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and calculating the corresponding factor R. This gives
Δρ00ðRNDEPÞ ¼ Δρ00ðEPÞ × 1

4 (R ¼ 0 for random plane)
andΔρ00ðPPÞ ¼ Δρ00ðEPÞ × ð1þ 3v2Þ=4 (R ¼ v2 for pro-
duction plane, where v2 is the second Fourier coefficient of
the azimuthal distribution of produced particles relative to
the event plane angle). Here Δρ00 ¼ ρ00-1=3. This is
further confirmed using a toy model simulation with the
PYTHIA 8.2 event generator [30] by incorporating v2 and
spin alignment (see the Supplemental Material [17] for
further details).
In the past, spin alignment measurements in eþe−

[31–33], hadron-proton [34] and nucleon-nucleus colli-
sions [35] were carried out to understand the role of spin in
the dynamics of particle production, finding ρ00 > 1=3 and
off-diagonal elements close to zero with respect to the PP.
For pp collisions at

ffiffiffi
s

p
¼ 13 TeV, we find ρ00 ∼ 1=3

within the studied pT range (see Fig. 2). New preliminary
results from RHIC have found deviations of ρ00 from 1=3
indicating spin alignment for vector mesons at lower

ffiffiffiffiffiffiffiffi
sNN

p

[36,37]. The ρ00 for ϕ mesons in mid-central Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV is less than 1=3 while
the preliminary finding for mid-central Au-Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is ρ00 greater than 1=3. The ρ00 > 1=3
for ϕ mesons has been interpreted as evidence for a
coherent ϕ meson field [38]. Similar conclusions cannot
be easily applied to K%0 as it consists of valence quarks of
unequal mass (s and d̄), which makes it impossible to
separate the effects of vorticity and due to electromangetic
and mesonic fields. Significant polarization of Λ baryons
(spin ¼ 1=2) was reported at low RHIC energies. The
polarization is found to decrease with increasing

ffiffiffiffiffiffiffiffi
sNN

p

[39,40]. At the LHC, the global polarization for Λ baryon is
compatible with zero within uncertainties [PΛð%Þ ¼
0.01& 0.06& 0.03] [41]. The spin alignment for vector
mesons in heavy ion collisions could have contributions
from angular momentum [12,13], electromagnetic fields
[15] and mesonic fields [38]. While no quantitative
theoretical calculation for vector meson polarization at
LHC energies exists, the expected order of magnitude can
be estimated and the measurements for vector mesons and
hyperons can be related in a model dependent way.
Considering only the angular momentum contribution
and recombination as the process of hadronization [13],
the ρ00 of vector mesons are related to quark polarization as
ρ00 ¼ ð1 − PqPq̄Þ=ð3þ PqPq̄Þ where Pq and Pq̄ are quark
and antiquark polarization, respectively. Assuming Pu ¼
Pū ¼ Pd ¼ Pd̄ and Ps ¼ Ps̄, the measured pT integrated
ρ00 values for K%0 and ϕ mesons in 10–50% Pb-Pb colli-
sions could translate to light quark polarization of ∼0.8 and
strange quark polarization of ∼0.2. Using a thermal and
nonrelativistic approach as discussed in [42], vorticity (ω)
and temperature (T) are related to ρ00 and vector
meson polarization (PV) as ρ00 ≃ 1

3 f1 − ½ðω=TÞ2=3(g and
PV ≃ ð2ω=3TÞ, respectively. Also in this approach, the
measured ρ00 for K%0 would correspond to K%0 polarization
of ∼0.6 and the ρ00 for ϕ mesons would give ϕ meson
polarization of ∼0.3.
In the recombination model, Λ polarization depends

linearly on quark polarization whereas vector meson
polarization depends quadratically on it. One would there-
fore expect the polarization for K%0 to be of the same order
or smaller than the one measured for theΛ at LHC [41], i.e.,
vanishing small [Oð0.01%Þ] rather than order 1. The large
effect observed for the ρ00 in mid-central Pb-Pb collisions
at low pT is therefore puzzling. This result should stimulate
further theoretical work in order to study which effects
could make such a huge difference between Λ and K%0

