN HEAVY-ION COLLISIONS PHYSICAL REVIEW C 93, 064907 (2016)

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

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

√
s =

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

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

F. Azimuthal correlation between vorticity and
participant plane

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

R1 = 〈cos[2(ψω − ψ2)]〉, (5.3)

R2 = 1
〈ω̄2〉

〈ω̄2 cos[2(ψω − ψ2)]〉, (5.4)

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

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

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

γαβ = 〈cos(φα + φβ − 2ψ2)〉, (5.5)

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

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

This, in turn, translates into the form

f CVE
αβ ∝ ω2

2
cos(φα − φβ)

+ ω2

2
cos[2(ψω − ψ2)] cos(φα + φβ − 2ψ2)

− ω2

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

from which we can extract the correlation γαβ as

γαβ ∝ 〈ω2 cos[2(ψω − ψ2)]〉. (5.8)

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

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

FIG. 10. The event-averaged helicities v · ω1 and v · ω2 along the y axis. Different curves correspond to different definitions of the vorticity
and velocity fields.
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Fig. 7. (Left) Centrality dependence of ⇤(⇤̄) of P�y polarization component in Au+Au collisions atp
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and viscous hydrodynamic model CLVisc.96 Note that the data for 3 GeV in the left (right) plot
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in the right panel.

It should be noted that the polarization P�y component seems to have little
dependence on the hyperon transverse momentum pT ,2,84,89,90 which qualitatively
agrees with theoretical models that predict a mild pT dependence. Figure 8(left)
shows hyperons’ transverse momentum dependence of the polarization along the
system angular momentum in Au+Au collisions at

p
sNN = 200 GeV, compared

to hydrodynamic model calculations with two di↵erent initial conditions:23 Monte
Carlo Glauber with the initial source tilt and UrQMD initial state. The UrQMD
initial condition includes the initial flow from a preequilibrium phase that would
a↵ect the initial velocity field. Similar trend was also seen at lower collision ener-
gies.84,89,90

The STAR Collaboration also studied charge asymmetry (Ach) dependence of
the global polarization for a possible relation to anomalous chiral e↵ects.38 Accord-
ing to Ref.,99 the global polarization could be explained by axial charge separation
due to the chiral vortical e↵ect. In addition, the axial current J5 can be generated
in the system with nonzero vector chemical potential µv under a strong magnetic
field B (J5 / QeµvB), aka chiral separation e↵ect, where Qe represents net elec-
tric charge of particles. For massless quarks, their momentum direction is aligned
(anti-aligned) with spin direction for right-handed (left-handed) quarks. Thus the
J5, if generated, might contribute to the hyperon global polarization. The event
charge asymmetry defined as Ach = (N+ � N�)/(N+ + N�) where N+(N�) is the
number of positively (negatively) charged particles was used to study the possible
relation with the polarization assuming Ach / µv. Figure 8(right) shows ⇤ and ⇤̄

GLOBAL POLARIZATION OF ! AND … PHYSICAL REVIEW C 108, 014910 (2023)

FIG. 4. PH measurements are shown as a function of hyperon pT

at
√

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

√
sNN = 19.6 or

27 GeV, consistent with previous observations.

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

√
sNN . Additional theoretical model studies and measure-

ments using high statistics at different
√

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

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

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

is qualitatively consistent with the system angular momentum

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

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

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

√
sNN = 19.6 GeV takes advantage of STAR upgrades to

reach larger |y|.

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

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

√
sNN = 19.6 GeV data

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

√
sNN = 19.6 GeV and |y| < 1 at

√
sNN =

27 GeV. Two separate calculations made with the AMPT
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a strong pT dependence. One might expect a decrease of the
polarization at lower pT due to the smearing effect caused by
scattering at the later stage of the collisions, and/or a decrease
of polarization at higher pT because of a larger contribution
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that the data points for !̄ are slightly shifted for visibility.

from jet fragmentation, but it is difficult to discuss such effects
given the current experimental uncertainties. Calculations for
primary ! from a hydrodynamic model with two different
initial conditions (ICs) [44] are compared to the data. The pT

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

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

As mentioned in the Introduction, the vorticity might be
also related to anomalous chiral effects [19]. In addition to
the contribution from the chiral vortical effect discussed in
Ref. [18], the axial current J5 can be generated in the medium
with nonzero vector chemical potential µv by the magnetic
field B (J5 ∝ eµvB) via the chiral separation effect [47]. Note
that J5 points along the magnetic field in the case of eµv > 0
(where e is the particle electric charge) but is opposite for
eµv < 0. Since the directions of the magnetic field and the ini-
tial angular momentum of the system are parallel, an additional
contribution by J5 to the polarization might be observed, i.e.,
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• We see no 

dependence on 𝑝𝑝T at 

27 or 54.4 GeV

• Enough statistics to 

say PH flat in range 

0.5 < 𝑝𝑝T < 1.75 GeV

• If PH drops at low 𝑝𝑝T
due to scattering or 

high 𝑝𝑝T due to jet 

fragmentation, it 

must be outside this 

𝑝𝑝T range

Au+Au at 𝑠𝑠NN = 27 GeV
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FIG. 4. PH measurements are shown as a function of hyperon pT

at
√

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

√
sNN = 19.6 or

27 GeV, consistent with previous observations.

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

√
sNN . Additional theoretical model studies and measure-

ments using high statistics at different
√

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

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

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

is qualitatively consistent with the system angular momentum

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

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

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

√
sNN = 19.6 GeV takes advantage of STAR upgrades to

reach larger |y|.

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

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

√
sNN = 19.6 GeV data

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

√
sNN = 19.6 GeV and |y| < 1 at

√
sNN =

27 GeV. Two separate calculations made with the AMPT

014910-7

Weak  dependence (as expected?)pT



Chirality/Vorticity/MagneticField-2024, Timisoara,   July 21-25, 2024page S.A. Voloshin

zPolarization

17

11

|Π0|

-4 -3 -2 -1  0  1  2  3  4

px [GeV]

-4

-3

-2

-1

 0

 1

 2

 3

 4

p
y
 [
G

e
V

]

0.0 100

2.0 10-3

4.0 10-3

6.0 10-3

8.0 10-3

1.0 10-2

1.2 10-2

1.4 10-2

(a)

Π0
x

-4 -3 -2 -1  0  1  2  3  4

px [GeV]

-4

-3

-2

-1

 0

 1

 2

 3

 4

p
y
 [
G

e
V

]

-2.0 10-3

-1.5 10-3

-1.0 10-3

-5.0 10-4

0.0 100

5.0 10-4

1.0 10-3

1.5 10-3

2.0 10-3

(b)

Π0
y

-4 -3 -2 -1  0  1  2  3  4

px [GeV]

-4

-3

-2

-1

 0

 1

 2

 3

 4

p
y
 [
G

e
V

]

-2.0 10-3

-1.5 10-3

-1.0 10-3

-5.0 10-4

0.0 100

5.0 10-4

1.0 10-3

1.5 10-3

(c)

f=f0; Π0
z

-4 -3 -2 -1  0  1  2  3  4

px [GeV]

-4

-3

-2

-1

 0

 1

 2

 3

 4

p
y
 [
G

e
V

]

-1.5 10-2

-1.0 10-2

-5.0 10-3

0.0 100

5.0 10-3

1.0 10-2

1.5 10-2

(d)

Figure 14: (color online) Magnitude (panel a) and components (panels b,c,d) of the polarization vector of the ⇤ hyperon in its
rest frame.

stringent test of numerical implementations of Israel-Stewart
theory in Bjorken coordinates.

We have found that the magnitude of the 1/⌧ x � ⌘ com-
ponent of the thermal vorticity at freezeout can be as large as
5⇥10�2 and yet its mean value is not large enough to produce
a polarization of ⇤ hyperons much larger than 1%, which is a
consistently lower estimate in comparison with other recent
calculations based on di↵erent initial conditions. We have
found that the magnitude of directed flow, at this energy, has
an interestingly sizeable dependence on both the shear viscos-
ity and the longitudinal energy density profile asymmetry pa-
rameter ⌘m which in turn governs the amount of initial angular
momentum retained by the plasma.

The fact that in 3+1D the plasma needs to have an initial an-
gular momentum in order to reproduce the observed directed
flow raises the question whether the Bjorken initial condition
u⌘ = 0 is a compelling one or, instead, the same angular mo-
mentum can be obtained with a non trivial u⌘ and with a suit-
able change of the energy density profile. For a testing pur-

pose, we have run ECHO-QGP with an initial profile:

u⌘ =
1
⌧

tanh Ax sinh(ybeam � |⌘|) (36)

which meets the causality constraint (see Appendix B). It is
found that the directed flow is very sensitive to an initial u⌘.
For a small positive value of the parameter A = 5⇥ 10�4 fm�1

corresponding to a Jy = 3.32 ⇥ 103, keeping all other parame-
ters fixed, the directed flow exhibits two slight wiggles around
midrapidity (see fig. 15) which are not seen in the data. For
a very small negative value of the parameter A = �5 ⇥ 10�4

fm�1, corresponding to Jy = 3.08 ⇥ 103, the directed flow in-
creases while approximately keeping the same shape as for
A = 0 around midrapidity. However, more detailed studies
are needed to determine whether a non-vanishing initial flow
velocity is compatible with the experimental observables.

We plan to extend this kind of calculation to di↵erent cen-
tralities, di↵erent energies and with initial state fluctuations in
order to determine the possibly best conditions for vorticity
formation in relativistic nuclear collisions.

