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Global polarization in HIC
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)

054902-2

Liang, Wang Phys. Rev. Lett. 94, 102301(2005); Phys. Lett. B 629, 20 (2005)

Large OAM is deposited in the interaction region

• The initial momentum gradient will result in a rotating QGP in non-central heavy-ion collisions.

• Quarks with spin 1/2 will be polarized due to spin-orbit coupling.

• This effect may not be washed out during interactions and hadronization.
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Global polarization of Λ
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• The global polarization of Lambda serves the evidence of the rotating QGP, the most vortical 
fluid (9±1)x1021 s-1 
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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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Spin alignment of vector mesons

Local spin alignment of vector mesons in relativistic heavy-ion collisions
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We derive the spin density matrix for vector mesons in the case that quarks and anti-quarks are polarized along
arbitrary directions, and investigate the spin alignment of vector mesons arising from locally polarized quarks
and anti-quarks (local spin alignment). We found that ⇢00 , 1/3 does not signal the global polarization along
the direction of orbital angular momentum, but may also originate from local spin polarization. Such local spin
polarization could be induced by local vorticity arising from anisotropic expansion of the fireball in heavy-ion
collisions. We explore the features of the local spin alignment and propose observables that can distinguish
between the local and global spin alignments. These features can be used to probe the vorticity pattern and shed
light on the puzzles in local ⇤ polarization and � and K

⇤0 spin alignments in heavy-ion collision experiments.

Introduction.— In noncentral relativistic heavy-ion colli-
sions, when two nuclei collide at a finite impact parameter,
a large orbital angular momentum (OAM) of the order of
105�107~ could be generated [1–3]. It has been proposed [4–
8] that such an OAM can be partially transferred to the spin
of quarks and anti-quarks in the produced quark-gluon plasma
(QGP) due to spin-orbit coupling. Statistical mechanics and
kinetic theory further show that the OAM can manifest itself
in the form of fluid vorticity and polarize the particles in
the system [9–12]. As a result, hadrons emitted from the
QGP would have a net spin polarization along the OAM
direction. This phenomenon is referred to as the global

polarization. Recently, the global polarization of ⇤ hyperon
in Au+Au collisions was observed by STAR Collaboration
at RHIC [13, 14]. The data are well described by various
theoretical calculations based on the vorticity interpretation
of the polarization, see e.g. Refs. [15–21], revealing that QGP
processes a vorticity of the order of 1022 s�1, surpassing the
vorticity of all other known fluids in nature [13].

Besides the global ⇤ polarization, another remarkable ef-
fect of the OAM is the global spin alignment of vector
mesons [22–25]. Following the idea of the global polariza-
tion, if quarks and anti-quarks in QGP are globally polarized
along the OAM direction, vector mesons produced during the
hadronization processes will have di↵erent probabilities to
occupy spin states S y = 1, 0, and �1. Here the y axis is along
the OAM direction, which is perpendicular to the z-x plane
(the reaction plane) with z axis along the colliding beams and
x axis along the impact parameter. In Ref. [22], it was found
that the 00-th element of the spin density matrix of the vector
meson is related to the spin polarization of quarks and anti-
quarks through the following equation:

⇢00 =
1 � P

q

y P
q̄

y

3 + P
q

y P
q̄

y

, (1)

where P
q

y and P
q̄

y are the spin polarization of quarks and anti-
quarks along the y axis, respectively. According to Eq. (1),
⇢00 < 1/3 if quarks and anti-quarks are both polarized in y

direction by the OAM while ⇢00 > 1/3 if quarks and anti-
quarks are oppositely polarized along y and �y axes, respec-

tively, which may be caused by quark fragmentation [22],
magnetic field [23] or vector meson field [24, 25]. In both
cases, ⇢00 , 1/3 is expected to signal a nontrivial global
polarization pattern of quarks and anti-quarks. Recently, the
STAR and ALICE Collaborations reported the experimental
results of ⇢00 for � and K

⇤0 mesons which indeed deviates
from 1/3 in a wide range of centrality [26–28] but with an
unexpectedly large magnitude that has not been understood.

However, the above analysis based on Eq. (1) is not the
entire story in realistic heavy-ion collisions, because the
global OAM is not the only source of vorticity. In fact, the
anisotropic expansion of the QGP can generate complicated
local structure of the vorticity which does not contribute to
the global OAM. The particles in QGP can thus be polarized
locally and lead to specific momentum-space distribution of⇤
polarization. This phenomenon (called local ⇤ polarization)
has already been examined by recent theoretical [29–36] and
experimental studies [37], though remarkable puzzles regard-
ing the azimuthal-angle dependence remain to be resolved.

