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Observation of Global Spin Alignment of ¢ and K* Vector
Mesons in Nuclear Collisions

The strong force, as one of the four fundamental forces at work in the universe, governs in-
teractions of quarks and gluons, and binds together the atomic nucleus. Notwithstanding
decades of progress since Yukawa first developed a description of the force between nucleons
in terms of meson exchange !, a full understanding of the strong interaction remains a ma-
jor challenge in modern science. One remaining difficulty arises from the non-perturbative
nature of the strong force, which leads to the phenomenon of quark confinement at distance
scales on the order of the size of the proton. Here we show that in relativistic heavy-ion colli-
sions, where quarks and gluons are set free over an extended volume, two species of produced
vector (spin-1) mesons, namely ¢ and K*°, emerge with a surprising pattern of global spin
alignment. In particular, the global spin alignment for ¢ is unexpectedly large, while that for
K0 is consistent with zero. The observed spin-alignment pattern and magnitude for the ¢
cannot be explained by conventional mechanisms, while a model with strong force fields>?
accommodates the current data. This is the first time that the strong force field is experi-
mentally supported as a key mechanism that leads to global spin alignment. We extract a
quantity proportional to the intensity of the field of the strong force. Within the framework
of the Standard Model, where the strong force is typically described in the quark and gluon
language of Quantum Chromodynamics, the field being considered here is an effective proxy
description. This is a qualitatively new class of measurement, which opens a new avenue for

studying the behaviour of strong force fields via their imprint on spin alignment.



At the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory, heavy
ions (e.g., gold nuclei) are accelerated up to 99.995% of the speed of light and collide from opposite
directions. Due to the extreme conditions achieved, quarks and gluons are liberated for a brief time
(~ 10723 seconds), 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) #. These collisions offer an ideal environment for studying phenomena related to

Quantum Chromodynamics, the theory of strong interactions.

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 preferential
alignment of the intrinsic angular momentum (spin) of particles along the OAM direction through

spin-orbit couplings, a phenomenon called global polarization '3

The global polarization of
A(A) hyperons produced in Au+Au collisions has been observed through their decays by the STAR
collaboration '“'®, the ALICE collaboration !’, and the HADES collaboration '8. According to

the flavour-spin wave function, the polarization of the A(A) hyperon is carried solely by the strange

quark s (3), indicating the global polarization of the s (5) quark '°.

The global polarization of quarks influences vector mesons such as ¢(1020) and K*°(892).
Unlike A (A) hyperons, which can undergo weak decay with parity violation, and where the proton
is emitted preferentially in the spin direction, the polarization of vector mesons cannot be directly

measured since 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 x 3 spin density matrix with
unit trace 2°. The diagonal elements of this matrix, namely, p;1, poo and p_;_;, 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 poy # 1/3, the probabilities of the three
spin states along the quantization 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

dN

o o _ 2 n*
(o) x (1 = poo) + (3poo — 1)cos“6*, (1)

where 6 is the polar angle between the quantization axis and the momentum direction of that
decay particle. By fitting the angular distribution of decay particles with the equation above, one

can infer the pgq value.

For our study of global spin alignment, the quantization axis () is chosen to be the direction
of the OAM (L), which is perpendicular to the reaction plane. The reaction plane is defined by the
direction of the incoming nuclei (beam direction) and the impact parameter vector (b)*'. See Fig. 1
for a schematic view of the coordinate setup for measuring global spin alignment in heavy-ion
collisions. ¢ mesons are identified via their decay process ¢ — K+ + K—. The K** and K*0
mesons are reconstructed via their decay K*(K*0) — K*7r~(K~n"). Hereafter, K*° refers to

the combined K*° and K*0 samples unless otherwise specified.
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Figure 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 fem-
tometers across, is formed in the middle. The direction of the orbital angular momentum (ﬁ) is
perpendicular to the plane defined by the incoming nuclei when b # 0, called the reaction plane.
The symbol p represents the momentum vector of a particle. At the top-left corner, a ¢ meson,
made of s and 5 quarks, is depicted separately as a particle decaying into a (K, K ) pair. In this
example, the quantization axis () for study of the ¢ meson’s global spin alignment is set to be the

same as L. A similar depiction can be found for a K*° meson at the bottom-left corner.

