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The hot and dense matter formed in relativistic heavy-ion collisions
at the Relativistic Heavy-Ion Collider (RHIC) and Large Hadron Collider
(LHC) is termed quark-gluon plasma (QGP). The evolution of the medium
is characterized by non-trivial velocity and vorticity fields, resulting in the
polarization of the produced particles. The spin polarization, being sen-
sitive to the hydrothermal (flow velocity and temperature) gradients, is
unique compared to conventional observables that are sensitive to the hy-
drothermal fields only. Hence, the recent measurements of global and local
hyperon spin polarization and vector meson spin alignment by the LHC
and STAR collaborations provide a unique opportunity to probe the QGP
substructure with finer details.
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1. Introduction

The system created in relativistic heavy-ion collisions at RHIC and the
LHC might retain a significant fraction of the initial orbital angular mo-
mentum of the colliding system through the initial shear in the longitudinal
velocity profile of the participants [1]. This shear can generate vorticity
perpendicular to the reaction plane defined by the impact parameter vector
and the beam direction. Due to the spin—orbit coupling, the particles emerg-
ing from the system with non-zero spin get polarized along the vorticity of
the system. This phenomenon is termed global polarization as all particles
get polarized along one preferential direction defined by the orbital angular
momentum of the colliding system [1-3]. The global polarization due to
vorticity is expected to be the same for both particle and anti-particle in a
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system with small or zero baryon chemical potential. However, the initial
ultra-strong magnetic fields, aligned with the direction of the angular mo-
mentum, can polarize particles and anti-particles in an opposite direction
due to the opposite sign of their magnetic moments. Therefore, the pre-
cise measurements of the particle and anti-particle polarization in heavy-ion
collisions can provide valuable insights into the QGP properties.

2. Hyperon polarization and vector meson spin alignment
measurements

The spin of a particle cannot be measured directly. The parity-violating
weak decaying strange (A) and multi-strange (=, {2) hyperons are exper-
imentally favorable as their spin direction can be reconstructed from the
decay daughter angular distribution which is an odd function and depends
on the direction of the angular momentum. The mother hyperon polar-
ization is estimated from the daughter baryon angular distribution in the

mother’s rest frame [1], given by

47r%:1+aHPH-ﬁ*B:1+aHPHCOSG*B, (1)
where Py is the polarization vector, P is the unit vector along the daughter
momentum, and 0% is the angle between the daughter momentum and the
polarization vector. The asterisks denote that the quantities are in the rest
frame of the parent. The hyperon decay parameter (ag) 4] characterizes
the anisotropy of the decay daughter angular distribution in the parent rest
frame. The oy values get updated in the Particle Data Group (PDG) from
time to time [4-9)].

In general, the polarization is estimated from the ensemble-averaged
projection of the daughter baryon momentum direction along the vorticity
source [1]. In heavy-ion collisions, the global polarization vector Py along
the initial angular momentum is given by [4]

8 (sin(¥sp — ¢3))

P =
H mag  Res(Ysp)

, (2)

where ¢7% is the azimuthal angle of the daughter baryon in the parent hy-
peron rest frame and Wgp the spectator plane angle. The Ygp is estimated
from the deflection direction of the spectator neutrons [4, 7|, characteriz-
ing the orbital angular momentum direction of the colliding system. The
Res(¥sp) is the event plane resolution correction [10].