In this Letter, in accordance with the local vortical struc-
ture, we propose a scenario of local spin alignment, in which
the spin alignment of vector mesons composed by the locally
polarized quarks and anti-quarks is considered. We will show
that, even in the situation of zero global spin polarization, the
local polarization of quarks and anti-quarks can still drive ⇢00
of vector mesons to deviate from 1/3. Therefore, measurement
of the average value of ⇢00 cannot distinguish the global and
local scenarios of spin alignment. In the following, we will
discuss the characteristics of the local spin alignment and
propose specific observables to separate it from the global one.
These observables may also help us understand the puzzles in
local ⇤ polarization. We will use ~ = c = 1.

Spin density matrix of the vector meson.— The spin state
of a vector meson can be described by a 3 ⇥ 3 spin density
matrix ⇢V :

⇢V =

0
BBBBBBBB@

⇢11 ⇢10 ⇢1�1
⇢01 ⇢00 ⇢0�1
⇢�11 ⇢�10 ⇢�1�1

1
CCCCCCCCA , (2)

where the indices 1, 0, and �1 label the spin component of the
vector meson along the spin-quantization axis. Throughout
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impact parameter, the electromagnetic fields2,25 generated by the elec-
tric currents carried by the colliding nuclei, quark polarization along 
the direction of its momentum (helicity polarization)27 and the spin 
alignment produced by fragmentation of polarized quarks12. Both the 
vorticity and electromagnetic fields can be represented as relativistic, 
rank-2 tensors having ‘electric’ (space-time) and ‘magnetic’ 
(space-space) components; each contributes to the quark polarization 
along the quantization axis n̂. For the Λ and Λ polarization in the rest 
frame, the only contribution is from the magnetic components, in which 
the vorticity contribution dominates. STAR measurements of the 
polarization of Λ and Λ (refs. 18,19) indicate that the magnetic components 
of the vorticity and the electromagnetic field tensor in total give2,12,25  
a negative contribution to ρ00 at the level of 10−5. Furthermore, the local 
vorticity loop in the transverse plane26, when acting together with coa-
lescence, gives a negative contribution to global ρ00. From a hydrody-
namic simulation of the vorticity field in heavy-ion collisions, it is known2 
that the electric component of the vorticity tensor gives a contribution 
on the order of 10−4. Simulation of the electromagnetic field in heavy-ion 
collisions indicates2 that the electric field gives a contribution on the 
order of 10−5. Fragmentation of polarized quarks contributes on the 
order of 10−5 and the effect is mainly present in transverse momenta 
much larger than a few GeV c−1 (ref. 12). Helicity polarization gives a 
negative contribution at all centralities27. Locally fluctuating axial 
charge currents induced by possible local charge violation gives rise 
to the expectation29 of ρ00(K*0) < ρ00(φ) < 1/3. The aforementioned 
mostly conventional mechanisms make either positive or negative 
contributions to φ-meson ρ00, but none of them can produce a ρ00 that 
is larger than 1/3 by more than a few times 10−4. Recently, a theoretical 
model was proposed on the basis of the φ-meson vector field coupling 
to s and s quarks2–6, analogous to the photon vector field coupled to 
electrically charged particles. In this mechanism, the observed global 
spin alignment is caused by the local fluctuation of the strong force 
field and can cause deviations of ρ00 from 1/3 larger than 10−4.

In 2008, the STAR Collaboration reported on a search for global spin 
alignment of φ(1020) and K*0(892) mesons for Au+Au collisions at a 
centre-of-mass energy per nucleon pair of s = 200 GeVNN , with n̂ 

oriented along L̂ (ref. 30). Owing to limited statistics at that time, no 
notable result was reported. In the present paper, we report the STAR 
Collaboration’s measurement of spin alignment for φ and K*0 vector 
mesons with much larger statistics and at lower collision energies.

The relevant features of the STAR experiment used for the spin align-
ment measurements are depicted in Fig. 2. The two charged daughter 
particles leave ionization trails inside the STAR Time Projection 
Chamber (TPC)31, with trajectories bent in the magnetic field, by which 
momentum information for charged particles can be reconstructed and 
the ionization energy loss (dE/dx) inside the gas of the TPC can be calcu-
lated. Furthermore, the time-of-flight information for particles can be 
obtained from the STAR Time-of-Flight (TOF) detector32 and, combining 
this with dE/dx measurements, the momentum and particle species 
for daughters can be determined. Figure 2 shows a three-dimensional 
view of φ and K*0 mesons decaying into their corresponding daughters 
inside the TPC. More details on the measurement procedure can be 
found in Methods.