A study of vorticity formation in high energy nuclear collisions
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We present a quantitative study of vorticity formation in peripheral ultrarelativistic heavy ion collisions atp
sNN = 200 GeV by using the ECHO-QGP numerical code, implementing relativistic dissipative hydrodynam-

ics in the causal Israel-Stewart framework in 3+1 dimensions with an initial Bjorken flow profile. We consider
and discuss di↵erent definitions of vorticity which are relevant in relativistic hydrodynamics. After demonstrat-
ing the excellent capabilities of our code, which proves to be able to reproduce Gubser flow up to 8 fm/c, we
show that, with the initial conditions needed to reproduce the measured directed flow in peripheral collisions
corresponding to an average impact parameter b = 11.6 fm and with the Bjorken flow profile for a viscous Quark
Gluon Plasma with ⌘/s = 0.1 fixed, a vorticity of the order of some 10�2 c/fm can develop at freezeout. The
ensuing polarization of ⇤ baryons does not exceed 1.4% at midrapidity. We show that the amount of developed
directed flow is sensitive to both the initial angular momentum of the plasma and its viscosity.

I. INTRODUCTION

The hydrodynamical model has by now become a paradigm
for the study of the QCD plasma formed in nuclear colli-
sions at ultrarelativistic energies. There has been a consider-
able advance in hydrodynamics modeling and calculations of
these collisions over the last decade. Numerical simulations
in 2+1D [1] and in 3+1 D [2–7] including viscous corrections
are becoming the new standard in this field and existing codes
are also able to handle initial state fluctuations.

An interesting issue is the possible formation of vorticity in
peripheral collisions [8–10]. Indeed, the presence of vortic-
ity may provide information about the (mean) initial state of
the hydrodynamical evolution which cannot be achieved oth-
erwise, and it is related to the onset of peculiar physics in the
plasma at high temperature, such as the chiral vortical e↵ect
[11]. Furthermore, it has been shown that vorticity gives rise
to polarization of particles in the final state, so that e.g. ⇤
baryon polarization - if measurable - can be used to detect
it [12, 13]. Finally, as we will show, numerical calculation
of vorticity can be used to make stringent tests of numerical
codes, as the T-vorticity (see sect. II for the definition) is ex-
pected to vanish throughout under special initial conditions in
the ideal case.

Lately, vorticity has been the subject of investigations in
refs. [9, 10] with peculiar initial conditions in cartesian coor-
dinates, ideal fluid approximation and isochronous freezeout.
Instead, in this work, we calculate di↵erent kinds of vortic-
ity with our 3+1D ECHO-QGP 1 code [3], including dissi-
pative relativistic hydrodynamics in the Israel-Stewart formu-
lation with Bjorken initial conditions for the flow (i.e. with

1 The code is publicly available at the web site http://theory.fi.infn.it/echoqgp

ux = uy = u⌘ = 0), henceforth denoted as BIC. It should be
pointed out from the very beginning that the purpose of this
work is to make a general assessment of vorticity at top RHIC
energy and not to provide a precision fit to all the available
data. Therefore, our calculations do not take into account ef-
fects such as viscous corrections to particle distribution at the
freezeout and initial state fluctuations, that is we use smooth
initial conditions obtained averaging over many events.

A. Notations

In this paper we use the natural units, with ~ = c = K = 1.
The Minkowskian metric tensor is diag(1,�1,�1,�1); for the
Levi-Civita symbol we use the convention ✏0123 = 1.
We will use the relativistic notation with repeated indices as-
sumed to be summed over, however contractions of indices
will be sometimes denoted with dots, e.g. u · T · u ⌘ uµT µ⌫u⌫.
The covariant derivative is denoted as dµ (hence d�gµ⌫ = 0),
the exterior derivative by d, whereas @µ is the ordinary deriva-
tive.

II. VORTICITIES IN RELATIVISTIC HYDRODYNAMICS

Unlike in classical hydrodynamics, where vorticity is the
curl of the velocity field v, several vorticities can be defined
in relativistic hydrodynamics which can be useful in di↵erent
applications (see also the review [14]).
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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-

0 20 40 60 80

Centrality [%] 

0

0.5

1

 [%
] 

〉) 2
Ψ

-2φ
 s

in
(2

zP〈

Λ+Λ
AMPT (x 0.2)

)
2

BW (spectra+v
+HBT)

2
BW (spectra+v

STAR
 = 200 GeVNNsAu+Au 

c<6 GeV/
T

0.5<p

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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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

  centrality and  dependence⟨Pz sin[2(ϕH − Ψn)]⟩ pT
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FIG. 3. (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√
sNN = 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 shows the blast-wave model calculations.

In order to estimate the contribution from the kine-244

matic vorticity, we employed the blast-wave model245

(BW) [28–30]. Following [30] we parameterize the system246

velocity field at freeze-out with temperature T and maxi-247

mal radial expansion rapidity ρ0 and its azimuthal modu-248

lation ρ2 (ρ = r̃[ρ0+ρ2 cos(2φs)] with r̃ being the relative249

distance to the edge of the source). The source is assumed250

to be elliptical in the transverse plane parametrized by251

Ry and Rx radii. Boost invariance is assumed. Two fits252

to the data are performed: in one only spectra and el-253

liptic flow are fit; the second fit [31] also includes the254

HBT radii dependence on the azimuthal angle. The av-255

erage longitudinal vorticity is calculated according to the256

following formula:257

〈ωz sin(2φ)〉 =
∫
dφs

∫
rdr I2(αt)K1(βt)ωz sin(2φb)∫
dφs

∫
rdr I0(αt)K1(βt)

(5)258

ωz =
1

2

(
∂uy

∂x
− ∂ux

∂y

)
, (6)259

where the integration is over the transverse cross-260

sectional area of the source, uµ is a four-vector of the261

local flow velocity [30], φs is the azimuth of the produc-262

tion point, φb defines the direction of the local velocity,263

αt = pT /T sinh ρ, βt = mT /T cosh ρ; In and K1 are264

the modified Bessel functions. Assuming a local thermal265

equilibrium, the longitudinal component of the polariza-266

tion is estimated as Pz ≈ ωz/(2T ). See Ref. [32] for more267

details.268

The BW calculations are compared to the data in269

Figs. 2 and 3. In central to mid-central collisions, the270

both BW calculations show a positive sine modulation271

as observed in the data and their magnitudes are com-272

parable to the data, although the BW model is based on273

a very simple picture of the freeze-out condition. It was274

shown in Ref. [13] that the vorticity in the BW model has275

the effects of the velocity field anisotropy (ρ2/ρ0) and the276

spacial source anisotropy (Ry/Rx) contributing with op-277

posite signs, which can explain a strong sensitivity of the278

BW model predictions in the peripheral collisions to the279

detail of the fit – including the HBT radii or not.280

In conclusions, we have presented the first measure-281

ments of longitudinal component of the polarization for282

Λ and Λ̄ hyperons in Au+Au collisions at
√
sNN = 200283

GeV. Finite signals of a quadrupole modulation of both284

Λ and Λ̄ polarization along the beam direction was ob-285

served and qualitatively consistent with the expectation286

from the vorticity component along the beam direction287

due to the elliptic flow. Results exhibit a strong cen-288

trality dependence with magnitude increasing in more289

peripheral collisions. No significant pT dependence is ob-290

served above pT > 1 GeV/c and a hint of drop-off at291

pT < 1 GeV/c. The data were compared to the hydro-292

dynamic model and AMPT model, both of which show293

the opposite phase of the modulation and over predict294

the magnitude of the polarization. This might indicate295

incomplete thermal equilibration of the angular degrees296

of freedom for the beam direction component of the vor-297

ticity/polarization, as it develops later in time compared298

to the global polarization. On the other hand the blast-299

wave model calculations are much closer to the data, in300

particular if in the BW model fit one includes the az-301

imuthally sensitive HBT results along with pT spectra302

and v2. The blast-wave model predicts the correct phase303

of Pz modulation and a similar pT dependence; the ver-304

sion with HBT radii included in the fit also reasonablely305

describe the centrality dependence. These results provide306

the information on the role of the vorticity in heavy-ion307

collisions. Further theoretical and experimental studies308

are needed for better understanding.309
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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 of Pz;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 the Pz;s2

values estimated from the fluid shear and thermal vorticity
in a hydrodynamic model following the scheme used in
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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
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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 of Pz;s2 in Pb-Pb
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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 the Pz;s2
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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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= 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
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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 < 0.5 and 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=3 for 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=3 at 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
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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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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 [11]

and Pb+Pb collisions at
p
sNN = 5.02 TeV [12] as a function

of centrality. Open boxes show systematic uncertainties. The
inset presents the same data plotted as a function of average
number of participants hNparti. Note that the data points for
Pb+Pb collisions are rescaled to account for the di↵erence in
the decay parameter ↵⇤ used in Pb+Pb analysis.