The relevant features of the experimental apparatus used by the STAR collaboration are de-
picted in Fig. 2. The two charged daughter particles leave ionization trails inside STAR’s Time
Projection Chamber (TPC) 22, by which momentum information for charged particles can be re-
constructed and the ionization energy loss (dE /dx) inside the gas of the TPC can be calculated. In
addition, the time of flight information for particles can be obtained from the Time of Flight (TOF)

detector 2, and, combining this with dF /dx measurements, the momentum and particle species
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Figure 2: Schematic display of a single Au+Au collision at /sy = 27 GeV in 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 tracks, as well
as TOF hits, from a typical collision are shown. Reconstructed trajectories of a K, K~ pair
originating from a ¢-meson decay, as well as a K and 7~ from a K*°-meson decay, are shown as

highlighted tracks.

for daughters can be determined. Figure 2 shows a three dimensional view of ¢ and K*° mesons

decaying into their corresponding daughters inside the TPC.

In 2008, the STAR collaboration reported on a search for global spin alignment of ¢(1020)
and K*°(892) mesons for Au+Au collisions at /sy = 200 GeV, with 7 oriented along L. Due

to limited statistics at that time, no significant result was reported. In the present paper we report



STAR’s measurement of spin alignment for ¢ and K*° vector mesons with much larger statistics

and at lower collision energies (see Methods for detailed information).

In Fig. 3, poo for both vector meson species is presented for Au+Au collisions at beam ener-
gies between /syy = 11.5 and 200 GeV. The centrality categorizes events based on the observed
number of tracks emitted from each collision, where 0% centrality corresponds to exactly head-on
collisions, which produce the most tracks, while 100% centrality corresponds to barely glancing
collisions, which produce the fewest tracks. The STAR measurements presented in Fig. 3 are for
centralities between 20% and 60%. The quantization axis (7) is the normal to the 2nd-order event
plane 2! (a proxy for the reaction plane), determined using TPC tracks. The ¢-meson results are
presented for transverse momentum 1.2 < pr < 5.4 GeV/e. py for this species is significantly
above 1/3 for collision energies of 62 GeV and below, indicating finite global spin alignment. The
poo for ¢ mesons, integrated over beam energies of 62 GeV and below is 0.3541 £ 0.0017 (stat.)
4 0.0018 (sys.). Taking the total uncertainty as the sum in quadrature of statistical and systematic

uncertainties, our results indicate that the ¢-meson pgg is above 1/3 with a significance of 8.4 o.

Figure 3 also presents the beam-energy dependence of pog for K** within 1.0 < pr < 5.0 GeV/e.
We observe that pgo for K*° is largely consistent with 1/3, in marked contrast to the case for ¢. The
poo for K*°, integrated over beam energies of 54.4 GeV and below is 0.3356 4 0.0034 (stat.) =+
0.0043 (syst.). The complete py and centrality dependence for both vector mesons can be found in
the Methods section. Measurements from the ALICE collaboration for Pb+Pb collisions at /sxn

=2.76 TeV » are consistent, within large uncertainties, with the current pattern where both species
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Figure 3: Global spin alignment measurement of ¢ and K*° vector mesons in Au+Au colli-
sions. The measured matrix element pgg as a function of beam energy for the ¢ and K*° vector
mesons within the indicated windows of centrality, momentum in the plane transverse to the beam
axis (pr), and rapidity, y = tanh™' 3.. f3. is the component of velocity along the beam direction
in units of the speed of light. The two points on the right (Pb+Pb collisions at 2.76 TeV) are inte-
grated over the ALICE collaboration results?>, with the py integration region being 1.0 - 5.0 GeV/c
for ¢ and K*°. Errors displayed for ALICE data points are statistical only. The red solid curve is
a fit to data in the range of \/syy = 19.6 to 200 GeV, based on a theoretical calculation with a
¢-meson field 2. The red dashed line is an extension of the solid curve with the fitted parameter

cW(= g4(E2 .+ E2 ). The black dashed line represents pgo = 1/3.



lie at 1/3 at the highest beam energies.

