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The exploration of spin dynamics in heavy ion collisions has become a crucial pathway for unrav-
eling the complex interactions within the fundamental strong force and the angular momentum of
subatomic particles. This paper delves into the nuanced aspects of spin physics in the realm of
high-energy heavy ion collisions. We investigate the diverse roles that spin plays in revealing the
properties of the quark-gluon plasma (QGP), a transient state of matter that existed mere microsec-
onds after the Big Bang. This presentation offers a comprehensive overview of the experimental
advancements concerning the global spin effects in heavy ion collisions. Specifically, we address
the global polarization of hyperons and the global spin alignment of vector mesons. Furthermore,
we explore how these phenomena manifest as outcomes of the intricate dynamics of quarks and
gluons within the fireball created in these collisions. This investigation has the potential to offer
valuable insights into the properties of strongly interacting QGP matter.
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1. Introduction

In relativistic heavy ion collisions, heavy ions are propelled to velocities nearing the speed of
light, leading to dramatic collisions. Within this high-energy interaction, an astounding concentra-
tion of energy is deposited within a minuscule volume. This sets the stage for a unique environment
where quarks and gluons, usually confined within hadrons, roam freely. It’s in this state that they
form QGP, a distinct phase of matter believed to have existed existed microseconds after the Big
Bang. The laboratory study of these heavy ion collisions [1–4] provides a gateway to profound
insights into the evolutionary of the universe.

When ordinary substances are 
subjected to variations in tempera-

ture or pressure, they will often undergo 
a phase transition: a physical change 
from one state to another. At normal 
atmospheric pressure, for example, water 
suddenly changes from liquid to vapor 
as its temperature is raised past 100° C; 
in a word, it boils. Water also boils if the 
temperature is held !xed and the pres-
sure is lowered—at high altitude, say. The 
boundary between liquid and vapor for 
any given substance can be plotted as a 
curve in its phase diagram, a graph of tem-
perature versus pressure. Another curve 
traces the boundary between solid and 
liquid. And depending on the substance, 
still other curves may trace more exotic 
phase transitions. (Such a phase diagram 
may also require more exotic variables, as 
in the !gure).

One striking fact made apparent by 
the phase diagram is that the liquid-
vapor curve can come to an end. Beyond 
this “critical point,” the sharp distinction 
between liquid and vapor is lost, and 
the transition becomes continuous. The 
location of this critical point and the 
phase boundaries represent two of the 
most fundamental characteristics of any 
substance. The critical point of water, for 
example, lies at 374° C and 218 times nor-
mal atmospheric pressure. 

The schematic phase diagram shown 
in the !gure shows the di"erent phases 
of nuclear matter predicted for various 
combinations of temperature and baryon 
chemical potential. The baryon chemical 
potential determines the energy required 
to add or remove a baryon at !xed pres-
sure and temperature. It re#ects the net 
baryon density of the matter, in a similar 
way as the temperature can be thought to 
determine its energy density from micro-
scopic kinetic motion. At small chemical 
potential (corresponding to small net 
baryon density) and high temperatures, 
one obtains the quark-gluon plasma phase; 

a phase explored by 
the early universe dur-
ing the !rst few micro-
seconds after the Big 
Bang. At low tempera-
tures and high baryon 
density, such as those 
encountered in the 
core of neutron stars, 
the predictions call for 
color-superconduct-
ing phases. The phase 
transition between a 
quark-gluon plasma 
and a gas of ordinary 
hadrons seems to be 
continuous for small 
chemical potential 
(the dashed line in 
the !gure). However, 
model studies sug-
gest that a critical 
point appears at 
higher values of the 
potential, beyond 
which the bound-
ary between these 
phases becomes a sharp line (solid line in 
the !gure). Experimentally verifying the 
location of these fundamental “landmarks” 
is central to a quantitative understanding 
of the nuclear matter phase diagram.

Theoretical predictions of the loca-
tion of the critical point and the phase 
boundaries are still uncertain. However, 
several pioneering lattice QCD calculations 
have indicated that the critical point is 
located within the range of temperatures 
and chemical potentials accessible with 
the current RHIC facility, with the envi-
sioned RHIC II accelerator upgrade, and at 
existing and future facilities in Europe (i.e., 
the CERN SPS and the GSI FAIR). Indeed, 
the recent discovery of the quark-gluon 
plasma at RHIC gives evidence for the 
expected continuous transition (dashed 
line in the !gure) from plasma to hadron 
gas. Physicists are now eagerly anticipat-

ing further experiments in which nuclear 
matter will be prepared with a broad range 
of chemical potentials and temperatures, 
so as to explore the critical point and the 
phase boundary fully. As the experiments 
close in, for example, the researchers 
expect the critical point to announce itself 
through large-scale #uctuations in several 
observables. These required inputs will be 
achieved by heavy-ion collisions spanning 
a broad range of collision energies at RHIC, 
RHIC II, the CERN SPS and the FAIR at GSI.