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
constraints on properties and dynamics of the matter cre-
ated in the collisions.
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Azimuthal dependence of hyperon polarization along the
beam direction in pPb collisions at ps

NN
= 8.16 TeV

The CMS Collaboration

Abstract

The polarization of the L and L hyperons along the beam (z) direction, Pz, has been
measured for the first time in pPb collisions at the LHC with p

s
NN

= 8.16 TeV data
collected by the CMS experiment. Assuming the largest contributions to Pz come from
collective flow, this polarization can be characterized by the Fourier sine coefficients
Pz,sn = hPz sin(nf � nYn)i, where f is the hyperon azimuthal emission angle and
Yn is the n-th order flow plane angle. The second order Fourier sine coefficient Pz,s2
is reported for L and L particles as a function of transverse momentum and event
multiplicity. A significant positive Pz,s2 signal is observed for 0.8 < pT < 6.0 GeV/c
over the entire multiplicity range (from 3 to 250 charged particles). The measured Pz,s2
values increase as a function of pT and decrease as a function of multiplicity. These
results can provide new constraints on the potential creation of quark-gluon plasma
droplets and the spin polarization mechanism in pp and pA systems.
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dependence [37], contribute to the measured polarization in pPb collisions at the LHC energies
need to be understood.
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In summary, the first measurements of the second-order sine Fourier coefficients Pz,s2 of hy-
peron polarization along the beam direction in proton-lead (pPb) collisions at ps

NN
= 8.16 TeV

as functions of multiplicity and transverse momentum are presented. Significant positive Pz,s2
values are observed for L and L particles over the entire multiplicity range from 3 to 250. An
increasing trend with transverse momentum is observed for Pz,s2, while the values decrease
with increasing particle multiplicity. The pT-dependence of Pz,s2 measurements tends to follow
the trend of the second-order collective flow in pPb collisions, while the multiplicity depen-
dence does not. The observed signal might indicate that besides the complex vorticity struc-
tures due to expansion of the fluid-like QGP medium, alternative physics mechanisms such
as the Polarizing Fragmentation Functions effects may contribute to the hyperon polarization
along the beam direction in pPb collisions.
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Spin sign puzzle still remains?

• The sign of Pz is not reproduced by models based on thermal vorticity, 
referred to as “spin sign puzzle” 

- Spin may not be in equilibrium? 

• “Shear tensor” seems to be needed to explain the data but the sign changes 
depending on the implementation detail 

- Large cancellation of the thermal vorticity and shear contributions
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FIG. 9. (Color Online) The hcos(✓⇤p)i in Eq. (24) with respect
to the third-order event plane angle computed from the ⇤’s
longitudinal polarization P z(�) using four combinations of
the axial vector Aµ in 20-60% Au+Au collisions.

erate an almost zero p
z
2{SP}, while the two finite val-

ues of shear viscosity give comparable p
z
2{SP} in cen-

tral and semi-peripheral collisions. Figure 8b shows
that the p

z
2{SP} coe�cient has a mild dependence on

the initial hot spot size. Simulations with a large hot
spot size w = 1.2 fm have a smaller p

z
2{SP} coe�-

cient compare to those from simulations with the smaller
w. Finally, Figure 8c shows that a lower switching en-
ergy density esw = 0.25 GeV/fm3 leads to a 15% larger
p
z
2{SP} compared to the results from simulations with

esw = 0.5 GeV/fm3. This result suggests that the co-
e�cient p

z
2{SP} grows with the fireball lifetime. With

all these combinations of model parameters, we find the
values of p

z
2{SP} remain small in the peripheral Au+Au

collisions beyond 50% in centrality. It requires a more
detailed analysis to resolve the di↵erence with the ex-
perimental data in peripheral centrality bins. Compared
to the sensitivity study for the ⇤’s global polarization in
Figs. 5, the p

z
2{SP} coe�cient of the longitudinal polar-

ization does not show very strong sensitivity to the model
parameters.

Event-by-event simulations allow us to go beyond
the second-order oscillation of the longitudinal polariza-
tion. We can compute higher-order Fourier coe�cients
of P

z with respect to the event plane of higher-order
anisotropic flow. Figure 9 shows an example of per-
forming an event-average of the longitudinal polarization
P

z(�) with respect to the triangular flow event plane in
20-60% Au+Au collisions. We can clearly see the third-
order oscillation of the longitudinal polarization vector.
Similar to the second-order case, the shear-induced polar-
ization gives the opposite contributions to the azimuthal
dependence compared to those from the thermal vorticity
tensor. The SIP(BBP) term from Ref. [38] again gives a
substantial contribution to flip the sign of P

z. Therefore,
it is important to measure the third-order oscillation of
the longitudinal polarization in experiments to further

FIG. 10. (Color Online) The centrality dependence of the
n-th order Fourier coe�cients of P z(�) with respect to n-th
order event-plane determined by charged hadron anisotropic
flow in Au+Au collisions at 200 GeV for n = 1� 5.

test whether this theoretical model is valid or not.
In Fig. 10, we compute the scalar-product p

z
n{SP}

between the Fourier coe�cients of P
z(�) and charged

hadron anisotropic flow vn for n = 1 � 5 as functions
of centrality in Au+Au collisions at 200 GeV. We find
that the magnitudes of the third and the fourth order
oscillations p

z
3{SP} and p

z
4{SP} are comparable to that

of p
z
2{SP}, while those of the p

z
1{SP} and p

z
5{SP} co-

e�cients are small. The coe�cient p
z
1{SP} computed

with thermal vorticity + the SIP(BBP) contribution is
negative for all centrality bins. We check that the shear
induced polarization from Ref. [38] flips the signs of all or-
ders of p

z
n{SP}. The centrality dependence of the p

z
n{SP}

coe�cients in Fig. 10 provides a quantitative model pre-
diction for the azimuthal dependence of longitudinal po-
larization and how it is correlated with the hydrodynamic
anisotropic flow coe�cients. Verifying these predictions
in the experiments can help us further understand the
origin of the ⇤ spin polarization in heavy-ion collisions.

To further quantify the event-by-event correlation be-
tween the magnitudes of the anisotropic flow vn and the
Fourier coe�cients of the longitudinal polarization P

z
n ,

we can define the following Pearson correlations,

⇢(v2n, (P z
n)2) =

h�̂v2n�̂(P z
n)2ievq

h(�̂v2n)2ievh(�̂(P z
n)2)2iev

, (29)

where h· · · iev represents the event average and the rela-
tive fluctuation of any observable O is defined as,

�̂O = �O � h�O�Nchiev
h(�Nch)2iev

�Nch with �O = O � hOiev.

(30)
Here the relative fluctuations subtract the correlation
with the particle multiplicity in the event [71].

In Fig. 11, we calculate the Pearson correlations be-
tween the magnitude of anisotropic flow vn and the P

z
n
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FIG. 6. ⇤ polarization component along the beam direction,
as a function of the azimuthal angle �, computed with vHLLE
for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Experi-

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

ization may play a role, but they appear not to be deci-
sive. The standard hydrodynamic picture with the initial
conditions obtained by fitting radial spectra, elliptic and
directed flow, works very well for the local polarization
too. Another strong indication from this finding is that,
at very high energy, the QGP hadronizes in space-time
at constant Tdec to a much more accurate level than one
could have imagined. Indeed, its sensitivity to the gra-
dients of the thermodynamic fields, makes spin the ideal
probe to investigate the space-time details of hadron for-
mation. Furthermore, as we have shown, the longitu-
dinal spin polarization turns out to be very sensitive to
the decoupling, hence the hadronization temperature, the
causes of which deserve to be studied in detail. Looking
ahead to future investigations, it is certainly important to
compare the predictions of the formula (10) as a function
of transverse momentum and rapidity besides azimuthal
angle. At lower energy, where the chemical potentials
are relevant, one can expect a decoupling hypersurface
di↵erent from the simple T = const, and this will require
a reconsideration of the (10) in order to obtain accurate
predictions.
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density operator:
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1

ZLE
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⌃
d⌃µ
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(8)

So, instead of expanding �, like in the (7), one can take
T out and expand the four-velocity u, thereby replacing
the (7) with:

b⇢LE ' 1

ZLE
exp

h
��⌫(x) bP ⌫+ (9)

� 1

T
@�u⌫(x)

Z

⌃
d⌃µ(y)(y � x)� bTµ⌫(y)

�
.

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

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

S
µ
ILE(p) = (10)

� ✏
µ⇢�⌧

p⌧

R
⌃ d⌃ · p nF (1 � nF )

h
!⇢� + 2 t̂⇢
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" ⌅��
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8mTdec

R
⌃ d⌃ · p nF

where ILE stands for isothermal local equilibrium,

!⇢� =
1

2
(@�u⇢ � @⇢u�)

is the kinematic vorticity and:

⌅⇢� =
1

2
(@�u⇢ + @⇢u�)

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

Analysis of Au-Au collisions at
p

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

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

p
sNN = 200 GeV.

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

p
sNN = 200 GeV. Up-

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

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

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based
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FIG. 5. Same as Fig. 1 but for the centrality class c = 30%–60%.

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

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

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

√
sNN = 200 GeV [16].
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FIG. 6. The averaged cosine of the daughter proton’s polar angle
in the !′s rest frame computed from !′s longitudinal polarization
with four combinations of the axial-vector Aµ in 20–60% Au + Au
collisions. Model calculations are compared with the STAR measure-
ments [5].

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

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

C. Azimuthal-dependent longitudinal polarization

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

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

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

〈cos(θ∗
p )〉(φ) = 〈cos(θ∗

p )2〉α!Pz(φ), (24)

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

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

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

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

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

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

Pz(φ) = Pz
0 + 2

∞∑

n=1

Pz
n cos

(
n
(
φ − 'Pz

n

))
. (25)

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

P z
n ≡ Pz

n ein'Pz
n ≡

∫ 2π

0

dφ

2π
Pz(φ)einφ . (26)

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

〈Pz sin(n(φ − 'n))〉

= 1
Nev

Nev∑

i=1

1
2π

∫ 2π

0
dφPz

i (φ) sin(n(φ − 'i,n))

=
〈
Im

{
P z

n
Q∗

n

|Qn|

}〉

ev
. (27)

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

〈Pz sin(n(φ − 'n))〉 ) pz
n{SP} ≡

〈
Im

{
P z

nQ∗
n,A

}〉
ev√

〈Re{Qn,AQ∗
n,B}〉ev

.

