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Relativistic heavy-ion collisions

• RHIC: a QCD machine, small 

bang

ü Two decades of RHIC exp. 

provide strong evidences 

pointing to a “dense, opaque, 

low-viscous, pre-hadronic 

liquid state of matter not 

anticipated before RHIC”
RHIC white paper: Nucl. Phys. A 757 (2005)

• Study the ‘emergent property’ of 

QCD



Global polarization in high-energy HIC
Liang, Wang Phys. Rev. Lett. 94, 102301(2005); Phys. Lett. B 629, 20 (2005)

• Ideas:

ü In non-central HIC, large OAM L is deposited in the interaction region

ü Quarks may be polarized along L due to spin-orbit interaction, this polarization may not be washed out

during interaction and hadronization

ü spin-vorticity coupling    Betz, Gyulassy, Torrieri Phys. Rev. C 76, 044901 (2007); Becattini, Piccinini, Rizzo Phys. Rev. C 77, 024906 (2008)      

BECATTINI, KARPENKO, LISA, UPSAL, AND VOLOSHIN PHYSICAL REVIEW C 95, 054902 (2017)

FIG. 1. Schematic view of the collision. Arrows indicate the flow
velocity field. The +ŷ direction is out of the page; both the orbital
angular momentum and the magnetic field point into the page.

put forward more than a decade ago [9–13]. The idea
that polarization is determined by the condition of local
thermodynamic equilibrium and its quantitative link to thermal
vorticity were developed in Refs. [14,19]. The assumption that
spin degrees of freedom locally equilibrate in much the same
way as momentum degrees of freedom makes it possible to
provide a definite quantitative estimate of polarization through
a suitable extension of the well-known Cooper-Frye formula.

This phenomenon of global (that is, along the common
direction of the total angular momentum) polarization has an
intimate relation to the Barnett effect [16]—magnetization by
rotation—where a fraction of the orbital momentum associated
with the body rotation is irreversibly transformed into the
spin angular momentum of the atoms (electrons), which,
on the average, point along the angular vector. Because of
the proportionality between spin and magnetic moment, this
tiny polarization gives rise to a finite magnetization of the
rotating body, hence a magnetic field. Even closer to our case
is the recent observation of the electron spin polarization in
vorticous fluid [17] where the “global polarization” of electron
spin was observed because of nonzero vorticity of the fluid.
In condensed matter physics the gyromagnetic phenomena
are often discussed on the basis of the so-called Larmor’s
theorem [18], which states that the effect of the rotation on the
system is equivalent to the application of the magnetic field
B = −γ −1!, where γ is the particle gyromagnetic ratio.

It is worth pointing out, however, that polarization by
rotation and by application of an external magnetic field are
conceptually distinct effects. Particularly, the polarization by
rotation is the same for particles and antiparticles, whereas
polarization by magnetic field is the opposite. This means
that, for example, magnetization by rotation (i.e., the Barnett
effect) cannot be observed in a completely neutral system and
the aforementioned Larmor’s theorem cannot be applied; for
this purpose, an imbalance between matter and antimatter is
necessary.

In this regard, the global polarization phenomenon in heavy
ion collisions is peculiarly different from that observed in
condensed matter physics for the density of particles and
antiparticles are approximately equal, so that nonzero global
polarization does not necessarily imply a magnetization.
This system thus provides a unique possibility for a direct
observation of the transformation of the orbital momentum
into spin. Furthermore, note that in heavy ion collisions, the

polarization of the particles can be directly measured via their
decays (in particular via parity violating weak decays).

Calculations of global polarization in relativistic heavy ion
collisions have been performed using different techniques
and assumptions. Several recent calculations employ 3+1D
hydrodynamic simulations and use the assumption of local
thermodynamic equilibrium [2,19–21], observing quite a
strong dependence on the initial conditions. While local
thermodynamic equilibrium for the spin degrees of freedom
remains an assumption—as no estimates of the corresponding
relaxation times exist—such an approach has a clear advantage
in terms of simplicity of the calculations. All of the discussion
below is mostly based on this assumption; to simplify the
discussion even more, we will often use the nonrelativistic
limit.

It should be pointed out that different approaches—without
local thermodynamic equilibrium—to the estimate of " po-
larization in relativistic nuclear collisions were also proposed
[22–25].

The paper is organized as follows: in Sec. II we introduce
the main definitions concerning spin and polarization in a rel-
ativistic framework; in Sec. III we outline the thermodynamic
approach to the calculation of the polarization and provide
the relevant formulas for relativistic nuclear collisions; in
Sec. IV we address the measurement of " polarization and
in Sec. V the alignment of vector mesons; finally in Sec. VI
we discuss in detail the effect of decays on the measurement
of " polarization.

Notation

In this paper we use the natural units, with h̄ = c = kB = 1.
The Minkowskian metric tensor is diag(1,−1,−1,−1); for
the Levi-Civita symbol we use the convention ε0123 = 1.
Operators in Hilbert space will be denoted by a large upper
hat, e.g., T̂ while unit vectors with a small upper hat, e.g., v̂.

II. SPIN AND POLARIZATION: BASIC DEFINITIONS

In nonrelativistic quantum mechanics, the mean spin vector
is defined as

S = 〈̂S〉 = tr(ρ̂ Ŝ), (3)

where ρ̂ is the density operator of the particle under consid-
eration and Ŝ the spin operator. The density operator can be
either a pure quantum state or a mixed state, like in the case of
thermodynamic equilibrium. The polarization vector is defined
as the mean value of the spin operator normalized to the spin
of the particle:

P = 〈̂S〉/S, (4)

so that its maximal value is 1, that is, ‖P‖ ! 1.
A proper relativistic extension of the spin concept, for

massive particles, requires the introduction of a spin four-
vector operator. This is defined as follows (see, e.g., [26]):

Ŝµ = − 1
2m

εµνρλĴνρp̂λ, (5)
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The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π−, the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then

θ
α θ= +

∗
∗(Nd

d cos
1
2 (1 cos ) (1)H H

The subscript H denotes Λ or Λ , and the decay parameter17 
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
to Ĵsys. Because our limited sample sizes prohibit exploration of these 
dependencies, our analysis assumes that (H is independent of momen-
tum, and we extract only an average projection of the polarization on 
Ĵsys. This average may be written7 as

α

φ φ
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where φ Ĵsys
 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7 with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7 that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19. The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08 ± 0.15 (stat) ± 0.11 (sys) and 1.38 ± 0.30 
(stat) ± 0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7 measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7 may be seen  
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Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π− are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .
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Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.
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Experimental measurements: Λ

Global Lambda Polarization
Ann. Rev. Nucl. Part. Sci. 70 (2020) 395

Ĵsys

Λ

Λ

M. Lisa - Seminar Series III on RHIC Beam Energy Scan: Theory and Experiment (by zoom) - Nov 2021 16

• Λ are self-analyzing, proton tends to be emitted along the spin direction of the Λ

3  A U G U S T  2 0 1 7  |  V O L  5 4 8  |  N A T U R E  |  6 3

LETTER RESEARCH

The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
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Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
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allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π−, the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then

θ
α θ= +

∗
∗(Nd

d cos
1
2 (1 cos ) (1)H H

The subscript H denotes Λ or Λ , and the decay parameter17 
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
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FIG. 4. (Color online) Global polarization of ! hyperons as a
function of ! pseudorapidity η!. Symbol keys are the same as in
Fig. 3. A constant line fit to these data points yields P! = (2.8 ±
9.6) × 10−3 with χ 2/ndf = 6.5/10 for Au+Au collisions at

√
sNN =

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

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

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

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

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

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

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

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

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

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

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

√
sNN =

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

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

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

√
sNN = 62.4 GeV (centrality region

0–80%).
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C. Acceptance effects and systematic uncertainties

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

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

p = dφ∗
p sin θ∗

pdθ∗
p of the hyperon decay baryon

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

detector acceptance:

〈sin(φ∗
p − %RP)〉 =

∫
d&∗

p

4π

dφH

2π
A(pH , p∗

p)
∫ 2π

0

d%RP

2π

× sin(φ∗
p − %RP)[1 + αHPH (pH ; %RP)

× sin θ∗
p sin(φ∗

p − %RP)]. (5)

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

function to account for detector acceptance. The integral of this
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as consistent with our measurements, within reported statistical 
uncertainty.

We have performed several checks that indicate a zero polarization 
‘signal’, as expected, in the combinatoric background of proton–pion 
pairs that do not come from Λ hyperons. This includes analysis of pro-
ton–pion pairs with invariant masses slightly different from the mass 
of a Λ hyperon mΛ. Nevertheless, these checks have finite statistical 
precision, so we consider the possibility of fluctuations in the back-
ground that could contribute to the polarization signal. This dominates 
the systematic uncertainties in the signal. Uncertainties due to Λ iden-
tification criteria (such as requirements for the spatial proximity of the 
proton and π daughters) are negligible. There are also small systematic 
uncertainties in the overall scale, which would scale both the value of 
( H and the statistical uncertainty, thus not affecting the statistical sig-
nificance of the signal. These include the uncertainties in the Λ decay 
parameter α (2%)17, the reaction-plane resolution (about 2%)22, and 
detector efficiency corrections (about 3.5%).

The fluid vorticity may be estimated from the data using the hydro-
dynamic relation18

ω≈ + /′ ′Λ Λ( (k T ħ( ) (3)B

where T is the temperature of the fluid at the moment when particles 
are emitted from it. The subscripts Λ′ and Λ ′ in equation (3) indicate 
that these polarizations are for ‘primary’ hyperons emitted directly from  
the fluid. However, most of the Λ and Λ  hyperons at these collision  
energies are not primary, but are decay products from heavier particles 
(for example, ∑*,+ → Λ + π+), which themselves would be polarized 
by the fluid. The data in Fig. 4 contain both primary and these ‘feed-
down’ contributions. At these collision energies, the effect of feed-down 
is estimated18 to produce differences of only about 20% between the 
polarization of primary and of all hyperons.

The sNN-averaged polarizations indicate a vorticity of ω ≈ (9 ± 1) ×  
1021 s−1, with a systematic uncertainty of a factor of two, mostly owing 

to uncertainties in the temperature. This far surpasses the vorticity of 
all other known fluids, including solar subsurface flow23 (10−7 s−1); 
large-scale terrestrial atmospheric patterns24 (10−7–10−5 s−1); supercell 
tornado cores25 (10−1 s−1); the great red spot of Jupiter26 (up to 
10−4 s−1); and the rotating, heated soap bubbles (100 s−1) used to model 
climate change27. Vorticities of up to 150 s−1 have been measured in 
turbulent flow28 in bulk superfluid He II, and Gomez et al.29 have 
recently produced superfluid nanodroplets with ω ≈ 107 s−1.

