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Abstract. In this paper, we provide an exploration of the interrelated topics of
chirality, vorticity, and spin polarization in relativistic heavy ion collisions. Our
discussion delves into the intricate relationships among these phenomena, ex-
amining the recent measurements conducted at both RHIC and LHC. We review
the challenges faced, the progress made, and the current state of understanding
regarding hot QCD matter under rotation.

1 Introduction

The three subjects, namely chirality, vorticity and spin polarization, are all rooted in the fun-
damental concept of rotation. A revelation emerged not long ago that in relativistic heavy
ion collisions, the system possesses tremendous amount of global angular momentum [1],
alongside an immensely powerful electromagnetic field [2], generated as two nuclei pass by
each other in close-to-light speed. While a fraction of this angular momentum is carried
away by spectator nucleons, a small portion is deposited in the interaction region in the form
of vorticity fields. These vorticity fields give rise to localized vorticity, which, through spin-
orbital coupling, exerts its influence on particle spins. Consequently, a system-wide particle
polarization, known as global polarization, occurs (see reviews [3, 4] and references therein).
Additionally, the robust magnetic field sets the stage for a remarkable QCD phenomenon —
the Chiral Magnetic Effect (CME) [5]. These themes have captivated the scientific commu-
nity in recent years, sparking intensive interest and ongoing explorations in this field.

2 Global polarization

The study of global polarization is facilitated through the analysis of polarization in hyperons
like A’s. A decay is a parity-violating weak decay and the proton tends to go off in the
direction of A spin. In addition, the polarization of the A hyperon is carried solely by the
strange quark. Thus, investigating the polarization of A hyperons provides valuable insights
into the polarization of s-quarks. In practice, the A polarization parameter, denoted as Py,
is determined by fitting the distribution of the angle (6*) — measured in A’s rest frame —
between the proton momentum and the polarization axis. The distribution is described as
% = ﬁ(l + ayPycosf*), where ay is the decay parameter for A, and Py signifies the
polarization of A.

The STAR experiment at RHIC has reported significant global polarization in A hy-
perons as a function of collision energy [6]. Initially, this trend was attributed to the
presence of thermal vorticity [7]. At higher energies, the fireball at middle rapidities
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exhibits characteristics of a boost-invariant fluid, resulting in small vorticity and conse-
quently, a small Py. However, as more data emerged, discrepancies arose. One chal-
lenge surfaced in the measurement of global polarization concerning the azimuthal an-
gle relative to the reaction plane. The data indicated that Py was strongest in the in-
plane direction and diminished out-of-plane (depicted as P’ in Fig. 1(a)). Another com-
plexity arose in measuring polarization along the beam direction (z-axis) concerning az-
imuthal angle (P” in Fig. 1(c)). These measurements revealed intricate substructures within
the vorticity field. Specifically, the global vorticity field appeared strongest in-plane, and
the local vorticity field along the beam direction is consistent with a robust elliptic flow
expansion along the in-plane direction. The existing framework at that time, primarily
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Figure 1: Left column : The global polarization [8]
(a) and local polarization in beam direction [9] (c) as a
function of azimuthal angle. The contribution from ther-
mal vorticity (7) and thermal shear (%) are indicated as
green and red dotted lines, respectively. Right column
: the theoretical calculations [10] of the corresponding
polarization as a function of its transverse momentum
(px, py), with the contribution from thermal shear in-
cluded.

However, this agreement arises
from the delicate balance between
thermal vorticity and thermal shear,
both making substantial contributions
but in opposite directions. Even a mi-
nor alteration in either of these contri-
butions could significantly impact the
results. Throughout this process, we
also observed the sensitivity of the outcomes to several other variables. For instance, in the
theoretical calculations depicted in Fig. 1, altering the deconfinement temperature led to sig-
nificant changes in the results. Additionally, understanding aspects such as why T-vorticity
follows the correct trend [11] and grasping the significance of the s-quark memory scenario
explaining the data trend [12], etc., are ongoing challenges. Mastering the control of these
factors to ensure stability and robustness in our predictions remains a active pursuit within
the community.

The collective polarization pattern serves as a valuable tool for exploring the prop-
erties of the hot dense matter formed in relativistic heavy ion collisions. For instance,
varying the system size allows one to examine how the global polarization responds to
the change in vorticity profile in difference systems. The expectation is that larger sys-
tems maintain better boost invariance at middle rapidities, leading to reduced vorticity and,
consequently, smaller global polarization. The STAR experiment examined global polar-
ization for A particles in j$Ru +3$ Ru and J3Zr +5 Zr collisions [13], and compared it
to that in J’Au +137 Au collisions (Fig. 2(a)). Surprisingly, despite a roughly twofold



difference in the number of nucleons between J0’Au and J5Ru (or J57Zr) ions, no signif-
icant distinctions were observed within the margin of error. While the measurement’s
uncertainty is notable, this observation prompts for further contemplation and analysis.

One can also examine
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from isobar collisions
were analyzed [14],
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and Fig. 2(c). Remarkable, both measurements exhibit similar modulations. This observation
aligns with hydrodynamic calculations incorporating thermal vorticity and shear contribu-
tions, indicating the presence of rich local vorticity structures generated by flow expansions.

Figure 2: (a) Global polarization of A hyperon as a function of cen-
trality in 13"Au +137 Au, Ru +35 Ru and {5Zr +35 Zr collisions at
\Syv = 200GeV [13]. (b) and (c) : A and A polarization along the
beam-axis as a function of azimuthal angle with respect to second (b)

and third (c) order event plane [14].

