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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= +

∗
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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
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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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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.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

5

Centrality [%]
0 20 40 60 80

) 1
Ψ

R
es

(
0

0.2

0.4

0.6
=200 GeVNNsSTAR Au+Au at 

ZDC-SMD E+W

ZDC-SMD E(W)

FIG. 1. Resolution of the first-order event plane determined
by the ZDC-SMDs [26] in Au+Au collisions at

√
s
NN

= 200
GeV; ZDC-SMD E+W denotes the combined plane of ZDC-
SMDs in east and west sides and ZDC-SMD E(W) denotes
one of the ZDC-SMDs.

C. Λ reconstruction

Λ hyperons were identified via decay channels Λ →
p + π− and Λ̄ → p̄ + π+. These decay modes account
for (63.9±0.5)% of all decays [35]. The daughter par-
ticles of Λ and Λ̄, i.e. charged pions and protons, were
identified by using dE/dx information from the TPC and
time-of-flight information from the TOF detector, like in
our previous publication [33]. Charged pions and pro-
tons were selected by requiring the track to be within
three standard deviations (3σ) from their peaks in the
normalized dE/dx distribution. If the track had TOF
hit information, a constraint based on the square of the
measured mass was required. If the TOF information
was not available, an additional cut based on dE/dx was
applied, requiring pions (protons) to be 3σ away from the
proton (pion) peak in the normalized dE/dx distribution.
The invariant mass, Minv, was calculated using candi-

dates for the daughter tracks. To reduce the combinato-
rial background, selection criteria based on the following
decay topology parameters were used:

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

• DCA between reconstructed trajectories of Λ (Λ̄)
candidates and the primary vertex,

• DCA between two daughter tracks,

• Decay length of Λ (Λ̄) candidates.

Furthermore Λ (Λ̄) candidates were required to point
away from the primary vertex. Cuts on the decay topol-

ogy were adjusted, depending on the collision centrality,
to account for the variation of the combinatorial back-
ground with centrality. The background level relative to
the Λ (Λ̄) signal in the Λ mass region falls below 30%
at maximum in this analysis. Finally, Λ and Λ̄ with
0.5 < pT < 6 GeV/c and |η| < 1 were analyzed in this
study.
Figure 2 shows the invariant mass distributions for Λ

and Λ̄ in the 10%-80% centrality bin for 2014 data as
an example. The combinatorial background under the
Λ peak was estimated by fitting the off-peak region with
a linear function, and by the event mixing technique [36],
shown in Fig. 2 as solid and dashed lines, respectively.
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FIG. 2. Invariant mass distributions of the (p,π−) system for
Λ (a) and of the (p̄,π+) system for Λ̄ (b) in the 30-40% cen-
trality bin for 2014 data. Bold solid lines show the background
distribution obtained by a linear fitting function, and dashed
lines show the background from mixed events. Shaded areas
show the extracted signal after the background subtraction
using the fitting function.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of
daughter protons in the Λ rest frame relative to the re-
action plane. As mentioned in Sec. III A, the first-order
event plane Ψ1 determined by the spectator fragments
was used in this analysis as an estimator of the reaction
plane. The sideward deflection of the spectators allows
us to know the direction of the initial angular momen-
tum. Taking into account the experimental resolution of
the event plane, the polarization projected onto the di-
rection of the system global angular momentum can be
obtained by [13]:

PH =
8

παH

〈sin(Ψobs
1 − φ∗

p)〉
Res(Ψ1)

, (2)

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

p

denotes the azimuthal angle of the daughter proton in
the Λ rest frame. The Res(Ψ1) is the resolution of the
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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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FIG. 5. (Color online) Global polarization of ! hyperons as a
function of centrality given as a fraction of the total inelastic hadronic
cross section. Symbol keys are the same as in Fig. 3. Only statistical
uncertainties are shown.

C. Acceptance effects and systematic uncertainties

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

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

p = dφ∗
p sin θ∗

pdθ∗
p of the hyperon decay baryon

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

detector acceptance:

〈sin(φ∗
p − %RP)〉 =

∫
d&∗

p

4π

dφH

2π
A(pH , p∗

p)
∫ 2π

0

d%RP

2π

× sin(φ∗
p − %RP)[1 + αHPH (pH ; %RP)

× sin θ∗
p sin(φ∗

p − %RP)]. (5)

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

function to account for detector acceptance. The integral of this
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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.

Received 21 January; accepted 26 May 2017.

1. Adams, J. et al. Experimental and theoretical challenges in the search for the 
quark gluon plasma: the STAR Collaboration’s critical assessment of the 
evidence from RHIC collisions. Nucl. Phys. A 757, 102–183 (2005).

2. Liang, Z.-T. & Wang, X.-N. Globally polarized quark-gluon plasma in non-central 
A+A collisions. Phys. Rev. Lett. 94, 102301 (2005); erratum 96, 039901 
(2006).

3. Becattini, F., Piccinini, F. & Rizzo, J. Angular momentum conservation in heavy 
ion collisions at very high energy. Phys. Rev. C 77, 024906 (2008).

4. Pang, L.-G., Petersen, H., Wang, Q. & Wang, X.-N. Vortical !uid and Λ spin 
correlations in high-energy heavy-ion collisions. Phys. Rev. Lett. 117, 192301 
(2016).

5. Kharzeev, D. E., Liao, J., Voloshin, S. A. & Wang, G. Chiral magnetic and vortical 
e"ects in high-energy nuclear collisions: A status report. Prog. Part. Nucl. Phys. 
88, 1–28 (2016).

6. Becattini, F., Csernai, L. & Wang, D. J. Λ polarization in peripheral heavy ion 
collisions. Phys. Rev. C 88, 034905 (2013).

7. Abelev, B. I. et al. Global polarization measurement in Au+Au collisions.  
Phys. Rev. C 76, 024915 (2007); erratum 95, 039906 (2017).

8. Heinz, U. & Snellings, R. Collective !ow and viscosity in relativistic heavy-ion 
collisions. Ann. Rev. Nucl. Part. Sci. 63, 123–151 (2013).

9. Kolb, E. W. & Turner, M. S. The early Universe. Front. Phys. 69, 1–547  
(1990).

10. Shuryak, E. V. Quantum chromodynamics and the theory of superdense 
matter. Phys. Rep. 61, 71–158 (1980).

11. Csernai, L. P. & Stöcker, H. Global collective !ow in heavy ion reactions from the 
beginnings to the future. J. Phys. G 41, 124001 (2014).

12. Ackermann, K. H. et al. STAR detector overview. Nucl. Instrum. Meth. A 499, 
624–632 (2003).

13. Voloshin, S. A. & Niida, T. Ultrarelativistic nuclear collisions: direction of 
spectator !ow. Phys. Rev. C 94, 021901 (2016).

14. Takahashi, R. et al. Spin hydrodynamic generation. Nat. Phys. 12, 52–56 
(2016).

15. Becattini, F. et al. A study of vorticity formation in high energy nuclear 
collisions. Eur. Phys. J. C 75, 406 (2015).

16. Pondrom, L. Hyperon experiments at Fermilab. Phys. Rep. 122, 57–172 
(1985).

17. Olive, K. A. et al. Review of particle physics. Chin. Phys. C 38, 090001  
(2014).

18. Becattini, F., Karpenko, I., Lisa, M., Upsal, I. & Voloshin, S. Global hyperon 
polarization at local thermodynamic equilibrium with vorticity, magnetic #eld, 
and feed-down. Phys. Rev. C 95, 054902 (2017).

19. Bunce, G. et al. Λ0 hyperon polarization in inclusive production by 300-GeV 
protons on beryllium. Phys. Rev. Lett. 36, 1113–1116 (1976).

20. Betz, B., Gyulassy, M. & Torrieri, G. Polarization probes of vorticity in heavy ion 
collisions. Phys. Rev. C 76, 044901 (2007).

21. Jiang, Y., Lin, Z.-W. & Liao, J. Rotating quark-gluon plasma in relativistic heavy 
ion collisions. Phys. Rev. C 94, 044910 (2016).

Figure 4 | The hyperon average polarization in Au + Au collisions. The 
average polarization for Λ (blue stars) and Λ  (red circles) from 20–50% 
central collisions are plotted as a function of collision energy. Error bars 
represent statistical uncertainties only, while boxes represent systematic 
uncertainties. The results of the present study ( sNN  < GeV), indicated by 
filled symbols, are shown together with those reported earlier7 for 
62.4 GeV and 200 GeV collisions, indicated by open symbols and for which 
only statistical errors are plotted.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

STAR Col. Nature 548, 62 (2017)

束流能量扫描数据

• Λ超子的整体极化高达2%

• Λ超子整体极化测量给出了研究QGP涡旋的途径，(9±1)x1021 s-1

Global Lambda Polarization
Ann. Rev. Nucl. Part. Sci. 70 (2020) 395
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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 
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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 
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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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Global polarization of Ξ and Ω hyperons has been measured for the first time in Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The measurements of the Ξ− and Ξ̄þ hyperon polarization have been performed by two
independent methods, via analysis of the angular distribution of the daughter particles in the parity
violating weak decay Ξ → Λþ π, as well as by measuring the polarization of the daughter Λ hyperon,
polarized via polarization transfer from its parent. The polarization, obtained by combining the results from
the two methods and averaged over Ξ− and Ξ̄þ, is measured to be hPΞi ¼ 0.47# 0.10ðstatÞ # 0.23ðsystÞ%
for the collision centrality 20%–80%. The hPΞi is found to be slightly larger than the inclusive Λ
polarization and in reasonable agreement with a multiphase transport model. The hPΞi is found to follow
the centrality dependence of the vorticity predicted in the model, increasing toward more peripheral
collisions. The global polarization of Ω, hPΩi ¼ 1.11# 0.87ðstatÞ # 1.97ðsystÞ% was obtained by
measuring the polarization of daughter Λ in the decay Ω → Λþ K, assuming the polarization transfer
factor CΩΛ ¼ 1.

DOI: 10.1103/PhysRevLett.126.162301

The phenomenon of global polarization in heavy-ion
collisions arises from the partial conversion of the orbital
angular momentum of colliding nuclei into the spin angular
momentum of the particles produced in the collision [1–3].
As a result, these particles become globally polarized along
the direction of the initial orbital momentum of the nuclei.
Global polarization was first observed by the STAR
Collaboration in the beam energy scan Auþ Au collisions
[4] and was later confirmed, to better precision, in the
analysis of the 200 GeV data with high statistics [5].
Assuming local thermal equilibrium, the polarization of the
produced particles is determined by the local thermal
vorticity of the fluid [3]. In the nonrelativistic limit (for
hyperons mH ≫ T, where T is the temperature), the
polarization of the particles is given by [6]

P ¼ hsi
s

≈
ðsþ 1Þ

3

ω
T
; ð1Þ

where s is the spin of the particle, hsi is the mean spin
vector, and ω ¼ 1

2∇ × v is the local vorticity of the fluid
velocity field. Averaged over the entire system volume, the
vorticity direction should coincide with the direction of the
system orbital momentum.
Following from Eq. (1), all particles, as well as anti-

particles of the same spin, should have the same polariza-
tion. A difference could arise from effects of the initial
magnetic field [6], from the fact that different particles are
produced at different times or regions as the system freezes
out [7], or through meson-baryon interactions [8]. Thus far,
only Λ and Λ̄ polarizations have been measured [4,5,9].
Therefore, to establish the global nature of the polarization,
it is very important to measure the polarization of different
particles, and if possible, particles of different spins. In the
global polarization picture based on vorticity one expects
different particles to be polarized in the same direction and

that the polarization magnitudes for different particles
depend only on their spin in accordance with Eq. (1).
In order to study the possible contribution from the initial

magnetic field, the polarization measurement with particles
of different magnetic moment would provide additional
information. The difference in the polarization measured so
far betweenΛ and Λ̄ is not significant and is at the level of a
couple standard deviations at most.
Although the energy dependence of the average Λ

polarization can be explained well by theoretical models
[7,10–14], many questions remain open, and the detail
modeling of the global polarization and dynamical treat-
ment of spin are under development. In fact, there exist sign
problems in differential measurements of the global and
local polarizations, not only between the experimental data
and models but also among different models [15–17]. For
example, Λ (Λ̄) polarization along the beam direction
measured experimentally [15] differ in the sign and
magnitude of the effect from many theoretical calculations.
Therefore, further experimental inputs are crucial for
understanding the vorticity and polarization phenomena
in heavy-ion collisions. In this paper we present the first
measurements of the global polarization of spin s ¼ 1=2 Ξ−

and Ξ̄þ hyperons, as well as spin s ¼ 3=2 Ω hyperons in
Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
Hyperon weak decays present the most straightforward

possibility for measuring the polarization of the produced
particles [18]. In parity-violating weak decays the daughter
particle distribution in the rest frame of the hyperon directly
depends on the hyperon polarization:

dN
dΩ& ¼

1

4π
ð1þ αHP&

H · p̂&BÞ; ð2Þ

where αH is the hyperon decay parameter, P&
H is the

hyperon polarization, and p̂&B is the unit vector in the
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3

ω
T
; ð1Þ
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out [7], or through meson-baryon interactions [8]. Thus far,
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Therefore, to establish the global nature of the polarization,
it is very important to measure the polarization of different
particles, and if possible, particles of different spins. In the
global polarization picture based on vorticity one expects
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that the polarization magnitudes for different particles
depend only on their spin in accordance with Eq. (1).
In order to study the possible contribution from the initial
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information. The difference in the polarization measured so
far betweenΛ and Λ̄ is not significant and is at the level of a
couple standard deviations at most.
Although the energy dependence of the average Λ

polarization can be explained well by theoretical models
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ment of spin are under development. In fact, there exist sign
problems in differential measurements of the global and
local polarizations, not only between the experimental data
and models but also among different models [15–17]. For
example, Λ (Λ̄) polarization along the beam direction
measured experimentally [15] differ in the sign and
magnitude of the effect from many theoretical calculations.
Therefore, further experimental inputs are crucial for
understanding the vorticity and polarization phenomena
in heavy-ion collisions. In this paper we present the first
measurements of the global polarization of spin s ¼ 1=2 Ξ−

and Ξ̄þ hyperons, as well as spin s ¼ 3=2 Ω hyperons in
Auþ Au collisions at
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Hyperon weak decays present the most straightforward

possibility for measuring the polarization of the produced
particles [18]. In parity-violating weak decays the daughter
particle distribution in the rest frame of the hyperon directly
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Fig. 2.2 Collision energy
dependence of the kinematic
vorticity in Au + Au
collisions [9, 40]

system grows monotonously with increasing
√
s, the initial kinematic vorticity at

η = 0 does not. It first increases with
√
s ! 2mN in accordance with the angular

momentum and then decreases at higher energies due to the fact that the matter
at mid-rapidity becomes more Bjorken boost invariant and that can support less
vorticity—a feature also shown in experimental data for the global ! polarization;
see Sect. 2.5 for more details about the global polarization effect.

2.2 Phase Structures Under Extreme Fields

External fields such as magnetic field or vorticity field provide new control param-
eters, in addition to the more familiar temperature and density, for studying the
thermodynamic properties and phase structures of nuclear matter. When applied
to a system, they directly influence the spin and orbital motions of the underlying
microscopic particles and lead to changes in the system’s macroscopic behavior. For
in-depth discussions on this topic, see, e.g., recent review articles [1, 2, 45–48] and
references therein.