Figure 3 shows ρ00 for φ and K*0 for Au+Au collisions at beam energies 
between s = 11.5NN  and 200 GeV. The centrality categorizes events 
on the basis of the observed multiplicity of produced charge hadrons 
emitted from each collision, in which 0% centrality corresponds to 
exactly head-on collisions, which produce the highest multiplicity, 
whereas 100% centrality corresponds to barely glancing collisions, 
which produce the lowest multiplicity. The STAR measurements pre-
sented in Fig. 3 are for centralities between 20% and 60%. The quanti-
zation axis (n̂) is taken to be the normal to the second-order event 
plane24 determined using TPC tracks. The second-order event plane, 
with its orientation corresponding to the elliptic flow of produced 
hadrons, serves as a proxy for the reaction plane. The φ-meson results 
are presented for 1.2 < pT < 5.4 GeV c−1 and |y| < 1.0. pT is the momentum 
in the plane transverse to the beam axis and rapidity y β= tanh z

−1 , with 
βz being the component of velocity along the beam direction in units 
of the speed of light. ρ00 for the φ meson is much greater than 1/3 for 
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Fig. 1 | A schematic view of the coordinate setup for measuring global spin 
alignment in heavy-ion collisions. Two nuclei collide and a tiny exploding 
QGP fireball, only a few femtometres across, is formed in the middle. The 
direction of the orbital angular momentum (L̂) is perpendicular to the reaction 
plane defined by the incoming nuclei when b ≠ 0. The symbol p→ represents the 
momentum vector of a particle. At the top-left corner, a φ meson, composed  
of s and s quarks, is depicted separately as a particle decaying into a (K+, K−) pair. 
In this example, the quantization axis (n̂) for study of the global spin alignment 
of the φ meson is set to be the same as L̂. θ* is the polar angle between the 
quantization axis and the momentum direction of a particle in the rest frame of 
the decay. A similar depiction can be found for a K*0 meson at the bottom-left 
corner.
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Fig. 2 | Schematic display of a single Au+Au collision at s = 27 GeVNN  in the 
STAR detector. A three-dimensional rendering of the STAR TPC, surrounded 
by the TOF barrel shown as the outermost cylinder. The beam pipe is shown in 
green and, inside it, gold ions travel in opposite directions along the beam axis 
(brown). Ions collide at the centre of the TPC and trajectories (grey lines) as well 
as TOF hits (blue squares) from a typical collision are shown. Reconstructed 
trajectories of a (K+, K−) pair originating from a φ-meson decay, as well as a K+ 
and π− from a K*0-meson decay, are shown as highlighted tracks.
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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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� Among ሺߩଵଵǡ ǡߩ ,ଵିଵሻିߩ
� only ߩ is measurable.
� ሺߩଵଵ െ ଵିଵሻିߩ ൌ ௬ܲ is not measurable.

(The decay distribution does not change by replacing ݕ ՜ െݕ)
� E.g., ߶ ՜ :ܭܭ �

�

ߩ ൏ ͳȀ͵ ߩ  ͳȀ͵

• Spin state of spin 1 particle along OAM.


•  can be determined by the momentum distribution 
of decay products.


• From the measurements of Lambda polarization, the 
 was expected to be   - 1/3 ~ -10-4 

(recombination).

ρ00

ρ00 ρ00
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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

00ρ
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0.6

0.8
*0K

φ

<2.0 GeV/c
T

0.8<p
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T
2.0<p
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T

0.4<p
<5.0 GeV/c

T
2.0<p

 = 1/3
00

ρ

>part<N

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

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

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

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

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. Large hNparti

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

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

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

p ¼
2.76 TeV and minimum bias pp collisions at

ffiffiffi
s

p
¼ 13 TeV.

Results are shown for spin alignment with respect to the event
plane [panels (a),(b)], production plane [(c),(d)], and random
event plane [(e),(f)] for K"0 (left column) and ϕ (right column).
The statistical and systematic uncertainties are shown as bars and
boxes, respectively.
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• Early data in Au+Au 200 GeV have large uncertainties.
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30–50%, and 50–80% collision centralities, respec-
tively [29].
There are three main sources of systematic uncertainties

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

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

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

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. Large hNparti

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

different quantization axes can be expressed using Eq. (2)

)c (GeV/
T

p
1 2 3 4 5

0.1

0.2

0.3

0.4

0.5 Random plane
*0K

(e)

ALICE

| < 0.5y|

0.1

0.2

0.3

0.4

0.5 Production plane
*0K

(c)

0.1

0.2

0.3

0.4

0.5 Event plane
*0K

(a)

)c (GeV/
T

p
1 2 3 4 5

0.1

0.2

0.3

0.4

0.5Random plane

φ

50%)−Pb (10−Pb

pp

40%)−Pb (20−, PbS
0K

(f)

0.1

0.2

0.3

0.4

0.5Production plane

φ
(d)

0.1

0.2

0.3

0.4

0.5Event plane

φ
(b)

 = 1/3
00

ρ

00ρ 00ρ

00ρ

00ρ

00ρ 00ρ

FIG. 2. Transverse momentum dependence of ρ00 for K"0, ϕ,
and K0

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

p ¼
2.76 TeV and minimum bias pp collisions at

ffiffiffi
s

p
¼ 13 TeV.