It is assumed >°26-28 that the global spin alignment of ¢ mesons can be produced by the
coalescence of polarized s and 5 quarks. The conventional sources for the polarization of s and

26,29

5 quarks include: the vortical flow in the QGP in collisions with non-zero impact parameter,

the electromagnetic fields 2

generated by the electric currents carried by the colliding nuclei,
quark polarization along the direction of its momentum (helicity polarization) 2%, and the global
spin alignment produced by fragmentation of polarized quarks °. Both the vorticity and electro-
magnetic fields can be represented as relativistic, rank-2 tensors having “electric” (space-time)
and “magnetic” (space-space) components, each of which may contribute to the quark polarization
along the quantization axis 7. For the A and A polarization in the rest frame, the only contribution
is from the magnetic components, in which the vorticity contribution dominates. STAR measure-
ments of the polarization of A and A'*'5 indicate that the magnetic components of the vorticity

and the electromagnetic field tensor in total give >

a negative contribution to pgyy at the level
of 1075, In addition, the local vorticity loop in the transverse plane 2/, when acting together with
coalescence, gives a negative contribution to global pyy. From a hydrodynamic simulation of the
vorticity field in heavy-ion collisions, it is known 2 that the electric component of the vorticity
tensor gives a negative contribution on the order of 10~%. Simulation of the electromagnetic field
in heavy-ion collisions indicates ? that the electric field gives a positive contribution of order 1075.
Fragmentation of polarized quarks contributes on the order of 10~°, which could be either positive

or negative, and the effect is mainly present in transverse momenta much larger than the range

under study °. Helicity polarization gives a negative contribution at all centralities 2®. Locally



fluctuating axial charge currents induced by possible local charge violation gives rise to the ex-
pectation *° of poo(K*?) < poo(¢p) < 1/3. The aforementioned, mostly conventional mechanisms
make either positive or negative contributions to ¢ meson p, but fall short of the measured range

of deviations above 1/3 by several orders of magnitude.

Intriguingly, the pp-integrated ¢-meson data at intermediate centrality can be explained by
a theoretical model based on the ¢-meson vector field coupling to s and 5 quarks >* analogous to
the photon vector field coupled to electrically charged particles. This can be seen by fitting the
data, as presented by the solid red line in Fig. 3. This model fit involves adjusting O Here
cl¥ = gé(E;z + E’;a) where g, is the effective coupling constant, Ej, = (m3/gs)Es.. and
EW, = (m3/9y) By With E, . and Ey , being z and 2 components of the analogous electric part
of the ¢-meson field, respectively. The feature whereby a larger deviation from 1/3 is seen at lower
energy is given by a ~ 1/7T% term that originates, in the theoretical description 2, from spin-orbital
interaction for quarks in the field. Here T.¢ is the effective temperature of the QGP fireball. This
model can accommodate the large magnitude of pyy as seen in our measurement, and it also gives
the correct collision-energy behaviour. On the other hand, it has yet to be tested by the dependence
of the large pg signal on pr and centrality; the model will confront this more demanding challenge

in the future.

The relationship of the ¢ meson to the ¢-meson field is like that of the photon to the electro-
magnetic field. In analogy to the way in which the photon mediates the electromagnetic interaction,

the ¢ meson can be regarded as a mediator of the nuclear interaction. The ¢-meson field behaves



