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We study the important, yet widely overlooked, role of gluons for spin
transport with a connection to local parity violation in quark—gluon plas-
mas. We extend the newly developed quantum kinetic theory for relativis-
tic fermions to the case coupled with non-Abelian chromo-electromagnetic
fields and employ this formalism to investigate the spin polarization of
quarks under dynamically generated color fields in near-equilibrium quark—
gluon plasmas. It is found that the spin polarization could be induced by
parity-odd correlators of color fields, which may dominate over collisional
effects at weak coupling. Our result provides with a possible explanation
for the spin alignment of vector mesons measured in high-energy nuclear
collisions and alludes to the connection with local parity violation.
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1. Introduction

Recent observations for the spin alignments of vector mesons in RHIC [1]
and LHC [2| have raised a new puzzle for theoretical explanations. The
measured longitudinal (00) element of the spin density matrix of the vector
meson is related to the polarization of a quark and an anti-quark through
poo = (1 — PyPL) /(3 + PLPL) based on the coalescence model [3] (see [4] for
a generic relation), where ¢ corresponds to the spin quantization axis. The
large deviation of pgp from 1/3 implies relatively strong spin polarization of
quarks and anti-quarks that cannot be simply explained by spin polarization
from vorticity at least for high-energy collisions. Moreover, the sign of ppg —
1/3 also depends on collision energies, species of vector mesons, and their
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transverse momenta. It is hence rather challenging, and perhaps unpractical,
to find a single effect as the universal explanation. See, e.g., [5-8] for several
proposed mechanisms.

On the other hand, it is theoretically important to understand the dy-
namical spin polarization of a quark traversing the quark—gluon plasma
(QGP). While the spin polarization induced by collisions between quarks in
connection to spin—orbit interaction has been intensively studied especially
in the framework of the quantum kinetic theory (QKT) (see [9] for a review),
how gluons can indirectly affect the spin transport of quarks remains unclear.
Except for possible collisional effects led by polarized gluons as suggested
by the QKT of photons in QED [10, 11|, we will review how the low-energy
gluons characterized by turbulent color fields in the weakly-coupled QGP
could trigger spin polarization of quarks and affect spin alignment of vector
mesons [12, 13].

2. QKT with color fields

In the early stage of relativistic heavy-ion collisions, strong color fields (or
chromo-electromagnetic fields) could emerge in the glasma phase [14], which
however decay with time. Nevertheless, the Weibel-type plasma instability
due to anisotropy in the QGP phase may dynamically generate the color
fields [15-17]. It was proposed in [18, 19| that such turbulent color fields
could result in anomalous dissipative transport that may dominate over the
collisional effects in weakly coupled QGP. The dynamics of an onshell quark
is then described by the modified Boltzmann equations

p- 0 (0.X) ~ 7 R = C L] 1)
where
9 p
2,001= % [ P (FXF, (X)) 950 (p.X) 2)
kX!

and F¢, is the field strength of color fields with the superscript a denoting
the color index. Here, f{(p, X) represents the color-singlet (vector-charge)
distribution function of a quark and C[f] denotes the collision kernel'. We
also introduced the abbreviation

/ /d4 d4X’ (X7 —X) (W(;(p.k)jqp?k) (3)

k,X’

! The quark distribution function is generically a matrix in color space, which can be
decomposed into the color-singlet and color-octet components governed by coupled
kinetic equations [20, 21]. At weak coupling, one could rewrite the color-octet compo-
nent in terms of the color-singlet one by perturbatively solving the color-octet kinetic
equation.
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with P denoting the principal value. The effective diffusion term Jf Zx[fv]
with the color-field correlator stems from the correlation of two non-local
(color) Lorentz forces acting on the quark. Such background color fields
originate from soft gluons emitted by stochastic sources in the QGP, whereas
the scattering with hard partons is given by C[f{]. Assuming the color-field
correlator is greater than O(g?) due to the strong plasma instability, the
diffusion term in (1) may dominate over C[f{] ~ O(g?) at weak coupling
and the kinetic equation reduces to a Fokker—Plank equation.

By analogy with [18, 19], it is anticipated that the spin transport may be
affected by the color-field correlator, whereas the origin should be quantum
corrections beyond just the classical Lorentz forces. In order to track the
spin transport of a massive quark, the so-called axial-kinetic theory [22, 23|
is adopted and generalized to include background color fields [13]|. One could
also construct the similar kinetic theory for massless quarks [24| based on the
chiral kinetic theory [25-29]. For massive quarks, except for (1) delineating
(vector) charge, energy, and momentum transport, the dynamical spin evo-
lution in phase space is captured by an axial-vector kinetic equation [12, 13]

0 = p- 0 (p. X) — O5 T[] + O (AL 7)) - (4)
where
(0] = & amor / Py (00 (P (X)FG, (X))
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kX'
+0x0 (Fi (X)Fi (X)) )50 (p. X) - (5)

Here, the axial vector a**(p, X) is an effective (color-singlet) spin four vector
contributing to spin polarization and axial-charge currents, which satisfies
p-a® = 0 under the onshell condition py = ep = /|p|> + m?. We omit-
ted the collision term suppressed at weak coupling by the aforementioned
assumption. Except for the diffusion term 0 Z.[a*], o5 (k' [f]) serves
as a source term that dynamically induces nonzero a** from f5;, where the
color-field correlators therein come from the correlation between a Lorentz
force and a quantum correction such as the term responsible for a spin-Hall
effect.