(28)
Here, Qn,A and Qn,B are the anisotropic flow vectors from
two subevents. In the following analysis, we choose subevent
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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 < 0.5 and 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=3 for 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=3 at 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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 in isobar collisions, + third harmonicPz
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3

↵⇤ = 0.732 ± 0.014 [45] assuming ↵⇤ = �↵⇤̄. Polar-
ization along the beam direction Pz [11] is determined
as

Pz =
hcos ✓⇤

p
i

↵Hhcos2 ✓⇤
p
i , (2)

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

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

p
i accounts for the detector acceptance

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

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

p
sin[n(� �  n)]i

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

p
i, corrected for the accep-

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

p
sin[n(�� n)]i can be di-

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

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

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

p
sNN = 200 GeV. The sign of the

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

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

induced by collective anisotropic flow, one might naively
expect a transverse momentum dependence similar to
that of the flow. The Pz sine modulations for measure-
ments relative to both event planes are plotted as a func-
tion of hyperons’ transverse momentum in Fig. 4. Results
show that pT dependence of the polarization is indeed
similar to that of elliptic (v2) and triangular (v3) flow.
While the third-order Pz modulation is smaller than the
second-order for pT < 1.5 GeV/c, the third-order re-
sults seem to increase faster, with a hint of out-pacing
the second-order results at pT > 2 GeV/c. The signif-
icance of the third-order results away from zero is 4.8�
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FIG. 3. Centrality dependence of the second- and the 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 uncer-

tainties. Solid bands show calculations from hydrodynamic
model [27] including contribution from the shear-induced po-
larization based on Ref. [43] (noted as “SIPBBP”) or Ref. [44]
(“SIPLY”) in addition to that due to thermal vorticity !th.
The model calculations with a nearly zero shear viscosity
(“ideal hydro”) are also shown.

higher than those for Au+Au collisions.
Figure 5 shows the centrality dependence of the

second-order sine Fourier coe�cients of Pz in isobar col-
lisions compared to results from Au+Au collisions atp

sNN = 200 GeV [3] and Pb+Pb collisions at
p

sNN =
5.02 TeV from the ALICE experiment [4]. The results do
not show any strong energy dependence nor system size
dependence for a given centrality. The isobar collisions, a
smaller system compared to Au+Au, show slightly larger
polarization values in midcentral collisions, but the dif-
ference is not significant. Note that the elliptic flow v2 in
5.02 TeV Pb+Pb collisions [47] is ⇠60% larger than that
in 200 GeV isobar collisions [34]. The data do not follow
a naive expectation from the v2 magnitude, i.e., larger
local polarization in Pb+Pb for a given centrality. The
data are also plotted as a function of an average number
of nucleon participants Npart estimated from the Glauber
model in the inset of Fig. 5, showing that the data scales
better with Npart, indicating a possible importance of the
system size in vorticity formation.

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
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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

second-order measurements in Au+Au collisions [3]. Open
boxes show systematic uncertainties. The results for the
third-order event plane measurements in isobar collisions are
slightly shifted for a better visibility. Solid bands present
calculations from the hydrodynamic model [27] (see Fig. 3
caption).

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 complex
vorticity pattern induced by the elliptic and triangular
flow in heavy-ion collisions. The second- and third-order
sine Fourier coe�cients of the polarization exhibit in-
creasing trends toward peripheral collisions and a mild
pT dependence similar to those of elliptic and triangu-
lar flow coe�cients. Hydrodynamic model calculations
including both thermal vorticity and thermal shear con-
tributions based on “BBP” implementation, qualitatively
agree with the data predicting the correct sign for both
harmonics, but underestimate the data in peripheral col-
lisions and predict di↵erent shape of the pT dependence.
All other model calculations are in qualitative disagree-
ment with our measurement. Comparison of the second-
harmonic sine coe�cient to those measured in 200 GeV
Au+Au and 5.02 TeV Pb+Pb collisions, shows little sys-
tem size and collision energy dependence of the polariza-
tion. These results provide new insights into polarization
mechanism and vorticity fields in heavy-ion collisions as
well as additional constraints on properties and dynamics
of the matter created in the collisions.
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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 < 0.5 and 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=3 for 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=3 at 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

STAR

T. Niida, STAR FCV PWG Meeting, Oct/13/2021

Pz wrt Ψ3

 8

0 0.5 1 1.5 2

 [rad] TPC
3

Ψ-φ

0.5−

0

0.5

3−10×〉*) pθ
co

s(
〈

Λ

Λ

Ru+Ru

20-60%

0 0.5 1 1.5 2

 [rad] TPC
3

Ψ-φ

0.5−

0

0.5

3−10×〉*) pθ
co

s(
〈

Λ

Λ

Zr+Zr

20-60%

Ψ3

�
<latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit><latexit sha1_base64="KZUT9J8793cQJ2moke8sZHPQIEw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ6zP0wIn464tN+tebW3TnIKvEKUoMCzX71yx8kLItRGiao1j3PTU2QU2U4Ezit+JnGlLIxHWLPUklj1EE+v3hKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//N6mYmug5zLNDMo2WJRlAliEjJ7nwy4QmbExBLKFLe3EjaiijJjQ6rYELzll1dJ+6LuuXXv/rLWuCniKMMJnMI5eHAFDbiDJrSAgYRneIU3RzsvzrvzsWgtOcXMMfyB8/kDYtCQtw==</latexit>

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

~4B events
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FIG. 3. Centrality dependence of the second- and the 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 uncer-

tainties. Solid bands show calculations from hydrodynamic
model [27] including contribution from the shear-induced po-
larization based on Ref. [43] (noted as “SIPBBP”) or Ref. [44]
(“SIPLY”) in addition to that due to thermal vorticity !th.
The model calculations with a nearly zero shear viscosity
(“ideal hydro”) are also shown.

higher than those for Au+Au collisions.
Figure 5 shows the centrality dependence of the

second-order sine Fourier coe�cients of Pz in isobar col-
lisions compared to results from Au+Au collisions atp

sNN = 200 GeV [3] and Pb+Pb collisions at
p

sNN =
5.02 TeV from the ALICE experiment [4]. The results do
not show any strong energy dependence nor system size
dependence for a given centrality. The isobar collisions, a
smaller system compared to Au+Au, show slightly larger
polarization values in midcentral collisions, but the dif-
ference is not significant. Note that the elliptic flow v2 in
5.02 TeV Pb+Pb collisions [47] is ⇠60% larger than that
in 200 GeV isobar collisions [34]. The data do not follow
a naive expectation from the v2 magnitude, i.e., larger
local polarization in Pb+Pb for a given centrality. The
data are also plotted as a function of an average number
of nucleon participants Npart estimated from the Glauber
model in the inset of Fig. 5, showing that the data scales
better with Npart, indicating a possible importance of the
system size in vorticity formation.

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
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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

second-order measurements in Au+Au collisions [3]. Open
boxes show systematic uncertainties. The results for the
third-order event plane measurements in isobar collisions are
slightly shifted for a better visibility. Solid bands present
calculations from the hydrodynamic model [27] (see Fig. 3
caption).

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 complex
vorticity pattern induced by the elliptic and triangular
flow in heavy-ion collisions. The second- and third-order
sine Fourier coe�cients of the polarization exhibit in-
creasing trends toward peripheral collisions and a mild
pT dependence similar to those of elliptic and triangu-
lar flow coe�cients. Hydrodynamic model calculations
including both thermal vorticity and thermal shear con-
tributions based on “BBP” implementation, qualitatively
agree with the data predicting the correct sign for both
harmonics, but underestimate the data in peripheral col-
lisions and predict di↵erent shape of the pT dependence.
All other model calculations are in qualitative disagree-
ment with our measurement. Comparison of the second-
harmonic sine coe�cient to those measured in 200 GeV
Au+Au and 5.02 TeV Pb+Pb collisions, shows little sys-
tem size and collision energy dependence of the polariza-
tion. These results provide new insights into polarization
mechanism and vorticity fields in heavy-ion collisions as
well as additional constraints on properties and dynamics
of the matter created in the collisions.
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Fig. 2. (Color online) Illustration of the chiral separation effect. To be specific, the illustration is for just one kind of right-handed (RH) quarks (with Q > 0)
and their antiquarks (with Q < 0) and for the case of µ > 0 (i.e. more quarks than antiquarks). For left-handed (LH) quarks (and anti-quarks) the LH
quarks’ current is generated in the opposite direction but their contribution to the axial current EJ5 would be the same as that of RH quarks. For µ < 0 the
current will flip direction.

assume a CME-induced electric current (Qe)EJ = (Qe)�5EB. To probe the existence of such a current we turn on an arbitrarily
small auxiliary electric field EE k EB and examine the energy changing rate of the system. The straightforward electrodynamic
way of computation ‘‘counts’’ the work per unit time (i.e. power) done by such an electric field P =

R
Ex
EJ · EE =

R
Ex[(Qe)�5]EE · EB.