like the electromagnetic field since both are vector fields, but the ¢-meson field is one component
of the short-distance (at a few fm) strong force, while the electromagnetic field is a long-distance
force. The ¢-meson field, along with other meson fields such as o, 7, p, w, etc. are low-energy
or intermediate-distance (in the range of nuclei) effective modes of gluon fields in Quantum Chro-
modynamics 332, Just as an electric charge in motion can generate an electromagnetic field, the
strange quarks s and S in motion can produce an effective ¢-meson field. Therefore, an effective
¢-meson field can be generated by the net-strangeness current formed locally by different momen-
tum distributions of s and 5 in the QGP. Through its magnetic part, the vector meson field has been
used to predict the difference between the polarization of A and A *3. Similar to how an electric
field can polarize a quark and anti-quark through spin-orbit couplings, the strong electric part of
the ¢-meson field can also polarize s and s, leading to a positive contribution to pgg of the ¢-meson
(as a bound state of s and 5) but with much larger magnitude due to its strong interaction (a large
coupling constant g,). Figure 3 shows that, while conventional explanations fall far short in ac-
counting for the data, our experimental measurement in 20-60% centrality can be described well
by this model, which invokes the ¢-meson field, thus favoring the conclusion that the ¢-meson

field leads to the ¢p-meson global spin alignment.

The lifetime of K*° is about 10 times shorter than the ¢ lifetime, corresponding to a mean
proper decay length ¢7 ~ 4.1 fm, making it susceptible to in-medium effects. The difference
between the global spin alignment for K*° and ¢ may be attributed to different in-medium inter-
actions due to this difference in lifetime, a polarization transfer during the late stage of hadronic

interactions 4, and a different response to the vector meson field 2. Similar to strange quarks (s
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and s), light quarks can also be polarized by vorticity fields and vector meson fields. However, the
vector fields that polarize light quarks, such as the p and w fields, are distinct from the ¢ field that
polarizes strange quarks. The contributions from vector meson fields to pg for K*° involve aver-
ages of products of different vector meson fields such as that from the ¢ (for the 5) and p (for the
d). It is expected that the correlations between these two different, fluctuating vector meson fields
for d and 5 are much weaker than the correlations between the same fields for s and 5, causing the
vector meson field contributions to pgo for K*° to be negligible 3. As for the negative contributions
from the vorticity tensor fields to poy for K*°, it is found that the magnetic part of the vorticity
tensor is the same as that for ¢, but the electric part is amplified by the large mass ratio of strange
to light quarks as well as by a larger-than-one ratio of the mean relative momentum squared of
the constituent quark pair in the K* wavefunction to that in the ¢ 3. The above considerations
may account for the insignificant deviation of pgo for K*° from 1/3, as observed in experiments.
A comprehensive and quantitative study of all these effects is needed to reveal the nature of such
a significant difference between spin alignments of K*Y and ¢. Our work provides motivation for

further theoretical developments in this direction.

In Fig. 3, the free parameter in the fit, Cs(y), is related to the square of the electric part of
the ¢-meson field averaged over the space-time volume. Based on our data and the particular
model in Ref. 2, we estimate O™ to be 1109 & 143 fm~®, which corresponds to the field strength
9or/ (B3 + E2,) ~ 2.5m2 with g, being a constant of order 1. This is a qualitatively new class
of measurement, and it offers important guidance for future theoretical progress concerning the

strong force field under extreme conditions.

11



Measurements of the global spin alignment of vector mesons provide new knowledge about
the vector meson fields. The vector meson fields are an essential part of the nuclear force that

35,36

binds nucleons inside atomic nuclei and are also pivotal in describing properties of nuclear

structure and nuclear matter 337,

The pyo for the ¢ meson has a desirable feature in that all
contributions depend on squares of field amplitudes; it can be regarded as a field analyzer > which
makes it possible to extract the imprint of the ¢-meson field even if the field fluctuates strongly in
space-time. Another important feature worthy of mention is that the essential contribution to the
¢-meson pyo is from the term 2 ~ S - (E; x p), where E, is the electric part of the ¢-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 structure 3. Our
measurements of a signal based on global spin alignment for vector mesons reveal a surprising
pattern and a magnitude 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 sub-nucleon level.
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Methods

