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Pattern of global spin alignment of ϕ and K*0 
mesons in heavy-ion collisions

STAR Collaboration*

Notwithstanding decades of progress since Yukawa first developed a description  
of the force between nucleons in terms of meson exchange1, a full understanding  
of the strong interaction remains a considerable challenge in modern science. One 
remaining difficulty arises from the non-perturbative nature of the strong force, 
which leads to the phenomenon of quark confinement at distances on the order of the 
size of the proton. Here we show that, in relativistic heavy-ion collisions, in which 
quarks and gluons are set free over an extended volume, two species of produced 
vector (spin-1) mesons, namely ϕ and K*0, emerge with a surprising pattern of global 
spin alignment. In particular, the global spin alignment for ϕ is unexpectedly large, 
whereas that for K*0 is consistent with zero. The observed spin-alignment pattern and 
magnitude for ϕ cannot be explained by conventional mechanisms, whereas a model 
with a connection to strong force fields2–6, that is, an effective proxy description within 
the standard model and quantum chromodynamics, accommodates the current data. 
This connection, if fully established, will open a potential new avenue for studying the 
behaviour of strong force fields.

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

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

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

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

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

It is assumed2,12,25–27 that the global spin alignment of ϕ mesons can 
be produced by the coalescence of polarized s and s quarks, which can 
be caused by vortical flow or the local fluctuation of mean field (meson 
field). The conventional sources for the polarization of s and s quarks 
include: the vortical flow25,28 in the QGP in collisions with non-zero 

https://doi.org/10.1038/s41586-022-05557-5

Received: 4 April 2022

Accepted: 11 November 2022

Published online: 18 January 2023

 Check for updates

*A list of authors and their affiliations appears at the end of the paper. 

https://doi.org/10.1038/s41586-022-05557-5


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 
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Fig. 1 | A schematic view of the coordinate setup for measuring global spin 
alignment in heavy-ion collisions. Two nuclei collide and a tiny exploding 
QGP fireball, only a few femtometres across, is formed in the middle. The 
direction of the orbital angular momentum (L̂) is perpendicular to the reaction 
plane defined by the incoming nuclei when b ≠ 0. The symbol p→ represents the 
momentum vector of a particle. At the top-left corner, a ϕ meson, composed  
of s and s quarks, is depicted separately as a particle decaying into a (K+, K−) pair. 
In this example, the quantization axis (n̂) for study of the global spin alignment 
of the ϕ meson is set to be the same as L̂. θ* is the polar angle between the 
quantization axis and the momentum direction of a particle in the rest frame of 
the decay. A similar depiction can be found for a K*0 meson at the bottom-left 
corner.
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Fig. 2 | Schematic display of a single Au+Au collision at s = 27 GeVNN  in the 
STAR detector. A three-dimensional rendering of the STAR TPC, surrounded 
by the TOF barrel shown as the outermost cylinder. The beam pipe is shown in 
green and, inside it, gold ions travel in opposite directions along the beam axis 
(brown). Ions collide at the centre of the TPC and trajectories (grey lines) as well 
as TOF hits (blue squares) from a typical collision are shown. Reconstructed 
trajectories of a (K+, K−) pair originating from a ϕ-meson decay, as well as a K+ 
and π− from a K*0-meson decay, are shown as highlighted tracks.



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  
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in which Eϕ,i and Bϕ,i are the ith component of the analogous electric 
and magnetic parts of the ϕ-meson field, respectively, and ms is the 
s-quark mass and p its momentum in the ϕ rest frame. The stronger 
deviation of ρ00 from 1/3 observed at lower energy is explained by T1/ eff