Alternatively for this systemof chiral fermions, the (electromagnetic) chiral anomaly suggests the generation of axial charges
at the rate dQ5/dt =

R
Ex CAEE · EB with CA = (Qe)2/(2⇡2) the universal anomaly coefficient. Now a nonzero axial chemical

potential µ5 6= 0 implies an energy cost for creating each unit of axial charge, thus the energy changing rate via anomaly
counting would give the power P = µ5(dQ5/dt) =

R
Ex[CAµ5]EE · EB. These reasonings therefore lead to the following

identification:
Z

Ex
[(Qe)�5]EE · EB =

Z

Ex
[CAµ5]EE · EB (8)

for any auxiliary EE field. Thus the �5 must take the universal value CAµ5
Qe =

Qe
2⇡2 µ5 that is completely fixed by the chiral

anomaly.
The transport phenomenon in Eq. (4) bears a distinctive feature that is intrinsically different from Eq. (7). The chiral

magnetic conductivity �5 is a T -even transport coefficient while the usual conductivity � is T -odd [26]. That is, the CME
current can be generated as an equilibrium current without producing entropy, while the usual conducting current is
necessarily dissipative.

2.2. The chiral separation effect

By reminding ourselves of the axial counterpart in Eq. (5) of the vector current, which we have discussed so far, it may be
natural to ask: could axial current also be generated under certain circumstances in response to external probe fields? The
answer is positive. A complementary transport phenomenon to the CME has been found and named the Chiral Separation
Effect (CSE) [61,62]:

EJ5 = �sEB. (9)

It states that an axial current is generated along an external EB field, with its magnitude in proportion to the system’s
(nonzero) vector chemical potential µ as well as the field magnitude. The coefficient (which may be called the CSE
conductivity) is given by �s =

Qe
2⇡2 µ.

Intuitively the CSE may be understood in the following way, as illustrated in Fig. 2. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with hEsi / (Qe)EB. This effect implies that the positively charged quarks have their
spins preferably aligned along the EB field direction, while the negatively charged anti-quarks have their spins oppositely
aligned. NowRHquarks and antiquarks (with Ep k Es)will have opposite averagemomentum hEpi / hEsi / (Qe)EB, i.e. withmore
RH quarks/antiquarks moving in the direction parallel/antiparallel to EB. Furthermore with nonzero µ 6= 0 (e.g. considering
µ > 0) there would then be a net current of RH quarks/antiquarksEJR / hEpi(nQ � nQ̄ ) / (Qe)µEB. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µEB but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µEB.

It is instructive to recast (4) and (9) in terms of the RH and LH currents EJR/L, as follows:

EJR/L =
EJ ± EJ5

2
= ±�R/LEB (10)

with �R/L =
Qe
4⇡2 µR/L. The above has the simple interoperation as the CME separately for the purely right-handed and purely

left-handedWeyl fermions: note the sign difference in the RH/LH cases. It reveals that the CME and the CSE are two sides of

µv/T / hN+ �N�i
hN+ +N�i

= Ach

B-field + massless quarks + non-zero µv → axial current J5

Chiral Separation Effect J5 / eµvB
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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

November 3, 2022 10:7 WSPC/INSTRUCTION FILE ijmpe˙pol

Polarization in heavy ion collisions 9

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

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
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portional to the acceleration and the spatial (transverse) part:
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where the acceleration vector Aµ = Duµ (D = u⌫@⌫ is the co-moving time deriva-
tive) and the rµ = @µ � uµD is the so-called“orthogonal” (to uµ) derivative. The
transverse part of the kinematic vorticity can be also expressed via the vorticity
(angular velocity) vector

!µ =
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2
✏µ⌫⇢�u⌫@⇢u� (9)

as

1

2
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Using these notations and combining everything together, the spin vector can be
written as
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with three terms describing contributions of the temperature gradient, the vorticity,
and the acceleration, respectively. Note that in an ideal uncharged fluid the temper-
ature gradient term and the acceleration contribution are related by the equation
of motion rµT = TAµ.

It is instructive to rewrite the expression Eq. 12 in the rest frame of the fluid,
where uµ = (1, 0, 0, 0), D = @t, rµ = (0,r), and !µ = (0,!):
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, (12)
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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)

which should be used for calculation of the spin vector in the particle rest frame.
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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)

which should be used for calculation of the spin vector in the particle rest frame.
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3.3. Shear-induced polarization and Spin Hall E↵ect

Very recently two groups35,36 independently reported a new mechanism for the spin
polarization - so called “shear induced polarization” (SIP) originated in symmetric
part of the velocity gradients ⇠µ⌫ = 1/2(@µu⌫ +@⌫uµ). Note that the expression for
the polarization due to symmetric part of the velocity gradient tensor obtained by
two groups are similar but not exactly the same with one qualitative di↵erence as
that the expressions obtained in Ref.36 explicitly depends on the freeze-out hyper-
surface shape, while the expression in Ref.35 allows “local” interpretation. For our
qualitative discussion of the e↵ect below we will use the definition in Ref.35

The origin of SIP is the motion of a particle in anisotropic fluid, it is zero if the
particle is moving with the fluid velocity, which is in contrast to the polarization
due to vorticity. It is clearly seen if the corresponding expressions 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). [incomplete? maybe something missing here? Need
to add ref for SHE] 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 studied before in a di↵erent content with the conclusion that for
nonrelativistic hyperons the e↵ect is almost negligible37[Added this ref. Check
if this is correct one]. The new e↵ects, both SIP and SHE are related to the mo-
tion 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 cal-
culations involving quark polarization indicate stronger e↵ect compared to using
hyperons. We discuss this in more detail in relation to the experimental measure-
ments of the local polarization.

3.4. Additional comments on modelling

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
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at odds with expectation from the right plot
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Figure 1 shows a cartoon of a non-central nuclear collision with solid arrows
indicating the velocity field of the matter at the plane z = 0. One can estimate
the vorticity as !y ⇡ � 1

2
@vz/@x where vz is net-velocity along the beam direction

depends on the number of participants coming from the target vs. projectile nuclei
reflected in the length of the solid arrows in Fig. 1. For a rough estimate of the vor-
ticity, we present the velocity (vz) distribution in the transverse plane in Fig. 2(a).
In these calculations the velocity was estimated as vz = (nP�nT)/(nP+nT) where
nP,T are the densities of the projectile and target nucleon participants (nucleons
that experienced inelastic collisions) with the number of participants obtained with
a simple Glauber model. The middle and the right plots in Fig. 2 show the deriva-
tives dv⇤

z
/dx and dv⇤

z
/dy (with the asterisks denoting the quantities in the rest frame

of the fluid) weighted with the density of participating nucleons (roughly propor-
tional to the produced particle density). From these estimates, one concludes that
the vorticity might be as large as a few percent of fm�1. Then the nonrelativistic
formula (1) yields for the spin 1/2 particle polarization, P ⇡ !/(2T ), in the range
of a few percent (assuming T ⇠ 100 MeV). Note that this simple estimate ignores
the e↵ect of nuclear transparency at high energies where the vorticity values could
be significantly lower.
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Fig. 2. (a) Z-component velocity vz distribution of participant nucleons in the transverse plane
in the center-of-mass frame, (b) dvz/dx distribution weighted with participant nucleon density,
(c) the same for dvz/dy based on the Glauber model.

The vorticity of the system, especially its component along the system’s orbital
momentum, is directly related to the asymmetries in the initial velocity fields and
it is intimately related to the directed flow v1.16–18 The v1 is defined by the first
Fourier moment v1 = hcos('� RP)i of the produced particles’ azimuthal asymme-
try relative to the collision reaction plane angle  RP. Hydrodynamic simulations
show that the orbital angular momentum stored in the system and the directed
flow of charged particles are almost directly proportional to each other.18 This
allows for an empirical estimate of the collision energy dependence of the global
polarization.19 The STAR results for the directed flow20,21 and the hyperon global
polarization1,2 from the Beam Energy Scan program show that the slopes of v1
at midrapidity (dv1/d⌘) for charged hadrons and the hyperon polarization are in-
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the vorticity as !y ⇡ � 1

2
@vz/@x where vz is net-velocity along the beam direction

depends on the number of participants coming from the target vs. projectile nuclei
reflected in the length of the solid arrows in Fig. 1. For a rough estimate of the vor-
ticity, we present the velocity (vz) distribution in the transverse plane in Fig. 2(a).
In these calculations the velocity was estimated as vz = (nP�nT)/(nP+nT) where
nP,T are the densities of the projectile and target nucleon participants (nucleons
that experienced inelastic collisions) with the number of participants obtained with
a simple Glauber model. The middle and the right plots in Fig. 2 show the deriva-
tives dv⇤

z
/dx and dv⇤

z
/dy (with the asterisks denoting the quantities in the rest frame

of the fluid) weighted with the density of participating nucleons (roughly propor-
tional to the produced particle density). From these estimates, one concludes that
the vorticity might be as large as a few percent of fm�1. Then the nonrelativistic
formula (1) yields for the spin 1/2 particle polarization, P ⇡ !/(2T ), in the range
of a few percent (assuming T ⇠ 100 MeV). Note that this simple estimate ignores
the e↵ect of nuclear transparency at high energies where the vorticity values could
be significantly lower.
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Fig. 2. (a) Z-component velocity vz distribution of participant nucleons in the transverse plane
in the center-of-mass frame, (b) dvz/dx distribution weighted with participant nucleon density,
(c) the same for dvz/dy based on the Glauber model.