polarization. Possible reasons may include the transfer of
the quark polarization to the hadrons (baryon vs meson),
details of the hadronization mechanism (recombination vs
fragmentation), rescattering, regeneration, and possibly the
lifetime and mass of the relevant hadron. Moreover, the
vector mesons are predominantly directly produced
whereas the hyperons have large contributions from res-
onance decays.
In conclusion, for the first time, evidence has been found

for a significant spin alignment of vector mesons in heavy-
ion collisions. The effect is strongest at low pT with respect
to a vector perpendicular to the reaction plane and for mid-
central (10–50%) collisions. These observations are quali-
tatively consistent with expectations from the effect of large
initial angular momentum in noncentral heavy-ion colli-
sions, which leads to quark polarization via spin-orbit
coupling, subsequently transferred to hadronic degrees of
freedom by hadronization via recombination. However, the
measured spin alignment is surprisingly large compared to
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FIG. 3. Measurements of ρ00 as a function of hNparti forK%0 and
ϕ mesons at low and high pT in Pb-Pb collisions. The statistical
and systematic uncertainties are shown as bars and boxes,
respectively. Some data points are shifted horizontally for better
visibility.
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• Evidence of spin-orbital angular momentum interaction
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FIG. 2. (Color online) The spin-density matrix elements ρ00 with
respect to the reaction plane in midcentral Au + Au collisions at√

sNN = 200 GeV versus pT of the vector meson. The sizes of the
statistical uncertainties are indicated by error bars, and the systematic
uncertainties by caps. The K∗0 data points have been shifted slightly
in pT for clarity. The dashed horizontal line indicates the unpolarized
expectation ρ00 = 1/3. The bands and continuous horizontal lines
show predictions discussed in the text.

in the invariant mass distribution near the φ peak caused by
photon conversions and other correlated backgrounds such
as K0∗ → K+π−, ρ0 → π+π−,$ → pπ−, and % → Nπ
decays [31]. In the case of the K∗0 these backgrounds in-
clude K0

S → π+π−, ρ0 → π+π−,φ → K+K−,$ → pπ−,
and % → Nπ decays [32]. Other point-to-point systematic un-
certainty associated with particle identification for the φ (K∗0)
meson were estimated to range from 0.007 (0.06) to 0.012
(0.09) by tightening the K± (π and K) 〈dE/dx〉 cut from 2σ
to 1σ . An additional sizable contribution to the φ uncertainty
was estimated to range from 0.007 to 0.012 by varying the
fitted invariant mass range from 1.00–1.04 GeV/c2 to 1.00–
1.06 GeV/c2 and to the K∗0 uncertainty ranging from 0.02
to 0.05 by changing its analyzed rapidity range from |y| < 1
to |y| < 0.5. The systematic uncertainties in the K0∗ mea-
surements are larger than those in the φ measurement mainly
because of the lower signal-to-background ratio of ∼1/1000
compared to ∼1/25 for the φ meson. The contributions to the
systematic uncertainty caused by elliptic flow effects and the
event plane resolution are found to be negligible. The K∗0 and
φ data are consistent with each other and are consistent with
1/3 at all pT .

Hadronization of globally polarized thermal quarks, typi-
cally having pT < 1 GeV/c, in midcentral Au + Au collisions
is predicted to cause pT -dependent deviations of ρ00 from
the unpolarized value of 1/3 [1,4,6,33]. Recombination of
polarized thermal quarks and antiquarks is expected to dom-
inate for pT < 2 GeV/c and leads to values of ρ00 < 1/3
as indicated in Fig. 2 for a typical range of expected light
(strange) quark polarizations Pq(s) [6]. The fragmentation of
polarized thermal quarks with larger pT , however, would lead
to values of ρ00 > 1/3 for 1 < pT < 3 GeV/c [6,33], which
is indicated as well. In the region of 1 < pT < 2 GeV/c both
hadronization mechanisms could occur and their effects on ρ00
may cancel. As observed in Fig. 2 these effects are predicted to
be smaller than our experiment sensitivity. However, the large
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FIG. 3. (Color online) The dependence of ρ00 with respect to
the reaction plane on the number of participants at midrapidity
in Au + Au collisions at

√
sNN = 200 GeV. The sizes of the

statistical uncertainties are indicated by error bars and the systematic
uncertainties by caps. The φ data for pT > 2 GeV/c and the K∗0 data
points have been shifted slightly in 〈Npart〉 for clarity. The dashed
horizontal line indicates the unpolarized expectation ρ00 = 1/3.