Relativistic heavy ion collisions are expected to produce intense mag-
netic fields30 parallel to Ĵsys. Coupling between the field and the intrinsic 
magnetic moments of emitted particles may induce a larger polariza-
tion for Λ  hyperons than for Λ hyperons18. This is not inconsistent with 
our observations, but probing the field will require more data to reduce 
statistical uncertainties as well as potential effects related to differences 
in the measured momenta of Λ and Λ  hyperons.

The discovery of global Λ polarization in non-central heavy ion colli-
sions opens up new directions in the study of the hottest, least viscous—
and now, most vortical—fluid produced in the laboratory. Quantitative 
estimates of extreme vorticity yield a more complete characterization 
of the system and are crucial input to studies of phenomena related to 
chiral symmetry restoration that may provide insight into the complex 
interactions between quarks and gluons.

Online Content Any Extended Data display items and Source Data are available in 
the online version of the paper; references unique to these sections appear only in 
the online paper.

Data Availability The polarization data published here are available in the HEPdata 
repository http://dx.doi.org/10.17182/hepdata.77494.
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as consistent with our measurements, within reported statistical 
uncertainty.

We have performed several checks that indicate a zero polarization 
‘signal’, as expected, in the combinatoric background of proton–pion 
pairs that do not come from Λ hyperons. This includes analysis of pro-
ton–pion pairs with invariant masses slightly different from the mass 
of a Λ hyperon mΛ. Nevertheless, these checks have finite statistical 
precision, so we consider the possibility of fluctuations in the back-
ground that could contribute to the polarization signal. This dominates 
the systematic uncertainties in the signal. Uncertainties due to Λ iden-
tification criteria (such as requirements for the spatial proximity of the 
proton and π daughters) are negligible. There are also small systematic 
uncertainties in the overall scale, which would scale both the value of 
( H and the statistical uncertainty, thus not affecting the statistical sig-
nificance of the signal. These include the uncertainties in the Λ decay 
parameter α (2%)17, the reaction-plane resolution (about 2%)22, and 
detector efficiency corrections (about 3.5%).

The fluid vorticity may be estimated from the data using the hydro-
dynamic relation18

ω≈ + /′ ′Λ Λ( (k T ħ( ) (3)B

where T is the temperature of the fluid at the moment when particles 
are emitted from it. The subscripts Λ′ and Λ ′ in equation (3) indicate 
that these polarizations are for ‘primary’ hyperons emitted directly from  
the fluid. However, most of the Λ and Λ  hyperons at these collision  
energies are not primary, but are decay products from heavier particles 
(for example, ∑*,+ → Λ + π+), which themselves would be polarized 
by the fluid. The data in Fig. 4 contain both primary and these ‘feed-
down’ contributions. At these collision energies, the effect of feed-down 
is estimated18 to produce differences of only about 20% between the 
polarization of primary and of all hyperons.

The sNN-averaged polarizations indicate a vorticity of ω ≈ (9 ± 1) ×  
1021 s−1, with a systematic uncertainty of a factor of two, mostly owing 

to uncertainties in the temperature. This far surpasses the vorticity of 
all other known fluids, including solar subsurface flow23 (10−7 s−1); 
large-scale terrestrial atmospheric patterns24 (10−7–10−5 s−1); supercell 
tornado cores25 (10−1 s−1); the great red spot of Jupiter26 (up to 
10−4 s−1); and the rotating, heated soap bubbles (100 s−1) used to model 
climate change27. Vorticities of up to 150 s−1 have been measured in 
turbulent flow28 in bulk superfluid He II, and Gomez et al.29 have 
recently produced superfluid nanodroplets with ω ≈ 107 s−1.

Relativistic heavy ion collisions are expected to produce intense mag-
netic fields30 parallel to Ĵsys. Coupling between the field and the intrinsic 
magnetic moments of emitted particles may induce a larger polariza-
tion for Λ  hyperons than for Λ hyperons18. This is not inconsistent with 
our observations, but probing the field will require more data to reduce 
statistical uncertainties as well as potential effects related to differences 
in the measured momenta of Λ and Λ  hyperons.

The discovery of global Λ polarization in non-central heavy ion colli-
sions opens up new directions in the study of the hottest, least viscous—
and now, most vortical—fluid produced in the laboratory. Quantitative 
estimates of extreme vorticity yield a more complete characterization 
of the system and are crucial input to studies of phenomena related to 
chiral symmetry restoration that may provide insight into the complex 
interactions between quarks and gluons.
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Experimental measurements: φ,Κ*
• Vector meson (J=1-) spin alignment

ü Spin tensor polarization
ü Cannot measure the polarization sign
ü Do not need the reaction plane direction
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Pattern of global spin alignment of φ and K*0 
mesons in heavy-ion collisions

STAR Collaboration*

Notwithstanding decades of progress since Yukawa !rst developed a description  
of the force between nucleons in terms of meson exchange1, a full understanding  
of the strong interaction remains a considerable challenge in modern science. One 
remaining di"culty arises from the non-perturbative nature of the strong force, 
which leads to the phenomenon of quark con!nement at distances on the order of the 
size of the proton. Here we show that, in relativistic heavy-ion collisions, in which 
quarks and gluons are set free over an extended volume, two species of produced 
vector (spin-1) mesons, namely φ and K*0, emerge with a surprising pattern of global 
spin alignment. In particular, the global spin alignment for φ is unexpectedly large, 
whereas that for K*0 is consistent with zero. The observed spin-alignment pattern and 
magnitude for φ cannot be explained by conventional mechanisms, whereas a model 
with a connection to strong force !elds2–6, that is, an e$ective proxy description within 
the standard model and quantum chromodynamics, accommodates the current data. 
This connection, if fully established, will open a potential new avenue for studying the 
behaviour of strong force !elds.

At the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National 
Laboratory, heavy ions (such as gold nuclei) are accelerated up to 
99.995% of the speed of light and collide from opposite directions. 
Owing to the extreme conditions achieved, quarks and gluons are lib-
erated for a brief time (about 10−23 s), instead of being confined inside 
particles such as protons and neutrons by the strong force. The hot and 
dense state of matter formed in these collisions is called the quark–
gluon plasma (QGP)7–10. These collisions offer an ideal environment 
for studying phenomena related to quantum chromodynamics, the 
theory of strong interaction among quarks and gluons.

In collisions that are not exactly head-on, the approach paths of the 
two nuclei are displaced by a distance called the impact parameter (b), 
generating a very large orbital angular momentum (OAM) in the system. 
Part of the OAM is transferred to the QGP in the form of fluid vorticity 
along the OAM direction, which can polarize the spin of the particles 
through spin–orbit coupling, a phenomenon called global polariza-
tion11–16. According to the flavour–spin wave function, the polarization 
of the Λ (Λ) hyperon is carried solely by the strange quark s (s), indicat-
ing the global polarization of the s (s) quark17. The global polarization 
of Λ (Λ) hyperons produced in heavy-ion collisions has been studied 
through their decays by the STAR18–20, the ALICE21 and the HADES22 
collaborations.

The global polarization of quarks influences production of vector 
mesons such as φ(1020) and K*0(892). Unlike Λ (Λ) hyperons, which 
can undergo weak decay with parity violation, and for which the prod-
ucts in the rest frame of the decay are emitted preferentially in the spin 
direction, the polarization of vector mesons cannot be directly meas-
ured because they mainly decay through the strong interaction, in 
which parity is conserved. Nevertheless, the spin state of a vector meson 
can be described by a 3 × 3 spin density matrix with unit trace23. The 
diagonal elements of this matrix, namely ρ11, ρ00 and ρ−1−1, are 

probabilities for the spin component along a quantization axis to take 
the values of 1, 0 and −1, respectively. The quantization axis is a chosen 
axis onto which the projection of angular momentum has well-defined 
quantum numbers. When the three spin states have equal probability 
to be occupied, all three elements are 1/3 and there is no spin alignment. 
If ρ00 ≠ 1/3, the probabilities of the three spin states along the quantiza-
tion axis are different and there is a spin alignment. In the rest frame 
of a vector meson decaying to two particles, the angular distribution 
of one of the decay products can be written as

N
θ

ρ ρ θ
d

d(cos *)
∝ (1 − ) + (3 − 1)cos *, (1)00 00

2

in which θ* is the polar angle between the quantization axis and the 
momentum direction of that decay particle. By fitting the angular dis-
tribution of decay particles with the function above, one can infer the 
ρ00 value. For the study of global spin alignment, the quantization axis 
(n̂) is chosen to be the direction of the OAM (L̂), which is perpendicular 
to the reaction plane. The reaction plane is defined by the direction of 
the colliding nuclei (beam direction) and the impact parameter vector 
(b̂)24. See Fig. 1 for a schematic view of the coordinate setup for measur-
ing global spin alignment in heavy-ion collisions. φ mesons are identi 
fied by means of their decay φ → K+ + K−. The K*0 and K*0 mesons are 
reconstructed by means of their decay K* (K* ) → K π (K π )0 0 + − − + . Here-
after, K*0 refers to the combination of K*0 and K*0 unless otherwise 
specified.

It is assumed2,12,25–27 that the global spin alignment of φ mesons can 
be produced by the coalescence of polarized s and s quarks, which can 
be caused by vortical flow or the local fluctuation of mean field (meson 
field). The conventional sources for the polarization of s and s quarks 
include: the vortical flow25,28 in the QGP in collisions with non-zero 
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FIG. 2. (Color online) The spin-density matrix elements ρ00 with
respect to the reaction plane in midcentral Au + Au collisions at√

sNN = 200 GeV versus pT of the vector meson. The sizes of the
statistical uncertainties are indicated by error bars, and the systematic
uncertainties by caps. The K∗0 data points have been shifted slightly
in pT for clarity. The dashed horizontal line indicates the unpolarized
expectation ρ00 = 1/3. The bands and continuous horizontal lines
show predictions discussed in the text.

in the invariant mass distribution near the φ peak caused by
photon conversions and other correlated backgrounds such
as K0∗ → K+π−, ρ0 → π+π−,$ → pπ−, and % → Nπ
decays [31]. In the case of the K∗0 these backgrounds in-
clude K0

S → π+π−, ρ0 → π+π−,φ → K+K−,$ → pπ−,
and % → Nπ decays [32]. Other point-to-point systematic un-
certainty associated with particle identification for the φ (K∗0)
meson were estimated to range from 0.007 (0.06) to 0.012
(0.09) by tightening the K± (π and K) 〈dE/dx〉 cut from 2σ
to 1σ . An additional sizable contribution to the φ uncertainty
was estimated to range from 0.007 to 0.012 by varying the
fitted invariant mass range from 1.00–1.04 GeV/c2 to 1.00–
1.06 GeV/c2 and to the K∗0 uncertainty ranging from 0.02
to 0.05 by changing its analyzed rapidity range from |y| < 1
to |y| < 0.5. The systematic uncertainties in the K0∗ mea-
surements are larger than those in the φ measurement mainly
because of the lower signal-to-background ratio of ∼1/1000
compared to ∼1/25 for the φ meson. The contributions to the
systematic uncertainty caused by elliptic flow effects and the
event plane resolution are found to be negligible. The K∗0 and
φ data are consistent with each other and are consistent with
1/3 at all pT .