The study of QCD matter in a strong magnetic field has a long history [49].
In particular, there has been a lot of interest to understand the interplay between
QED interaction with the magnetic field and the QCD spontaneous chiral symmetry
breaking, revealing non-trivial effects like the well-known magnetic catalysis [46,
50, 51], where the vacuum chiral condensate gets generally enhanced by the presence
of the magnetic field. Surprisingly, it was shown later by lattice QCD simulations
that at temperature close to the transition temperature, the magnetic field tends to
suppress rather than enhance the chiral condensation, a phenomenon known as the
inverse magnetic catalysis [52–54] and not fully understood yet [55–59]. Lattice
simulations forQCD in themagnetic field havewitnessed significant progress, thanks
to today’s super-computing technology, and started to offer quantitative insights about
various aspects of magnetized QCD media [60, 61]. It has been found that the QCD
medium is paramagnetic above the pseudo-critical transition temperature Tpc while
it is diamagnetic below Tpc [62], and the electromagnetic conductivity parallel to
the magnetic field increases as the magnetic field strength grows. Fluctuations and
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direction of the daughter baryon momentum, both in the
parent rest frame denoted by an asterisk.
Ξ− (Ξ̄þ) hyperon decay happens in two steps: Ξ− →

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

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

P#
Λ ¼ ðαΞ þ P#

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

Ξ × p̂#ΛÞ
1þ αΞP#

Ξ · p̂#Λ
;

ð3Þ

where p̂#Λ is the unit vector of the Λmomentum in the Ξ rest
frame. Averaging over the angular distribution of the Λ in
the rest frame of the Ξ given by Eq. (2) yields

P#
Λ ¼ CΞ−ΛP#

Ξ ¼ 1

3
ð1þ 2γΞÞP#

Ξ: ð4Þ

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

CΞ−Λ ¼ 1

3
ð1þ 2 × 0.916Þ ¼ þ0.944: ð5Þ

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

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

P#
Λ ¼ CΩ−ΛP#

Ω ¼ 1

5
ð1þ 4γΩÞP#

Ω: ð6Þ

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

at
ffiffiffiffiffiffiffiffi
sNN

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

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

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

(63.9%), where the numbers in parentheses indicate the
corresponding branching ratio of the decays [22]. Charged
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violating and thus can be used for an independent meas-
urement of the polarization of Ξ− (Ξ̄þ).
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[19–21] in terms of the three parameters α (parity violating
part), β (violation of the time reversal symmetry), and γ
(satisfying α2 þ β2 þ γ2 ¼ 1). For a particular case of
Ξ → Λþ π decay it reads:
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where p̂#Λ is the unit vector of the Λmomentum in the Ξ rest
frame. Averaging over the angular distribution of the Λ in
the rest frame of the Ξ given by Eq. (2) yields
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Using the measured value for the γΞ parameter [21,22], the
polarization transfer coefficient for Ξ− to Λ decay is
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decay of spin 3=2 hyperon, Ω → Λþ K, is also described
by three parameters αΩ, βΩ, and γΩ [23]. The decay
parameter αΩ determines the angular distribution of Λ in
the Ω rest frame and is measured to be small [22]:
αΩ ¼ 0.0157& 0.0021; this makes it practically impossible

to measure theΩ polarization via analysis of the daughterΛ
angular distribution. The polarization transfer in this case is
determined by the γΩ parameter via [23–25]
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The time-reversal violation parameter βΩ is expected
to be small. This combined with the constraint that
α2 þ β2 þ γ2 ¼ 1 limits the unmeasured parameter to
γΩ ≈&1, resulting in a polarization transfer CΩ−Λ ≈ 1
or CΩ−Λ ≈ −0.6.
Our analysis is based on the data of Auþ Au collisions
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2016 by the STAR detector. Charged-particle tracks were
measured in the time projection chamber (TPC) [26], which
covers the full azimuth and a pseudorapidity range of
jηj < 1. The collision vertices were reconstructed using the
measured charged-particle tracks and were required to be
within 30 cm relative to the TPC center in the beam
direction for the 2010 and 2011 datasets to ensure a good
acceptance of reconstructed tracks. The narrower vertex
selection to be within 6 cm was applied in the 2014 and
2016 data due to an online trigger requirement for the
heavy flavor tracker installed prior to 2014 data taking. The
vertex in the radial direction relative to the beam center was
also required to be within 2 cm to reject background from
collisions with a beam pipe. Additionally, the difference in
the vertex positions along the beam direction from the
vertex position detectors (VPD) [27] located at forward and
backward pseudorapidities (4.24 < jηj < 5.1) was required
to be less than 3 cm to suppress pileup events in which
more than one heavy-ion collision occurred. These selec-
tion criteria yielded about 180 × 106 (350 × 106) minimum
bias (MB) events for the 2010 (2011) dataset, 1 × 109 MB
events for the 2014 dataset, and 1.5 × 109 MB events for
the 2016 dataset. The MB trigger requires hits of both
VPDs and the zero-degree calorimeters (ZDCs) [28], which
detect spectator neutrons in jηj > 6.3. The collision central-
ity was determined from the measured multiplicity of
charged particles within jηj < 0.5 and a Monte Carlo
Glauber simulation [29,30].
The first-harmonic event plane angle Ψ1 as an exper-

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

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

of a spin 1=2 hyperon is described by the Lee-Yang formula
[19–21] in terms of the three parameters α (parity violating
part), β (violation of the time reversal symmetry), and γ
(satisfying α2 þ β2 þ γ2 ¼ 1). For a particular case of
Ξ → Λþ π decay it reads:
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where p̂#Λ is the unit vector of the Λmomentum in the Ξ rest
frame. Averaging over the angular distribution of the Λ in
the rest frame of the Ξ given by Eq. (2) yields
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Ξ ¼ 1
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Using the measured value for the γΞ parameter [21,22], the
polarization transfer coefficient for Ξ− to Λ decay is

CΞ−Λ ¼ 1

3
ð1þ 2 × 0.916Þ ¼ þ0.944: ð5Þ

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

to measure theΩ polarization via analysis of the daughterΛ
angular distribution. The polarization transfer in this case is
determined by the γΩ parameter via [23–25]
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Ω: ð6Þ

The time-reversal violation parameter βΩ is expected
to be small. This combined with the constraint that
α2 þ β2 þ γ2 ¼ 1 limits the unmeasured parameter to
γΩ ≈&1, resulting in a polarization transfer CΩ−Λ ≈ 1
or CΩ−Λ ≈ −0.6.
Our analysis is based on the data of Auþ Au collisions
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p ¼ 200 GeV collected in 2010, 2011, 2014, and
2016 by the STAR detector. Charged-particle tracks were
measured in the time projection chamber (TPC) [26], which
covers the full azimuth and a pseudorapidity range of
jηj < 1. The collision vertices were reconstructed using the
measured charged-particle tracks and were required to be
within 30 cm relative to the TPC center in the beam
direction for the 2010 and 2011 datasets to ensure a good
acceptance of reconstructed tracks. The narrower vertex
selection to be within 6 cm was applied in the 2014 and
2016 data due to an online trigger requirement for the
heavy flavor tracker installed prior to 2014 data taking. The
vertex in the radial direction relative to the beam center was
also required to be within 2 cm to reject background from
collisions with a beam pipe. Additionally, the difference in
the vertex positions along the beam direction from the
vertex position detectors (VPD) [27] located at forward and
backward pseudorapidities (4.24 < jηj < 5.1) was required
to be less than 3 cm to suppress pileup events in which
more than one heavy-ion collision occurred. These selec-
tion criteria yielded about 180 × 106 (350 × 106) minimum
bias (MB) events for the 2010 (2011) dataset, 1 × 109 MB
events for the 2014 dataset, and 1.5 × 109 MB events for
the 2016 dataset. The MB trigger requires hits of both
VPDs and the zero-degree calorimeters (ZDCs) [28], which
detect spectator neutrons in jηj > 6.3. The collision central-
ity was determined from the measured multiplicity of
charged particles within jηj < 0.5 and a Monte Carlo
Glauber simulation [29,30].
The first-harmonic event plane angle Ψ1 as an exper-

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

Λ (Λ̄) were reconstructed utilizing the decay channels of
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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͵

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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但是不能同样方法抽取  ,   和  (其中只有两

个是独立的,   ), 因为 

 (  ).  这 两 个 独 立 参 量 与  

 和  有关.

K∗0

我们知道矢量介子的主要衰变方式是保持宇

称不变的强衰变, 如  和 f 介子主要衰变到两个

赝标量介子: 

K∗0 → K+ + π−, (∼ 100%),

φ→ K+ +K−, (∼ 49%), (9)

L = 1

其中括号里的数字是衰变分支比. 由于初态矢量介

子带有 1个单位的自旋, 末态粒子不带自旋, 所以

末态粒子的动量角分布属于  分波. 以 f 介子

为例, 其衰变振幅为 

〈K+,K−|S |φ;Sz〉 = Y1,Sz (θ,φ), (10)

Sz = −1, 0, 1

(θ,φ) K+ K−

(S, Sz) = (1, Sz)

这里   标记沿着自旋量子化方向 z的

f 介子自旋态 ,    标记末态粒子   或   在

f 介子质心系的动量方向 (极角和方位角). 如果

f 介子处于自旋态  , 其衰变末态粒

子的立体角分布为 [12]
 

dN
dΩ

=
∣∣〈K+,K−|S |φ;Sz〉

∣∣2 = |Y1,Sz (θ,φ)|
2 , (11)

Pi |ψi〉现在假设 f 介子以某个几率   处于自旋态   ,

则 (11)式的立体角分布变为 [12]
 

dN
dΩ

=
∑

i

Pi

∣∣∣∣〈K
+,K−|S |ψi〉

∣∣∣∣
2

=
∑

i

Pi〈K+,K−|S |ψi〉〈ψi|S †|K+,K−〉

= 〈K+,K−|S ρS †|K+,K−〉, (12)

∑
Sz

|φ;Sz〉〈φ;Sz|=1

其中 r 是 (1)式定义的自旋密度矩阵. 在 (12)式

中插入完备性关系   , 可以得

到 [12]: 

dN
dΩ

=
∑

Sz1,Sz2

〈K+,K−|S |φ;Sz1〉〈φ;Sz1|ρ|φ;Sz2〉

× 〈φ;Sz2|S †|K+,K−〉

=
∑

Sz1,Sz2

ρSz1,Sz2Y1,Sz1(θ,φ)Y
∗
1,Sz2

(θ,φ)

=
3

8π
[
(1− ρ00) + (3ρ00 − 1) cos2 θ

− 2Reρ−1,1 sin2 θ cos(2φ)− 2Imρ−1,1 sin2 θ sin(2φ)

+
√
2Re(ρ−1,0 − ρ01) sin(2θ) cosφ

+
√
2Im(ρ−1,0 − ρ01) sin(2θ) sinφ

]
, (13)

Y1,±1=∓
√
3/8π sin θ×

e±iφ Y10 =
√

3/4π cos θ∫
dΩ(dN/dΩ) = 1

Tij

Pi

这里使用了球谐函数的定义 

 ,    . (13)式的立体角分布是

归一的, 即  . 可以看到该立体角

分布只与张量极化部分   有关, 与矢量极化部分

 无关, 这其实就是强衰变保持宇称守恒的反映.

所以通过测量末态粒子的立体角分布可以确定自

旋密度矩阵的张量极化部分的 5个系数, 这在实验

上是有难度的, 因为这些衰变实验的统计性不高.

为了提高统计性, 在实验上往往把方位角积掉得到

极角分布: 

dN
d cos θ

=

∫ 2π

0
dφ

dN
dΩ

= (3/4)[(1− ρ00) + (3ρ00 − 1) cos2 θ]. (14)

ρ00

ρ00 = 1/3

ρ00 #= 1/3

ρ00 >

1/3 ρ00 < 1/3 Sz = 0

Sz = ±1

可以看到极角分布只与  有关, 这个参数也叫作

矢量介子的自旋排列. 如果  , 末态粒子的

角分布是常数 (各向同性的), 这表明矢量介子没有

自旋排列. 如果  , 末态粒子的角分布不是

各向同性的, 表明矢量介子有自旋排列. 如果 

 或  , 表明矢量介子处于  自旋态

的几率要大于或小于  自旋态的几率. 因此

通过测量衰变粒子的极角分布就可以确定矢量介

子的自旋排列.

以上讨论的是矢量介子衰变到两个赝标量介

子的情形. 矢量介子也可以衰变到两个自旋 1/2粒

子, 比如双轻子的情形, 这时末态粒子的角分布与

赝标量介子是不同的. 这里把两种衰变方式末态粒

子的极角分布放在一起做比较 [12,34]: 

 

W (θ) =






3

4

[
(1− ρ00 + (3ρ00 − 1) cos2 θ)

]
, 矢量介子→赝标量介子,

3

8

[
(1 + ρ00 + (1− 3ρ00) cos2 θ)

]
, 矢量介子→双轻子.

(15)
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Integrate over azi. angle

Vector meson spin alignment
� Consider quark recombination: ݍ  തݍ ՜ ܸ.
� If ݍ and തݍ are polarized, ܸ has different probabilities to occupy three spin states:

� For global polarization:

26

(Liang-Wang 2005)

Chen, Liang, Ma, Wang Science Bulletin 68, 874 (2023)
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矢量介子自旋极化



实验测量方法：矢量介子

8

z
*

pq

*
p2

p q-*
p 2( / 2)f p- Y +

*q

L


K

b


Nature | Vol 614 | 9 February 2023 | 245

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 

ϕ meson

pK+

pK−

Re
ac

tio
n 

pl
an

e

Nuclear
fragments

Nuclear
fragments

Quark–gluon
plasma

K*0 meson

n̂

n̂

pK+

pπ−

θ*

θ*
L̂

x(b)ˆ

z(pbeam)

y(−L)

ˆ

ˆ

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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vertex range:(Xe/w, Ye/w). The re-centering is done by:101

x
⇤
e/w = x

0
e/w �Xe/w, (3)

y
⇤
e/w = y

0
e/w � Ye/w, (4)

x
⇤
e/w,y

⇤
e/w are x/y positions after re-centering, x0

e/w,y
0
e/w are x/y positions before re-centering, e/w102

for east/west respectively.103

After re-centering, we will still see a no-uniform distribution of event plane due to the shape104

of detectors. A shift correction is applied to flatten the event plane for east/west respectively:105

 1,e/w =  0
1,e/w +

nX

i=1

2

i

⇥
�
⌦
sin(i 0

1,e/w)
↵
cos(i 0

1,e/w) +
⌦
cos(i 0
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↵
sin(i 0

1,e/w)
⇤

(5)

In this analysis, we use n = 20.106

The total event plane angle is obtained by107

 0
1 = arctan

ye � yw

xe � ew
, (6)

and it also requires the shift:108

 1 =  
0
1 +

nX

i=1

2

i
[�hsin(i 0

1)i cos(i 0
1) + hcos(i 0

1)i sin(i 0
1)] (7)

2.2.2 2nd-Order Event Plane109

We use TPC to reconstruct 2nd order event plane. The 2nd order event plane vector ~Qn and event110

plane angle  n are defined by equations:111

Q2 cos(2 2) = X2 =
X

i

wi cos(2�i), (8)

Q2 sin(2 2) = Y2 =
X

i

wi sin(2�i), (9)

or112

 2 =
1

2


tan�1

P
i wi sin(2�i)P
i wi cos(2�i)

�
, (10)

The sums go over the i particles used in the event plane reconstruction and wi is the weight of113

ith particle. In this analysis, if pT < 2.0 GeV/c, wi = pT ; otherwise, if pT � 2.0 GeV/c, wi = 2.0.114

To avoid short range correlation, we divide 2nd event plane into two ⌘sub event planes. In each115

event, two ⌘sub event plane ( ~Q2,East and ~Q2,West) are reconstructed within di↵erent pseudo-rapidity116

window with an ⌘gap between two ⌘sub events. The flow vector ~Qn,East is reconstructed within117

�1.0 < ⌘ < �0.05, while ~Qn,West is reconstructed within 0.05 < ⌘ < 1.0. With ⌘sub event plane118

method, the self-correlation is excluded automatically by match the �-meson and event plane from119

di↵erent ⌘ window.120

The re-centering and shift correction are applied to east and west sub event plane individually.121

For simplicity purpose, we omit East/West from subscript in flow vector and event plane angle.122

All procedures are identical for east and west sub event plane.123

5

4 Cross Checks431

4.1 Side Band Analysis432

To understand the contribution of the background, we did side band analysis with di↵erent in-433

variant mass region to extract the ⇢00. Fig. 42 shows an illustration of di↵erent side band region434

at 27 GeV used in the analysis. The low band and high band region contains mostly background435

K
+
, K

� pairs and the signal region contains both signal and background. The width of the band436

is 20 MeV in all three bands.437

Figure 42: Illustration of side band range used in analysis.

Figure 43 presents the comparison between signal and side band analysis. The signal is ex-438

tracted after background subtraction and the details can be found in Sec. 2. The open star is the439

side band results of the data and filled gray circle is simulation with Kaon distribution from the440

side band analysis. From the Fig. 43 we have the following conclusions: 1. signal is significantly441

di↵erent from side band results; 2. simulation with Kaon distribution from data can quantitatively442

reproduce side band results; 3. there is no particular reason that side band results should be 1/3443

due to the constrain in the phase space.444

41

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*.