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

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

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

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

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

s
( ), to be m4.64 ± 0.73 π

4 . This 
value of G y

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

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

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

s
( ). The dashed black line represents 

ρ00 = 1/3.
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Measurements of the global spin alignment of vector mesons pro-
vide new knowledge about the vector meson fields. The vector meson 
fields are an essential part of the nuclear force that binds nucleons 
inside atomic nuclei39,40 and are also pivotal in describing properties 
of nuclear structure and nuclear matter34,41. The ρ00 for the ϕ meson 
has a desirable feature in that all contributions depend on squares of 
field amplitudes; it can be considered a field analyser2, which makes 
it possible to extract the imprint of the ϕ-meson field even if the field 
fluctuates strongly in space-time. Another important feature worthy 
of mention is that an essential contribution to the ϕ-meson ρ00 is from 
the term2 ≈S ⋅ (Eϕ × p), in which Eϕ is the electric part of the ϕ-meson 
field induced by the local, net strangeness current density, and S and p  
are the spin and momentum of the strange (anti)quarks, respectively. 
Such a term is nothing but the quark version of the spin–orbit force, 
which—at the nucleon level—plays a key role in the nuclear shell struc-
ture42,43. Our measurements of a signal based on global spin alignment 
for vector mesons show a surprising pattern and a value for the ϕ 
meson that is orders of magnitude larger than can be explained by 
conventional effects. This work provides a potential new avenue for 
understanding the strong interaction at work at the subnucleon level.
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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 (ϵrec). 
The yield, after correction for reconstruction efficiency × acceptance, 
is fitted with
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to extract ρ00
obs, in which ‘obs’ stands for ‘observed’. Extended Data  

Figure 3 shows an example of such fitting. The ρ00
obs is then corrected 

for finite event-plane resolution (R), following the procedure laid out 
in ref. 47, to obtain the final ρ00,
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The stability of the embedding correction is validated by repeating 
the analysis with the previous procedure, and both procedures give 
consistent results.

Consistency check using the first-order event plane
In Extended Data Fig. 4, the ρ00 of ϕ mesons at pT > 1.2 GeV c−1 is presented 
for Au+Au collisions at s = 11.5NN , 19.6, 27, 39, 62.4 and 200 GeV. For 
1.2 < pT < 5.4 GeV c−1, ρ00 averaged over energies of 62.4 GeV and below 
is 0.3565 ± 0.0037 (stat.) ± 0.0042 (syst.) for the first-order event plane 
and 0.3512 ± 0.0017 (stat.) ± 0.0017 (syst.) for the second-order event 
plane. The former has a larger error than the latter, owing to its lower 
event-plane resolution. Taking the total uncertainty as the quadrature 
sum of statistical and systematic errors, the two measurements are 
consistent with each other within about 2σ. Both measurements indicate 
strong global spin alignment with a 4.2σ (first-order event plane) and 
7.4σ (second-order event plane) significance. For K*0, the first-order 
event-plane result is not presented because the statistical errors are 
too large owing to the lower first-order event-plane resolution.

Self-consistency check with randomly oriented LL̂
As a self-consistency check for the procedure, we also repeated both 
analyses with the L̂ direction randomly oriented in space, for which any 
global spin alignment would be eliminated and ρ00 should be 1/3. Our 
exercise with randomly oriented L̂ gives 0.3378 ± 0.0016 (stat.) ± 0.0010 
(syst.) for the ϕ meson and 0.3369 ± 0.0086 (stat.) ± 0.0053 (syst.) for 
K*0 (averaged over beam energies of 62.4 GeV and below).

Global spin alignment in the in-plane direction
Extended Data Figure 5 shows ρ00 for ϕ with two choices of quantization 
axes that are perpendicular to each other, namely L̂ and b̂, correspond-
ing to the out-of-plane and the in-plane directions, respectively. L̂ is 
the usual choice of quantization axis and is used everywhere else in 
this paper. Note that, although the direction of b̂ is rotated 90° about 
the beam axis relative to L̂ in the ideal case, the θ* angles obtained with 
b̂ and L̂ do not differ by 90° in general. Thus their ρ00 cannot be mapped 
to each other by a trivial relationship. The plot shows that ρ00 in the 
out-of-plane direction is considerably larger than in the in-plane direc-
tion, which can be attributed to the effect of elliptic flow5.