(strange) quark polarization, Pq,s = −0.3, considered in the
recombination scenario of Ref. [1], results in worse agreement
of ρ00 with our φ data than −0.03 < Pq,s < 0.15 discussed
in Ref. [4]. Our data are consistent with the unpolarized
expectation ρ00 = 1/3. Recent measurement of the $ and $̄
global polarization also found no significant polarization and
an upper limit, |P$,$| ! 0.02, was obtained [21].

The centrality dependence of the global spin alignment
measurements for K∗0 and φ vector mesons with low and
intermediate pT is shown in Fig. 3. The orbital angular
momentum of the colliding system depends strongly on the
collision centrality. Global polarization is predicted to be
vanishingly small in central collisions and to increase almost
linearly with impact parameter in semicentral collisions due
to increasing particle angular momentum along with effects of
spin-orbit coupling in QCD [1]. The data exhibit no significant
spin alignment at any collision centrality and thus can constrain
the possible size of spin-orbit couplings.

Figure 4 and Table II present the K∗0 and φ spin alignment
measurements with respect to the production plane in mid-
central Au + Au collisions at

√
sNN = 200 GeV together with

the φ meson results in p+p collisions at the same incident
energy. As is the case for our measurements with respect to
the reaction plane, the uncertainties in the measurement with
respect to the production plane are smaller for the φ than for

TABLE II. The averaged spin-density matrix elements ρ00 with
respect to the production plane in midcentral Au + Au collisions and
the φ result in p+p collisions at

√
sNN = 200 GeV.

K∗0 φ

ρ00(pT < 2.0 GeV/c) 0.43 ± 0.04 ± 0.09 0.42 ± 0.02 ± 0.04
ρ00(pT > 2.0 GeV/c) 0.38 ± 0.04 ± 0.09 0.38 ± 0.03 ± 0.05
ρ00(pT < 5.0 GeV/c) 0.42 ± 0.03 ± 0.09 0.41 ± 0.02 ± 0.04
ρ00(p + p) 0.39 ± 0.03 ± 0.06
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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 (L̂) is

perpendicular to the plane defined by the incoming nuclei when b 6= 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 s̄ quarks, is depicted separately as a particle decaying into a (K+, K�) pair. In this

example, the quantization axis (n̂) for study of the � meson’s global spin alignment is set to be the

same as L̂. A similar depiction can be found for a K⇤0 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 23, and, combining this with dE/dx measurements, the momentum and particle species
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The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π−, the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then

θ
α θ= +

∗
∗(Nd

d cos
1
2 (1 cos ) (1)H H

The subscript H denotes Λ or Λ , and the decay parameter17 
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
to Ĵsys. Because our limited sample sizes prohibit exploration of these 
dependencies, our analysis assumes that (H is independent of momen-
tum, and we extract only an average projection of the polarization on 
Ĵsys. This average may be written7 as

α

φ φ
≡ ⋅ =

π

−∗

((
( )

J
R

ˆ 8 cos
(2)J

H H sys
H

p ˆ

EP
(1)

sys

where φ Ĵsys
 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7 with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7 that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19. The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08 ± 0.15 (stat) ± 0.11 (sys) and 1.38 ± 0.30 
(stat) ± 0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7 measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7 may be seen  

p

Λ

1.1 1.15
mp,S– (GeV c–2)

S

Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π− are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .
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T*
(

Λ

Λ

Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

• In non-central HIC, large OAM L (~103ℏ
at RHIC energies) is deposited in the 
interaction region

• Hyperon/vector meson global polarization
𝑑𝑁
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FIG. 4. Global polarization of Λ and Λ̄ as a function of
the collision energy

√
s
NN

for 20-50% centrality Au+Au col-
lisions. Thin lines show calculations from a 3+1D cascade
+ viscous hydrodynamic model (UrQMD+vHLLE) [15] and
bold lines show the AMPTmodel calculations [16]. In the case
of each model, primary Λ with and without the feed-down
effect are indicated by dashed and solid lines, respectively.
Open boxes and vertical lines show systematic and statistical
uncertainties, respectively. Note that the data points at 200
GeV and for Λ̄ are slightly horizontally shifted for visibility.