Results are shown for spin alignment with respect to the event
plane [panels (a),(b)], production plane [(c),(d)], and random
event plane [(e),(f)] for K"0 (left column) and ϕ (right column).
The statistical and systematic uncertainties are shown as bars and
boxes, respectively.
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Extended Data Figure 6: ⇢00 as a function of transverse momentum for � for different collision

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

respectively.

27

•New measurements 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 within ~1.0-2.4 GeV/c; at larger pT the 
results can be regarded as being consistent with 
1/3 within ~2σ or less. 

* 1st order EP: ZDC or BBC
* 2nd order EP: TPC

STAR Col. Nature 614, 244 (2023)
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•K*0 is a combination of K*0 and anti-K*0

•Different from the φ meson data, the K*0 

data is consistent with 1/3, within statistics 
and systematical uncertainties.  

STAR Col. Nature 614, 244 (2023)
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Centrality dependence of , K* at RHICϕ
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STAR Col. Nature 614, 244 (2023)

At high energies (≥62.4 GeV) for φ, and (≥39 GeV) for K*0,  in central collisions tends to ≤1/3. 
This might be caused by transverse local spin alignment and a contribution from the helicity 
polarization of quarks.

ρ00

10

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



Beam energy dependence of , K* ϕ

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

2)K* is almost 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*

STAR Col. Nature 614, 244 (2023)
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Expectations of  from theory ρ00Expectation of ρ00 from theory

30

Physics Mechanisms (ρ00)

cΛ: Quark coalescence

vorticity & magnetic field[1]

< 1/3 

(Negative ~ 10-5)

cε: Vorticity tensor[1] < 1/3 

(Negative ~ 10-4)

cE: Electric field[2] > 1/3 

(Positive ~ 10-5)

Fragmentation[3] > or, < 1/3 

(~ 10-5)

Local spin alignment and 
helicity[4] < 1/3

Turbulent color field[5] < 1/3

cφ: Vector meson strong 
force field[6]

> 1/3
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ρ00(ω) ∼ 1
3 − 1

9 (βω)2

ρ00(coal) ∼
1 − PqPq

3 + PqPq

ρ00(frag) ∼
1 + βPqPq

3 − βPqPq

ρ00(B) ≈ 1
3 − 4

9 β2μq1
μq2

B2

〈(βEz
φ)

2〉 ≡
a3φ
π3/2

∫
d3xb exp

(
−a2φx

2
b

)
β
(
x+

xb

2

)
β
(
x− xb

2

)
Ez

φ

(
x+

xb

2

)
Ez

φ

(
x− xb

2

)
; (41)

另外一种是夸克动量函数在 f 介子动量波函数上

的平均值, 比如 

〈
p2b,x

Ep1Ep2

〉

φ

≡ 1

π3/2a3φ

∫
d3pb exp

(
−p2

b

a2φ

)
p2b,x

Ep1Ep2

.

(42)

(40)式忽略了不同种类的场之间以及同种场

的不同分量之间的关联.

ρφ00(x,p)

严格来说, 非相对论融合模型只能近似地描述

静态矢量介子的性质, 它在 (40)式给出的 

关于介子动量的依赖也只适用于小动量情形. 严格

的夸克融合模型应该基于相对论量子场论和强子

的协变 Bethe-Salpeter波函数. 文献 [24, 25]使用

相对论自旋玻尔兹曼方程计算了 f 介子的自旋排

列, 该方程是基于相对论量子场论得到的, 结果为 

ρφ00 ≈ 1

3
+ C1

[
1

3
ω′ · ω′ − (ε0 · ω′)2

]

+ C2

[
1

3
ε′ · ε′ − (ε0 · ε′)2

]

−
4g2φ

m2
φT

2

{
C1

[
1

3
B′

φ ·B′
φ − (ε0 ·B′

φ)
2

]

+C2

[
1

3
E′

φ ·E′
φ − (ε0 ·E′

φ)
2

]}
, (43)

