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Lambda polarization
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Jiang et al., PRC 94, 044910 (2016) Spinning particle is polarized in rotating matter

»Non-central HICs generate vorticity along angular momentum
»Thermal vorticity at the freezeout of Lambda assuming equilibrium
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»>Massless spinning quarks from CKT agrees with data (8(z.p)) = g P08 (1= 1) )



&)/Enection between spin polarization and CME and

Massless right chlrallty (right-handed) particle and right chlrallty (left-handed) anti-particle
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Fukushima et al., PRD 78, 074003 (2008) Son et al., PRL 103, 191601 (2008) 3



Equations of motion of massless fermions

Covariant Form
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Some problems

1. Transport model includes equations of motion and collision (charge conservation)
2->2 scattering
Ofa dx dp 1
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If the collision term is not modified, charge is not conserved in non-equilibrium, since the right is not total

anti-symmetric by swapping AB with CD. Sun et al., PRC 96, 024906 (2017)
Bpa Sun et al., PRC 99, 011903(R) (2019)
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We modified the collision terms by hand. No inclusion of VG = j—t in evaluating current.
Non-equilibrium. Good agreement with experimental data



Some problems (vorticity)

2. Axial current (different from thermal vorticity) Becattini et al,, Anna. Phys. 338, 32 (2013)

Massless right chirality (right-handed) (SH(z,p)) = %e"”"f’pﬁpﬁg(l - f) Massive
particle and right chirality (left-handed)
anti-particle Pauli Lubanski U’
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The new results from Winger approach found the correct one was also thermal vorticity.

3. Free particle does not feel vorticity. Discontinuity from equilibrium to nonequilibrium



Angular-momentum-conserved transport model

A natural way to have spin polarization:
Conserve total angular momentum in each scattering
D 7 = F(Bula)) -+ (fafs — fcfp) = f(g
Mass|ve or ~(fafe(1 = fe)(1 = fp) — fefp(1 = fa)(1 - fB) E> f g ed + 1
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PA+DPB =pc+DPD

Orbital angular momentum and spin angular momentum have to mix with each other for massless fermions in
a scattering. It leads to global spin polarization by converting orbital angular momentum to spin in rotating matter.
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Side jump

Conserving J*V in a scattering in COM: It is simpler and guarantees covariance.
From LAB to COM Lorentz boost induces side jump. Chenetal., PRL115, 021601 (2015)

Probability Density @ t=0 Probability Density @ t=0
2

all frame: Spin is not tensor

v
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np
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't = AH % _|_A’H Convert orbital angular
momentum to spin

HaBYp! 5 m!
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’FL'UJ = AHJ o (1, O)a FIG. 1. Probability density of a massive spinor polarized in

the positive z-direction in the particle rest frame (left) and
the frame boosted in the positive x-direction (right)

» The problem is we do not clarify the meaning of position in transport model. We think we know.
» It should be defined as the average position of a quantity like charge density, energy density and
so on, especially for particle with spin. 8



Equilibrium
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Equilibrium in all frames

» CThe correct one is thermal vo@
» The flow constraint may not be satisfied all the time in HICs. 0 = a,uﬁu + &/ﬁu

» AMPT model does not satisfy it initially. Non-equilibrium should be also important.




'(Ij'g I{Jr)rent and axial current (spin polarization

Fl(@,p) = f(z — A, p) jg (:L’,p) = )\@—}— S“”(’)y)f(;y,p) Chen et al., PRL 115, 021601 (2015)

The current needs to include a second term to guarantee covariance. 1/3 total spin.
It can also understood by the current operator mathematically.

Pyap = —(d)('n"‘”’ ic" YV, — (V) (1™ + io™ )1h) Massive
j= e = o= («/ﬂ‘w—(w*) ) + %(VXS) Massless

& g _ [0' 0:|
S = w S 0 o
Massless fermion has certain heI|C|ty, so the axial current is directly related to the
charge current

1
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» The axial current agrees with the thermal vorticity exactly if the flow is constrained.
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Becattini et al., Anna. Phys. 338, 32 (2013)
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Details of conserving J#*V in a scattering

COM frame
Spatial component Time component
J=Axp+A—X)p=A"xp +(\ —X)p X'=X—(p—-p)dt/Vs
A=X; — Xy X = (x1+x2)/2

5 - J=p-J =X — A
P P 172 Liu et al., PRL 125, 062301 (2020)

P = R;(#)P A’ = Rj(p)A
» The angular momentum, four momentum and four coordinate are boosted in the
COM frame, and the coordinate takes a side jump.