Transverse momentum dependence
Extended Data Figures 6 and  7 show ρ00 as a function of transverse 
momentum for ϕ and K*0, respectively. At low transverse momen-
tum (150 < pT < 400 MeV c−1), the TPC tracking efficiency increases 
steeply with increasing pT and, consequently, there is a bias against 
a daughter kaon pairing with another kaon from the adjacent phase 
space. This constraint in forming pairs introduces a notable artificial 
ϕ-meson ρ00 at relatively low pT that is difficult to correct. For that 
reason, ρ00 for ϕ mesons is presented for pT > 1.2 GeV c−1 only, in which 
the aforementioned effect diminishes and measurements are reliable, 
as confirmed by simulation studies. For a similar reason, ρ00 for K*0 
is shown for pT > 1.0 GeV c−1 only. For all energies considered, we see 
that the departure of ρ00 from 1/3 for the ϕ meson occurs mainly at pT 
within about 1.0–2.4 GeV c−1 and, at larger pT, the result can be consid-
ered consistent with 1/3 within about 2σ or less. The measurement of 

energy and centrality dependence shown in this paper were obtained 
by averaging ρ00(pT) discussed in this subsection for the corresponding 
centrality and pT range with 1/(stat. error)2 as weight. We compared the 
ρ00 value for the ϕ meson at 27 GeV (our best statistical data point) to 
the yield-weighted average and the difference is negligible.

Centrality dependence
Extended Data Figure 8 shows ρ00 as a function of centrality at selected 
energies, for ϕ (upper panels) and K*0 (lower panels). The pT range for 
taking the average value for ϕ is 1.2 < pT < 5.4 GeV c−1 and that for K*0 is 
1.0 < pT < 5.0 GeV c−1. At high energies (62.4 GeV and above for ϕ mesons 
and 39 GeV and above for K*0), ρ00 in central collisions tends to be less 
than 1/3. This might be caused by transverse local spin alignment26 and/
or a contribution from the helicity polarization of quarks27, which tend 
to reduce ρ00. This reduction in central collisions is further examined 
by plotting ρ00 as a function of energy for central collisions, as shown 
in Extended Data Fig. 9. We see that the ρ00 of ϕ mesons for 0–20% 
central collisions decreases with increasing energy and deviates below 
1/3 with marginal significance at s = 200 GeVNN . The pT and centrality 
dependence of the large ρ00 signal is recently described by an improved 
version of the model with ϕ-meson field5. In this revised work, instead 
of considering a static meson, the global spin alignment is first derived 
from the spin Boltzmann equation in the rest frame of the ϕ meson 
and then transformed into the laboratory frame with known 
momentum.

Global and local spin alignment
In heavy-ion collisions, the global spin alignment for a collision sys
tem can show up in local spin alignments as well. It is the same pheno
menon but viewed from different frames. For example, the relation  
between global ρ00 and production plane ρ00{PP} is given33 by 

( )ρ ρ{PP} − = − v
00

1
3 00

1
3

1 + 3
4

2 . Here the production plane is the plane defi
ned by the beam and the momentum direction of the vector meson  
and the ρ00{PP} is measured with the normal to the production plane 
as the quantization axis. Another popular choice of local frame is the 
helicity frame, in which the momentum direction of the vector meson 
is taken as the quantization axis. An analytical relation between the 
global ρ00 and the helicity frame ρ00 does not exist but, based on our 
simulation for the same kinematic range, typical values of ρ00 in the 
helicity frame (between 0.2 and 0.6 (ref. 53)) will result in the global ρ00 
deviating from 1/3 by only about 0.001 and about 0.01 for ϕ and K*0 
mesons, respectively, which are either negligible or very small when 
compared with the (ρ00 − 1/3) observations presented in this work. In 
a recent work, it is argued that the gradient of the radial flow along the 
beam axis can generate transverse vorticity loops at finite rapidity and 
cause the transverse local spin alignment26. This effect can give a neg-
ative contribution to the global spin alignment of vector mesons and 
is more prominent and clearly evident in central collisions. This can 
be part of the reason why, at top RHIC energies, we observe that the 
central value of ρ00 is below 1/3.