most of the models calculate the spin polarization from
the local vorticity at the freeze-out hypersurface. How-
ever it is not clear when and how the vorticity and polar-
ization are coupled during the system evolution and how
much the hadronic rescattering at the later stage affects
the spin polarization.
We also performed differential measurements of the po-

larization, versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapid-
ity. The vorticity of the system is expected to be smaller
in more central collisions because of smaller initial source
tilt [8, 33], and/or because the number of spectator nucle-
ons becomes smaller. Therefore, the initial longitudinal
flow velocity, which would be a source of the initial an-
gular momentum of the system, becomes less dependent
on the transverse direction [12]. Figure 5 presents the
centrality dependence of the polarization. The polariza-
tion of Λ and Λ̄ is found to be larger in more peripheral
collisions, as expected from an increase in the thermal
vorticity [43]. With the given large uncertainties, it is
not clear if the polarization saturates or even starts to

drop off in the most peripheral collisions.

Centrality [%] 
20 40 60 80

 [%
] 

HP

0

0.5

1

Λ

Λ

 = 200 GeVNNsSTAR Au+Au 

<6 GeV/c
T

|<1, 0.5<pη|

FIG. 5. Λ (Λ̄) polarization as a function of the collision cen-
trality in Au+Au collisions at

√
s
NN

= 200 GeV. Open boxes
and vertical lines show systematic and statistical uncertain-
ties. The data points for Λ̄ are slightly shifted for visibility.

Figure 6 shows the polarization as a function of pT
for the 20%–60% centrality bin. The polarization de-
pendence on pT is weak or absent, considering the large
uncertainties, which is consistent with the expectation
that the polarization is generated by a rotation of the
system and therefore does not have a strong pT depen-
dence. One might expect a decrease of the polarization at
lower pT due to the smearing effect caused by scattering
at the later stage of the collisions, and/or a decrease of
polarization at higher pT because of a larger contribution
from jet fragmentation, but it is difficult to discuss such
effects given the current experimental uncertainties. Cal-
culations for primary Λ from a hydrodynamic model with
two different initial conditions (ICs) [44] are compared to
the data. The pT dependence of the polarization slightly
depends on the initial conditions, i.e. Glauber IC with
the initial tilt of the source [8, 9] and the initial state
from the UrQMD model [45]. The UrQMD IC includes a
pre-equilibrium phase which leads to the initial flow, but
the Glauber IC does not include it, and the initial energy
density profile is different between the two ICs, both of
which would affect the initial angular momentum. The
data are closer to the UrQMD IC, but on average are
slightly higher than the calculations.
Figure 7 presents the pseudorapidity dependence of the

polarization for Λ and Λ̄. It is consistent with being con-
stant within uncertainties. The vorticity is expected to
decrease at large rapidities, but might also have a lo-
cal minimum at η = 0 due to complex shear flow struc-
ture [15, 43, 46]. Due to baryon transparency at higher

• New feature of QGP, the most vortical fluid (9±1)x1021 s-1

STAR Col. Phys. Rev. C 77, 061902® (2008); ALICE Col. PRL 125, 012301 (2020) 



Motivations to do vector meson

• No local cancelation when integrating over phase space as opposed to spin-1/2 particles

• Access to spin-orbital forces S•(EΦ × P), a term which is canceled in Λ polarization 

• Vector mesons, like φ-meson, are expected to originate predominantly from primordial 

production. It suffers less decay contributions if compared to hyperons, more sensitive to 

early dynamics.



Results from BES-I data @non-central collisions
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• Extend the study to lower energies with high statistics, @200 GeV, a factor of ~50 more event statistics analyzed.

• We see that the 
signal for the φ 
meson occurs 
mainly withn 
~1.0-2.4 GeV/c; 
at larger pT the 
results can be 
regarded as 
being consistent 
with 1/3 within 
~2sigma or less. 

• 1st order EP: ZDC 
or BBC

• 2nd order EP: TPC



Results averaged over pT
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7

1) φ-meson is significantly above 1/3 for sqrt{s}≤ 
62 GeV

2) K* is largely consistent with 1/3

3) Averaged over 62 GeV and below:

• 0.3541 ± 0.0017 (stat.) ± 0.0018 (sys.) for φ

• 0.3356 ± 0.0034 (stat.) ± 0.0043 (sys.) for K*

* Different approaches are used in combinatorial bg. analysis
** Errors displayed for ALICE data are statistical only

STAR Col. arXiv: 2204.02302



Study the fine structure of centrality
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At high energies (≥62.4 GeV) for φ, and (≥39 GeV) for K*, ρ00 in central collisions tends to ≤1/3. This might be 
caused by transerve local spin alignment and a contribution from the helicity polarization of quarks.