Figure 3.7 shows an example of ¡ weights in Au + Au collisions at
p

sNN = 200

GeV. The 12-fold periodic structure reflects the structure of TPC acceptance. TPC has

twelve sectors and vacancies between two sectors. The probability of particles hitting

the middle of the sector is higher than that of particles hitting the edges of the sector.

The observed periodic structure is easily understood in this way. The peak positions

shift for particles with opposite charges. This is because the particles starting at the

same ¡ have a high probability to hit the TPC on one side with the positive charge and

on the other side with the negative charge.
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Figure 3.8: (a) Azimuthal distribution of Event Plane angle. The dashed line is a constant

fit to it. (b) The distribution of the diÆerences between two random sub-event Event Plane

angles.

Figure 3.8 (a) shows the second harmonic event plane azimuthal distribution after

¡ weights are applied. To show how flat it is, we do a constant fit to the event plane

azimuthal distribution. The ¬2/ndf is around 1. As the event plane is flat, the acceptance

eÆects will not bias the measurements of v2.

3.3.3 Event Plane Resolution

The observed v2 is correlated to the event plane. Due to finite multiplicity in the event

plane calculation, there are some uncertainties between the event plane and real reaction

plane. The observed v2 has to be corrected by the event plane resolution, which is given

51
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• 修正：探测效率TPC+ToF，接受度修正(F)，事件平面分辨率(R)

Tang, Tu, Zhou Phys. Rev. C 98, 044907 (2018)
Shen, Chen, Lin, Chin. Phys. C 45, 054002 (2021)

Methods
Data description
This φ-meson ρ00 analysis is based on Au+Au collisions at s = 11.5NN , 
19.6, 27, 39, 62.4 and 200 GeV, with samples of 8, 19, 348, 117, 45 and 1,560 
million events, respectively. For K*0 mesons, the sample sizes are 12, 18, 
36, 70, 130, 520 and 350 million events at s = 11.5NN , 14.5, 19.6, 27, 39, 
54.4 and 200 GeV, respectively. All data were taken using a minimum-bias 
trigger. This trigger selects all particle-producing collisions regardless 
of the extent of overlap of the incident nuclei. To maximize the statistics 
and ensure uniform acceptance, a selection on the position of the recon-
structed primary vertex along the beam axis (Vz) is made for each of the 
energies. In the case of the φ analysis, Vz is required to be within ±30 cm 
of the centre of the STAR TPC31 for s = 200 GeVNN , whereas the cor-
responding Vz windows are ±40, 40, 70, 70 and 50 cm at beam energies 
of 62.4, 39, 27, 19.6 and 11.5 GeV, respectively. For K*0, the Vz window is 
±50 cm at 39 GeV and below and ±30 cm at the remaining beam energies. 
Charged particles with pseudorapidities |η| < 1.0 are reconstructed using 
the TPC. For both analyses, the centrality definition is based on the raw 
charged-particle multiplicity in the TPC within |η| < 0.5. The primary 
vertex position in the plane that is transverse to the direction of the col-
liding Au ion beams, Vr, is required to be within 2 cm of the peak of the 
reconstructed primary vertex position for all energies except 14.5 GeV. 
For 14.5 GeV, the vertex is not centred at (0, 0) in the xy plane and slightly 
offset at (0.0, −0.89) cm, and the |Vr| ( V V= + ( + 0.89)x y

2 2) is selected to 
be smaller than 1 cm to reject interactions with the beam pipe.

Reconstruction of the event plane
In this paper, we follow the same procedure as in a previous study of 
the STAR Collaboration30, by using the second-order event plane based 
on tracks in the TPC as a proxy for the event reaction plane. φ and K*0 
daughter candidates were excluded from the event-plane determina-
tion, to avoid self-correlation between the event plane and those par-
ticles under study. Furthermore, results obtained using the first-order 
event plane are presented in this section for the φ global spin alignment. 
The first-order event plane is based on the shower maximum detectors 
of the zero-degree calorimeters44 for the s = 62.4NN  and 200-GeV data 
and on the beam-beam counter45,46 for the lower energies.

In non-central collisions, a fraction of the initial angular momentum 
is carried away by spectator nucleons and, therefore, the normal to the 
first-order event plane can be more sensitive to the direction of the 
initial global angular momentum than that for the second-order event 
plane. On the other hand, the resolution of the second-order event 
plane, based on the TPC tracking, is better than that of the first-order 
event plane, owing to the large multiplicity and elliptic flow24 within 
the TPC acceptance near middle rapidity. As discussed in ref. 47, when 
all corrections are taken into account, the two measurements should 
agree with each other to the first approximation, as demonstrated 
below. Uncertainties in the event-plane resolution are negligible rela-
tive to the statistical and systematic uncertainties of the final results.

φ-meson and K*0-meson yield extraction
The distributions of φ and K*0 invariant mass are obtained for each pT, cen-
trality and cosθ* bin. The corresponding combinatorial background for the 
φ meson is estimated by event mixing, that is, creating (K+, K−) pairs from 
tracks selected from different events with the same centrality, event-plane 
angle bin and primary vertex bin. For K*0 mesons, the background is esti-
mated by rotating the momentum vector of one of the decay daughters by 
180°. Both techniques can effectively break the correlation between pairs 
in real events and the results from the two techniques are consistent within 
about 1.0–1.5σ. Invariant-mass yields are then obtained by subtracting the 
corresponding backgrounds. Small, residual backgrounds remain, owing 
to particle misidentification for both techniques and to non-resonance 
correlations for the rotation technique. The upper panels of Extended 
Data Fig. 1 show typical combinatorial-background-subtracted φ and K*0 

invariant-mass distributions integrated over cosθ*. The extracted yield is 
fitted with a Breit–Wigner function for the signal plus a second-order poly-
nomial curve for the residual background. The lower panels of Extended 
Data Fig. 1 show examples of φ and K*0 yield as a function of cosθ*. This 
yield, after correction for detection efficiency and acceptance at each  
pT and centrality, is then used to extract ρ00.

Corrections for finite event-plane resolution, efficiency and 
acceptance
ϕ-meson ρ00 analysis. Detector efficiency within the acceptance is cor-
rected using the STAR Monte Carlo embedding method48–50. To account 
for finite event-plane resolution and finite acceptance in pseudorapid-
ity (η)51, the observed cosθ* distribution is not fitted using equation (1) 
but is instead described by the correction procedure derived in ref. 47, 
wherein the data are fitted using
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and F is a factor that accounts for finite acceptance. Its value depends on 
pT and η and is calculated using a simulation47. The factor R accounts for 
finite event-plane resolution. For the first-order event plane, it is 
R = 'cos2(Ψ − Ψ ))r1 1 , in which Ψ1 is the first-order event plane and Ψr is 
the true reaction plane. R1 can be obtained following the usual procedure 
in flow analyses24. For the second-order event plane, R is replaced by 
R R= 'cos2(Ψ − Ψ ))/21 1 2 1 , in which Ψ2 is the second-order event plane. 
Extended Data Figure 2 shows an example of such fitting. The fitting 
procedure has been repeated with different η acceptance cuts for the 
decay daughters, namely |η| < 1 and |η| < 0.6, and results after correction 
converge as expected, as seen in simulations47. In this procedure, the 
corrections for detector efficiency and acceptance are applied separately. 
Performing the procedure this way provides insight into the effect of 
acceptance alone, and the effect of acceptance can be taken into account 
with a high precision. In practice, this procedure has been verified to give 
results consistent with those from the procedure below. It is worth noting 
that, in simulation studies, we found that the decay-topology-dependent 
efficiency along with the elliptic flow (v2)24 of the parent meson can bias 
the ρ00 measurements. Such effects have been fully corrected with the 
procedure of efficiency correction, for both φ and K*0.

K*0-meson ρ00 analysis. The detector acceptance and efficiency are 
calculated using the STAR Monte Carlo embedding method48–50. In this 
process, a small extra fraction of K*0 mesons (5%) is generated with a 
uniform distribution in the rapidity range [−1, 1], transverse momen-
tum range [0, 10 GeV c−1] and azimuthal angle range [0, 2π], and then 
passed through the STAR detector simulation in GEANT3 (ref. 52). The 
number of K*0 mesons reconstructed after passing through the detector 
simulation and through the same set of track selections as used in real 
data, compared with the input number of K*0 mesons within the same 
rapidity interval, gives the reconstruction efficiency × acceptance (%rec). 
The yield, after correction for reconstruction efficiency × acceptance, 
is fitted with

Methods
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This φ-meson ρ00 analysis is based on Au+Au collisions at s = 11.5NN , 
19.6, 27, 39, 62.4 and 200 GeV, with samples of 8, 19, 348, 117, 45 and 1,560 
million events, respectively. For K*0 mesons, the sample sizes are 12, 18, 
36, 70, 130, 520 and 350 million events at s = 11.5NN , 14.5, 19.6, 27, 39, 
54.4 and 200 GeV, respectively. All data were taken using a minimum-bias 
trigger. This trigger selects all particle-producing collisions regardless 
of the extent of overlap of the incident nuclei. To maximize the statistics 
and ensure uniform acceptance, a selection on the position of the recon-
structed primary vertex along the beam axis (Vz) is made for each of the 
energies. In the case of the φ analysis, Vz is required to be within ±30 cm 
of the centre of the STAR TPC31 for s = 200 GeVNN , whereas the cor-
responding Vz windows are ±40, 40, 70, 70 and 50 cm at beam energies 
of 62.4, 39, 27, 19.6 and 11.5 GeV, respectively. For K*0, the Vz window is 
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In this paper, we follow the same procedure as in a previous study of 
the STAR Collaboration30, by using the second-order event plane based 
on tracks in the TPC as a proxy for the event reaction plane. φ and K*0 
daughter candidates were excluded from the event-plane determina-
tion, to avoid self-correlation between the event plane and those par-
ticles under study. Furthermore, results obtained using the first-order 
event plane are presented in this section for the φ global spin alignment. 
The first-order event plane is based on the shower maximum detectors 
of the zero-degree calorimeters44 for the s = 62.4NN  and 200-GeV data 
and on the beam-beam counter45,46 for the lower energies.

In non-central collisions, a fraction of the initial angular momentum 
is carried away by spectator nucleons and, therefore, the normal to the 
first-order event plane can be more sensitive to the direction of the 
initial global angular momentum than that for the second-order event 
plane. On the other hand, the resolution of the second-order event 
plane, based on the TPC tracking, is better than that of the first-order 
event plane, owing to the large multiplicity and elliptic flow24 within 
the TPC acceptance near middle rapidity. As discussed in ref. 47, when 
all corrections are taken into account, the two measurements should 
agree with each other to the first approximation, as demonstrated 
below. Uncertainties in the event-plane resolution are negligible rela-
tive to the statistical and systematic uncertainties of the final results.

φ-meson and K*0-meson yield extraction
The distributions of φ and K*0 invariant mass are obtained for each pT, cen-
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φ meson is estimated by event mixing, that is, creating (K+, K−) pairs from 
tracks selected from different events with the same centrality, event-plane 
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mated by rotating the momentum vector of one of the decay daughters by 
180°. Both techniques can effectively break the correlation between pairs 
in real events and the results from the two techniques are consistent within 
about 1.0–1.5σ. Invariant-mass yields are then obtained by subtracting the 
corresponding backgrounds. Small, residual backgrounds remain, owing 
to particle misidentification for both techniques and to non-resonance 
correlations for the rotation technique. The upper panels of Extended 
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invariant-mass distributions integrated over cosθ*. The extracted yield is 
fitted with a Breit–Wigner function for the signal plus a second-order poly-
nomial curve for the residual background. The lower panels of Extended 
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pT and centrality, is then used to extract ρ00.
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ϕ-meson ρ00 analysis. Detector efficiency within the acceptance is cor-
rected using the STAR Monte Carlo embedding method48–50. To account 
for finite event-plane resolution and finite acceptance in pseudorapid-
ity (η)51, the observed cosθ* distribution is not fitted using equation (1) 
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and F is a factor that accounts for finite acceptance. Its value depends on 
pT and η and is calculated using a simulation47. The factor R accounts for 
finite event-plane resolution. For the first-order event plane, it is 
R = 'cos2(Ψ − Ψ ))r1 1 , in which Ψ1 is the first-order event plane and Ψr is 
the true reaction plane. R1 can be obtained following the usual procedure 
in flow analyses24. For the second-order event plane, R is replaced by 
R R= 'cos2(Ψ − Ψ ))/21 1 2 1 , in which Ψ2 is the second-order event plane. 
Extended Data Figure 2 shows an example of such fitting. The fitting 
procedure has been repeated with different η acceptance cuts for the 
decay daughters, namely |η| < 1 and |η| < 0.6, and results after correction 
converge as expected, as seen in simulations47. In this procedure, the 
corrections for detector efficiency and acceptance are applied separately. 
Performing the procedure this way provides insight into the effect of 
acceptance alone, and the effect of acceptance can be taken into account 
with a high precision. In practice, this procedure has been verified to give 
results consistent with those from the procedure below. It is worth noting 
that, in simulation studies, we found that the decay-topology-dependent 
efficiency along with the elliptic flow (v2)24 of the parent meson can bias 
the ρ00 measurements. Such effects have been fully corrected with the 
procedure of efficiency correction, for both φ and K*0.

K*0-meson ρ00 analysis. The detector acceptance and efficiency are 
calculated using the STAR Monte Carlo embedding method48–50. In this 
process, a small extra fraction of K*0 mesons (5%) is generated with a 
uniform distribution in the rapidity range [−1, 1], transverse momen-
tum range [0, 10 GeV c−1] and azimuthal angle range [0, 2π], and then 
passed through the STAR detector simulation in GEANT3 (ref. 52). The 
number of K*0 mesons reconstructed after passing through the detector 
simulation and through the same set of track selections as used in real 
data, compared with the input number of K*0 mesons within the same 
rapidity interval, gives the reconstruction efficiency × acceptance (%rec). 
The yield, after correction for reconstruction efficiency × acceptance, 
is fitted with

Methods
Data description
This φ-meson ρ00 analysis is based on Au+Au collisions at s = 11.5NN , 
19.6, 27, 39, 62.4 and 200 GeV, with samples of 8, 19, 348, 117, 45 and 1,560 
million events, respectively. For K*0 mesons, the sample sizes are 12, 18, 
36, 70, 130, 520 and 350 million events at s = 11.5NN , 14.5, 19.6, 27, 39, 
54.4 and 200 GeV, respectively. All data were taken using a minimum-bias 
trigger. This trigger selects all particle-producing collisions regardless 
of the extent of overlap of the incident nuclei. To maximize the statistics 
and ensure uniform acceptance, a selection on the position of the recon-
structed primary vertex along the beam axis (Vz) is made for each of the 
energies. In the case of the φ analysis, Vz is required to be within ±30 cm 
of the centre of the STAR TPC31 for s = 200 GeVNN , whereas the cor-
responding Vz windows are ±40, 40, 70, 70 and 50 cm at beam energies 
of 62.4, 39, 27, 19.6 and 11.5 GeV, respectively. For K*0, the Vz window is 
±50 cm at 39 GeV and below and ±30 cm at the remaining beam energies. 
Charged particles with pseudorapidities |η| < 1.0 are reconstructed using 
the TPC. For both analyses, the centrality definition is based on the raw 
charged-particle multiplicity in the TPC within |η| < 0.5. The primary 
vertex position in the plane that is transverse to the direction of the col-
liding Au ion beams, Vr, is required to be within 2 cm of the peak of the 
reconstructed primary vertex position for all energies except 14.5 GeV. 
For 14.5 GeV, the vertex is not centred at (0, 0) in the xy plane and slightly 
offset at (0.0, −0.89) cm, and the |Vr| ( V V= + ( + 0.89)x y

2 2) is selected to 
be smaller than 1 cm to reject interactions with the beam pipe.

Reconstruction of the event plane
In this paper, we follow the same procedure as in a previous study of 
the STAR Collaboration30, by using the second-order event plane based 
on tracks in the TPC as a proxy for the event reaction plane. φ and K*0 
daughter candidates were excluded from the event-plane determina-
tion, to avoid self-correlation between the event plane and those par-
ticles under study. Furthermore, results obtained using the first-order 
event plane are presented in this section for the φ global spin alignment. 
The first-order event plane is based on the shower maximum detectors 
of the zero-degree calorimeters44 for the s = 62.4NN  and 200-GeV data 
and on the beam-beam counter45,46 for the lower energies.