The vorticity of the system, especially its component along the system’s orbital
momentum, is directly related to the asymmetries in the initial velocity fields and
it is intimately related to the directed flow v1.16–18 The v1 is defined by the first
Fourier moment v1 = hcos('� RP)i of the produced particles’ azimuthal asymme-
try relative to the collision reaction plane angle  RP. Hydrodynamic simulations
show that the orbital angular momentum stored in the system and the directed
flow of charged particles are almost directly proportional to each other.18 This
allows for an empirical estimate of the collision energy dependence of the global
polarization.19 The STAR results for the directed flow20,21 and the hyperon global
polarization1,2 from the Beam Energy Scan program show that the slopes of v1
at midrapidity (dv1/d⌘) for charged hadrons and the hyperon polarization are in-
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FIG. 4. The azimuthal dependence of the global polarization Py

with respect to the elliptic flow event plane for four combinations of
the axial-vector Aµ.

at high pT . The current experimental uncertainty is still too
large to discriminate between the thermal vorticity only case
and the two shear-induced polarization. Figure 3(c) shows
the pseudo-rapidity dependence of the global polarization in
20–60% Au + Au collisions. Although all four combinations
of Aµ give similar results near the midrapidity |η| < 1.5, the
values of Py at the forward rapidity show a big difference.
Measurements of "′s polarization at |η| > 2 would set strong
constraints on the flow and net baryon chemical potential
gradients in the hydrodynamic evolution.

Figure 4 shows different polarization terms’ contributions
to the azimuthal dependence of the global polarization Py

with respect to the elliptic flow event plane. The nth order
event plane angle #n ≡ arg(Qn)/n is defined by the com-
plex flow vector Qn ≡ Qnein#n =

∑
j einφ j , where j runs over

the azimuthal angles of all charged hadrons within the de-
sired kinematic range. In our hybrid simulations, we sample
multiple hadronic events from the same hydrodynamic hy-
persurface to gain enough resolution of the anisotropic flow
event-plane #n for every hydrodynamic event [68]. With our
3D initial conditions, the thermal vorticity generate a small but
positive cos(2(φ − #2)) modulation of Py. This result is dif-
ferent from simulations using other types of initial conditions
based on transport models, such as UrQMD or AMPT [9,42].
The shear induce polarization gives the opposite cos(2φ)
modulation to that from the thermal vorticity. The SIP(BBP)
from Ref. [38] gives a larger contribution compared to that
from the SIP(LY) from Ref. [37]. Finally, we find that the
chemical potential induced polarization term also gives a sub-
stantial contribution to the azimuthal dependence of Py. Its
contribution is related to the shape of the initial net baryon
profile in the initial-state model. A recent work [69] inves-
tigated the µBIP as a function of collision energy using the
AMPT initial conditions.

Figure 5(a) shows how the "′s polarization depends on
the specific shear viscosity used in the hydrodynamic phase.
Similar to the anisotropic flow coefficients, a large specific

FIG. 5. The sensitivity of hyperon’s global polarization on the
QGP’s specific shear viscosity (a), initial hot spot size (b), and
switching energy density (c). The STAR measurements [4] are scaled
by 0.877 because the latest hyperon decay parameter α" from
Ref. [67].

shear viscosity leads to a significant suppression the global
polarization. This result is expected because shear viscosity
smears out the flow velocity gradients and the simulations
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Results from different calculations under  
the same conditions differ!
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of multiparticle production
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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

(12)

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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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

(12)

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)

Is the Blast Wave model  “closer” to Milekhin’s prescription?

Note that the polarization observables are sensitive to  
the gradients of the fields, unlike most (all?) of the observables 
used so far. This bring new important information to the picture 
of the freeze-out stage. 
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SIP:

Vorticity

∝ sin[2(ϕ*h − Ψ2)]

∝ sin[2(ϕh − Ψ2)]

 - fluid velocity 
Star denotes the value in the rest frame of fluid element
ui
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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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Figure 1 shows a cartoon of a non-central nuclear collision with solid arrows
indicating the velocity field of the matter at the plane z = 0. One can estimate
the vorticity as !y ⇡ � 1

2
@vz/@x where vz is net-velocity along the beam direction

depends on the number of participants coming from the target vs. projectile nuclei
reflected in the length of the solid arrows in Fig. 1. For a rough estimate of the vor-
ticity, we present the velocity (vz) distribution in the transverse plane in Fig. 2(a).
In these calculations the velocity was estimated as vz = (nP�nT)/(nP+nT) where
nP,T are the densities of the projectile and target nucleon participants (nucleons
that experienced inelastic collisions) with the number of participants obtained with
a simple Glauber model. The middle and the right plots in Fig. 2 show the deriva-
tives dv⇤

z
/dx and dv⇤

z
/dy (with the asterisks denoting the quantities in the rest frame

of the fluid) weighted with the density of participating nucleons (roughly propor-
tional to the produced particle density). From these estimates, one concludes that
the vorticity might be as large as a few percent of fm�1. Then the nonrelativistic
formula (1) yields for the spin 1/2 particle polarization, P ⇡ !/(2T ), in the range
of a few percent (assuming T ⇠ 100 MeV). Note that this simple estimate ignores
the e↵ect of nuclear transparency at high energies where the vorticity values could
be significantly lower.
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Fig. 2. (a) Z-component velocity vz distribution of participant nucleons in the transverse plane
in the center-of-mass frame, (b) dvz/dx distribution weighted with participant nucleon density,
(c) the same for dvz/dy based on the Glauber model.

The vorticity of the system, especially its component along the system’s orbital
momentum, is directly related to the asymmetries in the initial velocity fields and
it is intimately related to the directed flow v1.16–18 The v1 is defined by the first
Fourier moment v1 = hcos('� RP)i of the produced particles’ azimuthal asymme-
try relative to the collision reaction plane angle  RP. Hydrodynamic simulations
show that the orbital angular momentum stored in the system and the directed
flow of charged particles are almost directly proportional to each other.18 This
allows for an empirical estimate of the collision energy dependence of the global
polarization.19 The STAR results for the directed flow20,21 and the hyperon global
polarization1,2 from the Beam Energy Scan program show that the slopes of v1
at midrapidity (dv1/d⌘) for charged hadrons and the hyperon polarization are in-
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Will be difficult to separate  
the two contributions
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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).
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© 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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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).
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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.
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Strong decays of vector mesons into 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−
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The �✓ parameter can be then determined from

⌦
cos2 ✓⇤

↵
=

1 + 3�✓/5

3 + �✓

. (37)

If the masses of the fermions are small, the helicity conservation tells that they
should be in the spin state with projection on their momentum ±1. In this case, �✓

parameter is related to the probability for a vector meson to have spin projection
zero via equation74

�✓ =
1 � 3 ⇢00
1 + ⇢00

. (38)

4.6. Detector acceptance e↵ects

4.6.1. Polarization along the initial angular momentum

We start with deriving the correction for polarization measurements based on
Eq. 25. For the case of an imperfect detector, one has to take into account that
in the calculation of the average hsin ( RP � �⇤)i, the integral over solid angle
d⌦⇤ = d�⇤ sin ✓⇤d✓⇤ of the hyperon decay baryon’s 3-momentum p⇤ in the hyperon
rest frame, is a↵ected by detector acceptance:

hsin( RP � �⇤)i =
Z

d⌦⇤

4⇡

d�H

2⇡
A(pH ,p⇤)

2⇡Z

0

d RP

2⇡
{1 + 2v2,H cos[2(�H � RP)]}

⇥ sin( RP � �⇤) [1 + ↵H PH(pH ;�H � RP) sin ✓⇤ · sin ( RP � �⇤)] . (39)

Here pH is the hyperon 3-momentum, and A
�
pH ,p⇤

p

�
is a function to account

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

normalized to unity. The polarization component along the system orbital angular
momentum could depend on the relative azimuthal angle (�H � RP). Taking into
account the symmetry of the system, one can expand the polarization as a function
of (�H �  RP) in a sum over even harmonics. Keeping below only the first two
terms:

PH

�
�H � RP, pH

t
, ⌘H

�
= P0

�
pH
t

, ⌘H
�
+ 2P2

�
pH
t

, ⌘H
�
cos [2(�H � RP)] . (40)

Substituting it into Eq. 39 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 � �⇤)]]

=
↵H⇡

8
[A0 (P0 + 2P2v2) � A2(P2 + P0v2)] , (41)

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 ✓⇤. (42)

A2(p
H

t
, ⌘H) =

4

⇡

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤) sin ✓⇤ cos [2(�H � �⇤)]. (43)
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Fig. 10. Global polarization of ⌅ and ⌦ hyperons compared to that of ⇤ (⇤̄) as well as transport
model calculations. The figure is taken from Ref.103

5.3. Global spin alignment of vector mesons

The vorticity should also lead to the global polarization of the vector mesons, such
as K⇤0 and �, revealing itself via global spin alignment.9,12 The first measurement
of the spin alignment was made by the STAR Collaboration at RHIC using 200 GeV
Au+Au collisions in 2008104 but there was no clear signal taking into account the
uncertainties of the measurement. More recently, the ALICE and STAR Collabora-
tions reported finite signals,105,106 i.e., deviation of ⇢00 from 1/3. Figure 11 shows
⇢00 of K⇤0 and � mesons as a function of collision centrality in a form of the number
of participants from MC Glauber simulation, in Pb+Pb collisions at

p
sNN = 2.76

TeV. At lower pT, the results for both K⇤0 and � mesons indicate ⇢00 < 1/3. The
STAR results on �-meson ⇢00 show large positive deviation from 1/3 (⇢00 > 1/3)
for pT > 1.2 GeV/c at lower collision energies, while results on K⇤0 are consistent
with zero as shown in Fig. 12. The dependence of �-meson spin alignment signal on
transverse momentum and centrality is not systematic; the signal seems to change
sign and become negative at higher transverse momenta as well as in more central
collisions, At present the dependence on transverse momentum and centrality can
not be explained in any scenario.