3 Global spin alignment

The collective spin phenomena can also be studied with vector mesons. For vector mesons
with spin-1, like ¢ and K*°, the spin state can be described by a 3x3 spin density ma-
trix, and the diagonal element pyy corresponds to the probability of finding a vector me-
son in spin state O out of 3 possible spin states of -1, 0 and 1. If there is no spin
alignment, pgo is 1/3, otherwise, pgy deviates from this value. The determination of pg
from data is similar to the hyperon spin polarization analysis, except that, the distribu-
tion of the angle of a daughter and the quantization axis in meson’s rest frame is fitted
with an even function instead of an odd one : % o« (1 = poo) + (3pop — 1)cos6*.

The STAR experiment reported measurements of T W<10812<p, <5.4 Gevic) |
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and the other involves fluctuations of the glasma fields. These models may explain the ob-



served large signal. Notably, the contribution from the vector meson’s strong force field can
explain the magnitude and, to some extent, the energy dependence(see ref. [16] and references
therein). This observation underscores the pivotal role of the strong force field in influenc-
ing quark spin and demonstrates that p is sensitive to local field fluctuations, in contrast to
hyperon polarization, which is sensitive to its mean value.

One specific reason why the theory can calculate the pg for ¢-meson is because the two
quarks that constitute the ¢-meson are from the same flavor family. This also makes the
poo of J/¥ an interesting measurement, as it consists of ¢ and ¢, which are from the same
flavor family as well. Both ALICE and STAR (not shown) have conducted the measurement.
In Fig. 4, the pg is presented as a function of transverse momentum and plotted with the
newly measured prompt D** meson. The J/y displays po that is less than 1/3 at low pr,
while the D** meson exhibits value larger than 1/3, both seemingly increasing with py. More
theoretical guidance is needed to understand these results.
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mentum for J/y and D** [17]. and ALICE [17].

STAR and ALICE also reported the rapidity dependence of pgy for ¢ and D**-meson,
respectively (Fig. 5). Both measurements indicate a strong increase in pgy with rapidity. The
STAR measurement is compared to theoretical prediction based on the strong force field, and
the trend is found to be consistent. According to this specific theory, the trend arises from the
fact that fluctuations are more prominent in the direction perpendicular to the motion.

4 Directed flow splitting due to electromagnetic field

Despite the widespread anticipation of an ultra-strong magnetic field in non-central heavy ion
collisions, the evidence of its impact on the QGP has remained elusive. However, recent stud-
ies by the STAR experiment have explored the splitting in directed flow between positively
and negatively charged particles across different centralities. It was observed (Fig. 6) that
the A(dv,/dy) for (anti)protons and kaons changed sign when transitioning from peripheral
to central collisions, a phenomenon not observed in pions. This observed pattern aligns with
the presence of a potent electromagnetic field, where Faraday and Coulomb effects dominate
over the Hall effect for light hadrons.
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5 Chiral Magnetic Effect

The presence of a strong magnetic field enables the occurrence of the chiral magnetic ef-
fect [S]. CME initiates from a local imbalance of chiral charge within the QCD vacuum. In
the presence of an external magnetic field, this imbalance leads to the separation of positively
and negatively charged particles along the magnetic field direction. This separation is usually
quantified through the observable Ay = YoppositcSign — Ysamesign » Where the y represents the
azimuthal correlation between two particles, a and S, and the reaction plane Ygp, defined
as y = (cos(¢o + ¢ — 2Yrp)). However, several non-CME related backgrounds, primarily
driven by local charge conservation and the elliptic flow of resonance, can mimic the Ay
signal. Addressing these challenges, RHIC conducted an isobar program wherein two iso-
bars, ?ﬁRu and 96Zr have the same number of nucleons (resulting in similar backgrounds)
but different protons, leading to different magnetic fields and CME strengths. An initial blind
analysis faced complications due to the non-identical multiplicities of the two isobar systems.
To overcome these complexities, the STAR experiment re-analysed the isobar collisions with
post blind analyses. The updated baseline plot (Fig. 7) was obtained, with an upper limit for
the CME fraction set at ~10% at a 95% confidence level. Utilizing a forced match technique,
designed to reconcile the multiplicities of the two isobar systems through re-weighting, the
ratio of CME observables (Ay and the Signed Balance Function) was found to be remarkably
consistent with unity.
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The CME search with isobar collisions, relying on the ratio between the two iso-
bar systems, is entirely dependent on the disparity in signal strength between these
systems, which might not be as pronounced as initially expected. The absence of
a notable difference in CME strength between the two isobar systems does not nec-
essarily negate the existence of CME. The STAR experiment continued to pursue the
CME search within individual systems using the Event Shape Selection (ESS) tech-
nique. This approach involved an enhanced event shape selection based on pair ¢°
(in contrast to the previously used single particle g>) combined with single particle v,.

The left data-group in Fig. 8 displays
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(Fig. 9(a)). Intriguingly, this phenomenon extends to pgy as well. It has been noted that a
deviation of pgo from the expected 1/3 value for vector mesons, particularly p mesons, can in-
troduce a finite "signal" to CME observables, creating a background effect for CME. Surpris-
ingly, it has been observed (Fig. 9(b)) that the pg of vector mesons can itself be affected by
genuine CME signals, alongside other mechanisms altering pgo. This dual influence, where
the CME impacts both v, and pgg, while v, and pgg can also mimic CME, raises the funda-
mental question of distinguishing between signal and background — determining what is the
cause and what is the consequence.
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6 Conclusion

Our exploration of the rotational dynamics within the strongly interacting Quark Gluon
Plasma (QGP) has revealed complex and enigmatic phenomena. Our understanding of these
intricacies is still developing. However, investigating the interplay of the QGP with rotation
and the influence of a potent magnetic field has unveiled a promising realm for research. Its
potential is yet to be fully explored, presenting an exciting frontier for future studies.
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