ω′ ε′ B′
φ E′

φ

ε0

C1 C2

ms mφ

ρφ00

ω′ ε′

B′
φ E′

φ ω ε Bφ Eφ

Bφ Eφ

B E gφ Qs = −(1/3)e

ρφ00

其中  ,   ,   ,   分别表示在 f 介子静止系中

的涡旋场磁分量、涡旋场电分量、f 场的磁场分量

和电场分量, 三维矢量   表示 f 介子自旋排列的

测量方向 (即自旋量子化方向). 系数   ,    是夸

克质量   以及 f 介子质量   的函数. 为了得到

 关于实验室系场和 f 介子动量的依赖关系, 需

要用洛伦兹变换把 f 介子静止系中的场   ,    ,

 ,    用实验室系场   ,    ,    ,    以及 f 介子

动量表示出来. 通过将 (43)式中的  ,   替换为

普通的电磁场  ,   , 并将  替换为    ,

即可得到电磁场对于  的贡献. 在非相对论极限

下, 结果 (43)式与 (40)式一致.

依据夸克融合模型给出的结果 ((30)式), 矢量

介子的自旋排列取决于夸克与反夸克极化之间的

局域关联, 因此所有可能导致夸克和反夸克极化的

因素都有可能对矢量介子的自旋排列有贡献, 这包

括但不限于上文讨论的涡旋场、电磁场以及有效介

s̄

Ps Ps̄

子场. 而由于组成 f 介子的 s与   互为反粒子, 因

此  与  之间存在很强的关联, 一般地, 可以写出: 

ρφ00 ≈ 1

3
+cω+cε+cEM+cφ+cLV+ch+cTC+cshear, (44)

cω cε

10−4 cEM

cEM ≈ 10−5 cφ

〈g2φB2
φ,x/T

2〉 =

〈g2φB2
φ,y/T

2〉 = 〈g2φE2
φ,x/T

2〉 = 〈g2φE2
φ,y/T

2〉 ≡ F 2
T

〈g2φB2
φ,z/T

2〉 = 〈g2φE2
φ,z/T

2〉 ≡ F 2
z

ln(F 2
T /m

2
π) = (3.90± 1.11)− (0.924±

0.234) ln(√sNN/GeV) ln(F 2
z /m

2
π)=(3.33± 0.917)−

(0.760± 0.189) ln(√sNN/GeV)

其中   与   表示涡旋场磁分量和电分量的贡献.

使用 CLVisc进行流体力学模拟得到的结果显示 [19],

在 f 介子产生的超曲面, 上述两项的贡献大约为

 , 不足以解释 STAR的测量结果.    表示电

磁场的贡献, 输运模型 PHSD的模拟结果 [19] 显示

 .   为有效 f 介子场的贡献 [19, 24, 25]. 目

前缺乏相应的数值模拟. 文献 [24]显示, 若 STAR

的测量结果完全来自于有效 f 介子场, 那么与之对

应的有效 f 介子场的横向涨落  

 与

纵向涨落   可近似

地由拟合函数  

 和  

 给出, 碰撞能量越低,

相应的涨落越大.

cLV

∆ψ

这里横向涨落与纵向涨落的差别有可能源于

夸克胶子等离子体的纵向膨胀和横向膨胀的差别.

(44)式中的  表示文献 [21]中讨论的局域涡旋场

的贡献, 这一局域涡旋场来自于夸克胶子等离子体

膨胀的各向异性, 它对夸克极化的贡献依赖于夸克

横向动量的方位角  : 

Px(∆ψ) = Fx sin(∆ψ),

Py(∆ψ) = −Fy cos(∆ψ),

Pz(∆ψ) = Fz sin(2∆ψ). (45)

Fz = 0 F⊥ ≡ Fx = Fy '= 0

cLV

在对心碰撞中, 系数  并且  ,

此时  由以下结果给出 [21]: 

cLV (∆ψ) = −F 2
⊥
9

− F 2
⊥
3

cos(2∆ψ),

〈cLV 〉 =
1

2π

∫ 2π

0
d∆ψ cLV (∆ψ) = −F 2

⊥
9

< 0, (46)

ch其对 f 介子自旋排列的贡献为负值. (44)式中的 

是文献 [22]提出的, 它来源于重离子碰撞早期拓扑

荷涨落或者夸克净螺旋度非零的贡献, 

ch = −1

9
(1− 3v2)P

h
q P

h
q̄ , (47)
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cΛ: Quark coalescence

vorticity & magnetic field[1]

< 1/3 

(Negative ~ 10-5)

cε: Vorticity tensor[1] < 1/3 

(Negative ~ 10-4)

cE: Electric field[2] > 1/3 

(Positive ~ 10-5)

Fragmentation[3] > or, < 1/3 

(~ 10-5)

Local spin alignment and 
helicity[4] < 1/3

Turbulent color field[5] < 1/3

cφ: Vector meson strong 
force field[6]