Note that in the vorticity scenario, the spin alignments signal is expected to
be very small �⇢ ⇡ (!/T )2/3 ⇡ 4P 2

H
/3. Taking into account the hyperon global

polarization measurements presented in Fig. 5, the spin alignment signal should be
of the order of 10�5 at the top RHIC energy and of the order of 10�3 at lowest
BES energy, which is too small to explain the reported large deviation. If the vector
mesons are produced via quark coalescence, ⇢00 of vector mesons can be expressed
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with zero as shown in Fig. 12. The dependence of �-meson spin alignment signal on
transverse momentum and centrality is not systematic; the signal seems to change
sign and become negative at higher transverse momenta as well as in more central
collisions, At present the dependence on transverse momentum and centrality can
not be explained in any scenario.

Note that in the vorticity scenario, the spin alignments signal is expected to
be very small �⇢ ⇡ (!/T )2/3 ⇡ 4P 2

H
/3. Taking into account the hyperon global

polarization measurements presented in Fig. 5, the spin alignment signal should be
of the order of 10�5 at the top RHIC energy and of the order of 10�3 at lowest
BES energy, which is too small to explain the reported large deviation. If the vector
mesons are produced via quark coalescence, ⇢00 of vector mesons can be expressed

Δρ = ρ00 − 1/3
Thermal estimate
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probability for the spin projection to be zero. As sz = ±1 projections can not be
distinguished, and the sum of the probabilities has to be unity, only one indepen-
dent diagonal element, usually ⇢00, can be measured. In the case of vector meson
decay into two (pseudo)-scalar mesons, ⇢00 can be determined directly from the
angular distributions of the vector mesons decay products (given by the squares of
the corresponding spherical harmonics):

dN

d⌦⇤ =
3

8⇡
[1 � ⇢00 + (3⇢00 � 1) cos2 ✓⇤], (31)

where ✓⇤ is the angle of one of the daughter particles with respect to the polariza-
tion direction in the rest frame of the vector meson.For the global spin alignment
measurement, the polarization direction is given by the orbital angular momentum
direction of the system, perpendicular to the reaction plane. In the case of unpo-
larized particles, ⇢00 equals 1/3. The deviation of ⇢00 from 1/3 would indicate spin
alignment of vector mesons.

The spin alignment, �⇢ = ⇢00 � 1/3, can be measured by directly analyzing
cos ✓⇤ distribution given in Eq. 31, or considering hcos2 ✓⇤i as follows

hcos2 ✓⇤i =
Z

d⌦⇤ 3

8⇡

⇥
1 � ⇢00 + (3⇢00 � 1) cos2 ✓⇤

⇤
cos2 ✓⇤ =

1

3
+

2

5
�⇢. (32)

It results in

�⇢ =
5

2

✓⌦
cos2 ✓⇤

↵
� 1

3

◆
. (33)

Taking also into account the event plane resolution73 one arrives to the equation:

⇢00 =
1

3
+

4

1 + 3Res(2 )

✓
⇢obs
00

� 1

3

◆
, (34)

where ⇢obs
00

is the measured (“observed”) signal and Res(2 ) is the event plane
resolution defined as hcos[2( �  RP)]i where  can be either the first-order or
second-order event plane. One could also analyze the daughter product distribu-
tion relative to the reaction plane18,73 similarly to that performed in the global
polarization measurement:

⇢00 =
1

3
� 4

3

hcos[2(�⇤ � )]i
Res(2 )

, (35)

where �⇤ is the azimuthal angle of the daughter product in the parent rest frame.
In the case of vector meson decaying into two fermions, e.g. J/ ! e+e�, the

interpretation of the final angular distribution in terms of the vector meson polar-
ization is less straightforward, as it involves the spin wave functions of the daughter
fermions. In this case the angular distribution of the daughter particles is often pa-
rameterized with a set of lambda parameters. For the distribution integrated over
azimuthal angle, it reduces to

dN

d cos ✓⇤
/ 1

3 + �✓
[1 + �✓ cos

2 ✓⇤]. (36)

Theta* method

Phi* methodΔρ = −
4
3

⟨cos[2(ϕ* − ΨRP)]⟩
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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 × ð1þ 3v2Þ=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=3 and
off-diagonal elements close to zero with respect to the PP.
For pp collisions at

ffiffiffi
s

p
¼ 13 TeV, 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 2.76 TeV 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 ∼0.8 and
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

3 f1 − 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 ∼0.6 and 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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FIG. 3. Measurements of ρ00 as a function of hNparti forK%0 and
ϕ mesons at low and high pT in Pb-Pb collisions. The statistical
and systematic uncertainties are shown as bars and boxes,
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visibility.
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Thermal model: 
 ρ00 = 0.15 ⇒ w(sz = + 1) = 0.82,

w(0) = 0.15, w(−1) = 0.03
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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
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�,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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obtained with the 1st- and 2nd-order EP, respectively. The solid circles are results for K⇤0-meson,

obtained with the 2nd-order EP.
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X. Sheng, L. Oliva, and Q. Wang, PRD101.096005(2020) 
X. Sheng, Q.Wang, and X. Wang, PRD102.056013 (2020)

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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Unlike the hyperon polarization case, the spin alignment non-zero result mght be totally due  
“wrong” acceptance correction value.

Different approaches and methods and different correction procedures should lead to the same result. 

Using theta*  / using phi* 
Invariant mass, / signal+background 
Yield vs phi / moments of the distribution 
Understanding momentum resolution effects 
Efficiency from data / Monte-Carlo
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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 might be better to present  
efficiency (1d) plot vs  ̂n*p ⋅ ̂nΛ

The efficiency entangles elliptic flow and polarization, 
neither of them can be measured independently 

6 ALICE Analysis Note 2018

2.3 2D efficiency: cosq⇤ vs. f -yrp for K
0
S in pT bin 0.6 - 0.8 GeV/c w.r.t. EP using AMPT23

To undersstand the model dependence of 2D maping of acceptance ⇥ efficiency a study with AMPT24

model is perfoemed. We have used HIJING production in our measurements to correct acceptance ⇥25

efficiency. This check is done with AMPT which has flow unlike HIJING. AMPT production from26

LHC12a11c is used for this study. In this production decay daughter information of resonance particles27

are not available at generated level, therefore calculation of cosq⇤ can not be done for generated reso-28

nance. Therefore we have used K0
S to study the effect of v2. Figure 4 shows 2D maping of acceptance ⇥29

efficiency for K0
S in pT bin 0.6 - 0.8 GeV/c w.r.t. EP. We have observed,30

1) Efficiency varies by 6% with f �yrp for a given cosq⇤.31

2) The average efficiency that we used and averaging the efficiency obver f �yrp are within 1-2% of32

each other for the different cosq⇤.33

3) The efficiency obtained using HIJING (which does not have v2) and that using AMPT (which has v2)34

agree within 1%.35

  

2D Efficiency : cosθ* vs. φ-Ψ
rp    

for K
S

0 0.6 < p
T 
< 0.8 GeV/c (AMPT)

Reconstruceted K S

0 (phi−psirp integrated )

Generated K S

0(phi− psirp integrated )

∑
i=1

number of phi− psirp bin Reconstruceted K S
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number of bin
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cosθ* Efficiency1 Efficiency2 Efficiency1 (HIJING)

-1.0 – -0.6 0.0380975 0.0445585 0.0380039

-0.6 – -0.2 0.0432177 0.0405749 0.0432023

-0.2 – 0.2 0.0469008 0.0404794 0.0495367

0.2 – 0.6 0.0438011 0.0417495 0.041957

0.6 – 1.0 0.0384696 0.0447106 0.0382608

We have used Efficiency1 (HIJING) in our measurements

Fig. 4: 2D maping of acceptance ⇥ efficiency for K0
S in pT bin 0.6 - 0.8 GeV/c w.r.t. EP using AMPT.
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2.4 Event plane estimation in HIJING37

Event plane estimation in HIJING is done from MC generated tracks within the h acceptance of V0C38

detector. Event plane vector is estimated by using following equations.39

STAR

ALICE
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Vorticity is an important piece in the picture of heavy ion collisions 
Very rich and extremely interesting results and future 
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quark is used instead of ⇤ mass as shown in Fig. 15. It is also worth to men-
tion that the calculation with a nearly zero specific shear viscosity (denoted as
“ideal hydro”) leads to almost zero Pz sine coe�cient, which indicates that the Pz

measurement could provide an additional constraint on the shear viscosity of the
medium. Figure 16(right) shows pT dependence of the second and third-order Pz

sine coe�cients. The third-order result is found to be comparable in magnitude
to the second-order result, slightly smaller at low pT and showing a hint of over-
passing the second-order at high pT. This trend is similar to what was observed
in pT dependence of the elliptic and triangular flow,125 which further supports the
picture of anisotropic-flow-driven polarization. The model incorporating the shear
induced polarization of SIPBBP is comparable to the data at low pT but not the pT
dependence in detail.