• 1st order EP: ZDC 
or BBC

• 2nd order EP: TPC



Expectation of ρ00 from theoryExpectation of ρ00 from theory
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Physics Mechanisms (ρ00)

cΛ: Quark coalescence

vorticity & magnetic field[1]

< 1/3 

(Negative ~ 10-5)

cε: Vorticity tensor[1] < 1/3 

(Negative ~ 10-4)

cE: Electric field[2] > 1/3 

(Positive ~ 10-5)

Fragmentation[3] > or, < 1/3 

(~ 10-5)

Local spin alignment and 
helicity[4] < 1/3

Turbulent color field[5] < 1/3

cφ: Vector meson strong 
force field[6]

> 1/3
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Can we explain the large ρ00 of φ-meson?

33

• Polarization by a strong force field of vector 
meson  Can accommodate large deviation 
for φ ρ00 at mid-central collisions

→

ρ00(ϕ) ≈ 1
3 + cΛ + cϵ + cE+cϕ;

cϕ ≡
g4

ϕ

27m4s m4
ϕT2

eff
⟨p2⟩ϕ⟨Ẽ2

ϕ,z + Ẽ2
ϕ,x⟩;

Cs(y) ≡ g4
ϕ ⟨Ẽ2

ϕ,z + Ẽ2
ϕ,x⟩

Sheng el. al., Phys Rev D 101, 096005 (2020)

Sheng el. al., Phys Rev D 102, 056013 (2020)
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ρ00 ( ): φ and K*0 from RHIC BES-IsNN

ALICE: Phys. Rev. Lett. 125, 012301 (2020)
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HIC : a highly volatile environmentHIC : A Highly Volatile Environment

Aihong Tang.   Open Seminars in Frontier in 
Nuclear Physics, May10th, 2022                    

25

Fluctuation of quark and gluon fields ⇒ local net-quark current.

Color Glass 
Condensate (CGC)

Gluon Condensate
Plasma (Glasma)

Quark Gluon 
Plasma (QGP)

Hadronization

Detection

Strongest color field 

Nucleus at 
rest

Nucleus at 
relativistic energies

Gribov, Levin, Ryskin, 1981
McLerran, Venugopalan
hep-ph/9309289

• Fluctuation of quark and gluon fields à local net-quark current



Φ-meson vector fieldϕ-meson Vector Field

Aihong Tang.   Open Seminars in Frontier in 
Nuclear Physics, May10th, 2022                    

26

Like electric charges in motion can generate an EM field, > and > quarks in motion
can generate an effective ϕ-meson field.

The ϕ-meson field can polarize > and > quarks with a large magnitude due to 
strong interaction, in analogy to how EM field polarize (anti)quarks.

?I/K
L t, A, BI/K = 1

2E6 + 1
2FK

GH ⋅ J×BI/K
± 8"
79":

16 ± 8"
79"#:

GH ⋅ M×BI/K
± @4
79":

1M,6 ±
@4

79"#:
GH ⋅ NM×BI/K

Quark version of the spin-orbit 
force. Not accessible via PΛ.

The first time the strong force field is experimentally supported 
as a key mechanism that leads to global spin alignment. 

⟸ vorticity

⟸ EM field

⟸ strong force field

“magnetic” components 

“electric” components 

• The 1st time the strong force field is experimentally supported as a key machenism that leads to global alignment



PHYSICAL REVIEW C 99, 021901(R) (2019)
Rapid Communications

! and !̄ spin interaction with meson fields generated by the baryon current
in high energy nuclear collisions
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We propose a dynamical mechanism which provides an interaction between the spins of hyperons and
antihyperons and the vorticity of the baryon current in noncentral high energy nuclear collisions. The interaction
is mediated by massive vector and scalar bosons, which is well known to describe the nuclear spin-orbit
force. It follows from the Foldy-Wouthuysen transformation and leads to a strong-interaction Zeeman effect.
The interaction may explain the difference in polarizations of ! and !̄ hyperons as measured by the STAR
Collaboration at the BNL Relativistic Heavy Ion Collider. The signs and magnitudes of the meson-baryon
couplings are closely connected to the binding energies of hypernuclei and to the abundance of hyperons in
neutron stars.