The STAR Collaboration measured significant global polarization of A
(P4) and A (P7) hyperons in the collision energy range Vnn = 3200 GeV
[4-6]. The polarization magnitude decreases monotonically with /s from
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a few to a fraction of a percent, shown in Fig. 1 (left). The Py and Pj are
consistent with each other within experimental uncertainty. However, Pj
is systematically higher than P,, and the difference is more prominent at
lower /s . Initial magnetic field and higher baryon chemical potential at
lower /s, can contribute to this difference [1]. More precision measure-
ments and data—model comparisons are required to understand the origin of
this behavior. The P, ;) measured by the ALICE Collaboration for Pb-Pb
collisions at /sy = 2.76 and 5.02 TeV [7] is consistent with zero within
experimental uncertainties (Fig. 1) (left), following the decreasing trend of
Py with increasing /s ;. However, hyperon global polarization and slope
of the charged particle directed flow (v1) at midrapidity, both related to the
initial vorticity or tilt in the system, are found to be strongly correlated in
the RHIC BES measurements [7]. The extrapolation of those measurements,
combined with the experimentally observed three times smaller v; in Pb—Pb
collisions at /s = 2.76 TeV compared to the same in Au-Au collisions at
VSxy = 200 GeV [13], predict a small but finite Py (=~ 0.04%) at the LHC
energies [7]. The Run 3 data at the LHC with higher statistics will provide
a more precise estimate of global vorticity at the LHC energies.
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Fig. 1. Left: /sy dependence of PA( A) and its comparison with the hydrodynamic
(3FD) and transport (AMPT) model estimations [11]. Middle: Rapidity depen-
dence of P4 in Au-Au collisions at /s, = 3 GeV with AMPT estimation [6].
Right: Centrality dependence of P4 = in Au-Au collisions at /5 = 200 GeV [12].

Hydrodynamic (3FD) [14] and transport (AMPT) [15] calculations rea-
sonably explain the /s dependence of Py for /5, > 7.7 GeV as shown
in Fig. 1 (left). These model calculations estimate the particle polarization
from the thermal vorticity [2| at the freeze-out surface assuming local ther-
modynamic equilibrium of the spin degrees of freedom. It should be noted
that the exact nature of the spin—orbit interaction and the spin relaxation
times are not known. An extension of the Cooper—Frye formalism is used
to calculate the polarization (particle property) from the thermal vorticity
(fluid property) generated by hydrodynamic and transport models in all such
calculations [1].
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The Pp is expected to vanish at /5, = 2my due to the lack of system
angular momentum [6, 16]. Therefore, a peak of Py is expected in the range
2my ~ 1.9 < /s < 7.7 GeV [6]. The recent model calculations predict
this maximum of Py to be around /5, ~3 GeV [6, 16]. The STAR Collab-
oration measured the P, at /s, = 3 GeV, the largest P, ever measured
in the experiment as shown in Fig. 1 (left) [6]. The P, in Au+Au collisions
at \/Syy = 2.42 GeV (HADES) is consistent with STAR /s, =3 GeV
result within measurement uncertainty, preventing a conclusion about the
possible maximum of Py at /s, =3 GeV. The Py in Ag+Ag collisions at
VSxn = 2.55 GeV (HADES) is lower than the same measured in Au+Au col-
lisions at /5, = 2.42 GeV (HADES) and 3 GeV (STAR) due to the lower
value of initial angular momentum in the Ag-+Ag system (Fig. 1) (left). The
3FD hydro calculation [14] seems to work better at a lower /s, range,
whereas the AMPT [15] works well only for /s, > 7.7 GeV as seen in
Fig. 1 (left). The observation of large Py at Vénvny < 7.7 GeV indicates
that the hadron gas may support enormous vorticity at low collision ener-
gies [6]. On the other hand, the decrease of Py at mid-rapidity with the
increase in /s can be attributed to the migration of vorticity toward for-
ward rapidity (y) due to the longitudinal boost invariance at mid-rapidity
at higher /5 [17]. A forward detector upgrade at RHIC and the LHC
is necessary to reconstruct hyperons and measure Py at forward rapidities
at higher /5. In this context, the STAR FXT (Fixed Target) result at
Sy = 3 GeV is unique as it covers the range of —0.2 <y < ypeam, reaching
the upper limit of y4 at this collision energy [6]. As shown in Fig. 1 (mid-
dle), no rapidity dependence of Py is observed at /s = 3 GeV within the
measurement uncertainty, and the AMPT cannot explain the data. Further
precision measurements of Py up to Ypeam at higher \/Syy are necessary to
shed light on this topic as the medium properties at higher /s are quite
different with the boost invariance at mid-rapidity being a better approxi-
mation.

