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Observation of unexpectedly large global spin alignment
of ¢ vector mesons in non-central heavy-ion collisions by
STAR experiment may reveal the non-perturbative nature
of quark interaction in hot matter through fluctuating strong
force field with short correlation length.

In non-central heavy-ion collisions, the system carries a
large amount of orbital angular momentum in the order of
103 X (p;,/GeV)h that is proportional to the beam momen-
tum p;, per nucleon in the center of mass frame [1, 2]. At
low energies, such collisions produce highly deformed
compound nuclei with large spins [3]. In collisions at the
Relativistic Heavy-ion Collider (RHIC) and the Large Had-
ron Collider (LHC) energies, a new form of matter called
quark-gluon plasma (QGP) is formed in which quarks and
gluons can roam freely across the whole volume of the mat-
ter instead of the domain of a nucleon. Such a new state of
matter is predicted by the lattice QCD calculation [4] to have
an equation of state (EoS) with a rapid crossover phase tran-
sition that is much softer as compared to that of a compound
nucleus. This soft EoS is indeed supported by a Bayesian
analysis of the existing data on soft hadrons [5]. The large
orbital angular momentum in these collisions therefore can-
not give rise to a rotating QGP. Instead, only a small fraction
of the total orbital angular momentum is transferred to the
dense matter in the form of transverse gradient of the lon-
gitudinal flow velocity or transverse vorticity as illustrated
in Fig. 1 and shown in Fig. 2 from hydrodynamic model
simulations.

Such a transverse vorticity in the QGP fluid was referred
to as the local orbital angular momentum and predicted by
Liang and Wang [1] to lead to the global spin polarization
of the QGP in non-central heavy-ion collisions along the
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opposite direction of the reaction plane. One of the conse-
quences of the global quark polarization is the global spin
polarization of the final-state hyperons such as A and A. In
a constituent quark model, the spin of A (A) is carried by
the strange quark (anti-quark). The quark polarization due to
spin-orbital coupling will lead to the same global polariza-
tion of A (A), and the polarization of A and A is approxi-
mately the same. More than a decade later, this predicted
phenomenon was indeed observed through the measurement
of global spin polarization of the final-state A and A hyper-
ons in STAR experiment at RHIC beam-scan (BES) ener-
gies [7]. Assuming thermal equilibrium in spin degrees of
freedom for the produced hyperons and given the freeze-out
temperature, the measured global polarization 1-2% indi-
cates a vorticity @ ~ 9 X 10%! per second. This is the most
vortical fluid observed in nature. In the meantime, the QGP
is also found to behave like a perfect and strongly coupled
fluid with a small shear viscosity to entropy ratio approach-
ing to the uncertainty bound 1/4x [8]. It is also opaque to
energetic jets of quarks and gluons leading to the suppres-
sion of large transverse momentum jets and hadrons [9]. The
experimental data from both RHIC and LHC experiments
therefore point to the formation of the hottest, most perfect,
opaque and vortical fluid in nature. The local vorticity and
therefore the final spin polarization increase with decreasing
beam energy and become sizable at the RHIC BES energies.

In their follow-up studies, Liang and Wang also predicted
vector meson spin alignment [10] due to the same mecha-
nism for the hyperon global spin polarization. Since a vector
meson with spin 1 can have three different spin orientations,
the probability for its spin to align with a given direction, for
example the reaction plane of heavy-ion collisions, is 1/3.
Any value of the spin alignment probability different from
1/3 means the polarization of the vector mesons along that
direction. Unlike a hyperon whose spin is carried by that
of a single strange quark in a constituent quark model and
therefore its polarization is linear in vorticity, the spin of a
vector meson comes from both of its constituent quark and
anti-quark, and its polarization (deviation of the alignment
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Fig.1 (Color online) An illustration of the vorticity field in the over-
lap region of non-central heavy-ion collisions

Fig.2 (Color online) The transverse vorticity distribution in a non-
central Au+Au collision at RHIC [6]

probability from 1/3) is therefore quadratic in local vorti-
city. This spin alignment in Au+Au collisions at the high-
est RHIC energy was first explored by Jin-Hui Chen and
Yu-Gang Ma within STAR collaboration back in 2005 [11]
without conclusive observation because of the limited sta-
tistics. Encouraged by the sizable hyperon spin polarization
observed at RHIC BES energies, the team recently renewed
their effort on the measurement of the vector spin alignment
at these lower beam energies. They indeed observed for the
first time the spin alignment of ¢ vector mesons [12]. The
analysis was mainly carried out by a joint team of Fudan
University, Institute of Modern Physics of CAS, Brookhaven
National Laboratory, University of Illinois at Chicago, and
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Kent State University, led by Jin-Hui Chen, Declan Keane,
Yu-Gang Ma, Subhash Singha, Xu Sun, Ai-Hong Tang and
Chen-Sheng Zhou. Though the measured spin alignment
for K*0 is consistent with zero, it is, however, 2 ~ 3 orders
of magnitude larger for ¢p mesons than that caused by the
vorticity of the fluid as extracted from the global hyperon
polarization and electromagnetic field in the colliding sys-
tem. Spin alignments caused by other effects are also esti-
mated to be negligible.

To explain such unexpectedly large spin alignment of ¢
vector mesons in non-central heavy-ion collisions, a recent
study by Xin Li Sheng, Lucia Oliva, Zuo Tang Liang, Qun
Wang and Xin Nian Wang [13] proposed a quark polari-
zation mechanism by the strong force field. In this model,
quarks can interact with the dense medium through a strong
force and become polarized similarly as they do under the
influence of electromagnetic field. The strength of the strong
force field can be much stronger than the electromagnetic
field and the coupling is expected to be two orders of magni-
tude larger. Such mechanism can therefore lead to very large
spin alignment of vector mesons. The strong force field is
assumed to fluctuate and flavor-dependent with a short range
correlation. It therefore will not contribute to the global spin
polarization of hyperons but lead to the spin alignment of
flavor singlet vector mesons which is proportional to the
short distance (in the range of a hadron size) correlation
of the field strength. Since there is no correlation between
the strong force fields for different quark flavors, it will not
lead to spin alignment of vector mesons with different quark
and ant-quark flavors such as K*0. Within this model, STAR
collaboration extracted from their measurement of ¢ spin
alignment the strong field fluctuation strength. It is about
two times that of # mass squared mi Given the strong field
strength, the final ¢» meson spin alignment will depend on
the details of the quark coalescence model of QGP had-
ronization, for example, the coalescence coupling constant
and the hadron wave-function over which the strong force
field correlation is averaged. Once these uncertainties are
known or reduced, one can potentially extract the correlation
strength of the fluctuating strong force field in the QGP and
shed new light on the nature of non-perturbative interaction
between quarks and gluons at high temperature and density.
The strong force correlation will provide a set of new infor-
mation about the short distance structure of QGP and the
nature of QCD phase transition.
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