Hadronization of globally polarized thermal quarks, typi-
cally having pT < 1 GeV/c, in midcentral Au + Au collisions
is predicted to cause pT -dependent deviations of ρ00 from
the unpolarized value of 1/3 [1,4,6,33]. Recombination of
polarized thermal quarks and antiquarks is expected to dom-
inate for pT < 2 GeV/c and leads to values of ρ00 < 1/3
as indicated in Fig. 2 for a typical range of expected light
(strange) quark polarizations Pq(s) [6]. The fragmentation of
polarized thermal quarks with larger pT , however, would lead
to values of ρ00 > 1/3 for 1 < pT < 3 GeV/c [6,33], which
is indicated as well. In the region of 1 < pT < 2 GeV/c both
hadronization mechanisms could occur and their effects on ρ00
may cancel. As observed in Fig. 2 these effects are predicted to
be smaller than our experiment sensitivity. However, the large
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FIG. 3. (Color online) The dependence of ρ00 with respect to
the reaction plane on the number of participants at midrapidity
in Au + Au collisions at

√
sNN = 200 GeV. The sizes of the

statistical uncertainties are indicated by error bars and the systematic
uncertainties by caps. The φ data for pT > 2 GeV/c and the K∗0 data
points have been shifted slightly in 〈Npart〉 for clarity. The dashed
horizontal line indicates the unpolarized expectation ρ00 = 1/3.

(strange) quark polarization, Pq,s = −0.3, considered in the
recombination scenario of Ref. [1], results in worse agreement
of ρ00 with our φ data than −0.03 < Pq,s < 0.15 discussed
in Ref. [4]. Our data are consistent with the unpolarized
expectation ρ00 = 1/3. Recent measurement of the $ and $̄
global polarization also found no significant polarization and
an upper limit, |P$,$| ! 0.02, was obtained [21].

The centrality dependence of the global spin alignment
measurements for K∗0 and φ vector mesons with low and
intermediate pT is shown in Fig. 3. The orbital angular
momentum of the colliding system depends strongly on the
collision centrality. Global polarization is predicted to be
vanishingly small in central collisions and to increase almost
linearly with impact parameter in semicentral collisions due
to increasing particle angular momentum along with effects of
spin-orbit coupling in QCD [1]. The data exhibit no significant
spin alignment at any collision centrality and thus can constrain
the possible size of spin-orbit couplings.

Figure 4 and Table II present the K∗0 and φ spin alignment
measurements with respect to the production plane in mid-
central Au + Au collisions at

√
sNN = 200 GeV together with

the φ meson results in p+p collisions at the same incident
energy. As is the case for our measurements with respect to
the reaction plane, the uncertainties in the measurement with
respect to the production plane are smaller for the φ than for

TABLE II. The averaged spin-density matrix elements ρ00 with
respect to the production plane in midcentral Au + Au collisions and
the φ result in p+p collisions at

√
sNN = 200 GeV.

K∗0 φ

ρ00(pT < 2.0 GeV/c) 0.43 ± 0.04 ± 0.09 0.42 ± 0.02 ± 0.04
ρ00(pT > 2.0 GeV/c) 0.38 ± 0.04 ± 0.09 0.38 ± 0.03 ± 0.05
ρ00(pT < 5.0 GeV/c) 0.42 ± 0.03 ± 0.09 0.41 ± 0.02 ± 0.04
ρ00(p + p) 0.39 ± 0.03 ± 0.06

061902-5

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

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

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

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

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. Large hNparti

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

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

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

p ¼
2.76 TeV and minimum bias pp collisions at

ffiffiffi
s

p
¼ 13 TeV.

Results are shown for spin alignment with respect to the event
plane [panels (a),(b)], production plane [(c),(d)], and random
event plane [(e),(f)] for K"0 (left column) and ϕ (right column).
The statistical and systematic uncertainties are shown as bars and
boxes, respectively.

PHYSICAL REVIEW LETTERS 125, 012301 (2020)

012301-3

Image credit : Brookhaven National Laboratory



The STAR Detector at BES-I
…Magnet TPC ToF BBC ZDCSMD… • TPC: effectively 3-D ionization camera 

with over 50 million pixels

• STAR: a complex set of various 
detectors, a wide range of 
measurements and a broad coverage 
of different physics topics 

• Zoom in this analysis:
ü Excellent PID & EP
ü Uniform acceptance for all beam

energies Article

0.98 1 1.02 1.04
)2) (GeV/c-,K+M(K

0

0.2

0.4

0.6

3!10·

Ra
w 

Yi
eld

s

"a) 
Au+Au 27 GeV & 20-60%

 < 1.8 GeV/c
T

|y| < 1.0 & 1.2 < p
BW+res. bkg.
res. bkg.

0.8 0.9 1
)2) (GeV/c

–

,K–#M(

0

2

4

6

8
3!10·

Ra
w 

Yi
eld

s

*0b) K
Au+Au 54.4 GeV & 20-60%

 < 2.5 GeV/c
T

|y| < 1.0 & 2.0 < p

BW+res. bkg.
res. bkg.

0 0.2 0.4 0.6 0.8 1
*)$cos(

1.4

1.5

1.6

1.7

3!10·

Ra
w 

Yi
eld

s

"c) 
Au+Au 27 GeV & 20-60%

 < 1.8 GeV/c
T

|y| < 1.0 & 1.2 < p

0 0.2 0.4 0.6 0.8 1
*)$cos(

4.2

4.4

4.6

4.8

5
3!10·

Ra
w 

Yi
eld

s

*0d) K
Au+Au 54.4 GeV & 20-60%

 < 2.5 GeV/c
T

|y| < 1.0 & 2.0 < p

Extended Data Fig. 1 | Example of combinatorial-background-subtracted 
invariant-mass distributions and the extracted yields as a function of cosθ* 
for φ and K*0 mesons. a, Example of φ → K+ + K− invariant-mass distributions, 
with combinatorial background subtracted, integrated over cosθ*. b, Example 

of K* (K* ) → K π (K π )0 0 − + + −  invariant-mass distributions, with combinatorial 
background subtracted, integrated over cosθ*. c, Extracted yields of φ as a 
function of cosθ*. d, Extracted yields of K*0 as a function of cosθ*.
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STAR Col. Nature 614, 244 (2023)
• Extend the study to lower energies with high statistics, @200 GeV, a factor of ~50 more event statistics analyzed.

• We see that the 
signal for the φ 
meson occurs 
mainly withn 
~1.0-2.4 GeV/c; 
at larger pT the 
results can be 
regarded as 
being consistent 
with 1/3 within 
~2sigma or less. 

• 1st order EP: ZDC 
or BBC

• 2nd order EP: TPC



Results averaged over pT

1) φ-meson is significantly above 1/3 for sqrt{s}≤ 
62 GeV

2) K* is largely consistent with 1/3

3) Averaged over 62 GeV and below:

• 0.3541 ± 0.0017 (stat.) ± 0.0018 (sys.) for φ

• 0.3356 ± 0.0034 (stat.) ± 0.0043 (sys.) for K*

* Different approaches are used in combinatorial bg. analysis
** Errors displayed for ALICE data are statistical only

STAR Col. Nature 614, 244 (2023)
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collision energies of 62 GeV and below, indicating finite global spin 
alignment. The ρ00 for φ mesons, averaged over beam energies between 
11.5 and 62 GeV, is 0.3512 ± 0.0017 (stat.) ± 0.0017 (syst.). Taking the 
total uncertainty as the sum in quadrature of statistical and systematic 
uncertainties, our results indicate that the φ-meson ρ00 is above 1/3 
with a significance of 7.4σ.

The ρ00 for K*0 is shown for 1.0 < pT < 5.0 GeV c−1. We observe that ρ00 
for K*0 is consistent with 1/3, in marked contrast to the results for φ. 
The ρ00 for K*0, averaged over beam energies of 54.4 GeV and below, is 
0.3356 ± 0.0034 (stat.) ± 0.0043 (syst.). The complete set of results for 
pT and centrality dependence for both vector mesons can be found in 
Methods. Measurements from the ALICE Collaboration for Pb+Pb col-
lisions at s = 2.76 TeVNN  (ref. 33), taken from the closest data points33 
to the mean pT for the range 1.0 < pT < 5.0 GeV c−1, are also shown for 
comparison in Fig. 3.

Intriguingly, pT-averaged φ-meson data at intermediate centrality 
can be explained by the theoretical model invoking the φ-meson  
vector field2–6. This can be seen by fitting the data, as presented by  
the solid red curve in Fig. 3. This model fit involves adjusting G y

s
( ),  

which represents3 the quadratic form of field strength tensors  
multiplied by the effective coupling constant (gφ). In its specific  
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in which Eφ,i and Bφ,i are the ith component of the analogous electric 
and magnetic parts of the φ-meson field, respectively, and ms is the 
s-quark mass and p its momentum in the φ rest frame. The stronger 
deviation of ρ00 from 1/3 observed at lower energy is explained by T1/ eff

2  
dependence originating in the theoretical description2 from the polar-
ization of quarks in the φ-meson field. Here Teff is the effective tem-
perature of the QGP fireball. This model can accommodate the large 

magnitude of ρ00 as seen in our measurement and it also gives the  
correct collision-energy dependence. The pT and centrality dependence 
of the large ρ00 signal is recently described by an improved version of 
the model, which is derived from the relativistic spin Boltzmann  
equation5.