The STAR Collaboration also measured the global polarization for multi-
strange hyperons such as = (spin 1/2) and {2 (spin 3/2) in Au+Au collisions
at \/Syy = 200 GeV [12]. This measurement provides insight into the global
polarization picture based on thermal vorticity that warrants different par-
ticles to be polarized in the same direction with polarization magnitudes
depending only on their spin [2]. The = and {2 hyperons decay in two
steps: & — A4+ 77; 2 - A+ K with a subsequent decay of A — p+ 7.
Both steps in such a cascade decay are parity-violating and can be used
for independent polarization measurement. However, the decay parameter
ag (= 0.0157 £0.0021) being very small, measuring {2 polarization directly
from the daughter A angular distribution is practically impossible [12|. The
Z and {2 polarization can be estimated from the daughter polarization (P},
from A — p + 7~ decay) using a polarization transfer factor (Cna, Cz=4),
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assuming polarization transfer from the parent to the daughter [12|. Fig-
ure 1 (right) shows that for semi-central and peripheral collisions, P= > Pj,
despite both being spin 1/2 particles. The measured Pz and Py, for the
collision centrality 20%-80% are found to be slightly larger than the P4 and
in reasonable agreement with a multi-phase transport model (AMPT) [12].
These measurements indicate that a different spin (for §2), as well as differ-
ent freeze-out times or regions, may contribute to larger polarization for =
and (2 compared to that of A [18|. Further precision measurements for dif-
ferent species will be essential to understand the possible effects of particle
mass, spin, and magnetic moments on particle polarization in the context of
the fluid vorticity-based global polarization picture.

The vector mesons (e.g. K*°, ¢) decay through the parity-conserving
strong decay process. In strong decay, the angular distribution of the decay
daughters is an even function and depends only on the strength and not
on the direction of the system angular momentum [19, 20]. Hence, the
angular distribution of the decay daughters with respect to a quantization
axis (along the system angular momentum, normal to the event plane) in the
vector meson’s rest frame provides an estimation of the spin alignment [19]

dN

dcos 07, o [1 = poo + cos” 05 (3po0 — 1)] (3)

where pgg is the only independent diagonal element of 3x3 Hermitian spin
density matrix with a unit trace and is used to quantify the vector meson
spin alignment [19]. pgo corresponds to the probability of finding a vector
meson in spin state 0 out of 3 possible spin states of —1, 0 and 1 (p11, poo,
and p_1_1). In absence of spin alignment, pgo = 1/3. Any deviation of py
from 1/3 is considered an experimental signature of the vector meson spin
alignment [20].

The ALICE and STAR collaborations recently measured the pgg for
K* and ¢ in Pb-Pb and Au-Au collisions [20, 21]. Figure 2 (left) shows
that the pgg < 1/3 for K*0 and ¢ at low pr (< 2 GeV) in semi-central
Pb—Pb collisions, whereas the high-pr measurements are consistent with
poo = 1/3 [19]. The deviation of pgp from 1/3 is the highest in semi-central
collisions whereas consistent with 1/3 in most central and peripheral col-
lisions, following the impact parameter dependence of the global angular
momentum [20, 21]. The pgo for K*? follows the similar pattern in Au-Au
collisions at RHIC [21]. These results are consistent with the quark recom-
bination model that attributes the low-pt vector meson spin alignment to
the quark polarization through spin—orbit coupling and hadronization via
recombination of polarized quarks [19, 22]. The pgo is consistent with 1/3
for KJ (spin 0) in semi-central Pb-Pb (Fig. 2 (middle and right)) and Au-
Au collisions, and also for vector mesons in pp collisions where the initial
angular momentum is not expected |20, 21].
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Fig. 2. Left: pr dependence of pyy for K*V and ¢ vector mesons and its comparison
with K¢ (spin 0) in semi-central Pb-Pb collisions at /5, = 2.76 TeV [19]. Middle:
pr dependence of pgg for ¢ in semi-central Pb—Pb (ALICE) and Au-Au collisions
(STAR) [19]. Right: /5, dependence of pgo for K*° and ¢ vector mesons and its
comparison with the theoretical calculation based on ¢-meson field [21].