> 1/3
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ρ00(ω) ∼ 1
3 − 1

9 (βω)2

ρ00(coal) ∼
1 − PqPq

3 + PqPq

ρ00(frag) ∼
1 + βPqPq

3 − βPqPq

ρ00(B) ≈ 1
3 − 4

9 β2μq1
μq2

B2

〈(βEz
φ)

2〉 ≡
a3φ
π3/2

∫
d3xb exp

(
−a2φx

2
b

)
β
(
x+

xb

2

)
β
(
x− xb

2

)
Ez

φ

(
x+

xb

2

)
Ez

φ

(
x− xb

2

)
; (41)

另外一种是夸克动量函数在 f 介子动量波函数上

的平均值, 比如 

〈
p2b,x

Ep1Ep2

〉

φ

≡ 1

π3/2a3φ

∫
d3pb exp

(
−p2

b

a2φ

)
p2b,x

Ep1Ep2

.

(42)

(40)式忽略了不同种类的场之间以及同种场

的不同分量之间的关联.

ρφ00(x,p)

严格来说, 非相对论融合模型只能近似地描述

静态矢量介子的性质, 它在 (40)式给出的 

关于介子动量的依赖也只适用于小动量情形. 严格

的夸克融合模型应该基于相对论量子场论和强子

的协变 Bethe-Salpeter波函数. 文献 [24, 25]使用

相对论自旋玻尔兹曼方程计算了 f 介子的自旋排

列, 该方程是基于相对论量子场论得到的, 结果为 

ρφ00 ≈ 1

3
+ C1

[
1

3
ω′ · ω′ − (ε0 · ω′)2

]

+ C2

[
1

3
ε′ · ε′ − (ε0 · ε′)2

]

−
4g2φ

m2
φT

2

{
C1

[
1

3
B′

φ ·B′
φ − (ε0 ·B′

φ)
2

]

+C2

[
1

3
E′

φ ·E′
φ − (ε0 ·E′

φ)
2

]}
, (43)

ω′ ε′ B′
φ E′
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ms mφ

ρφ00

ω′ ε′

B′
φ E′

φ ω ε Bφ Eφ

Bφ Eφ

B E gφ Qs = −(1/3)e

ρφ00

其中  ,   ,   ,   分别表示在 f 介子静止系中

的涡旋场磁分量、涡旋场电分量、f 场的磁场分量

和电场分量, 三维矢量   表示 f 介子自旋排列的

测量方向 (即自旋量子化方向). 系数   ,    是夸

克质量   以及 f 介子质量   的函数. 为了得到

 关于实验室系场和 f 介子动量的依赖关系, 需

要用洛伦兹变换把 f 介子静止系中的场   ,    ,

 ,    用实验室系场   ,    ,    ,    以及 f 介子

动量表示出来. 通过将 (43)式中的  ,   替换为

普通的电磁场  ,   , 并将  替换为    ,

即可得到电磁场对于  的贡献. 在非相对论极限

下, 结果 (43)式与 (40)式一致.

依据夸克融合模型给出的结果 ((30)式), 矢量

介子的自旋排列取决于夸克与反夸克极化之间的

局域关联, 因此所有可能导致夸克和反夸克极化的

因素都有可能对矢量介子的自旋排列有贡献, 这包

括但不限于上文讨论的涡旋场、电磁场以及有效介

s̄

Ps Ps̄

子场. 而由于组成 f 介子的 s与   互为反粒子, 因

此  与  之间存在很强的关联, 一般地, 可以写出: 

ρφ00 ≈ 1

3
+cω+cε+cEM+cφ+cLV+ch+cTC+cshear, (44)

cω cε

10−4 cEM

cEM ≈ 10−5 cφ

〈g2φB2
φ,x/T

2〉 =

〈g2φB2
φ,y/T

2〉 = 〈g2φE2
φ,x/T

2〉 = 〈g2φE2
φ,y/T

2〉 ≡ F 2
T

〈g2φB2
φ,z/T

2〉 = 〈g2φE2
φ,z/T

2〉 ≡ F 2
z

ln(F 2
T /m

2
π) = (3.90± 1.11)− (0.924±

0.234) ln(√sNN/GeV) ln(F 2
z /m

2
π)=(3.33± 0.917)−

(0.760± 0.189) ln(√sNN/GeV)

其中   与   表示涡旋场磁分量和电分量的贡献.