Data description This ¢-meson pgo analysis is based on Au+Au collisions at /sxy = 11.5, 19.6,
27, 39, 62.4, and 200 GeV, with samples of 8, 19, 348, 117, 45, and 1560 million events, respec-
tively. For K*° mesons, the sample sizes are 12, 18, 36, 70, 130, 520, and 350 million events at
Vvsnn = 11.5, 14.5, 19.6, 27, 39, 54.4, and 200 GeV, respectively. All data were taken using a
minimum-bias trigger (MB). 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 reconstructed primary vertex along the beam axis (V) is made
for each of the energies. In the case of the ¢ analysis, V, is required to be within +30 cm of the
centre of the STAR Time Projection Chamber ** for /syn = 200 GeV, while the corresponding
V., 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*, the V, window is =50 cm at 39 GeV and below, and 430 cm at the remain-
ing beam energies. Charged particles with pseudo-rapidities |n| < 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 || < 0.5. The primary vertex position in the plane that is transverse to the direction
of the colliding Au ion beams, V,., 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 x-y plane and slightly offset at (0.0, -0.89) cm, and the |V, | (=/V2 + (V,, + 0.89)?) is

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

Reconstruction of event plane In this paper, we follow the same procedure as in STAR’s previous

study 2%, by using the 2nd-order event plane (EP) based on tracks in the TPC as a proxy for the event
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reaction plane. ¢ and K*° daughter candidates were excluded from the event plane determination,
to avoid self-correlation between EP and those particles under study. In addition, results obtained
using the 1st-order EP are presented in this section for the ¢ global spin alignment. The 1st-order
EP is based on the Shower Maximum Detectors (SMD) of the Zero Degree Calorimeters (ZDC) %°
for the \/syy = 62.4 and 200 GeV data, and on the Beam-Beam Counter *'** 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 1st-order EP can be more sensitive to the
direction of the initial global angular momentum than that for the 2nd-order EP. On the other hand,
the resolution of the 2nd-order EP, based on the TPC tracking, is better than that of the 1st-order
EP, owing to the large multiplicity and elliptic flow 2! within TPC acceptance near middle rapidity.
As discussed in Ref. 43, when all corrections are taken into account, the two measurements should
agree with each other to first approximation, as demonstrated below. Uncertainties on the event
plane resolution are negligible relative to the statistical and systematical uncertainties of the final

results.

¢- and K*°-meson yield extraction The distributions of ¢ and K*° invariant mass are obtained
for each pr, centrality, and cos #* bin. The corresponding combinatorial background for the ¢ me-
son is estimated by event mixing, i.e., creating K+, K~ pairs from tracks selected from different
events with the same centrality, event plane angle bin, and primary vertex bin. For K** mesons,
the background is estimated 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 1.0 ~ 1.50. Invariant mass yields are then
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obtained by subtracting the corresponding backgrounds. Small, residual backgrounds remain, due
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 sub-
tracted ¢ and K*" invariant mass distributions integrated over cos §*. The extracted yield is fitted
with a Breit-Wigner function for the signal, plus a second-order polynomial curve for the residual
background. The lower panels of Extended Data Fig. 1 show examples of ¢ and K*" yield as a
function of cos #*. This yield, after correction for detection efficiency and acceptance at each pr

and centrality, is then used to extract pgo.

Corrections for finite EP resolution, efficiency, and acceptance

1) ¢o-meson pg, analysis Detector efficiency within the acceptance is corrected using the STAR
Monte Carlo embedding method *¢. To account for finite EP resolution and finite acceptance in
pseudo-rapidity () 7, the observed cos §* distribution is not fitted using Eq. 1 in the main text, but

is instead described by the correction procedure derived in Ref. ** wherein the data are fitted using