The relationship of the φ meson to the φ-meson field is similar to 
that of the photon to the electromagnetic field. In analogy to the way 
in which the photon mediates the electromagnetic interaction, the φ 
meson can be considered a mediator of the nuclear interaction. The 
φ-meson field behaves like the electromagnetic field because both are 
vector fields, but the φ-meson field is one component of the 
short-distance (a few femtometres) strong force, whereas the electro-
magnetic field is a long-distance force. The φ-meson fields, along with 
other meson fields such as σ, π, ρ, ω and so on, are low-energy or 
intermediate-distance (on the order of nuclear radii) effective modes 
of qq  (refs. 34,35). These modes with the vacuum quantum number are 
in connection with modes of two gluon fields in quantum chromody-
namics36. Just as an electric charge in motion can generate an electro-
magnetic field, the strange quarks s and s in motion can produce an 
effective φ-meson field. The local difference between the currents of 
s and s (net-strangeness current), which may occur because the s and 
s have different momenta at a given space-time point, can generate an 
effective φ-meson field. Through its magnetic part, the vector meson 
field has been used to predict the difference between the polarization 
of Λ and Λ (ref. 37). Similar to how an electric field can polarize a quark 
and antiquark through spin–orbit couplings, the strong electric part 
of the φ-meson field can also polarize s and s, leading to a positive 
contribution to ρ00 of the φ meson (as a bound state of s and s) but with 
much larger magnitude owing to its strong interaction (a large coupling 
constant gφ). Figure 3 shows that, although conventional explanations 
fall far short in accounting for the data, our experimental measurement 
in 20–60% centrality can be described well by this model, which invokes 
the φ-meson field, thus favouring the conclusion that the φ-meson 
field leads to the φ-meson global spin alignment.

The lifetime of K*0 is about ten times shorter than the φ lifetime, 
corresponding to a mean proper decay length cτ ≈ 4.1 fm, making it 
susceptible to in-medium effects. The difference between the global 
spin alignment for K*0 and φ may be attributed to different in-medium 
interactions resulting from this difference in lifetime, a polarization 
transfer during the late stage of hadronic interactions38 and a differ-
ent response to the vector meson field2. Similar to strange quarks  
(s and s), light quarks can also be polarized by vorticity fields and vec-
tor meson fields. However, the vector fields that polarize light quarks, 
such as the ρ and ω fields, are distinct from the φ field that polarizes 
strange quarks. The contributions from vector meson fields to ρ00 for 
K*0 involve averages of products of different vector meson fields, such 
as that from the φ (for the s) and ρ (for the d). It is expected that the 
correlations between these two different, fluctuating vector meson 
fields for d and s are much weaker than the correlations between the 
same fields for s and s, causing the vector meson field contributions 
to ρ00 for K*0 to be negligible4. The above considerations may account 
for the small deviation of ρ00 for K*0 from 1/3, as observed in experi-
ments. A comprehensive and quantitative study of all these effects is 
needed to show the nature of such a marked difference between spin 
alignments of K*0 and φ. Our new data provide motivation for further 
theoretical developments in this direction.

On the basis of the fit to our data in Fig. 3 with the model in ref. 2, we 
estimate the free parameter in the fit, G y

s
( ), to be m4.64 ± 0.73 π

4 . This 
value of G y

s
( ) is compatible with the value of the average field squared 

times g φ
2  used in the calculation of the relativistic spin Boltzmann  

equation5. The extracted value serves as only a rough estimate, as uncer-
tainties and assumptions in ref. 2 await further studies by the theo-
retical community. This is a qualitatively new class of measurement 
and it offers important guidance for future theoretical progress con-
cerning the strong force field under extreme conditions.
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Fig. 3 | Global spin alignment of φ and K*0 vector mesons in heavy-ion 
collisions. The measured matrix element ρ00 as a function of beam energy  
for the φ and K*0 vector mesons within the indicated windows of centrality, 
transverse momentum (pT) and rapidity ( y). The open symbols indicate ALICE 
results33 for Pb+Pb collisions at 2.76 TeV at pT values of 2.0 and 1.4 GeV c−1 for the 
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pT for the 1.0–5.0 GeV c−1 range assumed for each meson in the present analysis. 
The solid red curve is a fit to data in the range s = 19.6 − 200 GeVNN , based on a 
theoretical calculation with a φ-meson field2. Parameter sensitivity of ρ00 to 
the φ-meson field is shown in ref. 5. The dashed red line is an extension of the 
solid curve with the fitted parameter G y

s
( ). The dashed black line represents 

ρ00 = 1/3.
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At high energies (≥62.4 GeV) for φ, and (≥39 GeV) for K*, ρ00 in central collisions tends to ≤1/3. This might be 
caused by transerve local spin alignment and a contribution from the helicity polarization of quarks.

• 1st order EP: ZDC 
or BBC

• 2nd order EP: TPC
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Can we explain the large ρ00 of φ-meson?

• Polarization by a strong force field of vector meson 

à Can accommodate large deviation for φ-meson 

ρ00 at midcentral collisions
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collision energies of 62 GeV and below, indicating finite global spin 
alignment. The ρ00 for φ mesons, averaged over beam energies between 
11.5 and 62 GeV, is 0.3512 ± 0.0017 (stat.) ± 0.0017 (syst.). Taking the 
total uncertainty as the sum in quadrature of statistical and systematic 
uncertainties, our results indicate that the φ-meson ρ00 is above 1/3 
with a significance of 7.4σ.

The ρ00 for K*0 is shown for 1.0 < pT < 5.0 GeV c−1. We observe that ρ00 
for K*0 is consistent with 1/3, in marked contrast to the results for φ. 
The ρ00 for K*0, averaged over beam energies of 54.4 GeV and below, is 
0.3356 ± 0.0034 (stat.) ± 0.0043 (syst.). The complete set of results for 
pT and centrality dependence for both vector mesons can be found in 
Methods. Measurements from the ALICE Collaboration for Pb+Pb col-
lisions at s = 2.76 TeVNN  (ref. 33), taken from the closest data points33 
to the mean pT for the range 1.0 < pT < 5.0 GeV c−1, are also shown for 
comparison in Fig. 3.

Intriguingly, pT-averaged φ-meson data at intermediate centrality 
can be explained by the theoretical model invoking the φ-meson  
vector field2–6. This can be seen by fitting the data, as presented by  
the solid red curve in Fig. 3. This model fit involves adjusting G y
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in which Eφ,i and Bφ,i are the ith component of the analogous electric 
and magnetic parts of the φ-meson field, respectively, and ms is the 
s-quark mass and p its momentum in the φ rest frame. The stronger 
deviation of ρ00 from 1/3 observed at lower energy is explained by T1/ eff

2  
dependence originating in the theoretical description2 from the polar-
ization of quarks in the φ-meson field. Here Teff is the effective tem-
perature of the QGP fireball. This model can accommodate the large 

magnitude of ρ00 as seen in our measurement and it also gives the  
correct collision-energy dependence. The pT and centrality dependence 
of the large ρ00 signal is recently described by an improved version of 
the model, which is derived from the relativistic spin Boltzmann  
equation5.

The relationship of the φ meson to the φ-meson field is similar to 
that of the photon to the electromagnetic field. In analogy to the way 
in which the photon mediates the electromagnetic interaction, the φ 
meson can be considered a mediator of the nuclear interaction. The 
φ-meson field behaves like the electromagnetic field because both are 
vector fields, but the φ-meson field is one component of the 
short-distance (a few femtometres) strong force, whereas the electro-
magnetic field is a long-distance force. The φ-meson fields, along with 
other meson fields such as σ, π, ρ, ω and so on, are low-energy or 
intermediate-distance (on the order of nuclear radii) effective modes 
of qq  (refs. 34,35). These modes with the vacuum quantum number are 
in connection with modes of two gluon fields in quantum chromody-
namics36. Just as an electric charge in motion can generate an electro-
magnetic field, the strange quarks s and s in motion can produce an 
effective φ-meson field. The local difference between the currents of 
s and s (net-strangeness current), which may occur because the s and 
s have different momenta at a given space-time point, can generate an 
effective φ-meson field. Through its magnetic part, the vector meson 
field has been used to predict the difference between the polarization 
of Λ and Λ (ref. 37). Similar to how an electric field can polarize a quark 
and antiquark through spin–orbit couplings, the strong electric part 
of the φ-meson field can also polarize s and s, leading to a positive 
contribution to ρ00 of the φ meson (as a bound state of s and s) but with 
much larger magnitude owing to its strong interaction (a large coupling 
constant gφ). Figure 3 shows that, although conventional explanations 
fall far short in accounting for the data, our experimental measurement 
in 20–60% centrality can be described well by this model, which invokes 
the φ-meson field, thus favouring the conclusion that the φ-meson 
field leads to the φ-meson global spin alignment.

The lifetime of K*0 is about ten times shorter than the φ lifetime, 
corresponding to a mean proper decay length cτ ≈ 4.1 fm, making it 
susceptible to in-medium effects. The difference between the global 
spin alignment for K*0 and φ may be attributed to different in-medium 
interactions resulting from this difference in lifetime, a polarization 
transfer during the late stage of hadronic interactions38 and a differ-
ent response to the vector meson field2. Similar to strange quarks  
(s and s), light quarks can also be polarized by vorticity fields and vec-
tor meson fields. However, the vector fields that polarize light quarks, 
such as the ρ and ω fields, are distinct from the φ field that polarizes 
strange quarks. The contributions from vector meson fields to ρ00 for 
K*0 involve averages of products of different vector meson fields, such 
as that from the φ (for the s) and ρ (for the d). It is expected that the 
correlations between these two different, fluctuating vector meson 
fields for d and s are much weaker than the correlations between the 
same fields for s and s, causing the vector meson field contributions 
to ρ00 for K*0 to be negligible4. The above considerations may account 
for the small deviation of ρ00 for K*0 from 1/3, as observed in experi-
ments. A comprehensive and quantitative study of all these effects is 
needed to show the nature of such a marked difference between spin 
alignments of K*0 and φ. Our new data provide motivation for further 
theoretical developments in this direction.