In non-central collisions, a fraction of the initial angular momentum 
is carried away by spectator nucleons and, therefore, the normal to the 
first-order event plane can be more sensitive to the direction of the 
initial global angular momentum than that for the second-order event 
plane. On the other hand, the resolution of the second-order event 
plane, based on the TPC tracking, is better than that of the first-order 
event plane, owing to the large multiplicity and elliptic flow24 within 
the TPC acceptance near middle rapidity. As discussed in ref. 47, when 
all corrections are taken into account, the two measurements should 
agree with each other to the first approximation, as demonstrated 
below. Uncertainties in the event-plane resolution are negligible rela-
tive to the statistical and systematic uncertainties of the final results.

φ-meson and K*0-meson yield extraction
The distributions of φ and K*0 invariant mass are obtained for each pT, cen-
trality and cosθ* bin. The corresponding combinatorial background for the 
φ meson is estimated by event mixing, that is, creating (K+, K−) pairs from 
tracks selected from different events with the same centrality, event-plane 
angle bin and primary vertex bin. For K*0 mesons, the background is esti-
mated by rotating the momentum vector of one of the decay daughters by 
180°. Both techniques can effectively break the correlation between pairs 
in real events and the results from the two techniques are consistent within 
about 1.0–1.5σ. Invariant-mass yields are then obtained by subtracting the 
corresponding backgrounds. Small, residual backgrounds remain, owing 
to particle misidentification for both techniques and to non-resonance 
correlations for the rotation technique. The upper panels of Extended 
Data Fig. 1 show typical combinatorial-background-subtracted φ and K*0 

invariant-mass distributions integrated over cosθ*. The extracted yield is 
fitted with a Breit–Wigner function for the signal plus a second-order poly-
nomial curve for the residual background. The lower panels of Extended 
Data Fig. 1 show examples of φ and K*0 yield as a function of cosθ*. This 
yield, after correction for detection efficiency and acceptance at each  
pT and centrality, is then used to extract ρ00.

Corrections for finite event-plane resolution, efficiency and 
acceptance
ϕ-meson ρ00 analysis. Detector efficiency within the acceptance is cor-
rected using the STAR Monte Carlo embedding method48–50. To account 
for finite event-plane resolution and finite acceptance in pseudorapid-
ity (η)51, the observed cosθ* distribution is not fitted using equation (1) 
but is instead described by the correction procedure derived in ref. 47, 
wherein the data are fitted using
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and F is a factor that accounts for finite acceptance. Its value depends on 
pT and η and is calculated using a simulation47. The factor R accounts for 
finite event-plane resolution. For the first-order event plane, it is 
R = 'cos2(Ψ − Ψ ))r1 1 , in which Ψ1 is the first-order event plane and Ψr is 
the true reaction plane. R1 can be obtained following the usual procedure 
in flow analyses24. For the second-order event plane, R is replaced by 
R R= 'cos2(Ψ − Ψ ))/21 1 2 1 , in which Ψ2 is the second-order event plane. 
Extended Data Figure 2 shows an example of such fitting. The fitting 
procedure has been repeated with different η acceptance cuts for the 
decay daughters, namely |η| < 1 and |η| < 0.6, and results after correction 
converge as expected, as seen in simulations47. In this procedure, the 
corrections for detector efficiency and acceptance are applied separately. 
Performing the procedure this way provides insight into the effect of 
acceptance alone, and the effect of acceptance can be taken into account 
with a high precision. In practice, this procedure has been verified to give 
results consistent with those from the procedure below. It is worth noting 
that, in simulation studies, we found that the decay-topology-dependent 
efficiency along with the elliptic flow (v2)24 of the parent meson can bias 
the ρ00 measurements. Such effects have been fully corrected with the 
procedure of efficiency correction, for both φ and K*0.

K*0-meson ρ00 analysis. The detector acceptance and efficiency are 
calculated using the STAR Monte Carlo embedding method48–50. In this 
process, a small extra fraction of K*0 mesons (5%) is generated with a 
uniform distribution in the rapidity range [−1, 1], transverse momen-
tum range [0, 10 GeV c−1] and azimuthal angle range [0, 2π], and then 
passed through the STAR detector simulation in GEANT3 (ref. 52). The 
number of K*0 mesons reconstructed after passing through the detector 
simulation and through the same set of track selections as used in real 
data, compared with the input number of K*0 mesons within the same 
rapidity interval, gives the reconstruction efficiency × acceptance (%rec). 
The yield, after correction for reconstruction efficiency × acceptance, 
is fitted with
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Figure 21: �-meson e�ciency as a function of cos(✓⇤) and pT at centrality 20-60% from 11 to 200
GeV. The input MC �-meson has a flat pT , ⌘ and azimuthal distribution.
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The �-meson yields after each correction step at 27 GeV and the fit function is shown in425

Fig. 39.The ⇢00 in each correction steps at 200 GeV can be found in the Fig. 40.426

The analytical acceptance correction method used in this �-meson analysis is equivalent to427
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the embedding method used in K
⇤ analysis. We have also compared the method to the accp-428

tance*e�ciency correction for �-meson at 200 GeV. The comparison could be found in 41, the left429

panel shows the comparison for �-meson and the right one shows the comparison to K
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• Early data suffer from large uncertainties
• Updated measurements seem to provide evidence of spin-orbital angular momentum interactions

(Note: acceptance effect should be carefully studied at 1 GeV/c)

STAR Col. Phys. Rev. C 77, 061902® (2008)         ALICE Col. Phys. Rev. Lett. 125, 012301 (2020) 

Experimental measurements: φ,Κ*RAPID COMMUNICATIONS

SPIN ALIGNMENT MEASUREMENTS OF THE . . . PHYSICAL REVIEW C 77, 061902(R) (2008)
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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.
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Evidence of Spin-Orbital Angular Momentum Interactions in Relativistic
Heavy-Ion Collisions

S. Acharya et al.*
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The first evidence of spin alignment of vector mesons (K!0 and ϕ) in heavy-ion collisions at the Large
Hadron Collider (LHC) is reported. The spin density matrix element ρ00 is measured at midrapidity
(jyj < 0.5) in Pb-Pb collisions at a center-of-mass energy (

ffiffiffiffiffiffiffiffi
sNN

p
) of 2.76 TeV with the ALICE detector. ρ00

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

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

DOI: 10.1103/PhysRevLett.125.012301

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

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

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

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

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

dN
d cos θ!

∝ ½1 − ρ00 þ cos2θ!ð3ρ00 − 1Þ': ð1Þ

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

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

ρ00 ¼
1

3
þ
"
ρobs00 −

1

3

#
4

1þ 3R
: ð2Þ

*Full author list given at the end of the article.
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New Measurements φ,Κ*0@non-central collisions
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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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sion energies.
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New Measurements φ,Κ*0@non-central collisions

STAR Col. Nature 614, 244 (2023)

• K*0 is a combination of K*0 and anti-K*0

• Independent analysis

• Different from the φ meson data, the K*0 data 
is largely consistent with 1/3, within statistics 
and systematical uncertainties  
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Extended Data Figure 7: ⇢00 as a function of transverse momentum for K⇤0 for different colli-

sion energies.
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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 the combinatorial bg. analysis

STAR Col. Nature 614, 244 (2023)

246 | Nature | Vol 614 | 9 February 2023

Article

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  

form, G g B E B B E E≡ 3& ' + & ' − & + ' − & + '
m m

& ' 3
2

& '

2
y

y y x z x zs
( )

φ
2

φ,
2

φ,
2

φ,
2

φ,
2

φ,
2

φ,
2

2
φ

2
φ

s
2

s
2

p p







 ,  

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.

101 102 103

sNN (GeV)
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U 00

STAR (Au+Au and 20–60% centrality)
ALICE (Pb+Pb and 10–50% centrality)

ϕ (|y| < 1.0 and 1.2 < pT < 5.4 GeV c–1)

K*0 (|y| < 1.0 and 1.0 < pT < 5.0 GeV c–1)
(y)Gs  = 4.64 ± 0.73 mπ

4

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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Study the fine structure vs. centrality
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Extended Data Figure 8: ⇢00 as a function of centrality for � (upper panels) and K⇤0 (lower

panels). The solid squares and stars are results for the � meson, obtained with the 1st- and 2nd-

order EP, respectively. The solid circles are results for the K⇤0 meson, obtained with the 2nd-order

EP.

29

STAR Col. Nature 614, 244 (2023)

At high energies (≥62.4 GeV) for φ, and (≥39 GeV) for K*0, 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.

Global polarization e�ect and spin-orbit coupling in strong interaction 7

Fig. 3 Global orbital angular momentum of the colliding system in the non-central HIC as a
function of the impact parameter obtained from the Woods-Saxon and hard-sphere distributions,
respectively. This figure is taken from [4].

energies, the final state is expected to be the normal nuclear matter with an EOS of
rigid nuclei. In such cases, a rotating compound nucleus can be formed when the
colliding energy is comparable or smaller than the nuclear binding energy. The finite
value of the global orbital angular momentum of the non-central collision at such
low energies provides a useful tool for the study of the properties of super-deformed
nuclei under such rotation [28].

At high colliding energies such as those at RHIC, the dense matter is expected to
be partonic with an EOS of QGP. Given such a soft EOS, the global orbital angular
momentum would probably not lead to the global rotation of the dense matter system.
Instead, the global angular momentum could be distributed across the overlapped
region of nuclear scattering and is manifested in the shear of the longitudinal flow
leading to a finite value of local vorticity density. Under such longitudinal fluid shear,
a pair of scattering partons will on average carry a finite value of relative orbital
angular momentum that will be referred to as the local orbital angular momentum
in the opposite direction to the reaction plane as defined in Eq. (1).

By momentum conservation, the average initial collective longitudinal momen-
tum at any given transverse position can be calculated as the total momentum di�er-
ence between participating projectile and target nucleons. Since the total multiplicity
in HIC is proportional to the number of participant nucleons [29], we can make the
same assumption for the produced partons with a proportionality constant fixed at a
given center of mass energy

p
B. How the global angular momentum is distributed

to the longitudinal flow shear and the magnitude of the local relative orbital angu-
lar momentum depends on the parton production mechanism and their longitudinal
momentum distributions. We consider two di�erent scenarios: the Landau fireball
and the Bjorken scaling model.

Gao, Chen, Deng, Liang, Wang, Wang
Phys. Rev. C 76, 044901 (2007) 
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Expectations of ρ00 from theory

15

〈(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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How to explain the large ρ00 of φ-meson?
• New idea: local correlation of φ-meson fields, like electric charges in motion can generate an EM fields, 

strange quarks in motion can generate an effective φ-meson field 
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Figure 1: The shape of dN/dcos✓ for the daughter particle in
the vector meson’s decay with ⇢00 = 1/2 > 1/3 (left panel)
and ⇢00 = 1/6 < 1/3 (right panel).
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Figure 2: Measurements of ⇢00 with respect to the reaction
plane in high energy heavy-ion collisions. Stars represent the
data for � mesons [4, 12], circles represent the data for K⇤0

mesons [4, 12]. The solid red line is a fit to data by the model
based on strong force fields [9].

background and application of the so-called event mix-
ing and rotation methods. Detail studies show that both
techniques can effectively break the correlation between
pairs in real events, and the yields of � and K⇤0 from
two techniques are consistent [4]. The spin quantization
direction is chosen to be the normal direction of the re-
action plane, which is constructed by using the second-
order event plane based on charge particles collected by
the STAR Time Projection Chamber (TPC). Then the
polar angle distribution of Eq. (1) is analyzed, and the ⇢00
is extracted after correction for detection efficiency and
acceptance. The spin quantization directions can be con-
structed by different detectors such as the shower max-
imum detectors and the beam-beam counter, and they
all give consistent results on the global spin alignment of
� and K⇤0 [4]. In the following, we only discuss results
with respect to the TPC event plane.

Figure 2 shows the ⇢00 data for � and K⇤0 mesons

in Au+Au collisions at collision energies from p
sNN=

11.5 to 200 GeV measured by the STAR collaboration [4]
from a dedicated Beam Energy Scan program and mul-
tiple years of high statistics event collections of Au+Au
collisions at 200 GeV. The centrality categorizes events
based on the observed number of tracks emitted from
each collision. Here the 0% centrality corresponds to ex-
actly head-on collisions, which produce the most tracks,
while the 100% centrality corresponds to barely glancing
collisions, which produce the fewest tracks. The STAR
measurements presented in Fig. 2 are for the centrality
interval of 20% to 60%, where one expects the largest
OAM among collisions and better signal to noise ratio in
the experimental analysis. A complete set of results for
centrality and transverse momentum dependence can be
found in Ref. [4]. The STAR’s data give

⇢�00 = 0.3512± 0.0017(stat.)± 0.0017(syst.),

⇢K
⇤0

00 = 0.3356± 0.0034(stat.)± 0.0043(syst.),

which are obtained by averaging over results at energies
from 11.5 to 62.4 GeV for �, and from 11.5 to 54.4 GeV
for K⇤0 [4]. Taking the total uncertainties as the sum
in quadrature of statistical and systematic uncertainties,
the results suggest that ⇢�00 is above 1/3 with a signifi-
cance of 7.4 �, indicating a significant global spin align-
ment for the � meson. The values of ⇢K

⇤0

00 , however, are
consistent with 1/3. Measurements in Pb+Pb collisions
at 2.76 TeV [12] are also shown for comparison in Fig. 2.

Quark coalescence model. It is assumed that the spin
alignment of � mesons can be produced by the coales-
cence of polarized s and s quarks [9]. The quark coa-
lescence model (QCM) is a convenient theoretical tool
to describe the spin density matrix for vector mesons in
terms of those of the quarks and antiquarks [7, 9]. A
non-relativistic QCM is the most simple and transparent
one to this end. The spin density operator for quarks is
defined as

⇢q =
X

rs

Z
d3x

Z
[d3p][d3q]e�iq·x

⇥fq
rs(x,p)

���r,p+
q

2

ED
s,p� q

2

��� , (2)

where |r,pi is the quark’s spin and momentum state with
r = ±1/2, and [d3p] ⌘ d3p/(2⇡)3. We also used the spin
distribution function fq

rs(x,p) in phase space defined as

fq
rs(x,p) = fq(x,p)⇢

q
rs(x,p)

=
1

2
fq(x,p) [�rs + �rs ·Pq(x,p)] , (3)

where ⇢qrs(x,p) is the quark’s spin density matrix,
fq(x,p) is the un-polarized distribution function, and
Pq(x,p) is the vector polarization function. Simi-
larly we can also define ⇢q for antiquarks. In the
non-relativistic QCM, the meson’s spin density opera-
tor can be constructed as ⇢M = ⇢q ⌦ ⇢q and its ele-
ments ⇢M�1�2

(x,p) can be obtained by putting ⇢M be-
tween two mesons’ spin and momentum states and then

3

taking a Fourier transformation with respect to the
momentum difference of two momentum states. The
result for ⇢M�1�2

(x,p) involves meson’s non-relativistic
wave functions, fq(x1,p1), fq(x2,p2) and ⇢qrs(x1,p1) and
⇢qrs(x2,p2) at two different phase space points. Therefore
the vector meson’s spin density matrix elements depends
on the local correlation of quark’s and antiquark’s po-
larization functions Pq(x1,p2) and Pq(x2,p2) inside the
phase space limited by the meson’s wave function. If we
assume the spin quantization direction along ŷ, the �
meson’s ⇢00 reads [9]

⇢�00(x,p) ⇡ 1

3
� 2

3

⌦
P y
q (x1,p1)P

y
q̄ (x2,p2)

↵

+
2

9
hPq (x1,p1) ·Pq̄ (x2,p2)i , (4)

where x1 = x+�x/2, x2 = x��x/2, p1 = p/2 +�p,
p2 = p/2 � �p, and the average is taken over �x and
�p weighted by the � meson’s wave function.