[ N } o<(1+BF)+(A’+F)c0820*
Inl

d cos 9* 2
()
B'F
+(A'F — ) cos* 0%,
where
Al A(l —
!/ — ( + 3R) ’ B/ — ( R) ’ (3)
44 A(1 - R) 44 A(1 - R)
and
A==l (4)
1= poo
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and F'is a factor that accounts for finite acceptance. Its value depends on py and 7 and is calculated
using a simulation **. The factor R accounts for finite EP resolution. For the 1st-order EP, itis R, =
(cos2(W,—Wy)), where ¥, is the first order EP and W, is the true reaction plane. R; can be obtained
following the usual procedure in flow analyses 2!. For the 2nd-order EP, R is replaced by Ry =
(cos2(Vy — Wy))/ Ry, where Vs is the 2nd-order EP. Extended Data Fig. 2 shows an example of
such fitting. The fitting procedure has been repeated with different 7 acceptance cuts, namely
In| < 1and |n| < 0.6, and results after correction converge as expected, as seen in simulations*’.
In this procedure, the corrections for detector efficiency and acceptance are applied separately.
Doing it 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 procedure i1) below. It is worth noting that, in simulation
studies, we found that the decay topology dependent efficiency along with the elliptic flow (vy) 2!

of the parent meson can bias the pyy measurements. Such effects have been fully corrected with

the procedure of efficiency correction, for both ¢ and K*.

ii) K*0 pyo analysis The detector acceptance and efficiency are calculated using the STAR Monte
Carlo embedding method 6. In this process, a small additional fraction of K*° mesons (5%)
is generated with a uniform distribution in the rapidity range [-1,1], transverse momentum range
[0, 10 GeV/c], and azimuthal angle range [0, 27], and then passed through the STAR detector
simulation in GEANT3 %8, The number of K*° mesons reconstructed after passing through the
detector simulation and through the same set of track selections as used in real data, compared

to the input number of K*° within the same rapidity interval, gives the reconstruction efficiency
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X acceptance (€...). The yield, after the correction for reconstruction efficiency X acceptance, is

fitted with

dN

_— 1 — obs obs 1 2 %
d(cos 6*) o< (1= pgo’) + (3p60 ) cos” 6 5)

to extract p3p°, where “obs” stands for “observed”. Extended Data Fig. 3 shows an example of such

obs

fitting. The p§;° is then corrected for finite EP resolution (1), following the procedure laid out in

Ref 4, to obtain the final py,

1 4

Poo — 5 =

1
obs__. 6
3 —1+3R(Poo ) (6)

3

The stability of the embedding correction is validated by repeating the analysis with the procedure

in 1), and both procedures give consistent results.

Consistency check using the 1st-order event plane In Extended Data Fig. 4, the pyy of ¢ mesons
at pr > 1.2 GeV/c is presented for Au+Au collisions at \/syy = 11.5,19.6, 27, 39, 62.4, and 200
GeV. For 1.2 < pr < 5.4 GeV/e, pgg averaged over energies of 62.4 GeV and below is 0.3632 +
0.0037 (stat.) 4 0.0042 (sys.) for the 1st-order EP, and 0.3541 £ 0.0017 (stat.) £ 0.0018 (sys.)
for the 2nd-order EP. The former has a larger error than the latter, due to its lower EP resolution.
Taking the total uncertainty as the quadrature sum of statistical and systematic errors, the two
measurements are consistent with each other within ~ 20. Both measurements indicate strong
global spin alignment with a 5.3 ¢ (Ist-order EP) and 8.4 o (2nd-order EP) significance. For K*°,
the 1st-order EP result is not presented since the statistical errors are too large due to the lower

1st-order EP resolution.
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Global spin alignment in the in-plane direction Extended Data Fig. 5 shows pg for ¢ with two
choices of quantization axes that are perpendicular to each other, namely, L and b, corresponding
to the out-of-plane and in-plane directions, respectively. L is the usual choice of quantization axis
and is used everywhere else in this paper. The plot shows that py, in the out-of-plane direction is
considerably larger than in the in-plane direction, indicating a stronger difference in the momentum

distribution between s and s quarks in-plane compared with out-of-plane.

Transverse momentum dependence Extended Data Fig. 6 and Fig. 7 show pg as a function of
transverse momentum for ¢ and K*°, respectively. At low transverse momentum (150 < py < 400
MeV/c) the TPC tracking efficiency rises steeply with increasing pp, 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 significant artificial ¢-meson pgq at relatively low pp that
is difficult to correct. For that reason, pgo for ¢ mesons is presented for pr > 1.2 GeV/c only, where
the aforementioned effect diminishes and measurements are reliable, as confirmed by simulation
studies. For a similar reason, poy for K*° is shown for p; > 1.0 GeV/c only. The measurement
using the 1st-order EP has a larger uncertainty than that using the 2nd-order EP, due to low 1st-
order EP resolution. For all energies considered, we see that the departure of pyy from 1/3 for the
¢ meson occurs mainly at pr within ~ 1.0 - 2.4 GeV/c, and at larger py the result can be regarded

as being consistent with 1/3 within ~ 20 or less.