The large range of temperatures and 
chemical potentials possible at RHIC and 
RHIC II, along with important technical 
advantages provided by a collider coupled 
with advanced detectors, give RHIC scien-
tists excellent opportunity for discovery of 
the critical point and the associated phase 
boundaries.

Search for the Critical Point: “A Landmark Study”
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Figure 1: Schematic QCD phase diagram for nuclear matter [5]. The solid lines show the phase boundaries
for the indicated phases. The solid circle depicts the critical point.

A primary objective of heavy ion experiments is to unravel the complexities of the Quantum
Chromodynamics (QCD) phase diagram, as depicted in Fig. 1. Through the execution of heavy ion
collisions at varying energies, we systematically traverse the diverse states of the system at different
points on the phase diagram [6]. This process is instrumental in discerning the precise conditions
under which ordinary nuclear matter undergoes a transition into QGP. Concurrently, another pivotal
mission of heavy ion experiments involves the exploration of the dynamic properties inherent in
QCD matter. Thus far, the matter generated has astounded us with its exceptional characteristics: it
stands as the hottest known substance [7, 8], exhibiting behavior akin to a nearly perfect liquid with
minimal viscosity [1]. Recent findings suggest that this ’liquid’ exhibits remarkable vorticity [9]
and probably resides within a highly fluctuating strong force field [10].

It is noteworthy that the temporal evolution of heavy ion collisions markedly differs from that of
elementary collisions. Heavy ion collisions undergo more prolonged evolution times, characterized
by several distinct phases, as illustrated in Fig. 2. These unique steps pave the way for intriguing
phenomena exclusive to heavy ion collisions. Recently, we have come to realize that the system
possesses a substantial amount of global angular momentum [11], a product of two nuclei hurtling
past each other. While some of this angular momentum is carried away by spectator particles, a
small fraction is deposited within the interaction regions, giving rise to vorticity fields. See Fig. 3
for a typical setup of relativistic heavy ion collisions. These locally swirling vorticity fields interact
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Figure 2: Temporal evolution of heavy ion collisions.

with particles through spin-orbital coupling, influencing their spin properties. Thus, stemming from
the initial global angular momentum, the system becomes globally polarized(see reviews [12, 13]
and references therein)—a distinctive feature in heavy ion collisions. In essence, particles within
the system exhibit collective polarization.
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Figure 3: Schematic view of relativistic heavy ion collisions. The two nuclei passing by create a rotation in
the middle, give rise vorticity fields. L̂ denotes the global angular momentum.

2. Hyperon global polarization

The global polarizationmentioned above is at quark level, but can be effectively studied through
the polarization in hyperons such as Λ’s. Λ is the lightest hyperon containing a strange quark, with
the polarization of the Λ hyperon solely attribute to the polarization of strange quark. The decay of
Λ→ π− + p involves a parity-violating weak decay, and the proton tends to go off in the direction
of Λ’s spin. In practice, the Λ polarization parameter, denoted as PH , is determined by fitting the
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distribution of the angle (θ∗)—measured in theΛ’s rest frame—between the proton momentum and
the polarization axis. The distribution is described as dN

dΩ∗ =
1

4π (1 + αHPHcosθ∗), where αH is the
decay parameter for Λ, and PH signifies the polarization of Λ.
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Figure 4: Global polarization of Λ(Λ̄) hyperon as a function of collision energy.

The STAR experiment at RHIC has reported noteworthy findings on the global polarization
of Λ hyperons in relation to collision energy [9]. This polarization exhibits a discernible value at
lower energies and displays a gradual decline with increasing energy (see Fig. 4). Initially, this trend
was attributed to the presence of thermal vorticity [14]. At higher energies, the fireball at middle
rapidities maintain characteristics akin to a boost-invariant fluid, resulting in diminished vorticity
and, consequently, a decrease in the observed PH. However, as more data emerged, discrepancies in
the measurements of global polarization, particularly with respect to the azimuthal angle relative to
the reaction plane, became apparent. The data indicated that PH exhibited its strongest manifestation
in the in-plane direction, diminishing out-of-plane (depicted as PJ in Fig. 5(a)). Another discrepancy
is seen in the measurement of polarization along the beam direction (z-axis) concerning azimuthal
angle (Pz in Fig. 5(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 aligned with a robust elliptic flow expansion along the in-plane
direction. The prevailing framework at that time, primarily considering the thermal vorticity, failed
to predict the observed trends for both sets of measurements, resulting in what became known as the
"sign puzzle". This puzzling discrepancy prompted the scientific community to explore additional
mechanisms that might have been overlooked. More recently, it has been realized that incorporating
other contributions, particularly those arising from thermal shear, could provide a resolution to the
sign puzzle. The inclusion of thermal shear, characterized by the antisymmetric gradient of the
four-temperature, yielded predictions (see Fig. 5(b) and Fig. 5(d)) that align better with the observed
trends in the data.