Local correlation of � fields. It is well known that
fermions such as quarks at rest have magnetic moments
proportional to their spins that are polarized along the
direction of the magnetic field. For moving fermions,
the electric field comes into play in the form of p ⇥ E
(the spin-orbit coupling or spin-Hall effect). Similarly
vorticity fields and vector meson fields can also polarize
quarks and antiquarks. For s and s that make the �
meson, the spin polarization vector is

Pq/q =
1

2
! +

1

2ms
"⇥ p

± g�
2msT

B� ± g�
2mqEpT

E� ⇥ p, (5)

where T is the effective temperature of the quark matter
when s and s combine into the � meson, " and ! are the
electric and magnetic part of the thermal vorticity tensor,
and E� and B� are the electric and magnetic part of the
� field, respectively. Here we have neglected the effects
from electromagnetic fields since they die away quickly
in the late stage of the matter evolution in heavy-ion
collisions. The effects from vorticity fields can also be
neglected for ⇢�00 but their terms are kept in Eq. (5) just
as a contrast to those of � fields. The main difference
between terms of vorticity fields and � fields in Eq. (5) is
the sign for antiquarks: vorticity fields do not distinguish
quarks from antiquarks while � fields do (same as elec-
tromagnetic fields). Substituting Eq. (5) into Eq. (4) we
can show that ⇢�00 depends on the local correlation of �
fields inside the � meson’s wave function.

The above discussion from Eq. (??) to (5) is based
on the non-relativistic QCM. A more rigorous approach
is the relativistic QCM which can be formulated with
the help of the closed-time-path (Schwinger-Keldysh)
method in quantum field theory [13, 14]. To this end we
have to promote all variables to their Lorentz covariant
or invariant forms. The non-relativistic wave function of
the � meson has to be replaced by the Bethe-Salpeter’s

wave function. The result for ⇢�00 reads [13, 14]

⇢�00(t,x,p) ⇡ 1

3
+ C1


1

3
!0 · !0 � (✏0 · !0)2

�

+C2


1

3
"0 · "0 � (✏0 · "0)2

�

�
4g2�

m2
�T

2

⇢
C1


1

3
B0

� ·B0
� � (✏0 ·B0

�)
2

�

+ C2


1

3
E0

� ·E0
� � (✏0 ·E0

�)
2

��
, (6)

where the fields with primes are defined in the � me-
son’s rest frame, and C1 and C2 are functions of ms

(strange quark mass) and m� (� meson mass). One can
see that all terms appear in fields squared. It can be
verified that Eq. (4) is the non-relativistic limit of Eq.
(6). The momentum dependence of ⇢�00 can be obtained
by rewriting ⇢�00 in terms of fields in the lab frame using
Lorentz transformation. By taking averages over space-
time on the hadronization hyper-surface of the � me-
son, one can obtain ⇢�00 as functions of momentum that
can be compared with STAR’s data [4]. The parameters
are in the form of

D
g2�E

2
�/T

2
E

and
D
g2�B

2
�/T

2
E

which
reflect local fluctuations of � fields. If we assume that
local field fluctuations are different in the transverse (la-
beled as i) and longitudinal direction (labeled as z) with
respect to the beam direction z in heavy-ion collisions,
then ⇢�00 depends on two parameters F 2

T ⌘ hg2�B2
�,i/T

2i =
hg2�E2

�,i/T
2i and F 2

z ⌘ hg2�B2
�,z/T

2i = hg2�E2
�,z/T

2i. By
comparison with STAR’s data, one can determine two
parameters as ln(F 2

T /m
2
⇡) = (3.90 ± 1.11) � (0.924 ±

0.234) ln(
p
sNN/GeV) and ln(F 2

z /m
2
⇡) = (3.33± 0.917)�

(0.760 ± 0.189) ln(
p
sNN/GeV) which decrease with the

collision energy [13]. The difference between F 2
T and F 2

z
arises from the elliptic flow. With above values of param-
eters one can predict the transverse momentum spectra
of ⇢�00 at all available collision energies which are in good
agreement with STAR’s data [4].

Summary. The unexpected large spin alignment of �
meson can be explained by local correlation or fluctuation
of strong force fields [9, 13, 14]. But such an explanation
is still subject to debate and further verification. A lot
of questions need to be answered and clarified. For ex-
ample, what happens in the case of K⇤0 which is not
flavor-neutral? Can we generalize the model to heavy
quarkonium such as J/ ? In looking for the answers to
these questions, one may have a new and different per-
spective of strong force fields from the vector meson’s
spin alignment.
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How to explain the large ρ00 of φ-meson?(cont.)
• Polarization by a meson field can accommodate large deviation for φ-meson ρ00 at midcentral collisions
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taking a Fourier transformation with respect to the
momentum difference of two momentum states. The
result for ⇢M�1�2

(x,p) involves meson’s non-relativistic
wave functions, fq(x1,p1), fq(x2,p2) and ⇢qrs(x1,p1) and
⇢qrs(x2,p2) at two different phase space points. Therefore
the vector meson’s spin density matrix elements depends
on the local correlation of quark’s and antiquark’s po-
larization functions Pq(x1,p2) and Pq(x2,p2) inside the
phase space limited by the meson’s wave function. If we
assume the spin quantization direction along ŷ, the �
meson’s ⇢00 reads [9]
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3
� 2

3

⌦
P y
q (x1,p1)P

y
q̄ (x2,p2)

↵

+
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where x1 = x+�x/2, x2 = x��x/2, p1 = p/2 +�p,
p2 = p/2 � �p, and the average is taken over �x and
�p weighted by the � meson’s wave function.

Local correlation of � fields. It is well known that
fermions such as quarks at rest have magnetic moments
proportional to their spins that are polarized along the
direction of the magnetic field. For moving fermions,
the electric field comes into play in the form of p ⇥ E
(the spin-orbit coupling or spin-Hall effect). Similarly
vorticity fields and vector meson fields can also polarize
quarks and antiquarks. For s and s that make the �
meson, the spin polarization vector is

Pq/q =
1

2
! +
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2ms
"⇥ p
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E� ⇥ p, (5)

where T is the effective temperature of the quark matter
when s and s combine into the � meson, " and ! are the
electric and magnetic part of the thermal vorticity tensor,
and E� and B� are the electric and magnetic part of the
� field, respectively. Here we have neglected the effects
from electromagnetic fields since they die away quickly
in the late stage of the matter evolution in heavy-ion
collisions. The effects from vorticity fields can also be
neglected for ⇢�00 but their terms are kept in Eq. (5) just
as a contrast to those of � fields. The main difference
between terms of vorticity fields and � fields in Eq. (5) is
the sign for antiquarks: vorticity fields do not distinguish
quarks from antiquarks while � fields do (same as elec-
tromagnetic fields). Substituting Eq. (5) into Eq. (4) we
can show that ⇢�00 depends on the local correlation of �
fields inside the � meson’s wave function.

The above discussion from Eq. (??) to (5) is based
on the non-relativistic QCM. A more rigorous approach
is the relativistic QCM which can be formulated with
the help of the closed-time-path (Schwinger-Keldysh)
method in quantum field theory [13, 14]. To this end we
have to promote all variables to their Lorentz covariant
or invariant forms. The non-relativistic wave function of
the � meson has to be replaced by the Bethe-Salpeter’s

wave function. The result for ⇢�00 reads [13, 14]
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where the fields with primes are defined in the � me-
son’s rest frame, and C1 and C2 are functions of ms

(strange quark mass) and m� (� meson mass). One can
see that all terms appear in fields squared. It can be
verified that Eq. (4) is the non-relativistic limit of Eq.
(6). The momentum dependence of ⇢�00 can be obtained
by rewriting ⇢�00 in terms of fields in the lab frame using
Lorentz transformation. By taking averages over space-
time on the hadronization hyper-surface of the � me-
son, one can obtain ⇢�00 as functions of momentum that
can be compared with STAR’s data [4]. The parameters
are in the form of
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and
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which
reflect local fluctuations of � fields. If we assume that
local field fluctuations are different in the transverse (la-
beled as i) and longitudinal direction (labeled as z) with
respect to the beam direction z in heavy-ion collisions,
then ⇢�00 depends on two parameters F 2
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2i =
hg2�E2

�,i/T
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collision energy [13]. The difference between F 2
T and F 2

z
arises from the elliptic flow. With above values of param-
eters one can predict the transverse momentum spectra
of ⇢�00 at all available collision energies which are in good
agreement with STAR’s data [4].

Summary. The unexpected large spin alignment of �
meson can be explained by local correlation or fluctuation
of strong force fields [9, 13, 14]. But such an explanation
is still subject to debate and further verification. A lot
of questions need to be answered and clarified. For ex-
ample, what happens in the case of K⇤0 which is not
flavor-neutral? Can we generalize the model to heavy
quarkonium such as J/ ? In looking for the answers to
these questions, one may have a new and different per-
spective of strong force fields from the vector meson’s
spin alignment.
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taking a Fourier transformation with respect to the
momentum difference of two momentum states. The
result for ⇢M�1�2

(x,p) involves meson’s non-relativistic
wave functions, fq(x1,p1), fq(x2,p2) and ⇢qrs(x1,p1) and
⇢qrs(x2,p2) at two different phase space points. Therefore
the vector meson’s spin density matrix elements depends
on the local correlation of quark’s and antiquark’s po-
larization functions Pq(x1,p2) and Pq(x2,p2) inside the
phase space limited by the meson’s wave function. If we
assume the spin quantization direction along ŷ, the �
meson’s ⇢00 reads [9]
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where x1 = x+�x/2, x2 = x��x/2, p1 = p/2 +�p,
p2 = p/2 � �p, and the average is taken over �x and
�p weighted by the � meson’s wave function.

Local correlation of � fields. It is well known that
fermions such as quarks at rest have magnetic moments
proportional to their spins that are polarized along the
direction of the magnetic field. For moving fermions,
the electric field comes into play in the form of p ⇥ E
(the spin-orbit coupling or spin-Hall effect). Similarly
vorticity fields and vector meson fields can also polarize
quarks and antiquarks. For s and s that make the �
meson, the spin polarization vector is

Pq/q =
1

2
! +

1

2ms
"⇥ p

± g�
2msT

B� ± g�
2mqEpT

E� ⇥ p, (5)

where T is the effective temperature of the quark matter
when s and s combine into the � meson, " and ! are the
electric and magnetic part of the thermal vorticity tensor,
and E� and B� are the electric and magnetic part of the
� field, respectively. Here we have neglected the effects
from electromagnetic fields since they die away quickly
in the late stage of the matter evolution in heavy-ion
collisions. The effects from vorticity fields can also be
neglected for ⇢�00 but their terms are kept in Eq. (5) just
as a contrast to those of � fields. The main difference
between terms of vorticity fields and � fields in Eq. (5) is
the sign for antiquarks: vorticity fields do not distinguish
quarks from antiquarks while � fields do (same as elec-
tromagnetic fields). Substituting Eq. (5) into Eq. (4) we
can show that ⇢�00 depends on the local correlation of �
fields inside the � meson’s wave function.

The above discussion from Eq. (??) to (5) is based
on the non-relativistic QCM. A more rigorous approach
is the relativistic QCM which can be formulated with
the help of the closed-time-path (Schwinger-Keldysh)
method in quantum field theory [13, 14]. To this end we
have to promote all variables to their Lorentz covariant
or invariant forms. The non-relativistic wave function of
the � meson has to be replaced by the Bethe-Salpeter’s

wave function. The result for ⇢�00 reads [13, 14]
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where the fields with primes are defined in the � me-
son’s rest frame, and C1 and C2 are functions of ms

(strange quark mass) and m� (� meson mass). One can
see that all terms appear in fields squared. It can be
verified that Eq. (4) is the non-relativistic limit of Eq.
(6). The momentum dependence of ⇢�00 can be obtained
by rewriting ⇢�00 in terms of fields in the lab frame using
Lorentz transformation. By taking averages over space-
time on the hadronization hyper-surface of the � me-
son, one can obtain ⇢�00 as functions of momentum that
can be compared with STAR’s data [4]. The parameters
are in the form of

D
g2�E

2
�/T

2
E

and
D
g2�B

2
�/T

2
E

which
reflect local fluctuations of � fields. If we assume that
local field fluctuations are different in the transverse (la-
beled as i) and longitudinal direction (labeled as z) with
respect to the beam direction z in heavy-ion collisions,
then ⇢�00 depends on two parameters F 2

T ⌘ hg2�B2
�,i/T

2i =
hg2�E2

�,i/T
2i and F 2

z ⌘ hg2�B2
�,z/T

2i = hg2�E2
�,z/T

2i. By
comparison with STAR’s data, one can determine two
parameters as ln(F 2

T /m
2
⇡) = (3.90 ± 1.11) � (0.924 ±

0.234) ln(
p
sNN/GeV) and ln(F 2

z /m
2
⇡) = (3.33± 0.917)�

(0.760 ± 0.189) ln(
p
sNN/GeV) which decrease with the

collision energy [13]. The difference between F 2
T and F 2

z
arises from the elliptic flow. With above values of param-
eters one can predict the transverse momentum spectra
of ⇢�00 at all available collision energies which are in good
agreement with STAR’s data [4].

Summary. The unexpected large spin alignment of �
meson can be explained by local correlation or fluctuation
of strong force fields [9, 13, 14]. But such an explanation
is still subject to debate and further verification. A lot
of questions need to be answered and clarified. For ex-
ample, what happens in the case of K⇤0 which is not
flavor-neutral? Can we generalize the model to heavy
quarkonium such as J/ ? In looking for the answers to
these questions, one may have a new and different per-
spective of strong force fields from the vector meson’s
spin alignment.
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FIG. 1. (a) The STAR’s data [20] on � meson’s ⇢y00 (out-of-plane, red stars) and ⇢x00 (in-plane,

blue diamonds) in 0-80% Au+Au collisions as functions of collision energies. The red-solid line

(out-of-plane) and blue-dashed line (in-plane) are calculated with values of F 2
T and F 2

z from fitted

curves in (b). (b) Values of F 2
T (magenta triangles) and F 2

z (cyan squares) with shaded error bands

extracted from the STAR’s data on the � meson’s ⇢y00 and ⇢x00 in (a). The magenta-dashed line

(cyan-solid line) is a fit to the extracted F 2
T (F 2

z ) as a function of
p
sNN (see the text).

region |y| < 1. We can see a strong modulation of ⇢y00 in the azimuthal angle. If we integrate

⇢00(k) over kT weighted by its spectra in the range kT =1.2-5.4 GeV, we can obtain the

modulation of ⇢y00 and ⇢
x
00 with the azimuthal angle ' in Fig. 3. This is an interesting model

prediction for future experimental verification.

Averaging over the azimuthal angle at fixed kT and using the v2(kT ) data to describe the

azimuthal anisotropy, we obtain the kT dependence of ⇢y00 in Fig. 4 as compared to STAR’s

data for six colliding energies (11.5, 19.6, 27, 39, 62.4, 200 GeV). For large kT beyond the

range of the v2(kT ) data, we use a linear extrapolation between the data value of v2 at the

highest kT and v2 =0 at a larger kT outside the experimental range which we set to 10

GeV/c. The error bands in the calculation are mainly due to those of the two parameters

F
2
T and F

2
z extracted from experimental data at each colliding energy. We find that our

predicted ⇢
y
00 is nearly a constant at kT < 2 GeV and increases slightly at higher kT .

Summary. Based on a relativistic quantum transport theory for spin dynamics, we have

formulated the spin density matrix element ⇢00 for � mesons employing the spin Boltzmann

equation with the e↵ective quark-meson model for interaction and quark coalescence model
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Extracting field fluctuations and predictions. Since one can safely neglect contributions

from local vorticities to the � meson’s spin alignment as compared to the experimental

data [21], the dominant contributions can come from the � field’s fluctuations in terms

of six parameters h(g�B�
i /Th)2i and h(g�E�

i /Th)2i (i = x, y, z). Considering the geometry

of the fireball in heavy-ion collisions, we assume that the fluctuations of transverse and

longitudinal fields are di↵erent, as represented by
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z . Such an assumption is consistent with the numerical

estimates of the usual electromagnetic fields [63–66].