Self-consistency check with randomly oriented L Asa self-consistency check for the procedure,
we also repeated both analyses with the L direction randomly oriented in space, for which any

global spin alignment would be eliminated and pgy should be 1/3. Our exercise with randomly
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oriented L gives 0.3378 + 0.0016 (stat.) £ 0.0010 (sys.) for the ¢ meson and 0.3369 £ 0.0086

(stat.) &= 0.0053 (syst.) for K*° (integrated over beam energies of 62.4 GeV and below).

Centrality dependence Extended Data Fig. 8 shows pgyy as a function of centrality at selected
energies, for ¢ (upper panels) and K*° (lower panels). The pr integration range for ¢ is 1.2 <
pr < 5.4 GeV/e and for K*° is 1.0 < pr < 5.0 GeV/c. Measurements with the 1st-order EP
have larger uncertainty than with the 2nd-order EP, due to low 1st-order EP resolution. At high
energies (62.4 GeV and above for ¢ mesons, 39 GeV and above for K*°), py in central collisions

t 27 and/or a

tends to be less than 1/3. This might be caused by transverse local spin alignmen
contribution from the helicity polarization of quarks ?® which tend to reduce pyo. This reduction in
central collisions is further examined by plotting pyg as a function of energy for central collisions,
as shown in Extended Data Fig. 9. We see that the pyy of ¢ mesons for 0-20% central collisions
decreases with increasing energy, and deviates below 1/3 with marginal significance at /sy =

200 GeV. More theoretical input is needed for a comprehensive understanding of the dependence

of our data on transverse momentum and centrality.

Global and local spin alignment In heavy ion collisions, the global spin alignment for a collision
system can show up in local spin alignments also. It is the same phenomenon, but viewed from
different frames. For example, the relation between global pgy and production plane poo{PP} is
given # by poo{PP} — 5 = (poo — 3)*=22. Here the production plane is the plane defined by
the beam and vector meson’s momentum direction, and the poo{ 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 vector meson’s momentum direction is taken as the quantization axis. An
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analytical relation between global pg and the helicity frame pyy does not exist, but based on our
simulation for the same kinematic range, typical values of py, in the helicity frame (in between
0.2 and 0.6 *) will result in the global pgy, deviating from 1/3 by only ~ 0.001 and ~ 0.01 for
¢ and K*Y mesons, respectively, which are either negligible or very small when compared to the
(poo — 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 alignment ?’. This effect can give a negative 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 pqg is below 1/3.

The result with L boosted into vector meson’s rest frame In the study of the hyperon global
polarization or the vector meson global spin alignment, it is a convention to take L 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 L after being boosted into particle’s rest frame *°. We
estimated that for our pyy value that is integrated over beam energies of 62.4 GeV and below, the

difference between the results with and without boosting L into rest frame is on the order of 1073,

Taking the average value of 62.4 GeV and below For both ¢ and K*°, the integrated py, value
of 62.4 GeV and below is obtained by taking the average with 1/(stat. error)? as weight for each

energy.
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Systematic error For each beam energy, sources of systematic uncertainty can be categorized as
1) quality selections at the event and track level, ii) particle identification cuts, iii) several invari-
ant mass fitting ranges and residual background functions (first- and second-order polynomials)
for signal extraction, iv) histogram bin counting vs. functional integration for yield extraction, v)
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
integrated pgy over beam energies of 62.4 GeV and below is calculated for each variation. The
systematic errors for integrated py, are evaluated with the same procedure as described above.
Contributions of each systematic uncertainty for the integrated pg, are listed in extended data Ta-