6. Open questions and future perspective

Summarizing the discussion in Sec. 5, one tend to conclude that while the theo-
retical description of the global polarization, including its energy dependence, is
rather good, our understanding of the local polarization measurements, in particu-
lar the azimuthal angle dependence of the polarization along the beam direction is
far from satisfactory. Surprisingly, the data are much better described by “naive”
Blast-Wave model including only nonrelativistic vorticity, than by more sophisti-
cated hydrodynamical calculations (including contribution from temperature gradi-
ents and acceleration), which very often di↵er from the data at the qualitative level.
Recent calculations including the shear induced polarization make the comparison
somewhat better, but still unsatisfactory. The disagreements with theoretical mod-
els definitely need further investigation in future, including the role of di↵erent
freeze-out scenarios, validity of Cooper-Frye prescription, relative contributions of
kinematic vorticity, acceleration, SIP, SHE, and temperature gradients. Compari-
son of more advanced calculations with new measurements should be also able to
provide information of vorticity evolution and spin equilibration relaxation times.

From experimental point of view, in the next few years several new precise
measurements will be performed to shed more light on the topics of interest, such
as particle-antiparticle polarization splitting, rapidity and azimuthal angle depen-
dencies, and particle species dependence. Below we list possible near-future mea-
surements intended to provide more information on the vorticity and polarization
phenomena in heavy-ion collisions.

• Polarization splitting between particles and antiparticles, including parti-
cles with larger magnitude of the magnetic moment such as ⌦. It will further
constrain the magnetic field time evolution and its strength at freeze-out,
and the electric conductivity of quark-gluon plasma.

• Precise measurements of multistrange hyperon polarization to study par-
ticle species dependence and confirm the vorticity-based picture of polar-
ization. Measurement with ⌦ will also constrain unknown decay parameter
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�⌦.
• Precise di↵erential measurements of the azimuthal angle and rapidity de-

pendence of PJ (P�y).
• Detailed measurement of Pz induced by elliptic and higher harmonic flow.

In particular this study could help to identify the contribution from SIP,
which is expected to be di↵erent for di↵erent harmonics.

• Application of the event-shape-engineering technique126 testing the rela-
tionship between anisotropic flow and polarization.

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

• Circular polarization P� to search for toroidal vortex structures
• The particle-antiparticle di↵erence in the polarization dependence on az-

imuthal angle at lower collision energies testing the Spin-Hall E↵ect.
• Understanding of the vector meson spin alignment measurements including

new results with corrections of di↵erent detector e↵ects.
• Measurement of the hyperon polarization correlations to access the scale

of vorticity fluctuations.
• Measurement of the hyperon polarization in pp collisions to estab-

lish/disprove possible relation to the single spin asymmetry e↵ect.

7. Summary

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

The observed global polarization of hyperons in heavy-ion collisions is found to
be well described by hydrodynamic and microscopic transport models based on the
local vorticity of the fluid averaged over the freeze-out hypersurface under assump-
tion of the local thermal equilibrium of the spin degrees of freedom. Furthermore,
the measurement of hyperon polarization along the beam direction confirmed the
local vorticity induced by anisotropic collective flow, adding to the evidences of
ideal fluid dynamics of the quark-gluon plasma. These measurements opened new
direction to study the dynamics of quark-gluon plasma and spin transport in the
hot and dense medium, triggering a lot of theoretical interest on spin dynamics in
general. Despite the successful description of the average global polarization, when
looking into the detailed comparison between the data and models in di↵erential
measurements, there are still many open questions to be solved. The spin alignment
measurements of vector mesons are very intriguing, but far from satisfactory un-
derstanding. More precise measurements with di↵erent particle species and a wider
detector acceptance that will be available in near future at RHIC and the LHC
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in local equilibrium a direct connection between T and µ
is lost.
Although Eq. (36) or its special case with ξ = 0 was

obtained before (see, for example: Eq. (10) in [10], (23)
in [16], (21) in [51], and the QFT discussion in [52]), the
previous studies considered always the local equilibrium
state without the orthogonal corrections discussed above.
Thus, it is important to extend the previous analyses by
considering a different reference point for local equilib-
rium quantities. For the baryon current one finds

Nµ
nq = n̄(T, ξ, k2,ω2)uµ + nt(T, ξ)t

µ − λ∇µξ, (37)

where λ ≥ 0 is the diffusion coefficient. Similar ex-
pressions although more complicated and lengthy can be
found for the energy-momentum and spin tensors. They
will be presented and discussed in a separate paper.
Summary and conclusions — In this work we have in-
troduced generalized thermodynamic relations into the
framework of a relativistic perfect spin hydrodynamics.
They allow for a consistent treatment of spin degrees of
freedom, including the use of spin tensors whose structure
follows from microscopic calculations. Our main obser-
vation that a commonly used scalar version of thermo-
dynamic relations should be replaced by the tensor form
is very general — the spin hydrodynamics introduces a
new hydrodynamic variable that has a tensor structure,
hence, in local equilibrium all currents and tensors may
a priori have a richer structure than that used in spinless
hydrodynamics. To large extent, this situation is simi-
lar to the case of MHD. In the Supplemental Material
we demonstrate that the same form of the generalized
thermodynamic relations (Eqs. (23), (25), and (26)) is
obtained for the FD statistics, which again supports a
universal character of our results.
The obtained results are crucial for establishing con-

sistency between different formulations of spin hydrody-
namics. They also form a suitable starting point for in-
troducing dissipative corrections. In the future investiga-
tions, it will be useful to establish relations between our
results and other works that aim at the construction of a
non-equilibrium entropy current. In a recent paper that
uses quantum statistical methods [52], a similar structure
of the entropy current to ours is obtained. Moreover, the
entropy production formula found in [52] agrees with the
IS ansatz used in this work. On the other hand, general
considerations presented in [52] do not touch upon the
importance of using tensor forms of thermodynamic re-
lations, which is the main issue discussed in this work.
We find Ref. [52] and our work as complementary analy-
ses – the first can be treated as the top-down approach,
while the latter as the bottom-up method. Eventually,
the two frameworks should converge in practical applica-
tions of spin hydrodynamics to describe the experimental
data.
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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 −"nb = −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 ρ q̄ . 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 ρ q̄ . 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 $q → 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
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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.

0 1 2 3 4 5 6
)c (GeV/

T
p

0

2

4

6

3−10×〉) 2
Ψ

 - 
2

ϕ
 s

in
(2

Z
P〈

STAR, PRL, 123, 132301 (2019)

 = 5.02 TeV 30-50%NNsPb-Pb  = 200 GeV 20-60%NNsAu-Au 

)Λ + ΛALICE (

AMPT + MUSIC (S quark)

)ΛAMPT + MUSIC (

)Λ + Λ 0.856 (×STAR 

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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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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i
, (8)

hsin( RP � �⇤
) sin ✓⇤ cos[2(�H � �⇤

)]i = ↵H

3
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Ã2(P0 + 3P2v2)

�
, (9)

where18
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Ã2(p
H

t
, ⌘H) =

3

2

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤

) sin
2 ✓⇤ cos [2(�H � �⇤

)]. (11)

2

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

hsin( RP � �⇤
)i =

Z
d⌦⇤

4⇡

d�H

2⇡
A(pH ,p⇤

)

2⇡Z

0

d RP

2⇡
{1 + 2v2,H cos[2(�H � RP)]}

sin( RP � �⇤
) [1 + ↵H PH(pH ; RP) sin ✓⇤ · sin (�⇤ � RP)] . (1)

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

PH

�
�H � RP, p

H

t
, ⌘H

�
= P0

�
pH
t
, ⌘H

�
+

1

2
P2

�
pH
t
, ⌘H

�
cos{2[�H � RP]}. (2)

Substituting it into Eq. 1 and integrating over  RP one gets13

hsin( RP � �⇤
)i = ↵H

2

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤

) sin ✓⇤ [(P0 + 2P2v2)� (P2 + P0v2) cos [2(�H � �⇤
)]] (3)

=
↵H⇡

8
[A0 (P0 + 2P2v2)�A2(P2 + P0v2)] , (4)

where the functions A0(pHt , ⌘H) and A2(pHt , ⌘H) are defined by:14

A0(p
H

t
, ⌘H) =

4

⇡

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤

) sin ✓⇤. (5)

A2(p
H

t
, ⌘H) =

4

⇡

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤

) sin ✓⇤ cos [2(�H � �⇤
)]. (6)

For the perfect acceptance A0 = 1 and A2 = 0.15

Similarly one obtaines:16

hsin( RP � �⇤
) cos[2(�H � �⇤

)]i = ↵H⇡

8


A0 (P2 + P0v2)�

1

2
A2(P0 + 3P2v2)

�
, (7)

Another set of equations ocan be defined as17

hsin( RP � �⇤
) sin ✓⇤i = ↵H

3

h
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Ã0(p
H

t
, ⌘H) =

3

2

Z
d⌦⇤

4⇡

d�H

2⇡
A (pH ,p⇤

) sin
2 ✓⇤. (10)
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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.

0 10 20 30 40 50 60 70 80
Centrality (%)

0

2

4

6

3−10×〉) 2
Ψ

 - 
2

ϕ
 s

in
(2

Z
P〈

STAR, PRL, 123, 132301 (2019)

 = 5.02 TeV 30-50%NNsPb-Pb 

 = 200 GeV 20-60%NNsAu-Au 

)Λ + ΛALICE (

AMPT + MUSIC (S quark)

)ΛAMPT + MUSIC (

)Λ + Λ 0.856 (×STAR 

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.

Here pH is the hyperon 3-momentum, and A
�
pH ,p⇤

p

�
is a function to account

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.

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
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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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