On the basis of the fit to our data in Fig. 3 with the model in ref. 2, we 
estimate the free parameter in the fit, G y

s
( ), to be m4.64 ± 0.73 π

4 . This 
value of G y

s
( ) is compatible with the value of the average field squared 

times g φ
2  used in the calculation of the relativistic spin Boltzmann  

equation5. The extracted value serves as only a rough estimate, as uncer-
tainties and assumptions in ref. 2 await further studies by the theo-
retical community. This is a qualitatively new class of measurement 
and it offers important guidance for future theoretical progress con-
cerning the strong force field under extreme conditions.
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Fig. 3 | Global spin alignment of φ and K*0 vector mesons in heavy-ion 
collisions. The measured matrix element ρ00 as a function of beam energy  
for the φ and K*0 vector mesons within the indicated windows of centrality, 
transverse momentum (pT) and rapidity ( y). The open symbols indicate ALICE 
results33 for Pb+Pb collisions at 2.76 TeV at pT values of 2.0 and 1.4 GeV c−1 for the 
φ and K*0 mesons, respectively, corresponding to the pT bin nearest to the mean 
pT for the 1.0–5.0 GeV c−1 range assumed for each meson in the present analysis. 
The solid red curve is a fit to data in the range s = 19.6 − 200 GeVNN , based on a 
theoretical calculation with a φ-meson field2. Parameter sensitivity of ρ00 to 
the φ-meson field is shown in ref. 5. The dashed red line is an extension of the 
solid curve with the fitted parameter G y

s
( ). The dashed black line represents 

ρ00 = 1/3.
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We correct a sign error in the polarization formula for the antifermion. This may change some results and related
discussions. The main conclusion is not changed.
In the abstract, the third sentence is changed to “The contribution may be from the polarization of the strange quark and

antiquark through the ϕ field, an effective mode of the gluon field in the strong interaction.”
In Sec. III, in the second line below Eq. (4), there is a sign error in the definition of pμ for the antifermion, which should

be pμ ¼ ðEp;pÞ. Such a sign in the polarization of the antifermion is very subtle and may lead to an inconsistency in the
relativistic spin transport theory. On the rhs of Eq. (5), the sign for s̄ in the second and fourth terms should be þ and −,
respectively. On the rhs of Eq. (8), the sign in the third and fourth terms should be þ and −, respectively. In line 7 after
Eq. (8), “9.18 m2

π” is changed to “9.45 m2
π.” In the last paragraph in the left column on page 3, the third to sixth sentences

should be changed to: “The cΛ term has two contributions: the vorticity contribution is negative and the magnetic field
contribution is positive, and they are all of the order 10−3 to 10−4 according to the simulations using transport models
[21,22] and hydrodynamic models [57,58], respectively. The cε term provides a positive contribution to ρϕ00 but is not
constrained by the data of Λ polarization.”
In Sec. IV, in the left column on page 4 we make the following changes:
(a) The mathematical expression at the beginning of line 7 should have a minus sign for the antiquark, i.e., it should be

changed to %gϕŷ · ðEϕ × ps=s̄Þ=ð2m2
sTÞ.

(b) The sentence in line 7 starting with “Correspondingly, Py
Λ=Λ̄ðt;xÞ…” is changed to “Correspondingly, Py

Λ=Λ̄ðt;xÞ in
Eq. (6) has an additional term %gϕB

y
ϕ=ð2msTÞ which is constrained by the data.”
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(d) The fourth sentence after Eq. (13) should be changed to: “The important feature in Eq. (13) is that cϕ has a positive
contribution from Bϕ and a negative contribution from Eϕ in the form of field squares which are not constrained
by Py

Λ=Λ̄ðt;xÞ.”
(e) The second sentence in the second-to-last paragraph in the left column is changed to: “If the data show that ρϕ00 is

larger than 1=3 by at least a few percent, according to our model, the deviation may possibly be from cϕ involving
the magnetic part of the ϕ field under the condition that the quark polarization is only along the y direction.”

In the right column of page 4, we make the following changes: (a) The expression “∂jz;xs =∂t” in line 8 is changed to
“∂jz;xs =∂t and ð∇ × JsÞy.” (b) The expression “CðyÞ
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It must satisfy strangeness conservation @µJµ
s = 0 with the condition
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d3x⇢s(t,x) = 0. The electric and magnetic

part of the � field that contribute to the spin alignment along +y direction are given by
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where Ẽi
� = Ẽ�,i ⌘ ri⇢s + @jis/@t with i = x, y, z. The z component of Js in (10) is the result of the difference

in the parton distribution function for s and s̄ in nucleons: s(xB) 6= s̄(xB) in different regions of xB , where xB is
the momentum fraction (Bjorken variable) carried by s and s̄ in the proton. Although the uncertainty in extracting
s(xB) and s̄(xB) in the nucleon sea from experimental data [67–69] is large, there are strong evidences [69, 70] for
s(xB) 6= s̄(xB). Extensive theoretical studies have been done on the asymmetry of s(xB) and s̄(xB) in the past 30
years [71–79]. In nucleus-nucleus collisions, this leads to a non-zero strangeness current jzs which may depend on time.
We have also generalized this feature by introducing ⇢s, jxs and jys in Eq. (10).

Then the contribution from the � meson field can be obtained from Eqs. (5,6,8,9) by replacements: B ! B�,
E ! E� and Qs = � 1

3e ! g�. Now P y
s/s̄ in Eq. (5) have two additional terms: ±g�B
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�/(2msT ) and ±g�ŷ ·�
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/(2m2

sT ). Correspondingly, P y
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(t,x) in (6) has an additional term ±g�B
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by the data. We see that it is B� instead of E� that contributes to P y
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(t,x). Equation (8) becomes
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Note that the average is taken over the space-time volume. In deriving (12) we have assumed that there are no
correlations among different fields (fluid field, electromagnetic field, � field), e.g. between fluid and electromagnetic
field, between B and B�, and between E and E�, etc.. We have also assumed that there is no correlation between the
electric and magnetic part of the same field. The important feature of Eq. (13) is that c� has positive contribution
from B� and negative contribution from E� in the form of field squares which are not constrained by P y

⇤/⇤̄
(t,x). We

note that Eq. (12) is for ⇢�00 in the y direction, one can obtain ⇢�00 in the x or z direction as well. For ⇢�00 in the x
direction, one can just replace !y, By and By

� in c⇤ by !x, Bx and Bx
� respectively, and replace "x, Ex and Ex

� in c",
cE and c� by "y, Ey and Ey

� respectively.
As we have shown in Sec. III that c⇤, c" and cE in Eq. (12) are negligibly small compared with 1/3 for Au+Au

collisions in the collision energy range 20-200 GeV. If the data show that ⇢�00 is larger than 1/3 by at least a few
percent, according to our model, the deviation may possibly be from c� involving the magentic part of the � field.
A good feature of ⇢�00 is that each contribution is in square up to a sign, so it is either positive or negative definite.
This property does not depend on the procedure of taking an average or on choices of parameters. It exists even for
fluctuating fields (the vorticity, electromagnetic and � field). Therefore ⇢�00 is a good analyzer for fields even if they
may fluctuate strongly in space-time.

We can estimate in a simple model the dominant contribution to ⇢�00 from the last term of Eq. (12). We choose
the effective temperature as Te↵ / ⌧�1/3

0 (dnch/d⌘)
1/3
⌘=0 , where ⌧0 ⇠ s�1/2

NN and (dnch/d⌘)⌘=0 / �0.4 + 0.39 ln sNN

is the pseudorapidity density of charged particles at the central pseudorapidity ⌘ = 0 and the collision energy s1/2NN

should take the dimensionless number when expressed in the unit GeV [80]. We set Te↵ = 300 MeV at s1/2NN = 200

GeV for calibration. In this way the collision energy behavior of ⇢�00 is solely from Te↵ which is a strong assumption
in this order of magnitude estimate. As an approximation, we assume that @Js/@t and r⇥ Js do not depend on the
collision energy. We set the values of the following parameters: ms =450 MeV and G(y)

s = (2.05, 3.08, 5.13)m4
⇡ where

G(y)
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Ei
. Note that the value of g� can be taken from the constraint

by the compact star properties in the quark-meson model [65, 66]. With these values of parameters the dominant
contribution to ⇢�00, c� in Eq. (12), as a function of collision energy in Au+Au collisions is shown in Fig. 1. We see
in Fig. 1 that ⇢�00 decreases with the collision energy.
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Fluctuation of quark and gluon fields ⇒ local net-quark current.
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Like electric charges in motion can generate an EM field, > and > quarks in motion
can generate an effective ϕ-meson field.

The ϕ-meson field can polarize > and > quarks with a large magnitude due to 
strong interaction, in analogy to how EM field polarize (anti)quarks.

?I/K
L t, A, BI/K = 1

2E6 + 1
2FK

GH ⋅ J×BI/K
± 8"
79":

16 ± 8"
79"#:

GH ⋅ M×BI/K
± @4
79":

1M,6 ±
@4

79"#:
GH ⋅ NM×BI/K

Quark version of the spin-orbit 
force. Not accessible via PΛ.

The first time the strong force field is experimentally supported 
as a key mechanism that leads to global spin alignment. 
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• The strong force field is experimentally supported as a key machenism that leads to global alignment



PHYSICAL REVIEW C 99, 021901(R) (2019)
Rapid Communications

! and !̄ spin interaction with meson fields generated by the baryon current
in high energy nuclear collisions

L. P. Csernai,1 J. I. Kapusta,2 and T. Welle2

1Institute of Physics and Technology, University of Bergen, Allegaten 55, 5007 Bergen, Norway
2School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA

(Received 1 August 2018; revised manuscript received 12 December 2018; published 19 February 2019)

We propose a dynamical mechanism which provides an interaction between the spins of hyperons and
antihyperons and the vorticity of the baryon current in noncentral high energy nuclear collisions. The interaction
is mediated by massive vector and scalar bosons, which is well known to describe the nuclear spin-orbit
force. It follows from the Foldy-Wouthuysen transformation and leads to a strong-interaction Zeeman effect.
The interaction may explain the difference in polarizations of ! and !̄ hyperons as measured by the STAR
Collaboration at the BNL Relativistic Heavy Ion Collider. The signs and magnitudes of the meson-baryon
couplings are closely connected to the binding energies of hypernuclei and to the abundance of hyperons in
neutron stars.

DOI: 10.1103/PhysRevC.99.021901

Experiments at the BNL Relativistic Heavy Ion Collider
(RHIC) and at the CERN Large Hadron Collider (LHC) have
provided a wealth of data on the hot and dense matter cre-
ated in collisions between heavy ions [1]. Among these data
are the coefficients of a Fourier expansion in the azimuthal
angle for various physical observables. They provide strong
evidence for collective expansion of the hot and dense matter
and provide information on transport coefficients such as the
shear viscosity [2]. In addition, the polarization of ! and
!̄ hyperons was proposed as yet another observable that
provides information on collective flow, in particular vorticity
[3,4]. Measurements of the polarizations have been made by
the STAR Collaboration from the lowest to the highest beam
energies at RHIC [5–7], noting that RHIC produces matter
with the highest vorticity ever observed.

The standard picture of ! and !̄ polarization in noncentral
heavy ion collisions assumes equipartition of energy [8,9].
But there is a potential puzzle presented by the experimental
data: The !̄ polarization is greater than the ! polarization
by a factor of 4 at the level of two standard deviations at√

sNN = 7.7 GeV for Au+Au collisions. Both the difference
between the two and their absolute values decrease with
increasing beam energy until they are approximately equal at√

sNN = 200 GeV, albeit only at the one-standard-deviation
level, whereas equipartition would suggest no difference. The
interaction that we propose addresses the issue of the polar-
ization difference.