使用 CLVisc进行流体力学模拟得到的结果显示 [19],

在 f 介子产生的超曲面, 上述两项的贡献大约为

 , 不足以解释 STAR的测量结果.    表示电

磁场的贡献, 输运模型 PHSD的模拟结果 [19] 显示

 .   为有效 f 介子场的贡献 [19, 24, 25]. 目

前缺乏相应的数值模拟. 文献 [24]显示, 若 STAR

的测量结果完全来自于有效 f 介子场, 那么与之对

应的有效 f 介子场的横向涨落  

 与

纵向涨落   可近似

地由拟合函数  

 和  

 给出, 碰撞能量越低,

相应的涨落越大.

cLV

∆ψ

这里横向涨落与纵向涨落的差别有可能源于

夸克胶子等离子体的纵向膨胀和横向膨胀的差别.

(44)式中的  表示文献 [21]中讨论的局域涡旋场

的贡献, 这一局域涡旋场来自于夸克胶子等离子体

膨胀的各向异性, 它对夸克极化的贡献依赖于夸克

横向动量的方位角  : 

Px(∆ψ) = Fx sin(∆ψ),

Py(∆ψ) = −Fy cos(∆ψ),

Pz(∆ψ) = Fz sin(2∆ψ). (45)

Fz = 0 F⊥ ≡ Fx = Fy '= 0

cLV

在对心碰撞中, 系数  并且  ,

此时  由以下结果给出 [21]: 

cLV (∆ψ) = −F 2
⊥
9

− F 2
⊥
3

cos(2∆ψ),

〈cLV 〉 =
1

2π

∫ 2π

0
d∆ψ cLV (∆ψ) = −F 2

⊥
9

< 0, (46)

ch其对 f 介子自旋排列的贡献为负值. (44)式中的 

是文献 [22]提出的, 它来源于重离子碰撞早期拓扑

荷涨落或者夸克净螺旋度非零的贡献, 

ch = −1

9
(1− 3v2)P

h
q P

h
q̄ , (47)
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The local correlation or fluctuation of φ fields is the 
dominant mechanism for the observed φ-meson ρ00

 Sheng, et al.,  Phys. Rev. Lett. 131, 042304 (2023)
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Light front framework

14

Fu et.al., arXiv: 2308.0793

By introducing light front spinor, the polarization of vector mesons with  > 1/3 
can be naturally derived.

ρ00



The small   vs. large  Λ PH ϕ ρ00
Z. T. Liang, Chirality 2023

1 − P2
q

3 + P2
q

?
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Measurements of  spin alignmentJ/ψ

Vector Mesons Polarization in Pb–Pb and pp Collisions . . . 1-A35.5

related to the magnetic field due to the spectator nucleons [5] and the large
angular momentum associated with the rotation of the medium produced in
the collision [6]. The results shown in Fig. 3 exhibit a maximum deviation
of ⇠ 3.9� with respect to �✓ = 0 in semi-central (30–50%) collisions for
2 < pT < 4 GeV/c. This behavior is qualitatively in agreement with the
one observed for light vector mesons (K⇤0 and �) [16], even if the absence
of theoretical predictions for the moment prevents from drawing a definitive
conclusion on the mechanism responsible for the observed non-zero quarko-
nium polarization.
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Fig. 3. Centrality (left panel) and pT dependence (right panel) of �✓ for the J/ 
measured with respect to the axis orthogonal to the event plane in Pb–Pb collisions

at
p
sNN = 5.02 TeV in the forward rapidity region (2.5 < y < 4) [15]. The

vertical bars represent the statistical uncertainties, while the boxes correspond to

the systematic uncertainties.

5. Summary and conclusions

Vector meson polarization has been investigated by the ALICE Collab-
oration. For the ⌥ (1S) and prompt D⇤+, the polarization parameters in pp
collisions are compatible with zero, in agreement with theoretical models and
Monte Carlo generators. This set of results represents an important baseline
for future measurements in heavy-ion collisions. In parallel, the non-prompt
D⇤+ exhibits a value of ⇢00 > 1/3, in agreement with the expectations of
helicity conservation in the decay of scalar mesons to vector mesons. Finally,
the first measurement of the J/ polarization with respect to an axis orthog-
onal to the event plane has been performed, showing a significant (⇠ 3.9�)
deviation with respect to �✓ = 0 for 2 < pT < 4 GeV/c in the 30–50% cen-
trality class. Even if a complete picture of polarization in hadronic collisions
is for the moment missing, these recent results will contribute to expanding
this field of research and to stimulating further theoretical developments.

ALICE, Phys. Rev. Lett. 131, 042303 (2023)

Can we see strong force filed fluctuation in  ?cc̄

 = 0.2 corresponding to  = 0.25, how do we understand J/psi?λθ ρ00
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On going analysis: BESII  mesonsϕ

• Significantly increased statistics.