3. Source terms and spin polarization

Given fy; and @;, obtained from (1) and (4), one can evaluate the spec-
trum of spin polarization via [12, 13]
_ JdZ - pT(p. X)
2m [dX - N(p, X)

PH(p) (6)

Po=¢€p
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by integrating over a freeze-out hypersurface X, where

Nt (p, X) = p'fy, (7)
T, X) = (a4 g* (A + AL) /6) | (8)
The coefficients .,46 and A% explicitly read
5 P
Ay = [0 (B ) B (X)) 35 5 (5, X) 9)
kX
and
.
DPo by p [aj a a £s
Ag=-% (ap- - p;apo> / . <F H(X)FSs (X’)> o5 1 (p, X') | (10)
kX!

with j = 1,2,3 and Fv = e“”“BFgﬁ/Z Notably, unlike A%, which could
further yield an axial charge current, Af comes from a surface term, which
modifies the spectrum without affecting the current. Here A%, + Ag engen-
ders non-dynamical spin polarization even when a** = 0. We will further
explore how the spin polarization induced by turbulent color fields could
affect the spin alignment with an emphasis on the case in LHC energies.

In practice, the realistic color-field correlators may be acquired from
real-time simulations for prescribed initial conditions. We will instead make
physical assumptions to derive an analytic expression. Assuming local space-
time translational invariance of the QGP, we propose

(F&(X)FL, (X)) = (FoFe ) e 00/ (11)

where 7. denotes the correlation time. We may further consider the case
when f{, reach thermal equilibrium and thus take f{(p) = feq(p - u) =
(e(p'“_“)/T + 1)~ where T, p, and u* correspond to the temperature,
chemical potential, and fluid four velocity, respectively. The local fluctu-
ations could further yield anomalous dissipative transport processes [18],
while we will neglect the gradient terms of hydrodynamic variable for sim-
plicity. Note that vorticity is also expected to be small in high-energy colli-
sions. We next introduce the (chromo-) electric and magnetic fields in the
QGP rest frame, E* = F**"y, and B%* = e“”o‘ﬁu,,Fgﬁ/Q. Furthermore,
the hierarchy [(B;By)| > [(E;Byp)| > [(ELE})| is postulated, stemming
from the screening of the chromo-electric field as opposed to the chromo-
magnetic field albeit in the static case [30] and amplification of the latter
from plasma instability in anisotropic QGP [16]. The symmetric condition
(ByBp) = (EyBj) is also imposed for simplicity.
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Based on the approximations above and working in the fluid rest frame,
the solution of (4) yields [12, 13]

h(t — to)
123

where the secular term stems from translational invariance in time. Addi-
tionally, the onshell non-dynamical source term in J(p, X)) becomes [12, 13]

a*'(t,p) = — (Opofeq(po)) ((B*E™)py, — (B* - E*)p}) , (12)

e o a Ra a av
(Ag)qur(Ag)eq ~ 1 [(p p? (E2BS) ut — (B E™)

X €p (ef,@p,, — p,,) }Gepfeq (€p) - (13)

It is found that the spin polarization of a quark, from (6), could be engen-
dered by parity-odd correlators of color fields. Since P = Pg and |73; /q’ is

larger for light quarks, we expect poo(K*?) < poo(¢) < 1/3 from [3]. This
qualitative behavior is consistent with the ALICE measurements [2]. Note
that here the spin polarization in a quadratic form of color fields in QCD is
intrinsically different from the polarization linear to an U(1) electromagnetic
field in QED.

4. Discussions and outlook

Notably, the presence of parity-odd color-field correlators requires local-
parity violation of the QGP. Since such correlators fluctuate event by event,
they only contribute to spin alignment without affecting the spin polariza-
tion of A hyperons. The finding reveals a possible relation between spin
alignment and local parity violation (see also [31]), even for out-off equilib-
rium conditions, in QCD plasmas as a long-sought problem.

Nonetheless, the result is obtained under several assumptions and ap-
proximations, among which the input of more realistic color-field correla-
tors will be essential for future study. On the other hand, unlike the non-
dynamical source term dictated by color fields at freeze-out, the dynamical
spin polarization from @** has the memory effect as manifested by the secu-
lar solution, which implies that a** may be influenced by even strong color
fields in the glasma phase and the accumulated spin polarization may play
a more dominant role than the non-dynamical contribution. It is tempting
to further investigate such an effect on dynamical spin polarization, which
could exist even in the absence of turbulent color fields in the QGP phase.

This work is supported by the U. S. Department of Energy under grant
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