It has been known since the early days of the nuclear
shell model that a spin-orbit interaction is required to explain
the single-particle energy levels [10]. It was subsequently
shown that attractive scalar and repulsive vector meson ex-
changes naturally lead to such spin-orbit interactions via a
nonrelativistic reduction of the Dirac equation [11]. Starting
with the so-called Walecka model [12] much success has
been achieved in describing nuclear structure, proton-nucleus

scattering, and high density matter using various versions
of these relativistic Lagrangians incorporating baryons and
mesons [13,14]. The fact that they include the strong inter-
action equivalent of the magnetic force and the spin-orbit
force, including hyperons [15], suggests that this approach
provides a natural explanation for the interaction between
spin and vorticity and for the difference between ! and !̄
polarizations.

Suppose that the strong interaction among baryons is me-
diated by a scalar field σ and a vector field V µ. The effective
Lagrangian is

Leff =
∑

j

ψ̄ j (i "∂ − mj + gσ jσ − gV j "V )ψ j

+ 1
2

(
∂µσ∂µσ − m2

σ σ 2) − 1
4

V µνVµν + 1
2

m2
V VµV µ.

(1)

Here j represents one of the spin-1/2 baryons in the octet, and
the field strength tensor for the vector field is

Vµν = ∂µVν − ∂νVµ. (2)

In general there may be a potential U (σ ) which has terms
cubic and quartic in σ but its exact form will not be needed
here.

One may perform a Foldy-Wouthuysen transformation
[16–18] (an expansion in powers of the inverse of the baryon
mass; higher order corrections may be found in Ref. [19]) to
obtain the nonrelativistic interaction between the vector field
and the spin operator S of the ! and !̄. (We set h̄ = c = 1.)
The interaction of the spin with the vector meson is

HV
spin = −gV !

m!

β S · BV − i
gV !

4m2
!

S · ∇ × EV

− gV !

2m2
!

S · EV × p, (3)
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FIG. 1. Difference in polarization of ! and !̄ hyperons, with
positive value meaning that it is opposite to the total angular mo-
mentum of the produced matter. The top panel (a) shows case I and
the bottom panel (b) shows case II, as described in the text. The data
at 200 GeV come from [7], the rest come from [6]. Only statistical
uncertainties are included.

", #, and $; feedback of the polarized spins to produce
an effective vector meson magnetic field via susceptibility;
and a more realistic, relativistic space-time evolution of the
baryon current. Nevertheless, we make some preliminary
comparisons here. The difference in polarization in the −y
direction according to Eq. (15) has the form

P!̄ − P! = C
(

nB(tch )
0.15/fm3

)(
140 MeV

T (tch )

)
. (19)

For the chemical potential and temperature at tch as functions
of

√
sNN we use the parametrization given in Ref. [32]. We

then use a crossover equation of state from [33] to deter-
mine the baryon density. For illustration, since the precise
magnitude is rather uncertain for the reasons given above,
we consider two cases. In case I C is independent of beam
energy. In case II C ∼ 1/

√
sNN because generally the directed

flow and the shear flow of net baryons is expected to decrease
with increasing energy. We take C = 0.03 for case I and
C = 0.45 GeV/

√
sNN for case II; both assume that %c > 0.

The coefficients are chosen to give a reasonable visual fit to
the polarization data as shown in Fig. 1. The difference in

polarizations rises with decreasing energy because the net
baryon density increases, the temperature decreases, and in
case II the factor C rises with decreasing energy. It is interest-
ing to note that the directed flow of both net protons [34] and
net !’s [35] is actually negative in the range 10 <

√
sNN <

30 GeV. This may reflect a change in the equation of state of
the produced matter [36]. Because the polarization difference
is sensitive to the baryon current it is a probe of the reaction
dynamics.

For comparison the true magnetic field produced in high
energy heavy ion collisions points in the −y direction. The
equilibrium ! polarization due to that field is Py = −µ!B/T
which orients the spin in the +y direction because the mag-
netic moment is negative: µ! = −0.61µN where µN is the
nuclear Bohr magneton. Being its antiparticle, the !̄ would
be polarized in the −y direction. The magnetic field has been
calculated with the inclusion of the electrical conductivity σE
of the produced matter; in its absence the magnetic field at the
time of hadronization is orders of magnitude smaller [37]. At
time t at z = 0 its value is

B = ebσE

8πt2
exp(−b2σE/4t ), (20)

where b is the impact parameter. Evaluated at t = tch =
3 fm/c, b = 7 fm, T = T (tch ) = 140 MeV, and σE = 6 MeV
the magnitude of the polarization is |Py| = 7.4 × 10−6, totally
irrelevant compared to the strong interaction induced polariza-
tion. Note also that as long as the condition γbeambσE > 1 is
satisfied there is no beam energy dependence to the magnetic
field. Realistic transport model calculations show that the time
extent of the magnetic field is on the order of 0.2 fm/c,
which is too short to build up observable polarization
[38].

For the problem of relaxation of a small departure from
equilibrium we turn to studies in the area of spintronics. A
solution to the Bloch equations for a static magnetic field
in the y direction provides a formula for the spin relax-
ation rate )s for the magnetization in that direction in the
form [39,40]

)s =
〈
$2

x

〉
+

〈
$2

z

〉

$2
y + )2

c
)c. (21)

Here $y is the Larmor frequency associated with the static
magnetic field, 〈$2

x〉 and 〈$2
z 〉 are the average fluctuations of

the Larmor frequencies in the perpendicular directions, and
1/)c is the coherence time of a single spin, which we take
to be the time between scatterings of the hyperons with other
particles. The fluctuations in this problem arise from the spin-
orbit term involving Eω × p in Eq. (3). We apply this formula
assuming an adiabatic evolution of the vector meson magnetic
field in the y direction. Around tch the time between collisions
is on the order of several fm/c, so that $y < )c. From the
spin-orbit interaction we estimate that )s ' )c, and therefore
the polarization difference should be established around the
time of hadronization at its equilibrium value and should not
change significantly thereafter.

In conclusion, we have argued that well-known interac-
tions of baryons with mesons can result in a splitting of the
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where EV and BV are the vector meson electric and magnetic
fields corresponding to Eq. (2), p is the momentum of the !
or !̄, and

β =
(

1 0
0 −1

)
(4)

is the usual Dirac 4 × 4 β matrix. When acting on the spinors
of ! and !̄ they result in opposite signs whereas the second
and third terms have the same sign. The second and third terms
contribute to the usual nuclear spin-orbit energy. Only their
sum is Hermitian, not the individual terms. (According to the
Bianchi identity we can replace ∇ × EV with −∂BV /∂t .) For
a spherically symmetric static potential only the third term
remains, which becomes

HV
spin-orbit = gV !

2m2
!

1
r

∂V0

∂r
S · L, (5)

where L = r × p is the orbital angular momentum.
For the scalar field the spin-orbit interaction is

Hσ
spin-orbit = gσ!

2m2
!

S · ∇σ × p, (6)

while there is no “magnetic” interaction. For central potentials
this becomes

Hσ
spin-orbit = gσ!

2m2
!

1
r

∂σ

∂r
S · L. (7)

In atomic nuclei V is identified with the ω vector meson. A
survey of results in the literature leads to gωN ≈ 8.646 and
gσN ≈ 8.685 [14]. With the sign convention used here σ > 0
represents an attractive interaction and ω0 > 0 represents a
repulsive interaction. They contribute with the same sign to
the spin-orbit interaction with approximately equal strengths,
whereas their contributions to the total binding energy approx-
imately cancel.

In the mean field approximation the vector field is calcu-
lated as follows [12–14]:

∂µV µν + m2
V V ν =

∑

j

gV jJν
j . (8)

Here Jµ
j is the baryon current 〈ψ̄γ µψ〉 contributed by species

j, such that protons and antiprotons contribute with opposite
signs, for example. The mean scalar field is determined by

∂2σ + m2
σ σ + dU

dσ
=

∑

j

gσ jns j, (9)

where ns j is the scalar density 〈ψ̄ψ〉 contributed by species
j, such that protons and antiprotons contribute with the same
sign, for example. These interactions are anticipated to be-
come relevant around the time of hadronization of the hot
and dense matter created in the collisions, which is generally
accepted to be on the order of 3 to 5 fm/c or longer. The
corresponding energy scale is much less than mω = 783 MeV
and mσ ≈ 550 MeV so that the derivatives in Eqs. (8) and (9)
can be neglected.

For noncentral potentials, ∇ × EV = −∂BV /∂t &= 0,
∇σ &= (r/r2)∂σ/∂r, the spin-orbit terms represent an
exchange of energy and angular momentum with the fields.
For some systems in the condensed matter context, the
electromagnetic spin-orbit interaction has been used to derive

the Gilbert term which describes Gilbert damping, the rate at
which magnetization relaxes to equilibrium, in Refs. [20,21].
The damping of magnetization is commensurate with the
emission of electromagnetic radiation. Assuming that the
baryons in high energy nuclear collisions have a vortical
flow motion, the scalar and vector meson interactions given
above can provide a mechanism for hyperon polarization. In
addition, note that the “magnetic” interaction is opposite in
sign for hyperons and antihyperons due to the factor of β.

We can make a simple estimate of the magnitudes and signs
of the effects. We work in the center-of-momentum frame
of the colliding nuclei at mid-rapidity and neglect Lorentz γ
factors. The x-z plane is taken as the reaction plane with the
projectile nucleus moving along the +z direction at x = b/2
and the target nucleus moving along the −z direction with x =
−b/2. Then the angular momentum of the produced matter is
oriented in the −y direction. The baryon species are assumed
to all couple to the vector meson with similar coefficients.
(See the discussion below.) Therefore we approximate

m2
V V µ = ḡV Jµ

B (10)

with an effective coupling ḡV . We write the baryon cur-
rent as J0

B = nB(t ) and JB = nB(t )v(x, t ) with the velocity
parametrized by

v = (ψ̇x(t )x + c1z/t, ψ̇y(t )y, z/t + c3x/t ). (11)

The third component with z/t = tanh η, where η is space-time
rapidity, is the usual longitudinal expansion in the Bjorken
model [22]. The ψ̇x(t )x and ψ̇y(t )y terms represent transverse
expansion, and when they are different they reflect elliptic
flow. The c1 term represents directed flow of the baryons as
they are deflected away from the beam axis. The c3 term rep-
resents shear flow along the beam axis. The ci terms represent
contributions to vorticity since ∇ × v = (0,*c/t, 0), where
*c = c1 − c3, which can be positive or negative. Baryon con-
servation leads to ṅB(t ) + [ψ̇x(t ) + ψ̇y(t ) + t−1]nB(t ) = 0. In
general, for fixed transverse coordinate one expects the ψ̇ to
start near zero, rise with time, and then fall to zero. Since
we are interested in the time around hadronization we take
ψ̇x(t ) = ax/t and ψ̇y(t ) = ay/t with ax and ay constants. Then

nB(t ) = nB(tch )
(

tch

t

)ax+ay+1

, (12)

where tch is the time of hadronization. The limit ax = ay = 0
corresponds to longitudinal expansion only, while the limit
ax = ay = 1 corresponds to homologous spherical expansion.
Consistent with this is the approximation that the scalar den-
sity ns is a function of t only so that the scalar field does not
contribute to the polarization, at least in this simple model.