DOI: 10.1103/PhysRevC.99.021901

Experiments at the BNL Relativistic Heavy Ion Collider
(RHIC) and at the CERN Large Hadron Collider (LHC) have
provided a wealth of data on the hot and dense matter cre-
ated in collisions between heavy ions [1]. Among these data
are the coefficients of a Fourier expansion in the azimuthal
angle for various physical observables. They provide strong
evidence for collective expansion of the hot and dense matter
and provide information on transport coefficients such as the
shear viscosity [2]. In addition, the polarization of ! and
!̄ hyperons was proposed as yet another observable that
provides information on collective flow, in particular vorticity
[3,4]. Measurements of the polarizations have been made by
the STAR Collaboration from the lowest to the highest beam
energies at RHIC [5–7], noting that RHIC produces matter
with the highest vorticity ever observed.

The standard picture of ! and !̄ polarization in noncentral
heavy ion collisions assumes equipartition of energy [8,9].
But there is a potential puzzle presented by the experimental
data: The !̄ polarization is greater than the ! polarization
by a factor of 4 at the level of two standard deviations at√

sNN = 7.7 GeV for Au+Au collisions. Both the difference
between the two and their absolute values decrease with
increasing beam energy until they are approximately equal at√

sNN = 200 GeV, albeit only at the one-standard-deviation
level, whereas equipartition would suggest no difference. The
interaction that we propose addresses the issue of the polar-
ization difference.

It has been known since the early days of the nuclear
shell model that a spin-orbit interaction is required to explain
the single-particle energy levels [10]. It was subsequently
shown that attractive scalar and repulsive vector meson ex-
changes naturally lead to such spin-orbit interactions via a
nonrelativistic reduction of the Dirac equation [11]. Starting
with the so-called Walecka model [12] much success has
been achieved in describing nuclear structure, proton-nucleus

scattering, and high density matter using various versions
of these relativistic Lagrangians incorporating baryons and
mesons [13,14]. The fact that they include the strong inter-
action equivalent of the magnetic force and the spin-orbit
force, including hyperons [15], suggests that this approach
provides a natural explanation for the interaction between
spin and vorticity and for the difference between ! and !̄
polarizations.

Suppose that the strong interaction among baryons is me-
diated by a scalar field σ and a vector field V µ. The effective
Lagrangian is

Leff =
∑

j

ψ̄ j (i "∂ − mj + gσ jσ − gV j "V )ψ j

+ 1
2

(
∂µσ∂µσ − m2

σ σ 2) − 1
4

V µνVµν + 1
2

m2
V VµV µ.

(1)

Here j represents one of the spin-1/2 baryons in the octet, and
the field strength tensor for the vector field is

Vµν = ∂µVν − ∂νVµ. (2)

In general there may be a potential U (σ ) which has terms
cubic and quartic in σ but its exact form will not be needed
here.

One may perform a Foldy-Wouthuysen transformation
[16–18] (an expansion in powers of the inverse of the baryon
mass; higher order corrections may be found in Ref. [19]) to
obtain the nonrelativistic interaction between the vector field
and the spin operator S of the ! and !̄. (We set h̄ = c = 1.)
The interaction of the spin with the vector meson is

HV
spin = −gV !

m!

β S · BV − i
gV !

4m2
!

S · ∇ × EV

− gV !

2m2
!

S · EV × p, (3)
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FIG. 1. Difference in polarization of ! and !̄ hyperons, with
positive value meaning that it is opposite to the total angular mo-
mentum of the produced matter. The top panel (a) shows case I and
the bottom panel (b) shows case II, as described in the text. The data
at 200 GeV come from [7], the rest come from [6]. Only statistical
uncertainties are included.

", #, and $; feedback of the polarized spins to produce
an effective vector meson magnetic field via susceptibility;
and a more realistic, relativistic space-time evolution of the
baryon current. Nevertheless, we make some preliminary
comparisons here. The difference in polarization in the −y
direction according to Eq. (15) has the form

P!̄ − P! = C
(

nB(tch )
0.15/fm3

)(
140 MeV

T (tch )

)
. (19)

For the chemical potential and temperature at tch as functions
of

√
sNN we use the parametrization given in Ref. [32]. We

then use a crossover equation of state from [33] to deter-
mine the baryon density. For illustration, since the precise
magnitude is rather uncertain for the reasons given above,
we consider two cases. In case I C is independent of beam
energy. In case II C ∼ 1/

√
sNN because generally the directed

flow and the shear flow of net baryons is expected to decrease
with increasing energy. We take C = 0.03 for case I and
C = 0.45 GeV/

√
sNN for case II; both assume that %c > 0.