We can determine the two parameters on field fluctuations by fitting the STAR data

on momentum-integrated ⇢
y
00 (out of plane) and ⇢

x
00 (in plane), corresponding to the spin

quantization direction ✏0 = (0, 1, 0) and (1,0,0), respectively. In our calculation of the

momentum-integrated ⇢
y
00 and ⇢

x
00, we have used the �meson’s transverse momentum spectra

and v2(kT ) from STAR’s experiments at
p
sNN = 11.5-200 GeV [67–70] as the weight function

in ranges of kT =1.2-5.4 GeV and rapidity |y| < 1. The di↵erence between ⇢
y
00 and ⇢

x
00 is

driven by the momentum anisotropy via v2(kT ). We will consider 0-80% Au+Au collisions

in all our calculations and comparisons with the experimental data in this study. Since there

are no data available for � meson’s kT spectra in 0-80% Au+Au collisions, we will use the

data in 30-40% centrality instead. Since the weighted momentum average is only sensitive to

the shape of the spectra, the errors from such substitute should be small. The constituent

quark mass is set to ms = 419 MeV [71] with m� = 1020 MeV. The fits to the STAR’s

data on the momentum-integrated ⇢
y
00 and ⇢

x
00 and the extracted values of F 2

T and F
2
z as

functions of colliding energies are shown in Fig. 1. The energy dependence of F 2
T and F

2
z can

be fitted with a function ln(F 2
T,z/m

2
⇡) = aT,z � bT,z ln(

p
sNN/GeV), with aT = 3.90 ± 1.11,

bT = 0.924± 0.234, az = 3.33± 0.917, and bz = 0.760± 0.189. The shaded areas in Fig. 1(b)

reflect errors of the momentum-integrated ⇢
y
00 and ⇢

x
00 in STAR’s measurement. Errors of

the STAR data for �’s spectra and v2 are negligible in extracting F
2
T and F

2
z as compared to

those of ⇢00 and will be omitted in the following calculations. A variation of ms from 419 to

486 MeV [72] gives an increase in the extracted values of F 2
T and F

2
z by about 37% through

C1 and C2 in Eq. (9).

With the extracted values of F 2
T and F

2
z at each colliding energy, we can look at the

transverse momentum and azimuthal angle dependence of ⇢00(k). In Fig. 2, we show the

contour plot of ⇢y00�1/3 in kx and ky at
p
sNN = 200 GeV, averaged over the central rapidity
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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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in high energy nuclear collisions
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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)

2469-9985/2019/99(2)/021901(5) 021901-1 ©2019 American Physical Society

• The effect is orders of magnitude larger than the one arising from electromagnetic fields

Some follow-ups on the topics:
• “The value of the polarization is very sensitive to interplay of 

thermal vorticity and meson-field term” Ivanov, Soldatov Phys. 
Rev. C 105 (2022), 034915

• “A local spin correlation could be greatly enhanced” Kumar, Muller, 
Yang arXiv:2304.04181, “spin alignment of vector mesons by 
glasma fields”



Meson fields and strong interaction
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Pion plays unique role in QCD and Nuclear theory

First proposed by H. Yukawa in 1935 as carrier particles of the nuclear force

Spontaneous chiral symmetry breaking discovered by Y. Nambu in 1960

Pions are Nambu-Goldstone bosons for two-flavor S�SB 2 / 45

Pion plays unique role in QCD and Nuclear theory

First proposed by H. Yukawa in 1935 as carrier particles of the nuclear force

Spontaneous chiral symmetry breaking discovered by Y. Nambu in 1960

Pions are Nambu-Goldstone bosons for two-flavor S�SB 2 / 45

• Particles and fields are two fundamental forms of matter in our natural world

• At low energy scales, strong interactions is often characterized by mesons as effective dof of quarks and 

gluons, whose existence was proposed by Yukawa 
“Now such interaction between the elementary particles can be described by means of a field of force, just as the interaction between the charged particles is 

described by the electromagnetic field.”

• As the energy scale increases, other meson fields carrying strangeness quantum number may come into play

“The transition of a heavy particle from 

neutron state to proton state is not 

always accompanied by the emission of 

light particles, i. e., a neutrino and an 

electron, but the energy liberated by the 

transition is taken up sometimes by 

another heavy particle…”
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Strong interaction and fluctuation
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QCD真空不平静 D. Leinweber
http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/

相对论能标下的原子核：超强色场

HIC : A Highly Volatile Environment

Aihong Tang.   Open Seminars in Frontier in 
Nuclear Physics, May10th, 2022                    
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相对论重离子碰撞的初态不平静 胶子凝聚GCP/夸克胶子等离子体QGP不平静 强子化过程不平静

à这些涨落可能导致了强作用场的时空关联效应



Summary

• STAR has observed a large global spin algiment for φ-meson, which cannot be explained 

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

force field.

• For the K*0 meson, experimental data suffer from large statistical error and cannot yield a

conclusion currently

• Vector meson global spin alignment, together with the hyperon polarization, established 

the new effect of QGP global polarization
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• The strong force fields explanation is subject to debate and further verification

Discussion
11

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)
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What About K*0 meson ?

Aihong Tang.   Open Seminars in Frontier in 
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Sheng et., al., Phys. Rev. D 102, 056013 (2020)

Little field correlation for K*0, causing """" to diminish. 
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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].
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Fig. 1. Left: K⇤+(! ⇡+ + K0

S
) invariant mass distribution for 2.0 < pT < 2.5

GeV/c in 20-60% Zr+Zr collisions at
p
sNN = 200 GeV. Right: e�ciency and ac-

ceptance corrected K⇤+ yield as a function of |cos ✓⇤| in 200 GeV Zr+Zr collisions.

e�ciency and acceptance corrected K⇤+ yield as a function of |cos ✓⇤| for
2.0 < pT < 2.5 GeV/c in 20-60% Zr+Zr collisions. The yield versus |cos ✓⇤|
distribution is then fitted with Eq.1 and the extracted ⇢00 (called ⇢obs00 ) is
corrected for event plane resolution using: ⇢00 =

1
3+

4
1+3R2,TPC

(⇢obs00 � 1
3) [12].

3. Results

The left panel of Fig. 2 presents the pT dependence of ⇢00 for K⇤0 and
K⇤0 at mid-rapidity (|y| < 1.0) in 20-60% central Ru+Ru and Zr+Zr colli-
sions at

p
sNN = 200 GeV. The ⇢00 between the particle and anti-particle

species are consistent within errors. These results are compared with that
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Fig. 2. Left: ⇢00(pT) for K⇤0 and K⇤0 in isobar collisions at
p
sNN = 200 GeV.

Results are compared with that from 200 GeV Au+Au collisions [13]. Right: Com-
parison of ⇢00(pT) between K⇤± and K⇤0 in 200 GeV isobar collisions.

from 200 GeV Au+Au collisions [13]. The ⇢00 between isobar and Au+Au

Singha for STAR, QM22

• 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

Due to the interaction between the B-field and the magnetic moment of constituent 
quarks, one naively expects the neutral K* to be larger than that of charge K*



• Same flavor: J/ψ-meson, at large rapidity, LHC observed a signal with 3.9σ (arXiv: 2204.10171). 

• ρ-meson (rescattering vs. regeneration may dilute the effect)

Discussion (cont.)

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.
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Shen, Chen, Lin, Chin. Phys. C 45, 054002 (2021)

J/y polarization with respect to the event plane in Pb–Pb collisions ALICE Collaboration

example of a fit to A⇥ e-corrected angular distributions is shown, corresponding to the centrality range
30–50% and 2 < pT < 4 GeV/c. Also shown in Fig. 1 is the result of a similar analysis where for each
event the event-plane angle was replaced by a randomly chosen direction. A flat angular distribution
for the J/y was obtained in the latter case. For all the fits corresponding to the various combinations
of transverse momentum and centrality intervals, the values of lq extracted with a random assignment
of the event plane were compatible with zero, within at most 1s . Finally, lq must be corrected for
the finite resolution on the event-plane determination. The procedure follows the one used for the K⇤0

and f mesons spin alignment measurement [32] which was proposed in Ref. [43], where a simple rela-
tion between the true and observed values of the spin-density matrix element, involving the event plane
resolution, was given. The centrality-dependent resolution was estimated, in narrow intervals, for the
analysis of the J/y elliptic flow [44], with maximum values around 0.8–0.9, decreasing for very central
and peripheral events. Then, average values weighted with the number of reconstructed J/y in each nar-
row centrality interval were computed in order to obtain the event plane resolution for the relatively wide
centrality ranges studied in this analysis. The extracted correction factors have a modest impact on the
values of lq , the largest variation being +0.02.
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Figure 1: Fit to the (A⇥e)-corrected angular distribution of the positive muons from the J/y decay, for the interval
2 < pT < 4 GeV/c and the centrality range 30–50% (red points and curve). Only statistical uncertainties are shown
for the data points. The shaded area represents the uncertainty associated with the fit. Also shown (blue points and
curve) is the result of a control analysis where, for each event, the estimated event plane was rotated by a random
angle.

The systematic uncertainties on the evaluation of lq are related to the extraction of the J/y signal, to the
kinematic distributions used as inputs to the Monte Carlo simulation and to the estimate of the dimuon
trigger efficiency. The first source of uncertainty was evaluated by comparing the lq values obtained
from angular distributions extracted with different choices for the signal and background shapes in the
invariant mass fits, and by using various fit ranges, from 2.1<mµµ < 4.9 GeV/c2 (wider) to 2.5<mµµ <
4.5 GeV/c2 (narrower). The absolute values of this systematic uncertainty, taken as the RMS of the lq
values, range between 0.02 and 0.04 as a function of centrality and from 0.02 to 0.06 as a function of pT.
Concerning the Monte Carlo generation, due to suppression and regeneration effects on the J/y yields
occurring in Pb–Pb collisions [20], the pT and y distributions have a centrality dependence. A weight
to the default centrality-integrated distributions was applied in order to reproduce such dependence in

5



Discussion (cont. 2)
• In HIC collisions, the direction of magnetic field and OAM are correlated, which may have an effect on CME 

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

D. Shen, J. Chen, A. Tang et al. Physics Letters B 839 (2023) 137777

global spin alignment has also been measured for K ∗0, φ [42–44]
and J/ψ [45]. In particular, unexpectedly large ρ00 values for φ
mesons have been disclosed by the STAR Collaboration [44].

In the following sections, we will demonstrate that globally 
spin-aligned vector mesons could provide a finite contribution to 
each of the CME-sensitive observables under study. The effect can 
be qualitatively understood with the aid of analytical derivations, 
and is further investigated with a toy model and a multiphase 
transport model. This work suggests that the global spin alignment 
of ρ mesons is a crucial component in the background estimation 
for the CME measurements involving pions.

2. The γ112 correlator

The CME-induced charge separation as well as the other modes 
of collective motion is usually studied with the azimuthal angle 
distribution of final-state particles in the momentum space [22],

E
d3N
d3 p

= 1
2π

d2N
pT dpT dy

(

1 + 2a1 sin%φ +
∞∑

n=1

2vn cosn%φ

)

,

(1)

where pT =
√

p2
x + p2

y is transverse momentum, y is rapidity, and 
%φ is the azimuthal angle of a particle relative to the reaction 
plane (spanned by the impact parameter and the beam momenta). 
a1 characterizes the charge separation perpendicular to the reac-
tion plane, and the a1 values for positive and negative charges bear 
opposite signs, i.e., a1,+ = −a1,− in a charge-symmetric system. vn
denotes the nth-harmonic flow coefficient of final-state particles, 
and conventionally v2 is called elliptic flow.

The CME-sensitive observable γ112 [22] is defined as

γ112 ≡
〈
cos(φα + φβ − 2)RP)

〉
, (2)

where φα and φβ are the azimuthal angles of particles α and β , 
respectively, and )RP represents the reaction plane. The bracket 
means averaging over all particles and all events. The difference in 
γ112 between opposite-sign (OS) and same-sign (SS) pairs is sup-
posed to reflect the CME signal, i.e.,

%γ112 ≡ γ OS
112 − γ SS

112 ≈ 2a2
1. (3)

However, %γ112 is contaminated with backgrounds, e.g., decay 
daughters of flowing resonances [22]. As a result, the expansion of 
γ OS

112 contains finite covariance terms. For example, the ρ mesons 
decay to charged pions:

γ OS
112 = 〈cos(φ+ + φ− − 2)RP)〉

= 〈cos%φ+〉 〈cos%φ−〉 + Nρ

N+N−
Cov(cos%φ+, cos%φ−)

− 〈sin%φ+〉 〈sin%φ−〉 − Nρ

N+N−
Cov(sin%φ+, sin %φ−), (4)

where Cov(a, b) denotes the covariance of variables a and b. Nρ is 
the yield of ρ mesons, and N+ and N− are the numbers of π+

and π− , respectively. Note that the covariance terms in γ SS
112 could 

also be finite, owing to mechanisms such as transverse momentum 
conservation [17], but this effect should be cancelled in %γ112.

In addition to elliptic flow, another property of vector mesons, 
the global spin alignment, could also contribute a background to 
%γ112. In the decay of ρ → π+ + π− , the emission angle of π±

can be expressed as [46]

dN
d cos θ∗ = 3

4

[
(1 − ρ00) + (3ρ00 − 1) cos2 θ∗

]
, (5)

Fig. 1. Illustration of pion emission (black solid arrow) in the rest frame of the par-
ent ρ meson. The dashed arrow shows the projection in the x-y plane.

where θ∗ is the angle between the pion momentum in the ρ rest 
frame and the angular momentum L̂ of the collision system. In this 
work, we assume the directions of L̂ and the magnetic field are 
both perpendicular to the reaction plane. ρ00 is the 00-component 
of the spin density matrix, and quantifies the global spin align-
ment. Projected to the transverse (x-y) plane, Eq. (5) becomes

dN
dφ∗ = 1

2π

[
1 − 1

2
(3ρ00 − 1) cos 2φ∗

]
, (6)

where φ∗ is the azimuthal angle of the decay product in the ρ rest 
frame as sketched in Fig. 1. Then, the covariance terms in Eq. (4)
can be calculated in the ρ rest frame as

Cov(cosφ∗
+, cosφ∗

−) = −
〈
cos2 φ∗
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Here we use φ∗
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, and thus the 

%γ112 in the ρ rest frame can be written as

%γ ∗
112 = Nρ

N+N−
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, (9)

which represents a finite background when ρ00 deviates from 1/3.
Essentially, Eq. (6) manifests the elliptic flow of decay products 

in the ρ rest frame, v∗
2 = −(3ρ00 − 1)/4, and therefore Eq. (9) can 

be viewed as %γ ∗
112 ∝ −v∗

2. In the laboratory frame, Eqs. (7) and 
(8) should be scaled by factors of fc and f s , respectively, due to the 
Lorentz boost of the ρ meson. In general, fc and f s are different 
because of the anisotropic motion (vρ

2 ) of ρ mesons. One can thus 
expand fc and f s with vρ

2 ,

fc = f0 +
∞∑
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cn(vρ
2 )n, (10)

f s = f0 +
∞∑

n=1

sn(vρ
2 )n, (11)

where f0, cn and sn depend on the spectra of ρ mesons. Hence, 
the contribution of decay pions to %γ112 in the laboratory frame 
can be expressed as
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global spin alignment has also been measured for K ∗0, φ [42–44]
and J/ψ [45]. In particular, unexpectedly large ρ00 values for φ
mesons have been disclosed by the STAR Collaboration [44].

In the following sections, we will demonstrate that globally 
spin-aligned vector mesons could provide a finite contribution to 
each of the CME-sensitive observables under study. The effect can 
be qualitatively understood with the aid of analytical derivations, 
and is further investigated with a toy model and a multiphase 
transport model. This work suggests that the global spin alignment 
of ρ mesons is a crucial component in the background estimation 
for the CME measurements involving pions.

2. The γ112 correlator

The CME-induced charge separation as well as the other modes 
of collective motion is usually studied with the azimuthal angle 
distribution of final-state particles in the momentum space [22],
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where pT =
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y is transverse momentum, y is rapidity, and 
%φ is the azimuthal angle of a particle relative to the reaction 
plane (spanned by the impact parameter and the beam momenta). 
a1 characterizes the charge separation perpendicular to the reac-
tion plane, and the a1 values for positive and negative charges bear 
opposite signs, i.e., a1,+ = −a1,− in a charge-symmetric system. vn
denotes the nth-harmonic flow coefficient of final-state particles, 
and conventionally v2 is called elliptic flow.

The CME-sensitive observable γ112 [22] is defined as

γ112 ≡
〈
cos(φα + φβ − 2)RP)

〉
, (2)

where φα and φβ are the azimuthal angles of particles α and β , 
respectively, and )RP represents the reaction plane. The bracket 
means averaging over all particles and all events. The difference in 
γ112 between opposite-sign (OS) and same-sign (SS) pairs is sup-
posed to reflect the CME signal, i.e.,

%γ112 ≡ γ OS
112 − γ SS

112 ≈ 2a2
1. (3)

However, %γ112 is contaminated with backgrounds, e.g., decay 
daughters of flowing resonances [22]. As a result, the expansion of 
γ OS

112 contains finite covariance terms. For example, the ρ mesons 
decay to charged pions:

γ OS
112 = 〈cos(φ+ + φ− − 2)RP)〉
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Cov(sin%φ+, sin %φ−), (4)

where Cov(a, b) denotes the covariance of variables a and b. Nρ is 
the yield of ρ mesons, and N+ and N− are the numbers of π+

and π− , respectively. Note that the covariance terms in γ SS
112 could 

also be finite, owing to mechanisms such as transverse momentum 
conservation [17], but this effect should be cancelled in %γ112.