This is basically a blast wave model.1 At some time tf > tch
hydrodynamic flow ceases and free-streaming begins. At that
time x2 + y2 ! R2, where R is a cutoff on the transverse extent

1One may change variables so that x = τ sinh ρ cos φ and x/t =
(sinh ρ/ cosh η) cos φ, where ρ ! 0 is the transverse rapidity, and
similarly for y.
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where EV and BV are the vector meson electric and magnetic
fields corresponding to Eq. (2), p is the momentum of the !
or !̄, and

β =
(

1 0
0 −1

)
(4)

is the usual Dirac 4 × 4 β matrix. When acting on the spinors
of ! and !̄ they result in opposite signs whereas the second
and third terms have the same sign. The second and third terms
contribute to the usual nuclear spin-orbit energy. Only their
sum is Hermitian, not the individual terms. (According to the
Bianchi identity we can replace ∇ × EV with −∂BV /∂t .) For
a spherically symmetric static potential only the third term
remains, which becomes

HV
spin-orbit = gV !

2m2
!

1
r

∂V0

∂r
S · L, (5)

where L = r × p is the orbital angular momentum.
For the scalar field the spin-orbit interaction is

Hσ
spin-orbit = gσ!

2m2
!

S · ∇σ × p, (6)

while there is no “magnetic” interaction. For central potentials
this becomes

Hσ
spin-orbit = gσ!

2m2
!

1
r

∂σ

∂r
S · L. (7)

In atomic nuclei V is identified with the ω vector meson. A
survey of results in the literature leads to gωN ≈ 8.646 and
gσN ≈ 8.685 [14]. With the sign convention used here σ > 0
represents an attractive interaction and ω0 > 0 represents a
repulsive interaction. They contribute with the same sign to
the spin-orbit interaction with approximately equal strengths,
whereas their contributions to the total binding energy approx-
imately cancel.

In the mean field approximation the vector field is calcu-
lated as follows [12–14]:

∂µV µν + m2
V V ν =

∑

j

gV jJν
j . (8)

Here Jµ
j is the baryon current 〈ψ̄γ µψ〉 contributed by species

j, such that protons and antiprotons contribute with opposite
signs, for example. The mean scalar field is determined by

∂2σ + m2
σ σ + dU

dσ
=

∑

j

gσ jns j, (9)

where ns j is the scalar density 〈ψ̄ψ〉 contributed by species
j, such that protons and antiprotons contribute with the same
sign, for example. These interactions are anticipated to be-
come relevant around the time of hadronization of the hot
and dense matter created in the collisions, which is generally
accepted to be on the order of 3 to 5 fm/c or longer. The
corresponding energy scale is much less than mω = 783 MeV
and mσ ≈ 550 MeV so that the derivatives in Eqs. (8) and (9)
can be neglected.

For noncentral potentials, ∇ × EV = −∂BV /∂t &= 0,
∇σ &= (r/r2)∂σ/∂r, the spin-orbit terms represent an
exchange of energy and angular momentum with the fields.
For some systems in the condensed matter context, the
electromagnetic spin-orbit interaction has been used to derive

the Gilbert term which describes Gilbert damping, the rate at
which magnetization relaxes to equilibrium, in Refs. [20,21].
The damping of magnetization is commensurate with the
emission of electromagnetic radiation. Assuming that the
baryons in high energy nuclear collisions have a vortical
flow motion, the scalar and vector meson interactions given
above can provide a mechanism for hyperon polarization. In
addition, note that the “magnetic” interaction is opposite in
sign for hyperons and antihyperons due to the factor of β.

We can make a simple estimate of the magnitudes and signs
of the effects. We work in the center-of-momentum frame
of the colliding nuclei at mid-rapidity and neglect Lorentz γ
factors. The x-z plane is taken as the reaction plane with the
projectile nucleus moving along the +z direction at x = b/2
and the target nucleus moving along the −z direction with x =
−b/2. Then the angular momentum of the produced matter is
oriented in the −y direction. The baryon species are assumed
to all couple to the vector meson with similar coefficients.
(See the discussion below.) Therefore we approximate

m2
V V µ = ḡV Jµ

B (10)

with an effective coupling ḡV . We write the baryon cur-
rent as J0

B = nB(t ) and JB = nB(t )v(x, t ) with the velocity
parametrized by

v = (ψ̇x(t )x + c1z/t, ψ̇y(t )y, z/t + c3x/t ). (11)

The third component with z/t = tanh η, where η is space-time
rapidity, is the usual longitudinal expansion in the Bjorken
model [22]. The ψ̇x(t )x and ψ̇y(t )y terms represent transverse
expansion, and when they are different they reflect elliptic
flow. The c1 term represents directed flow of the baryons as
they are deflected away from the beam axis. The c3 term rep-
resents shear flow along the beam axis. The ci terms represent
contributions to vorticity since ∇ × v = (0,*c/t, 0), where
*c = c1 − c3, which can be positive or negative. Baryon con-
servation leads to ṅB(t ) + [ψ̇x(t ) + ψ̇y(t ) + t−1]nB(t ) = 0. In
general, for fixed transverse coordinate one expects the ψ̇ to
start near zero, rise with time, and then fall to zero. Since
we are interested in the time around hadronization we take
ψ̇x(t ) = ax/t and ψ̇y(t ) = ay/t with ax and ay constants. Then

nB(t ) = nB(tch )
(

tch

t

)ax+ay+1

, (12)

where tch is the time of hadronization. The limit ax = ay = 0
corresponds to longitudinal expansion only, while the limit
ax = ay = 1 corresponds to homologous spherical expansion.
Consistent with this is the approximation that the scalar den-
sity ns is a function of t only so that the scalar field does not
contribute to the polarization, at least in this simple model.

This is basically a blast wave model.1 At some time tf > tch
hydrodynamic flow ceases and free-streaming begins. At that
time x2 + y2 ! R2, where R is a cutoff on the transverse extent

1One may change variables so that x = τ sinh ρ cos φ and x/t =
(sinh ρ/ cosh η) cos φ, where ρ ! 0 is the transverse rapidity, and
similarly for y.
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FIG. 1. Difference in polarization of ! and !̄ hyperons, with
positive value meaning that it is opposite to the total angular mo-
mentum of the produced matter. The top panel (a) shows case I and
the bottom panel (b) shows case II, as described in the text. The data
at 200 GeV come from [7], the rest come from [6]. Only statistical
uncertainties are included.

", #, and $; feedback of the polarized spins to produce
an effective vector meson magnetic field via susceptibility;
and a more realistic, relativistic space-time evolution of the
baryon current. Nevertheless, we make some preliminary
comparisons here. The difference in polarization in the −y
direction according to Eq. (15) has the form

P!̄ − P! = C
(

nB(tch )
0.15/fm3

)(
140 MeV

T (tch )

)
. (19)

For the chemical potential and temperature at tch as functions
of

√
sNN we use the parametrization given in Ref. [32]. We

then use a crossover equation of state from [33] to deter-
mine the baryon density. For illustration, since the precise
magnitude is rather uncertain for the reasons given above,
we consider two cases. In case I C is independent of beam
energy. In case II C ∼ 1/

√
sNN because generally the directed

flow and the shear flow of net baryons is expected to decrease
with increasing energy. We take C = 0.03 for case I and
C = 0.45 GeV/

√
sNN for case II; both assume that %c > 0.

The coefficients are chosen to give a reasonable visual fit to
the polarization data as shown in Fig. 1. The difference in

polarizations rises with decreasing energy because the net
baryon density increases, the temperature decreases, and in
case II the factor C rises with decreasing energy. It is interest-
ing to note that the directed flow of both net protons [34] and
net !’s [35] is actually negative in the range 10 <

√
sNN <

30 GeV. This may reflect a change in the equation of state of
the produced matter [36]. Because the polarization difference
is sensitive to the baryon current it is a probe of the reaction
dynamics.

For comparison the true magnetic field produced in high
energy heavy ion collisions points in the −y direction. The
equilibrium ! polarization due to that field is Py = −µ!B/T
which orients the spin in the +y direction because the mag-
netic moment is negative: µ! = −0.61µN where µN is the
nuclear Bohr magneton. Being its antiparticle, the !̄ would
be polarized in the −y direction. The magnetic field has been
calculated with the inclusion of the electrical conductivity σE
of the produced matter; in its absence the magnetic field at the
time of hadronization is orders of magnitude smaller [37]. At
time t at z = 0 its value is

B = ebσE

8πt2
exp(−b2σE/4t ), (20)

where b is the impact parameter. Evaluated at t = tch =
3 fm/c, b = 7 fm, T = T (tch ) = 140 MeV, and σE = 6 MeV
the magnitude of the polarization is |Py| = 7.4 × 10−6, totally
irrelevant compared to the strong interaction induced polariza-
tion. Note also that as long as the condition γbeambσE > 1 is
satisfied there is no beam energy dependence to the magnetic
field. Realistic transport model calculations show that the time
extent of the magnetic field is on the order of 0.2 fm/c,
which is too short to build up observable polarization
[38].

For the problem of relaxation of a small departure from
equilibrium we turn to studies in the area of spintronics. A
solution to the Bloch equations for a static magnetic field
in the y direction provides a formula for the spin relax-
ation rate )s for the magnetization in that direction in the
form [39,40]

)s =
〈
$2

x

〉
+

〈
$2

z

〉

$2
y + )2

c
)c. (21)

Here $y is the Larmor frequency associated with the static
magnetic field, 〈$2

x〉 and 〈$2
z 〉 are the average fluctuations of

the Larmor frequencies in the perpendicular directions, and
1/)c is the coherence time of a single spin, which we take
to be the time between scatterings of the hyperons with other
particles. The fluctuations in this problem arise from the spin-
orbit term involving Eω × p in Eq. (3). We apply this formula
assuming an adiabatic evolution of the vector meson magnetic
field in the y direction. Around tch the time between collisions
is on the order of several fm/c, so that $y < )c. From the
spin-orbit interaction we estimate that )s ' )c, and therefore
the polarization difference should be established around the
time of hadronization at its equilibrium value and should not
change significantly thereafter.