The coefficients are chosen to give a reasonable visual fit to
the polarization data as shown in Fig. 1. The difference in

polarizations rises with decreasing energy because the net
baryon density increases, the temperature decreases, and in
case II the factor C rises with decreasing energy. It is interest-
ing to note that the directed flow of both net protons [34] and
net !’s [35] is actually negative in the range 10 <

√
sNN <

30 GeV. This may reflect a change in the equation of state of
the produced matter [36]. Because the polarization difference
is sensitive to the baryon current it is a probe of the reaction
dynamics.

For comparison the true magnetic field produced in high
energy heavy ion collisions points in the −y direction. The
equilibrium ! polarization due to that field is Py = −µ!B/T
which orients the spin in the +y direction because the mag-
netic moment is negative: µ! = −0.61µN where µN is the
nuclear Bohr magneton. Being its antiparticle, the !̄ would
be polarized in the −y direction. The magnetic field has been
calculated with the inclusion of the electrical conductivity σE
of the produced matter; in its absence the magnetic field at the
time of hadronization is orders of magnitude smaller [37]. At
time t at z = 0 its value is

B = ebσE

8πt2
exp(−b2σE/4t ), (20)

where b is the impact parameter. Evaluated at t = tch =
3 fm/c, b = 7 fm, T = T (tch ) = 140 MeV, and σE = 6 MeV
the magnitude of the polarization is |Py| = 7.4 × 10−6, totally
irrelevant compared to the strong interaction induced polariza-
tion. Note also that as long as the condition γbeambσE > 1 is
satisfied there is no beam energy dependence to the magnetic
field. Realistic transport model calculations show that the time
extent of the magnetic field is on the order of 0.2 fm/c,
which is too short to build up observable polarization
[38].

For the problem of relaxation of a small departure from
equilibrium we turn to studies in the area of spintronics. A
solution to the Bloch equations for a static magnetic field
in the y direction provides a formula for the spin relax-
ation rate )s for the magnetization in that direction in the
form [39,40]

)s =
〈
$2

x

〉
+

〈
$2

z

〉

$2
y + )2

c
)c. (21)

Here $y is the Larmor frequency associated with the static
magnetic field, 〈$2

x〉 and 〈$2
z 〉 are the average fluctuations of

the Larmor frequencies in the perpendicular directions, and
1/)c is the coherence time of a single spin, which we take
to be the time between scatterings of the hyperons with other
particles. The fluctuations in this problem arise from the spin-
orbit term involving Eω × p in Eq. (3). We apply this formula
assuming an adiabatic evolution of the vector meson magnetic
field in the y direction. Around tch the time between collisions
is on the order of several fm/c, so that $y < )c. From the
spin-orbit interaction we estimate that )s ' )c, and therefore
the polarization difference should be established around the
time of hadronization at its equilibrium value and should not
change significantly thereafter.

In conclusion, we have argued that well-known interac-
tions of baryons with mesons can result in a splitting of the
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field. Realistic transport model calculations show that the time
extent of the magnetic field is on the order of 0.2 fm/c,
which is too short to build up observable polarization
[38].

For the problem of relaxation of a small departure from
equilibrium we turn to studies in the area of spintronics. A
solution to the Bloch equations for a static magnetic field
in the y direction provides a formula for the spin relax-
ation rate )s for the magnetization in that direction in the
form [39,40]

)s =
〈
$2

x

〉
+

〈
$2

z

〉

$2
y + )2

c
)c. (21)

Here $y is the Larmor frequency associated with the static
magnetic field, 〈$2

x〉 and 〈$2
z 〉 are the average fluctuations of

the Larmor frequencies in the perpendicular directions, and
1/)c is the coherence time of a single spin, which we take
to be the time between scatterings of the hyperons with other
particles. The fluctuations in this problem arise from the spin-
orbit term involving Eω × p in Eq. (3). We apply this formula
assuming an adiabatic evolution of the vector meson magnetic
field in the y direction. Around tch the time between collisions
is on the order of several fm/c, so that $y < )c. From the
spin-orbit interaction we estimate that )s ' )c, and therefore
the polarization difference should be established around the
time of hadronization at its equilibrium value and should not
change significantly thereafter.