» From COM to LAB, the particles propagate back to their collision time along their
world line. Make sure t is same before and after a scattering.
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Spin polarization from chiral kinetic equations
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This study does not include total angular momentum conservation and the relevant is
kinetic vorticity. Vorticity is an external field as e.m. field

» The collision is modified to maintain charge conservation, which dynamically generate polarization.

» The equation of motion leads to some polarization slowly.
» The collision induces quark spin polarization very quickly.
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Spin polarization from chiral kinetic equations
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A spin is determined by the spin of s-quark, so u and d quarks form
a spin singlet
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» The spin state of lambda forms with the spin state of constitute quarks, which is a superposition
of up and down states; Non-relativistic spin addition.

» There is no feed-down effect included, and the inclusion should decrease it by 15-20%.

» The magnitude and the trend with collision energy agree with experimental results.
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Spin polarization from chiral kinetic equations
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» The spin polarization of Lambda is not so dependent on p-.

» The polarization decreases with rapidity at 7.7 GeV.
» In higher energy it becomes more flat and smaller.
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Local spin polarization
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Freezeout profile by Hydro

» Opposite sign to experimental data
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Freezeout by AMPT

15



Spin polarization from chiral kinetic equations
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This study does not include total angular momentum conservatlon and the
relevant is kinetic vorticity. w = —V X u

» The spin polarization of u,d quarks and s quarks has a positive sin2¢ from chiral kinetic
equations, similar to the experimental data. Spin is purely from helicity and momentum
in lab frame.



Spin polarization from chiral kinetic equations
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» P, infirst and third quadrants is negative initially but increase to positive afterwards.

» The chiral kinetic equations of motion and modified collision can study each component of
vorticity field separately, since it is treated as external input field. They have different effects.

» Because of the relative strength of vorticity of x and y components, the dominate one is x
component. Implying: smaller P,at smaller |y|.
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Spin polarization from chiral kinetic equations
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» The chiral kinetic equations cannot explain the ¢ dependence of polarization P, Since spin
is always along momentum direction for massless fermion, P, is zero when ¢=0.
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angular momentum
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Box initallyat5 X 5 X 5fm, w = 0.012/fm (z
direction), T=0.3GeV, then, free expand

| & (z,p) = A" +S*0,)f(x,p)

Liu et al., PRL 125, 062301 (2020)

» The total angular momentum is fully conserved for each scattering.
» There are two contributions to the spin polarization.
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Axial charge density in HICs (CVE)
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Axial charge density has dipole
moment at t=3 and 8 fm/c.

The quadrupole moment of axial
charge density appears at latter time

and has different sign at z>0 and z<O.

The angular-momentum-conserved
model can dynamically mimic chiral
vortical effect.
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P - /dgmk,(a:)//dg

Local spin polarization of P, and P,

j& (z, p)

= ApH +§"9,)f(z,p)

3
fd$35( ) =
6
g 4
g 2
< 0
< 25
U.A_4_
-65 L 3
L L B L R I IR B LUETT T
t=8fmic REST 185 o -8fmlc o~ REST -
o 5 =) 10:—, AN
o - o i -n\
o SN o 5 I _
O OE \/}
= /&\ fi “nt” \; ;’ ~ '5\/\ """\/‘\ /
Q-5 i hd @ -10F ‘;
-15¢
2 3 4 5 5 &

Liu et al., PRL 125, 062301 (2020)

The spin in local rest frame should ensemble the
Lambda spin polarization in its rest frame.

The local spin of P, and P, agree with experimental
data of the ¢ dependence in local rest frame and
at latter time.

This model is same as thermal equilibrium results
j§ = A fo+ }Le*"”’f’puﬁpﬁafo(l - fo)using thermal vorticity
fo = f(Bulz)p")

at condition: 0 = 9,06, + 0.8y

The above condition for flow may not be satisfied in

HICs. The model also modifies the evolution of
fireball. Maybe there other reasons why we has
different results compared to thermal model?

21



Summary & outlook

>
>

There are deep connections between spin polarization and CME and CVE.
The chiral kinetic theory, especially the covariant angular-momentum-—
conserved transport model, is a powerful tool to study spin polarization and
include the non-equilibrium effects, which is not always fulfilled in HICs
considering spin-orbit coupling.

The angle dependent cross section including spin.

The non-zero mass should modify our transport model, and should be
adopted in the future.

A relativistic coalescence including spin should be developed further to
convert polarized quarks into polarized hadrons.

There are more things to do and to learn than expected!
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