In conclusion, we have argued that well-known interac-
tions of baryons with mesons can result in a splitting of the
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Expectation from model with vector meson force field
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Is the contribution from local spin alignment 
dominant in central collisions and at higher 
energies?

Can accommodate positive deviation in 
mid-central and peripheral collisions

•Need measurements of local spin alignment at RHIC and LHC

STAR: arXiv: 2204.02302
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Xia et., al., Phys Lett B 817, 136325 (2021)

• Is the contribution from local spin alignment dominant 
in central collisions and at higher energies?   

Xia et al., Phys. Lett. B 817, 136325 (2021)

• Can accommodate positive deviation in mid-
central and peripheral collisions 

Sheng et al., arXiv:2205.15689

• Measurements of local spin alignment?
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Figure 61: ⇢00 as a function of centrality for Au + Au collisions at
p
sNN = 27-200 GeV. The solid

circles and squares are results obtained with 1st and 2nd order EP, respectively.

In Fig. 62 left panel, the ⇢00 for pT > 1.2 GeV/c is presented for Au + Au collisions at579 p
sNN = 11.5, 19.6, 27, 39, 62.4 and 200 GeV. The ⇢00 integrated over energies of 62 GeV and580

below is 0.3565 ± 0.0037 (stat.) ± 0.0042 (sys.) for 1st-order EP, and 0.3512 ± 0.0017 (stat.) ±581

0.0017 (sys.) for 2nd-order EP. Considering the total uncertainty as quadrature sum of statistical582

and systematical error, our results shows that for 1.2 < pT < 5.4 GeV/c, the pT integrated �-583

meson ⇢00 is above 1/3 with a 4.2 � and 7.4 � significance, for 1st-order EP and 2nd-order EP584

measurements, respectively.585

Figure 63 shows ⇢00 for � with two choices of quantization axes that are perpendicular to each586

other, namely, L̂ and b̂, corresponding to the out-of-plane and in-plane direction, respectively. L̂ is587

the usual choice of quantization axis and is used everywhere else in this paper. The plot shows that588

⇢00 in the out-of-plane direction is considerably larger than in the in-plane direction, indicating589

a stronger di↵erence in the momentum distribution between s and s̄ quarks in-plane compared590

with out-of-plane. This is possibly related to the pressure gradient in a hydrodynamic picture591

being larger in the in-plane direction. Mechanisms at the microscopic level are a topic for future592

investigation.593
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Summary and Outlook

• STAR observes a surprisingly large global spin algiment for φ-meson. It cannot be 

explained by conventional mechanisms. However, it can be accommodated by a model 

with strong force field.

• The measurement provides evidence for quark version of spin-orbital force at work.

• Potential new avenue for understanding the strong interaction.



J/y polarization with respect to the event plane in Pb–Pb collisions ALICE Collaboration
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Figure 2: Centrality (left panel) and pT dependence (right panel) of lq . The vertical bars represent the statistical
uncertainties, while the boxes correspond to the systematic uncertainties. The horizontal bars show the size of the
corresponding centrality and pT ranges, with the data points being located at the center of each interval.

and even later in the hadronic phase [46], J/y production can occur both in the QGP phase, thanks to the
early production of charm quarks in hard processes, and at hadronization, via recombination of charm
quarks, with the latter mechanism becoming dominant at low pT [47]. The spin alignment observed in
this analysis for the J/y , which is larger at low pT, may point to an origin in common to that generating
this effect for K⇤0 and f in the same kinematic region. On the other hand the tendency for such alignment
to vanish at higher pT may indicate that effects active in the early stages of the collision (strong magnetic
fields) may be less effective in generating a net polarization for charmonia. Clearly, these hints need to
be confirmed by theory studies devoted to charm and charmonium production, that are not available as
of today.

In summary, we have reported on the first measurement of the polarization for inclusive J/y produced
in Pb–Pb interactions at

p
sNN = 5.02 TeV, carried out by ALICE using the direction perpendicular to

the event plane of the collision as the polarization axis. This choice makes this measurement potentially
sensitive to the strong magnetic field created in high-energy nuclear collisions, as well as to vorticity
effects in the QGP state. A small but significant polarization effect, reaching 3.9s for 2 < pT < 4 GeV/c
and 30–50% centrality, is measured. In absolute terms, the effect is smaller than that seen for light vector
mesons. However, significant differences in the production processes require dedicated theory studies
for a quantitative understanding of this observation and a precise connection with the QGP properties at
its origin.
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First observation of global spin alignment of J/Ψ at LHC


•  ( )


•  

J/ψ : λθ ∼ 0.2, ρ00 ∼ 0.37 > 1
3

K*0 ρ00 ∼ − 0.2, ϕ ρ00 ∼ − 0.1 ( < 1
3 )

Note: Kinematic ranges of above measurements are different 

What is the origin of different sign of ρ00 ?

• J/Ψ ρ00 from mid-rapidity?

•Need inputs from theory

Talk-(HF,14/06) 
Xiaozhi Bai (ALICE)

λθ ∝ 3ρ00 − 1
1 − ρ00

• The strong fields explanation is subject to debate 
and further verification

ü Mixed flavor: ρ-meson

ü Same flavor: J/ψ-meson 

ü At large rapidity, LHC observed a signal

• It would be very interesting to carry out the study at 

midrapidity

Summary and Outlook (1)
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Figure 3: An example for the effects of vector meson fields on the spin density matrices of � and K⇤0 mesons in their rest frame.
There is large correlation between vector meson fields acting on s and s̄ in the � meson but almost no correlation between vector
meson fields acting on d and s̄ in K⇤0. Due to the short distance nature of vector meson fields, the dominant contribution to
the fields at the position of a constituent quark of � or K⇤0 is from the quark of its nearest neighbor. The relative momentum
of the quark and antiquark inside the meson is shown as 2p (intead of 2pb in the text).

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

⇤

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

⇣⌦
p2
b

↵
K⇤ /

⌦
p2
b

↵
�

⌘
compared with ⇢

�
00. Note

that the ratio
⌦
p2
b

↵
K⇤ /

⌦
p2
b

↵
�

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

K⇤

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

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

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

contributions to ⇢
K⇤

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

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

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

it is not the case for ⇢K
⇤

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

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

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

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

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

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

K⇤

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

Such a negative contribution from vorticity fields in ⇢
K⇤

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

light quark and by the ratio of
⌦
p2
b

↵
on K

⇤0’s to �’s wave function.

VI. SOLVING VECTOR MESON FIELDS GENERATED BY SOURCES

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

@µF
µ⌫
V +m

2
V V

⌫ = gV J
⌫
, (6.1)



Summary and Outlook (2)
• ρ-meson global spin alignment measurement: another good probe to understand the difference between φ,K*   

ü Due to their short life time, ρ-mesons are constantly being destroyed and regenerated. Most of ρ-mesons
reconstructed in HIC experiment are the ones that got regenerated right before freeze out. This, together 
with that ρ-meson consists of a mixture of quark flavor, makes it not a good probe to local fluctuation of 
strong force field like φ-meson.

ü The global spin alignment of ρ-meson has notable implication on CME analyses

[*CME: interplay between chirality imbalance of quarks and intense magnetic field]

• ρ-mesons spin alignment is a crucial component in the background estimation for the CME measurements involving πs
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which represents a finite background when ⇢00 deviates
from 1/3.

Essentially, Eq. (6) manifests the elliptic flow of decay
products in the ⇢ rest frame, v⇤

2
= �(3⇢00 � 1)/4, and

therefore Eq. (9) can be viewed as ��⇤
112

/ �v⇤
2
. In the

laboratory frame, Eqs. (7) and (8) should be scaled by
factors of fc and fs, respectively, due to the Lorentz boost
of the ⇢ meson. In general, fc and fs are di↵erent because
of the anisotropic motion (v⇢

2
) of ⇢ mesons. One can thus
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where f0, cn and sn depend on the spectra of ⇢ mesons.
Hence, the contribution of decay pions to ��112 in the
laboratory frame can be expressed as
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At a given v⇢
2
, we expect the ��112 measurement involving

⇢-decay pions to have a linear dependence on the ⇢00 of ⇢
mesons.

We first test the aforementioned idea with toy model
simulations without the CME. Each event contains 195
⇡+ and 195 ⇡�, with 33 pairs of them from ⇢ decays. For
simplicity, the v2 and v3 values of primordial pions are
set to zero. The spectrum of primordial pions obeys the
Bose-Einstein distribution,

dN⇡±

dm2

T

/ 1

emT /TBE � 1
, (13)
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Figure 2: Toy model simulations of the ⇡-⇡ ��112 correlation as a
function of ⇢-meson ⇢00 with various inputs of v⇢2 . Linear fits are
applied to guide eyes.

where TBE = 212 MeV is set to match the experimentally
observed hpT i = 400 MeV [47]. The spectrum of ⇢ mesons
follows

dN⇢

dm2

T

/ e�(mT�m⇢)/T

T (m⇢ + T )
, (14)

where T = 317 MeV is set to match its hpT i of 830 MeV
as observed in data [48]. Pseudorapidity (Rapidity) is uni-
formly distributed in the range of [�1, 1] for primordial
pions (⇢ mesons). ⇢-meson decays are implemented with
PYTHIA6 [49], and the spin alignment e↵ect is simulated
by sampling the decay products according to Eq. (5).

Figure 2 shows the simulation results of the ⇡-⇡ ��112
correlation from the toy model. Each marker denotes a dif-
ferent input of v⇢

2
. It is confirmed that at a given v⇢

2
, ��112

increases linearly with ⇢00. On the other hand, ��112 also
increases with v⇢

2
at a fixed ⇢00, exhibiting the convolu-

tion of v⇢
2
and ⇢00 in the background contribution from ⇢

mesons to ��112. In the case of v⇢
2
= 0 and ⇢00 = 1/3,

��112 is zero, as expected by Eq. (12). Note that the
global spin alignment e↵ect could give a negative contri-
bution to the ��112 measurement if ⇢00 is smaller than
1/3.

We also study this e↵ect with a more realistic model,
a multiphase transport (AMPT) model, without the CME
and with the spin alignment implemented by redistribut-
ing the momenta of decay products according to Eq. (5).
The details of this model can be found in Ref. [50, 51].
The selected decay channel is ⇢ ! ⇡+ + ⇡�. As a quali-
tative investigation, we only simulate Au+Au collisions atp
sNN = 200 GeV with the impact parameter of 8 fm, and

pions are analyzed without any kinematic cut to increase
statistics. The ⇢00 values are set to be 0.18, 1/3 and 0.43,
respectively, with a million events for each case. Figure 3
shows the AMPT calculations of ⇡-⇡ ��112 as a function
of ⇢-meson ⇢00. ��112 increases linearly with ⇢00, similar
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