bles 1and 2, for ¢ and K*° respectively.
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Extended Data Figure 1: Example of combinatorial background subtracted invariant mass
distributions and the extracted yields as a function of cos 0* for ¢ and K*° mesons. a) ex-
ample of ¢ — K* + K~ invariant mass distributions, with combinatorial background subtracted,
integrated over cos 6*; b) example of K**(K*) — K7t (K*7~) invariant mass distributions,
with combinatorial background subtracted, integrated over cos #*; ¢) extracted yields of ¢ as a

function of cos 0*; d) extracted yields of K*¥ as a function of cos *.
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Extended Data Figure 2: Efficiency corrected ¢-meson yields as a function of cos¢* and corre-

sponding fits with Eq. 2 in the method section.
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Extended Data Figure 4: ¢-meson p,, obtained from 1st- and 2nd-order event planes. The
red stars (gray squares) show the ¢-meson pgy as a function of beam energy, obtained with the

2nd-order (1st-order) EP.
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Extended Data Figure 5: ¢-meson p,, with respect to different quantization axes. ¢-meson pg
as a function of beam energy, for the out-of-plane direction (stars) and the in-plane direction (dia-
monds). Curves are fits based on theoretical calculations with a ¢-meson field 2. The corresponding

CY values obtained from the fits are shown in the legend.
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Extended Data Figure 6: pg, 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



0.5

- 115GeV 145GeV

0.4 @ + .

03f © 16 S k

05 - T ]

0.4 |- + .

R G - F— :

03 L T e ]

o r - T ]
o

S o5 T 7

04 - 5 1 -

r T (@) ]

©

ireteesropecerresennchineennens Toen gt W eneeepgeeneaghrenens 3

03 - 0 b © @ ]

05 - ‘ ‘ 0 ‘ ‘ n

B 200 GeV ]

r T Au+Au (20-60% & |y| < 1.0) ]

04 [~ & T ]

L © 1 0 ;And 4

I = (@)1 @ T OK™ (2™-order EP) ]

0g [ @@ T ;

Extended Data Figure 7: pgo as a function of transverse momentum for K *° for different colli-

sion energies.

28



T T T T T T T T T T T T T T T T T T T T
a)¢ =mT-order EP b) ¢ *2"%order EP c)o $ d) ¢
0.4F + T T .
B g i h g
Ba ® gy § ¥ ﬂ
£ ; %%?# ""EH% ........... ....ﬂg.a.g.!.@. .
0.3+ + --% ﬂ $ + % -
Au+Au 27 GeV Au+Au 39 GeV Au+Au 62.4 GeV Au+Au 200 GeV
0_8 t t t t L I B L B e B e e
e) K 02" order EP fK° g) K®
0.4t + + + .
9 lyl<1.0
1.2<p_<5.4GeVic
“0 i e} B
K°ly|<1.0  Faseees A . a..ﬂ ........ ¢ ........ ..ﬂ...@... .
1.0 <p_<5.0 GeVic B 8 i
0.3F T T B T T 1
Au+Au 39 GeV Au+Au 54.4 GeV Au+Au 200 GeV
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80
Centrality (%)
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order EP, respectively. The solid circles are results for the X *° meson, obtained with the 2nd-order

EP.
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Extended Data Figure 9: Global spin alignment measurement of ¢ and K*° vector mesons in

Au+Au collisions at 0-20% centrality. 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 A *0_meson,

obtained with the 2nd-order EP.
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Extended Data Table 1: Sources of systematic error in ¢. The tabulated numbers are absolute

uncertainties in pgg.

Quality Cuts PID Cuts Signal & Yields Extraction Efficiency Total

Ist-order EP 0.0016 0.0016 0.0031 0.0017  0.0042

2nd-order EP 0.0005 0.0006 0.0015 0.0005  0.0018

Extended Data Table 2: Sources of systematic error in K*°. The tabulated numbers are absolute

uncertainties in pgo.

Quality Cuts PID Cuts Signal Extraction Yields Extraction = Total

2nd-order EP 0.0018 0.0020 0.0030 0.0015 0.0043
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