• Differential measurements of .ρ00

STAR, QM 2023
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On going analysis: BESII  mesonsϕ
STAR, QM 2023

Similar centrality dependence for  with respect to 1st and 2nd order EP.ρ00
18



On going analysis: BESII  mesonsϕ
STAR, QM 2023 Theory curve: Sheng et al., arXiv:2308.14038 [nucl-th]

• Rapidity dependence is qualitatively consistent with theoretical calculations from  field.

• Larger field fluctuations in the direction perpendicular to  motion.

ϕ
ϕ

19



On going analysis:  mesonsJ/ψ
STAR, QM 2023 STAR, Spin 2023

J/psi  w.t. 2nd event plane seems smaller than 1/3 at mid-rapidity in isobaric collisions.ρ00

20
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On going analysis:  mesonsK*0, K*±

spin˙align printed on November 23, 2022 5

collisions are consistent within uncertainties across the measured pT region
in mid-central collisions. The right panel of Fig. 2 shows a comparison of
⇢00(pT) among neutral and charged K⇤ species in isobar collisions. The
⇢00 for charged K⇤± are systematically larger than the neutral K⇤0 across
the measured pT region. The left panel of Fig. 3 presents the ⇢00 as a
function of average number of participants (hNparti) for K⇤0 and K⇤0 for
1.0 < pT < 5.0 GeV/c in 200 GeV Ru+Ru and Zr+Zr collisions. These
results are compared with that from 200 GeV Au+Au collisions [13]. The
K⇤0 ⇢00 is larger than 1

3 at smaller hNparti. It is smaller than 1
3 at large

hNparti, which can have contributions from the local spin alignment [7]. At
a similar hNparti, the ⇢00 between small system isobar and large system
Au+Au are comparable within uncertainties.

The right panel of Fig. 3 summarizes the pT-integrated ⇢00 for K⇤0,
K⇤0, K⇤+ and K⇤� in 20-60% isobar collisions. These results are compared
with (K⇤0+K⇤0) ⇢00 from Au+Au collisions [13]. This is the first observa-
tion of K⇤± ⇢00 to be larger than 1

3 in heavy-ion collisions. Moreover, the
pT-integrated ⇢00 reveals a clear ordering between neutral and charged K⇤

species in isobar collisions, with the charged species about 3.9� larger than
the neutral ones. Due to the interaction between the B-field and the mag-
netic moment of the constituent quarks, one naively expects the K⇤0 ⇢00 to
be larger than that of K⇤± [6]. But the observed ordering between K⇤0 and
K⇤± is opposite to such naive expectation. Although the reason behind a
di↵erence between K⇤0 and K⇤± ⇢00 is not understood yet, but these species
might have di↵erent contributions from the vector meson strong force field.
More inputs from theory are required to better understand the underlying
physics mechanisms.
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Fig. 3. Left: ⇢00(hNparti) for K⇤0 and K⇤0 in isobar collisions at
p
sNN = 200 GeV.

Right: pT integrated ⇢00 for K⇤0, K⇤0, K⇤+ and K⇤� in 20-60% 200 GeV isobar
collisions. Results are compared with K⇤0 in 200 GeV Au+Au collisions [13].

STAR, QM 2022

•K*0 is larger than 1/3 at smaller Npart, it is comparable to Au+Au at a similar Npart
•Charged K* is larger than 1/3, it is larger than neutral K* with 3.9σ



On going analysis:  mesonsρ0

STAR, QM 2023

• Reconstruction of  is difficult,  but we have been putting our efforts on it.ρ0
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On going analysis:  mesonsρ0

STAR, QM 2023

• Reconstruction of  is more difficult,  but we have been putting our efforts on it.

• It is critical to the search of the CME.

ρ0
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Shen et al., PLB 839 137777 (2023)
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D*+ and J/ψ spin alignment wrt reaction plane in Pb-Pb

● First measurement of D*+ spin alignment wrt reaction plane
● Hint of polarization for pT > 10 GeV/c
● Alignment sign opposite wrt previous observations for low-pT J/ψ and light vector mesons
● Theory guidance still missing

Luca Micheletti
Tuesday 14:50 (479)

J/ψ: ALICE, PRL131 (2023)042303
On going analysis:  mesonsD*+

ALICE, QM 2023

High pT :    => fragmentation?  ρ00 >
1
3

Low pT :    =>  recombination? ρ00 <
1
3

24

Similar to ϕ



Summary

25

•Spin polarization opens a new avenue to investigate heavy-ion collisions

•Global hyperon polarization is observed with the order of a few percent. It represents a 
measure of the average value of the global quark polarization in the system

•Global vector meson spin alignment is observed with a surprisingly large parttern for φ-
meson. It represents a local fluctuation/correlation between quark and anti-quark polarization

•Measurements as a function of collision energies, different hadron species are on-going, 
rich physics to be explored 
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Thank you !