The result with L̂ boosted into the rest frame of the vector meson
In the study of the hyperon global polarization or the vector meson 
global spin alignment, it is a convention to take L̂ in the laboratory 
frame as the quantization axis. We follow that convention in this paper. 
An alternative choice of the quantization axis is the direction of L̂ after 
being boosted into the rest frame of the particle54. We estimated that, 
for our ρ00 value that is averaged over beam energies of 62.4 GeV and 
below, the difference between the results with and without boosting 
L̂ into the rest frame is on the order of 10−3.

Taking the average value of 62.4 GeV and below
For both ϕ and K*0, the averaged ρ00 value of 62.4 GeV and below is 
obtained by taking the average with 1/(stat. error)2 as the weight for 
each energy.



Systematic error
For each beam energy, sources of systematic uncertainty can be cat-
egorized as: (1) quality selections at the event and track level, (2) par-
ticle identification cuts, (3) several invariant mass fitting ranges and 
residual background functions (first-order and second-order polyno-
mials) for signal extraction, (4) histogram bin counting versus func-
tional integration for yield extraction and (5) different efficiency 
evaluation methods. After repeating the analysis with reasonable 
variations of quality selections or analysis procedures and obtaining 
the corresponding values, systematic errors from each individual 
source are calculated as (maximum value − minimum value)/ 12 , 
assuming uniform probability distributions between the maximum 
and minimum values. The final systematic errors are the quadrature 
sum of the systematic errors from the various sources. The averaged 
ρ00 over beam energies of 62.4 GeV and below is calculated for each 
variation. The systematic errors for averaged ρ00 are evaluated with 
the same procedure as described above. Contributions of each sys-
tematic uncertainty for the averaged ρ00 are listed in Extended Data 
Tables 1 and 2 for ϕ and K*0, respectively.
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Extended Data Fig. 1 | Example of combinatorial-background-subtracted 
invariant-mass distributions and the extracted yields as a function of cosθ* 
for ϕ and K*0 mesons. a, Example of ϕ → K+ + K− invariant-mass distributions, 
with combinatorial background subtracted, integrated over cosθ*. b, Example 

of K* (K* ) → K π (K π )0 0 − + + −  invariant-mass distributions, with combinatorial 
background subtracted, integrated over cosθ*. c, Extracted yields of ϕ as a 
function of cosθ*. d, Extracted yields of K*0 as a function of cosθ*.
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Extended Data Fig. 2 | Efficiency-corrected ϕ-meson yields as a function of cosθ* and corresponding fits with equation (2) in Methods. The red stars are 
efficiency-corrected yields for ϕ mesons with |y| < 1.0 and 1.2 < pT < 1.8 GeV c−1, for 20–60% centrality at s = 27 GeVNN .
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Extended Data Fig. 3 | Efficiency-corrected and acceptance-corrected 
K*0-meson yields as a function of cosθ* and corresponding fits with 
equation (5) in Methods. The blue circles are efficiency-corrected and 

acceptance-corrected yields for K*0 mesons with |y| < 1.0 and 2.0 < pT < 2.5 GeV c−1,  
for 20–60% centrality at s = 54.4 GeVNN .
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Extended Data Fig. 5 | ϕ-meson ρ00 with respect to different quantization 
axes. ϕ-meson ρ00 as a function of beam energy, for the out-of-plane direction 
(stars) and the in-plane direction (diamonds). Curves are fits based on 

theoretical calculations with a ϕ-meson field2. The corresponding Gs values 
obtained from the fits are shown in the legend.
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The tabulated numbers are absolute uncertainties in ρ00.

Extended Data Table 1 | Sources of systematic error in ϕ
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The tabulated numbers are absolute uncertainties in ρ00.

Extended Data Table 2 | Sources of systematic error in K*0 
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