In conclusion, we have argued that well-known interac-
tions of baryons with mesons can result in a splitting of the

021901-4

• Similar idea to explain the             

Φ-meson vector field



Zoom in the 200 GeV data
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φ

ρ00 (centrality): φ from RHIC BES-I 
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Expectation from model with vector meson force field

Sheng el. al., arXiv: 2205.15689

Sheng el. al., Phys Rev D 101, 096005 (2020)

Sheng el. al., Phys Rev D 102, 056013 (2020)

Is the contribution from local spin alignment 
dominant in central collisions and at higher 
energies?

Can accommodate positive deviation in 
mid-central and peripheral collisions

•Need measurements of local spin alignment at RHIC and LHC

STAR: arXiv: 2204.02302

ρ00

Centrality (%)

Xia et., al., Phys Lett B 817, 136325 (2021)

• Is the contribution from local spin alignment dominant 
in central collisions and at higher energies?   

Xia et al., Phys. Lett. B 817, 136325 (2021)

• Can accommodate positive deviation in mid-
central and peripheral collisions 

• Sheng et al., arXiv:2205.15689

• Measurements of local spin alignment?



Summary and Outlook

• STAR observes a surprisingly large global spin algiment for φ-meson. It cannot be 

explained by conventional mechanisms. However, it can be accommodated by a model 

with strong force field.

• The measurement provides evidence for quark version of spin-orbital force at work.

• Potential new avenue for understanding the strong interaction.



J/y polarization with respect to the event plane in Pb–Pb collisions ALICE Collaboration
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Figure 2: Centrality (left panel) and pT dependence (right panel) of lq . The vertical bars represent the statistical
uncertainties, while the boxes correspond to the systematic uncertainties. The horizontal bars show the size of the
corresponding centrality and pT ranges, with the data points being located at the center of each interval.

and even later in the hadronic phase [46], J/y production can occur both in the QGP phase, thanks to the
early production of charm quarks in hard processes, and at hadronization, via recombination of charm
quarks, with the latter mechanism becoming dominant at low pT [47]. The spin alignment observed in
this analysis for the J/y , which is larger at low pT, may point to an origin in common to that generating
this effect for K⇤0 and f in the same kinematic region. On the other hand the tendency for such alignment
to vanish at higher pT may indicate that effects active in the early stages of the collision (strong magnetic
fields) may be less effective in generating a net polarization for charmonia. Clearly, these hints need to
be confirmed by theory studies devoted to charm and charmonium production, that are not available as
of today.

In summary, we have reported on the first measurement of the polarization for inclusive J/y produced
in Pb–Pb interactions at

p
sNN = 5.02 TeV, carried out by ALICE using the direction perpendicular to

the event plane of the collision as the polarization axis. This choice makes this measurement potentially
sensitive to the strong magnetic field created in high-energy nuclear collisions, as well as to vorticity
effects in the QGP state. A small but significant polarization effect, reaching 3.9s for 2 < pT < 4 GeV/c
and 30–50% centrality, is measured. In absolute terms, the effect is smaller than that seen for light vector
mesons. However, significant differences in the production processes require dedicated theory studies
for a quantitative understanding of this observation and a precise connection with the QGP properties at
its origin.
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ALICE: arxiv 2204.10171

First observation of global spin alignment of J/Ψ at LHC


•  ( )


•  

J/ψ : λθ ∼ 0.2, ρ00 ∼ 0.37 > 1
3

K*0 ρ00 ∼ − 0.2, ϕ ρ00 ∼ − 0.1 ( < 1
3 )

Note: Kinematic ranges of above measurements are different 

What is the origin of different sign of ρ00 ?

• J/Ψ ρ00 from mid-rapidity?

•Need inputs from theory

Talk-(HF,14/06) 
Xiaozhi Bai (ALICE)

λθ ∝ 3ρ00 − 1
1 − ρ00

• Observation of global spin alignment of J/ψ at LHC at large rapidity

• How will be the results at midrapidity?

Summary and Outlook
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