Nonetheless, the observed concordance hinges on a delicate equilibrium between thermal vor-
ticity and thermal shear, both wielding considerable influence but acting in opposing directions.
Even a slight modification in either of these factors could exert a significant impact on the out-
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Figure 5: Left column : The global polarization [15] (a) and local polarization in beam direction [16] (b)
as a function of azimuthal angle. The contribution from thermal vorticity (ωT ) and thermal shear ( ΞT ) are
indicated as green and red dotted lines, respectively. Right column : the theoretical calculations [17] of the
corresponding polarization as a function of its transverse momentum (px, py), with the contribution from
thermal shear included.

comes. Throughout this investigation, we also discerned the susceptibility of the results to several
other variables. For example, in the theoretical calculations portrayed in Fig.5, variations in the
deconfinement temperature produced substantial alterations in the results. Moreover, grappling
with nuances such as why T-vorticity adheres to the correct trend[18] and comprehending the
significance of scenarios like the s-quark memory, which elucidates the observed data trend [19],
presents an ongoing challenge. Gaining proficiency in managing these variables to ensure stability
and reliability in our predictions remains an active pursuit within the scientific community.

The utilization of collective polarization patterns stands as a valuable methodology for inves-
tigating the characteristics of hot dense matter formed during relativistic heavy ion collisions. By
altering the system size, one can scrutinize how the global polarization reacts to variations in the
vorticity profile across different systems. The anticipation is that larger systems uphold superior
boost invariance at middle rapidities, resulting in diminished vorticity and, consequently, a reduc-
tion in global polarization [22, 23]. The STAR experiment delved into the examination of global
polarization in Λ particles arising from 96

44Ru +96
44 Ru and 96

40Zr +96
40 Zr collisions [20], comparing

the outcomes with those from 197
79 Au +197

79 Au collisions (Fig. 6(a)). Surprisingly, despite a nearly
twofold difference in the number of nucleons between 197

79 Au and 96
44Ru (or 96

40Zr) ions, no signifi-
cant distinctions were discerned within the margin of error. While acknowledging the noteworthy
uncertainty inherent in the measurements, this observation prompts further reflection and analysis.
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Figure 6: (a) Global polarization of Λ hyperon as a function of centrality in 197
79 Au+197

79 Au, 96
44Ru+96

44 Ru and
96
40Zr +96

40 Zr collisions at √sNN = 200 GeV [20]. (b) and (c) : Λ and Λ̄ polarization along the beam-axis as a
function of azimuthal angle with respect to second (b) and third (c) order event plane [21].

Baochi Fu et al., arXiv:2201.12970v1

|y|<1.0

Figure 7: Baryonic Spin Hall Effect, as quanti-
fied by PΛ−PΛ̄, as a function of collision energy.

The spin phenomena also give rise to other in-
triguing effects. One such phenomenon is the Spin
Hall effect, which involves the generation of spin
current in materials when spin carriers are in mo-
tion under an external electric field. This effect has
been observed in semiconductors, metals, and insu-
lators at or below room temperature. Recent theoret-
ical developments [24–26] indicate that the spin Hall
current can be induced by the gradient of the baryon
chemical potential, serving as an analogous electric
field. This effect leads to the polarization separation
between Λ and Λ̄, with a more pronounced impact
at lower energies. Ongoing experimental efforts are
dedicated to studying this phenomenon, and Fig. 7

presents STAR’s preliminary results [27] on the baryonic spin Hall effect. The current uncertainty
associated with the data points prevents us from drawing firm conclusions; however, there is opti-
mism that with increased statistical data at lower energy levels, where the effect is more prominent,
we may observe and understand this effect more comprehensively.

3. Vector meson global spin alignment

The exploration of collective spin phenomena extends to the realm of vector mesons. In the
case of spin-1 vector mesons like φ and K∗0, their spin states are described by a 3 × 3 spin density
matrix. The diagonal element ρ00 specifically denotes the likelihood of finding a vector meson in
spin state 0 within the three possible spin states (-1, 0, and 1). In the absence of spin alignment, ρ00

stands at 1/3; however, when there is spin alignment, ρ00 deviates from this baseline. The process
of determining ρ00 from data mirrors the hyperon spin polarization analysis, with the distinction
that the angle distribution of a daughter and the quantization axis in the meson’s rest frame is fitted
with an even function instead of an odd one: dN

d(cosθ∗) ∝ (1 − ρ00) + (3ρ00 − 1)cos2θ∗.
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Figure 8: Global spin alignment of φ and K∗0 as a function of collision energy [10]. The red solid curve
represents the fit to φ data using a model based on φ-meson strong force field.