Interestingly, poo > 1/3 for ¢ at intermediate pp in Au—Au collisions at
RHIC [21] as shown in Fig. 2. This is inconsistent with the poo(¢) < 1/3 at
the LHC and quark recombination model estimations [19]. Recent theory
calculation indicates that the coherence ¢ meson field can generate pgy >
1/3 for ¢ meson at RHIC [23|. Owverall, the finite pgo values indicating
vector meson spin alignment at RHIC and the LHC are surprisingly large in
the context of A polarization. In a thermal and non-relativistic approach,
the hyperon polarization and vector meson spin alignment are associated
with the thermal vorticity (w/T) in the following way: P4 ~ 7% and pgo ~

%(1 (/T ) [19]. At the LHC, Py ~ 0 (Fig. 1 (left)) 1mphes poo ~ 1/3.

However, the poo values (Fig. 2) are surprisingly large, and local polarization
of quarks and anti-quarks may contribute to such a large vector meson spin
alignment [19]. More theoretical input is needed for a better understanding
of the vector meson spin alignment results at relativistic heavy-ion collisions.

In addition to the global vorticity due to orbital angular momentum,
anisotropic expansion of the medium generates non-trivial vorticity fields
along different directions [8|. For example, in non-central nucleus—nucleus
collisions, the strong elliptic flow generates a non-zero vorticity component
along the beam axis (z). The vorticity direction and the resulting hyperon
polarization exhibit a quadrupole structure in the transverse plane, hence
termed local polarization [8]. The A (A) polarization due to elliptic flow-
induced vorticity is measured relative to the second harmonic symmetry
plane ¥y, and is evaluated as (8, 9|

(P, sin(2¢ — 2¥5))
Res(¥s)

’ P — <cos 0;> ’ ()

oy <(Cos 9§)2>

Pz,sQZ
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where 67 is the polar angle of the daughter momentum direction in the
hyperon rest frame. ¢ is the hyperon azimuthal angle, ¥, is the reconstructed
second harmonic event plane angle, and Res(¥5) is the event plane resolution
correction [10]. The factor {(cos 0;;)2> corrects for finite acceptance along
the longitudinal direction. The sign of P, s determines the phase of the P,
modulation relative to the second harmonic symmetry plane.

The centrality and pt dependences of P, s» measured by the ALICE Col-
laboration in Pb-Pb collisions at /5, = 5.02 TeV [8] and its comparison
with the STAR measurement for Au-Au collisions at /s = 200 GeV [9]
are shown in Fig. 3 (left and middle). The STAR results are rescaled with
a factor of 0.856 to take into account the different ay values used in these
measurements [8]. The P, ¢ for A and A are consistent with each other as
expected from the elliptic flow-induced vorticity and combined to calculate
the final result. The P, s measured at both NG has a similar magnitude
and phase dependence, and it does not exhibit a significant dependence
on rapidity [8]. Figure 3 also shows the comparison between the ALICE
results and the P, s values estimated from the fluid shear and thermal
vorticity in a 3+1 D hydrodynamical model (MUSIC) with AMPT initial
conditions [8, 24]. The model generates positive P, s and qualitatively ex-
plains the data assuming constituent strange quark mass as the spin carrier
mass. However, the model generates negative P, ¢ in case the hyperon mass
is used as the spin carrier mass in the calculation. It is important to note
that the thermal vorticity-based hydro and transport calculations explain
the /5, dependence of global polarization (P ) reasonably well as shown
in Fig. 1 (left), however, fail to explain the azimuthal angle dependence
Py |24, 25]. The introduction of shear-induced polarization along with ad-
ditional assumptions on the hadronization temperature or mass of the spin
carrier reproduce the experimentally observed positive P, g2, and the phase
of Py at RHIC and the LHC energies [24, 25].
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Fig.3. (Color online) Left: Centrality dependence of P, ¢» and middle: pt depen-
dences of P, s in Pb-Pb collisions at \/syny = 5.02 TeV and Au-Au collisions at
V/snn = 200 GeV. Right: Rapidity dependence of P, . The AMPT+MUSIC es-
timations for Pb-Pb collisions at \/syy = 5.02 TeV are shown in all three plots [8].
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3. Conclusions

In short, a detailed theoretical understanding of the quark spin polar-
ization in the QGP, spin transfer at the hadronization, and the effect of
hadronic scattering on the spin polarization are required for a better un-
derstanding of the experimental results. The ongoing and future precise
measurements of spin polarization and spin alignment in different collision
systems and energies would provide further insights into the dynamics of
vorticity and particle polarization in heavy-ion collisions.
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