In addition to elliptic flow, another property of vector mesons, 
the global spin alignment, could also contribute a background to 
%γ112. In the decay of ρ → π+ + π− , the emission angle of π±

can be expressed as [46]

dN
d cos θ∗ = 3

4

[
(1 − ρ00) + (3ρ00 − 1) cos2 θ∗

]
, (5)

Fig. 1. Illustration of pion emission (black solid arrow) in the rest frame of the par-
ent ρ meson. The dashed arrow shows the projection in the x-y plane.

where θ∗ is the angle between the pion momentum in the ρ rest 
frame and the angular momentum L̂ of the collision system. In this 
work, we assume the directions of L̂ and the magnetic field are 
both perpendicular to the reaction plane. ρ00 is the 00-component 
of the spin density matrix, and quantifies the global spin align-
ment. Projected to the transverse (x-y) plane, Eq. (5) becomes

dN
dφ∗ = 1
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2
(3ρ00 − 1) cos 2φ∗

]
, (6)

where φ∗ is the azimuthal angle of the decay product in the ρ rest 
frame as sketched in Fig. 1. Then, the covariance terms in Eq. (4)
can be calculated in the ρ rest frame as
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Here we use φ∗
− = φ∗

+ + π . In the absence of the CME, charged 
pions have 
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%γ112 in the ρ rest frame can be written as

%γ ∗
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, (9)

which represents a finite background when ρ00 deviates from 1/3.
Essentially, Eq. (6) manifests the elliptic flow of decay products 

in the ρ rest frame, v∗
2 = −(3ρ00 − 1)/4, and therefore Eq. (9) can 

be viewed as %γ ∗
112 ∝ −v∗

2. In the laboratory frame, Eqs. (7) and 
(8) should be scaled by factors of fc and f s , respectively, due to the 
Lorentz boost of the ρ meson. In general, fc and f s are different 
because of the anisotropic motion (vρ

2 ) of ρ mesons. One can thus 
expand fc and f s with vρ

2 ,

fc = f0 +
∞∑

n=1

cn(vρ
2 )n, (10)

f s = f0 +
∞∑

n=1

sn(vρ
2 )n, (11)

where f0, cn and sn depend on the spectra of ρ mesons. Hence, 
the contribution of decay pions to %γ112 in the laboratory frame 
can be expressed as
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Discussion (cont. 3)

• Global spin alignment of ρ-meson is a crucial component in the 
background estimation for the CME measurements involving pions

• Take the CME-sensitive observable γ112 as an example, 
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global spin alignment has also been measured for K ∗0, φ [42–44]
and J/ψ [45]. In particular, unexpectedly large ρ00 values for φ
mesons have been disclosed by the STAR Collaboration [44].

In the following sections, we will demonstrate that globally 
spin-aligned vector mesons could provide a finite contribution to 
each of the CME-sensitive observables under study. The effect can 
be qualitatively understood with the aid of analytical derivations, 
and is further investigated with a toy model and a multiphase 
transport model. This work suggests that the global spin alignment 
of ρ mesons is a crucial component in the background estimation 
for the CME measurements involving pions.

2. The γ112 correlator

The CME-induced charge separation as well as the other modes 
of collective motion is usually studied with the azimuthal angle 
distribution of final-state particles in the momentum space [22],
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where pT =
√
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y is transverse momentum, y is rapidity, and 
%φ is the azimuthal angle of a particle relative to the reaction 
plane (spanned by the impact parameter and the beam momenta). 
a1 characterizes the charge separation perpendicular to the reac-
tion plane, and the a1 values for positive and negative charges bear 
opposite signs, i.e., a1,+ = −a1,− in a charge-symmetric system. vn
denotes the nth-harmonic flow coefficient of final-state particles, 
and conventionally v2 is called elliptic flow.

The CME-sensitive observable γ112 [22] is defined as

γ112 ≡
〈
cos(φα + φβ − 2)RP)

〉
, (2)

where φα and φβ are the azimuthal angles of particles α and β , 
respectively, and )RP represents the reaction plane. The bracket 
means averaging over all particles and all events. The difference in 
γ112 between opposite-sign (OS) and same-sign (SS) pairs is sup-
posed to reflect the CME signal, i.e.,

%γ112 ≡ γ OS
112 − γ SS

112 ≈ 2a2
1. (3)

However, %γ112 is contaminated with backgrounds, e.g., decay 
daughters of flowing resonances [22]. As a result, the expansion of 
γ OS

112 contains finite covariance terms. For example, the ρ mesons 
decay to charged pions:

γ OS
112 = 〈cos(φ+ + φ− − 2)RP)〉

= 〈cos%φ+〉 〈cos%φ−〉 + Nρ

N+N−
Cov(cos%φ+, cos%φ−)

− 〈sin%φ+〉 〈sin%φ−〉 − Nρ

N+N−
Cov(sin%φ+, sin %φ−), (4)

where Cov(a, b) denotes the covariance of variables a and b. Nρ is 
the yield of ρ mesons, and N+ and N− are the numbers of π+

and π− , respectively. Note that the covariance terms in γ SS
112 could 

also be finite, owing to mechanisms such as transverse momentum 
conservation [17], but this effect should be cancelled in %γ112.

In addition to elliptic flow, another property of vector mesons, 
the global spin alignment, could also contribute a background to 
%γ112. In the decay of ρ → π+ + π− , the emission angle of π±

can be expressed as [46]

dN
d cos θ∗ = 3

4

[
(1 − ρ00) + (3ρ00 − 1) cos2 θ∗

]
, (5)

Fig. 1. Illustration of pion emission (black solid arrow) in the rest frame of the par-
ent ρ meson. The dashed arrow shows the projection in the x-y plane.

where θ∗ is the angle between the pion momentum in the ρ rest 
frame and the angular momentum L̂ of the collision system. In this 
work, we assume the directions of L̂ and the magnetic field are 
both perpendicular to the reaction plane. ρ00 is the 00-component 
of the spin density matrix, and quantifies the global spin align-
ment. Projected to the transverse (x-y) plane, Eq. (5) becomes

dN
dφ∗ = 1

2π

[
1 − 1

2
(3ρ00 − 1) cos 2φ∗

]
, (6)

where φ∗ is the azimuthal angle of the decay product in the ρ rest 
frame as sketched in Fig. 1. Then, the covariance terms in Eq. (4)
can be calculated in the ρ rest frame as

Cov(cosφ∗
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−) = −
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Here we use φ∗
− = φ∗

+ + π . In the absence of the CME, charged 
pions have 

〈
cosφ∗
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=
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cosφ∗
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and 
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sin φ∗

+
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sin φ∗

−
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, and thus the 

%γ112 in the ρ rest frame can be written as

%γ ∗
112 = Nρ

N+N−

3ρ00 − 1
4

, (9)

which represents a finite background when ρ00 deviates from 1/3.
Essentially, Eq. (6) manifests the elliptic flow of decay products 

in the ρ rest frame, v∗
2 = −(3ρ00 − 1)/4, and therefore Eq. (9) can 

be viewed as %γ ∗
112 ∝ −v∗

2. In the laboratory frame, Eqs. (7) and 
(8) should be scaled by factors of fc and f s , respectively, due to the 
Lorentz boost of the ρ meson. In general, fc and f s are different 
because of the anisotropic motion (vρ

2 ) of ρ mesons. One can thus 
expand fc and f s with vρ

2 ,

fc = f0 +
∞∑

n=1

cn(vρ
2 )n, (10)

f s = f0 +
∞∑

n=1

sn(vρ
2 )n, (11)

where f0, cn and sn depend on the spectra of ρ mesons. Hence, 
the contribution of decay pions to %γ112 in the laboratory frame 
can be expressed as
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global spin alignment has also been measured for K ∗0, φ [42–44]
and J/ψ [45]. In particular, unexpectedly large ρ00 values for φ
mesons have been disclosed by the STAR Collaboration [44].

In the following sections, we will demonstrate that globally 
spin-aligned vector mesons could provide a finite contribution to 
each of the CME-sensitive observables under study. The effect can 
be qualitatively understood with the aid of analytical derivations, 
and is further investigated with a toy model and a multiphase 
transport model. This work suggests that the global spin alignment 
of ρ mesons is a crucial component in the background estimation 
for the CME measurements involving pions.

2. The γ112 correlator

The CME-induced charge separation as well as the other modes 
of collective motion is usually studied with the azimuthal angle 
distribution of final-state particles in the momentum space [22],
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y is transverse momentum, y is rapidity, and 
%φ is the azimuthal angle of a particle relative to the reaction 
plane (spanned by the impact parameter and the beam momenta). 
a1 characterizes the charge separation perpendicular to the reac-
tion plane, and the a1 values for positive and negative charges bear 
opposite signs, i.e., a1,+ = −a1,− in a charge-symmetric system. vn
denotes the nth-harmonic flow coefficient of final-state particles, 
and conventionally v2 is called elliptic flow.

The CME-sensitive observable γ112 [22] is defined as

γ112 ≡
〈
cos(φα + φβ − 2)RP)

〉
, (2)

where φα and φβ are the azimuthal angles of particles α and β , 
respectively, and )RP represents the reaction plane. The bracket 
means averaging over all particles and all events. The difference in 
γ112 between opposite-sign (OS) and same-sign (SS) pairs is sup-
posed to reflect the CME signal, i.e.,

%γ112 ≡ γ OS
112 − γ SS

112 ≈ 2a2
1. (3)

However, %γ112 is contaminated with backgrounds, e.g., decay 
daughters of flowing resonances [22]. As a result, the expansion of 
γ OS

112 contains finite covariance terms. For example, the ρ mesons 
decay to charged pions:

γ OS
112 = 〈cos(φ+ + φ− − 2)RP)〉

= 〈cos%φ+〉 〈cos%φ−〉 + Nρ

N+N−
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where Cov(a, b) denotes the covariance of variables a and b. Nρ is 
the yield of ρ mesons, and N+ and N− are the numbers of π+

and π− , respectively. Note that the covariance terms in γ SS
112 could 

also be finite, owing to mechanisms such as transverse momentum 
conservation [17], but this effect should be cancelled in %γ112.

In addition to elliptic flow, another property of vector mesons, 
the global spin alignment, could also contribute a background to 
%γ112. In the decay of ρ → π+ + π− , the emission angle of π±

can be expressed as [46]
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]
, (5)

Fig. 1. Illustration of pion emission (black solid arrow) in the rest frame of the par-
ent ρ meson. The dashed arrow shows the projection in the x-y plane.

where θ∗ is the angle between the pion momentum in the ρ rest 
frame and the angular momentum L̂ of the collision system. In this 
work, we assume the directions of L̂ and the magnetic field are 
both perpendicular to the reaction plane. ρ00 is the 00-component 
of the spin density matrix, and quantifies the global spin align-
ment. Projected to the transverse (x-y) plane, Eq. (5) becomes

dN
dφ∗ = 1

2π

[
1 − 1

2
(3ρ00 − 1) cos 2φ∗

]
, (6)

where φ∗ is the azimuthal angle of the decay product in the ρ rest 
frame as sketched in Fig. 1. Then, the covariance terms in Eq. (4)
can be calculated in the ρ rest frame as
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which represents a finite background when ρ00 deviates from 1/3.
Essentially, Eq. (6) manifests the elliptic flow of decay products 

in the ρ rest frame, v∗
2 = −(3ρ00 − 1)/4, and therefore Eq. (9) can 

be viewed as %γ ∗
112 ∝ −v∗

2. In the laboratory frame, Eqs. (7) and 
(8) should be scaled by factors of fc and f s , respectively, due to the 
Lorentz boost of the ρ meson. In general, fc and f s are different 
because of the anisotropic motion (vρ

2 ) of ρ mesons. One can thus 
expand fc and f s with vρ

2 ,
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where f0, cn and sn depend on the spectra of ρ mesons. Hence, 
the contribution of decay pions to %γ112 in the laboratory frame 
can be expressed as
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mesons have been disclosed by the STAR Collaboration [44].

In the following sections, we will demonstrate that globally 
spin-aligned vector mesons could provide a finite contribution to 
each of the CME-sensitive observables under study. The effect can 
be qualitatively understood with the aid of analytical derivations, 
and is further investigated with a toy model and a multiphase 
transport model. This work suggests that the global spin alignment 
of ρ mesons is a crucial component in the background estimation 
for the CME measurements involving pions.
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tion plane, and the a1 values for positive and negative charges bear 
opposite signs, i.e., a1,+ = −a1,− in a charge-symmetric system. vn
denotes the nth-harmonic flow coefficient of final-state particles, 
and conventionally v2 is called elliptic flow.

The CME-sensitive observable γ112 [22] is defined as
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〈
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, (2)

where φα and φβ are the azimuthal angles of particles α and β , 
respectively, and )RP represents the reaction plane. The bracket 
means averaging over all particles and all events. The difference in 
γ112 between opposite-sign (OS) and same-sign (SS) pairs is sup-
posed to reflect the CME signal, i.e.,

%γ112 ≡ γ OS
112 − γ SS

112 ≈ 2a2
1. (3)

However, %γ112 is contaminated with backgrounds, e.g., decay 
daughters of flowing resonances [22]. As a result, the expansion of 
γ OS

112 contains finite covariance terms. For example, the ρ mesons 
decay to charged pions:
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where Cov(a, b) denotes the covariance of variables a and b. Nρ is 
the yield of ρ mesons, and N+ and N− are the numbers of π+

and π− , respectively. Note that the covariance terms in γ SS
112 could 

also be finite, owing to mechanisms such as transverse momentum 
conservation [17], but this effect should be cancelled in %γ112.

In addition to elliptic flow, another property of vector mesons, 
the global spin alignment, could also contribute a background to 
%γ112. In the decay of ρ → π+ + π− , the emission angle of π±

can be expressed as [46]
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Fig. 1. Illustration of pion emission (black solid arrow) in the rest frame of the par-
ent ρ meson. The dashed arrow shows the projection in the x-y plane.

where θ∗ is the angle between the pion momentum in the ρ rest 
frame and the angular momentum L̂ of the collision system. In this 
work, we assume the directions of L̂ and the magnetic field are 
both perpendicular to the reaction plane. ρ00 is the 00-component 
of the spin density matrix, and quantifies the global spin align-
ment. Projected to the transverse (x-y) plane, Eq. (5) becomes
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where φ∗ is the azimuthal angle of the decay product in the ρ rest 
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expand fc and f s with vρ

2 ,

fc = f0 +
∞∑

n=1

cn(vρ
2 )n, (10)

f s = f0 +
∞∑

n=1

sn(vρ
2 )n, (11)

where f0, cn and sn depend on the spectra of ρ mesons. Hence, 
the contribution of decay pions to %γ112 in the laboratory frame 
can be expressed as

2

• In the rest frame of ρ-meson, we calculate the covariance terms   
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global spin alignment has also been measured for K ∗0, φ [42–44]
and J/ψ [45]. In particular, unexpectedly large ρ00 values for φ
mesons have been disclosed by the STAR Collaboration [44].

In the following sections, we will demonstrate that globally 
spin-aligned vector mesons could provide a finite contribution to 
each of the CME-sensitive observables under study. The effect can 
be qualitatively understood with the aid of analytical derivations, 
and is further investigated with a toy model and a multiphase 
transport model. This work suggests that the global spin alignment 
of ρ mesons is a crucial component in the background estimation 
for the CME measurements involving pions.

2. The γ112 correlator

The CME-induced charge separation as well as the other modes 
of collective motion is usually studied with the azimuthal angle 
distribution of final-state particles in the momentum space [22],

E
d3N
d3 p

= 1
2π

d2N
pT dpT dy

(

1 + 2a1 sin%φ +
∞∑

n=1

2vn cos n%φ

)

,

(1)

where pT =
√

p2
x + p2

y is transverse momentum, y is rapidity, and 
%φ is the azimuthal angle of a particle relative to the reaction 
plane (spanned by the impact parameter and the beam momenta). 
a1 characterizes the charge separation perpendicular to the reac-
tion plane, and the a1 values for positive and negative charges bear 
opposite signs, i.e., a1,+ = −a1,− in a charge-symmetric system. vn
denotes the nth-harmonic flow coefficient of final-state particles, 
and conventionally v2 is called elliptic flow.