The STAR experiment recently presented findings on the ρ00 measurements for φ and K∗0

across varying collision energies [10]. Intriguingly, the φ-meson displayed substantial global spin
alignment, while the K∗0-meson exhibited minimal alignment (see Fig. 8). This observation intro-
duces intricacies, considering that the presumed sources contributing to the global spin alignment of
φ-mesons—including quark coalescence with vorticity and magnetic field, the electric component
of the vorticity tensor, classic electric field contributions, and fragmentation—are conventionally
at the 10−4 or 10−5 level, proving inadequate to account for the observed data. The introduction of
additional factors, such as local spin alignment and turbulent color fields, negatively influences ρ00,
suggesting the involvement of novel mechanisms contributing to the significant ρ00 in φ-mesons.
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Figure 9: ρ00 of J/ψ as a function of number
of participants, measured by STAR [31] and AL-
ICE [30].

Two recent proposed models delve into the
local fluctuation of the strong force field of vec-
tor mesons [28] and fluctuations of the glasma
fields [29]. These models potentially offer expla-
nations for the observed substantial signal. Notably,
the contribution from the strong force field of vector
mesons appears capable of explaining both the mag-
nitude and, to some extent, the energy dependence
(refer to ref. [28] and related references). This obser-
vation underscores the pivotal role of the strong force
field in influencing quark spin, emphasizing that ρ00

is sensitive to local field fluctuations—an aspect in
stark contrast to hyperon polarization, which pre-
dominantly responds to its mean value.

One specific rationale enabling the theoretical
calculation of ρ00 for φ-mesons lies in the fact that the two quarks composing the φ-meson belong
to the same flavor family, making the calculation easy to perform. This characteristic also renders
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the ρ00 measurement for J/ψ intriguing, given that it comprises c and c̄ quarks, both come from
the same flavor family. Both ALICE [30] and STAR [31] have conducted this measurement. Fig. 9
displays ρ00 of J/ψ measured as a function of number of participants. The number of participants
denotes the count of actively involved nucleons from colliding heavy ions. The largest number
corresponds to the collision with the most overlap region of two nuclei. It seems that except for very
peripheral collisions (low minimal participants), the ρ00 of J/ψ are smaller than 1/3 . In addition,
they exhibits the same value at the same at same 〈Npart〉. The naive expectation from fluctuating
strong force field would be that ρ00 of J/ψ is greater than 1/3, at least at middle rapidity. The
observation does not seem to fit in the picture, however, when considering Jψ, one has to take into
account other complexity like color screening effect etc. A more comprehensive understanding and
control of different contributions are needed in order to understand the result.
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Figure 10: ρ00 measured as a function
of transverse momentum for J/ψ and
D∗+ [32].

In Fig. 10, the ρ00 is depicted as a function of transverse
momentum, compared with the newly measured prompt D+

meson. Notably, the J/ψ exhibits a ρ00 that is below 1/3
at low pT , whereas the D+ meson showcases a value ex-
ceeding 1/3, both seemingly escalating with increasing pT .
The interpretation of these results necessitates additional
theoretical insights for a comprehensive understanding.

STAR [33] and ALICE [32] presented findings on the
rapidity dependence of ρ00 for φ and D∗+-mesons, respec-
tively (Fig. 11). Both observations highlight a significant
rise in ρ00 with increasing rapidity. The STAR results
are compared with theoretical predictions grounded in the
strong force field, revealing a consistent trend. According
to this particular theory, the observed pattern stems from
the increased prominence of fluctuations in the direction
perpendicular to the motion.
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Figure 11: Rapidity dependenc of ρ00 measured by STAR [33] and ALICE [32].
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4. Conclusion

In this paper, we have provided a comprehensive overview of the experimental advancements
in understanding spin phenomena within relativistic heavy ion collisions. The unique character of
heavy ion collisions unveils an intriguing interplay of fundamental forces, giving rise to a system-
wide, global spin polarization—a characteristic absent in elementary collisions. The exploration of
hyperon polarization, with its initially puzzling sign dilemma and subsequent resolution, has cast
light on the intricate vortical structures within the quark-gluon plasma. The unexpected prominence
of ρ00 in φ-mesons, challenging conventional theoretical frameworks, along with its dependence
on rapidity, deepens our insight into the influential role played by the strong force under extreme
conditions. Extending our investigations to include J/ψ and D+ mesons promises additional
perspectives on this intriguing realm.

The study of spin in heavy ion collisions is a thriving and promising field that delves into the
fascinating behavior of particles’ global spin features under extreme conditions. Despite its relatively
short history, this field has already yielded remarkable discoveries, such as the observation of the
most vortical fluid known and tantalizing hints of a strongly fluctuating strong force field. As is
typical in newly established domains, numerous unanswered questions beckon, presenting fertile
ground for future exploration and research endeavors.
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