The CME-sensitive observable γ112 [22] is defined as

γ112 ≡
〈
cos(φα + φβ − 2)RP)

〉
, (2)

where φα and φβ are the azimuthal angles of particles α and β , 
respectively, and )RP represents the reaction plane. The bracket 
means averaging over all particles and all events. The difference in 
γ112 between opposite-sign (OS) and same-sign (SS) pairs is sup-
posed to reflect the CME signal, i.e.,

%γ112 ≡ γ OS
112 − γ SS

112 ≈ 2a2
1. (3)

However, %γ112 is contaminated with backgrounds, e.g., decay 
daughters of flowing resonances [22]. As a result, the expansion of 
γ OS

112 contains finite covariance terms. For example, the ρ mesons 
decay to charged pions:

γ OS
112 = 〈cos(φ+ + φ− − 2)RP)〉

= 〈cos%φ+〉 〈cos%φ−〉 + Nρ

N+N−
Cov(cos%φ+, cos%φ−)

− 〈sin%φ+〉 〈sin%φ−〉 − Nρ

N+N−
Cov(sin%φ+, sin %φ−), (4)

where Cov(a, b) denotes the covariance of variables a and b. Nρ is 
the yield of ρ mesons, and N+ and N− are the numbers of π+

and π− , respectively. Note that the covariance terms in γ SS
112 could 

also be finite, owing to mechanisms such as transverse momentum 
conservation [17], but this effect should be cancelled in %γ112.

In addition to elliptic flow, another property of vector mesons, 
the global spin alignment, could also contribute a background to 
%γ112. In the decay of ρ → π+ + π− , the emission angle of π±

can be expressed as [46]

dN
d cos θ∗ = 3

4

[
(1 − ρ00) + (3ρ00 − 1) cos2 θ∗

]
, (5)

Fig. 1. Illustration of pion emission (black solid arrow) in the rest frame of the par-
ent ρ meson. The dashed arrow shows the projection in the x-y plane.

where θ∗ is the angle between the pion momentum in the ρ rest 
frame and the angular momentum L̂ of the collision system. In this 
work, we assume the directions of L̂ and the magnetic field are 
both perpendicular to the reaction plane. ρ00 is the 00-component 
of the spin density matrix, and quantifies the global spin align-
ment. Projected to the transverse (x-y) plane, Eq. (5) becomes

dN
dφ∗ = 1

2π

[
1 − 1

2
(3ρ00 − 1) cos 2φ∗

]
, (6)

where φ∗ is the azimuthal angle of the decay product in the ρ rest 
frame as sketched in Fig. 1. Then, the covariance terms in Eq. (4)
can be calculated in the ρ rest frame as

Cov(cosφ∗
+, cosφ∗

−) = −
〈
cos2 φ∗

+
〉
+

〈
cosφ∗

+
〉 2

= −1
2

+ 1
8
(3ρ00 − 1), (7)

Cov(sinφ∗
+, sin φ∗

−) = −
〈
sin2 φ∗

+
〉
+

〈
sinφ∗

+
〉 2

= −1
2

− 1
8
(3ρ00 − 1). (8)

Here we use φ∗
− = φ∗

+ + π . In the absence of the CME, charged 
pions have 

〈
cosφ∗

+
〉
=

〈
cosφ∗

−
〉

and 
〈
sin φ∗

+
〉
=

〈
sin φ∗

−
〉
, and thus the 

%γ112 in the ρ rest frame can be written as

%γ ∗
112 = Nρ

N+N−

3ρ00 − 1
4

, (9)

which represents a finite background when ρ00 deviates from 1/3.
Essentially, Eq. (6) manifests the elliptic flow of decay products 

in the ρ rest frame, v∗
2 = −(3ρ00 − 1)/4, and therefore Eq. (9) can 

be viewed as %γ ∗
112 ∝ −v∗

2. In the laboratory frame, Eqs. (7) and 
(8) should be scaled by factors of fc and f s , respectively, due to the 
Lorentz boost of the ρ meson. In general, fc and f s are different 
because of the anisotropic motion (vρ

2 ) of ρ mesons. One can thus 
expand fc and f s with vρ

2 ,

fc = f0 +
∞∑

n=1

cn(vρ
2 )n, (10)

f s = f0 +
∞∑

n=1

sn(vρ
2 )n, (11)

where f0, cn and sn depend on the spectra of ρ mesons. Hence, 
the contribution of decay pions to %γ112 in the laboratory frame 
can be expressed as

2
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Fig. 2. Toy model simulations of the π -π "γ112 correlation as a function of ρ-
meson ρ00 with various inputs of vρ

2 . Linear fits are applied to guide eyes.

"γ112 = Nρ

N+N−

[
1
8
( fc + f s)(3ρ00 − 1) − 1

2
( fc − f s)

]

= Nρ

8N+N−

[

2 f0 +
∞∑

n=1

(cn + sn)(vρ
2 )n

]

(3ρ00 − 1)

− Nρ

2N+N−

∞∑

n=1

(cn − sn)(vρ
2 )n. (12)

At a given vρ
2 , we expect the "γ112 measurement involving ρ-

decay pions to have a linear dependence on the ρ00 of ρ mesons.
We first test the aforementioned idea with toy model simula-

tions without the CME. Each event contains 195 π+ and 195 π− , 
with 33 pairs of them from ρ decays. For simplicity, the v2 and 
v3 values of primordial pions are set to zero. The spectrum of pri-
mordial pions obeys the Bose-Einstein distribution,

dNπ±

dm2
T

∝ 1
emT /TBE − 1

, (13)

where TBE = 212 MeV is set to match the experimentally observed 
〈pT 〉 = 400 MeV [47]. The spectrum of ρ mesons follows

dNρ

dm2
T

∝ e−(mT −mρ )/T

T (mρ + T )
, (14)

where T = 317 MeV is set to match its 〈pT 〉 of 830 MeV as 
observed in data [48]. Pseudorapidity (Rapidity) is uniformly dis-
tributed in the range of [−1, 1] for primordial pions (ρ mesons). 
ρ-meson decays are implemented with PYTHIA6 [49], and the spin 
alignment effect is simulated by sampling the decay products ac-
cording to Eq. (5).

Fig. 2 shows the simulation results of the π -π "γ112 correla-
tion from the toy model. Each marker denotes a different input 
of vρ

2 . It is confirmed that at a given vρ
2 , "γ112 increases lin-

early with ρ00. On the other hand, "γ112 also increases with vρ
2

at a fixed ρ00, exhibiting the convolution of vρ
2 and ρ00 in the 

background contribution from ρ mesons to "γ112. In the case of 
vρ

2 = 0 and ρ00 = 1/3, "γ112 is zero, as expected by Eq. (12). Note 
that the global spin alignment effect could give a negative contri-
bution to the "γ112 measurement if ρ00 is smaller than 1/3.

We also study this effect with a more realistic model, a mul-
tiphase transport (AMPT) model, without the CME and with the 
spin alignment implemented by redistributing the momenta of de-
cay products according to Eq. (5). The details of this model can be 
found in Ref. [50,51]. The selected decay channel is ρ → π+ +π− . 

Fig. 3. AMPT calculations of the π -π "γ112 correlation as a function of ρ-meson 
ρ00 in Au+Au collisions at √sN N = 200 GeV with the impact parameter of 8 fm. 
Solid line represents a linear fit of calculations to guide eyes.

As a qualitative investigation, we only simulate Au+Au collisions at √
sN N = 200 GeV with the impact parameter of 8 fm, and pions 

are analyzed without any kinematic cut to increase statistics. The 
ρ00 values are set to be 0.18, 1/3 and 0.43, respectively, with a 
million events for each case. Fig. 3 shows the AMPT calculations 
of π -π "γ112 as a function of ρ-meson ρ00. "γ112 increases lin-
early with ρ00, similar to the toy model simulations. At ρ00 = 1/3, 
the positive "γ112, which is a non-CME background, may come 
from the positive vρ

2 and transverse momentum conservation. The 
slope, d"γ112/dρ00, could be different between the toy model and 
the AMPT model, because of the different ρ-meson spectra.

3. The R!2("S) correlator

Another CME-sensitive observable, the R%2 ("S) correlator [23], 
is defined as a double ratio of four distributions,

R%2("S) ≡ N("Sreal)

N("Sshuffled)
/

N("S⊥
real)

N("S⊥
shuffled)

, (15)

where

"S = 〈sin"φ+〉 − 〈sin"φ−〉 , (16)

"S⊥ = 〈cos"φ+〉 − 〈cos"φ−〉 , (17)

and "φ = φ − %2. %2 denotes the 2nd-order event plane, an ap-
proximation of the reaction plane using the v2 information of 
produced particles. The bracket means averaging over all particles 
of interest in an event. The subscripts “real” and “shuffled” rep-
resent real events and charge shuffled events, respectively. Ideally, 
the CME should cause a concave shape in R%2 ("S), which can be 
quantified by the width of a Gaussian fit, σR . Analytically, σR is 
related to the widths of the four initial distributions,

Sconcavity

σ 2
R

= 1
σ 2("Sreal)

− 1
σ 2("Sshuffled)

− 1

σ 2("S⊥
real)

+ 1

σ 2("S⊥
shuffled)

. (18)

Sconcavity is 1 (-1) when the R%2 ("S) distribution is convex (con-
cave).

Similar to the case of "γ112, we first evaluate each term in 
Eq. (18) in the ρ rest frame, and then use parameters fc and f s to 
describe the Lorentz effect along and perpendicular to the reaction 
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Fig. 2. Toy model simulations of the π -π "γ112 correlation as a function of ρ-
meson ρ00 with various inputs of vρ

2 . Linear fits are applied to guide eyes.

"γ112 = Nρ

N+N−

[
1
8
( fc + f s)(3ρ00 − 1) − 1

2
( fc − f s)

]

= Nρ

8N+N−

[

2 f0 +
∞∑

n=1

(cn + sn)(vρ
2 )n

]

(3ρ00 − 1)

− Nρ

2N+N−

∞∑

n=1

(cn − sn)(vρ
2 )n. (12)

At a given vρ
2 , we expect the "γ112 measurement involving ρ-

decay pions to have a linear dependence on the ρ00 of ρ mesons.
We first test the aforementioned idea with toy model simula-

tions without the CME. Each event contains 195 π+ and 195 π− , 
with 33 pairs of them from ρ decays. For simplicity, the v2 and 
v3 values of primordial pions are set to zero. The spectrum of pri-
mordial pions obeys the Bose-Einstein distribution,

dNπ±

dm2
T

∝ 1
emT /TBE − 1

, (13)

where TBE = 212 MeV is set to match the experimentally observed 
〈pT 〉 = 400 MeV [47]. The spectrum of ρ mesons follows

dNρ

dm2
T

∝ e−(mT −mρ )/T

T (mρ + T )
, (14)

where T = 317 MeV is set to match its 〈pT 〉 of 830 MeV as 
observed in data [48]. Pseudorapidity (Rapidity) is uniformly dis-
tributed in the range of [−1, 1] for primordial pions (ρ mesons). 
ρ-meson decays are implemented with PYTHIA6 [49], and the spin 
alignment effect is simulated by sampling the decay products ac-
cording to Eq. (5).

Fig. 2 shows the simulation results of the π -π "γ112 correla-
tion from the toy model. Each marker denotes a different input 
of vρ

2 . It is confirmed that at a given vρ
2 , "γ112 increases lin-

early with ρ00. On the other hand, "γ112 also increases with vρ
2

at a fixed ρ00, exhibiting the convolution of vρ
2 and ρ00 in the 

background contribution from ρ mesons to "γ112. In the case of 
vρ

2 = 0 and ρ00 = 1/3, "γ112 is zero, as expected by Eq. (12). Note 
that the global spin alignment effect could give a negative contri-
bution to the "γ112 measurement if ρ00 is smaller than 1/3.

We also study this effect with a more realistic model, a mul-
tiphase transport (AMPT) model, without the CME and with the 
spin alignment implemented by redistributing the momenta of de-
cay products according to Eq. (5). The details of this model can be 
found in Ref. [50,51]. The selected decay channel is ρ → π+ +π− . 

Fig. 3. AMPT calculations of the π -π "γ112 correlation as a function of ρ-meson 
ρ00 in Au+Au collisions at √sN N = 200 GeV with the impact parameter of 8 fm. 
Solid line represents a linear fit of calculations to guide eyes.

As a qualitative investigation, we only simulate Au+Au collisions at √
sN N = 200 GeV with the impact parameter of 8 fm, and pions 

are analyzed without any kinematic cut to increase statistics. The 
ρ00 values are set to be 0.18, 1/3 and 0.43, respectively, with a 
million events for each case. Fig. 3 shows the AMPT calculations 
of π -π "γ112 as a function of ρ-meson ρ00. "γ112 increases lin-
early with ρ00, similar to the toy model simulations. At ρ00 = 1/3, 
the positive "γ112, which is a non-CME background, may come 
from the positive vρ

2 and transverse momentum conservation. The 
slope, d"γ112/dρ00, could be different between the toy model and 
the AMPT model, because of the different ρ-meson spectra.

3. The R!2("S) correlator

Another CME-sensitive observable, the R%2 ("S) correlator [23], 
is defined as a double ratio of four distributions,

R%2("S) ≡ N("Sreal)

N("Sshuffled)
/

N("S⊥
real)

N("S⊥
shuffled)

, (15)

where

"S = 〈sin"φ+〉 − 〈sin"φ−〉 , (16)

"S⊥ = 〈cos"φ+〉 − 〈cos"φ−〉 , (17)

and "φ = φ − %2. %2 denotes the 2nd-order event plane, an ap-
proximation of the reaction plane using the v2 information of 
produced particles. The bracket means averaging over all particles 
of interest in an event. The subscripts “real” and “shuffled” rep-
resent real events and charge shuffled events, respectively. Ideally, 
the CME should cause a concave shape in R%2 ("S), which can be 
quantified by the width of a Gaussian fit, σR . Analytically, σR is 
related to the widths of the four initial distributions,

Sconcavity

σ 2
R

= 1
σ 2("Sreal)

− 1
σ 2("Sshuffled)

− 1

σ 2("S⊥
real)

+ 1

σ 2("S⊥
shuffled)

. (18)

Sconcavity is 1 (-1) when the R%2 ("S) distribution is convex (con-
cave).

Similar to the case of "γ112, we first evaluate each term in 
Eq. (18) in the ρ rest frame, and then use parameters fc and f s to 
describe the Lorentz effect along and perpendicular to the reaction 

3

Shen, Chen, Tang, Wang, Phys. Lett. B 839, 137777 (2023)

no CME

25



0 10 20 30 40 50 60 70 80

Centrality (%)

0.25

0.3

0.35

0.4

 (
O

u
t-

o
f-

P
la

n
e
)

0
0

ρ

-order EPst1

-order EPnd2

| < 1)ηAuAu 27GeV (Run18) (|

< 5.4 GeV/c)
T

-meson (1.2 < pφ

0 10 20 30 40 50 60 70 80

Centrality (%)

0.25

0.3

0.35

0.4

 (
O

u
t-

o
f-

P
la

n
e
)

0
0

ρ

-order EPst1

-order EPnd2

| < 1)ηAuAu 39GeV (|

< 5.4 GeV/c)
T

-meson (1.2 < pφ

0 10 20 30 40 50 60 70 80

Centrality (%)

0.25

0.3

0.35

0.4

 (
O

u
t-

o
f-

P
la

n
e
)

0
0

ρ

-order EPst1

-order EPnd2

| < 1)ηAuAu 62GeV (|

< 5.4 GeV/c)
T

-meson (1.2 < pφ

0 10 20 30 40 50 60 70 80

Centrality (%)

0.25

0.3

0.35

0.4

 (
O

u
t-

o
f-

P
la

n
e
)

0
0

ρ

-order EPst1

-order EPnd2

| < 1)ηAuAu 200GeV (Run14) (|

< 5.4 GeV/c)
T

-meson (1.2 < pφ

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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Discussion (cont.4)
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Global vs. Local polarization

Xia et al., Phys. Rev. C 98, 024905 (2018)
                 Phys. Lett. B 817, 136325 (2021)

• Local vorticity structure generates a local polarization?
• Is the contribution from local spin alignment dominant in central collisions and at higher energies?   
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