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Y. Jiang, Z.-W. Lin, J. Liao, PRC 94, 044910 (2016)
see also W.-T. Deng and X.-G. Huang, PRC 93, 064907 (2016)
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% AM to spin polarization?
Z.-T. Liang and X.-N. Wang, PRL. 94, 102301 (2005)
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A polarization in HIC

m  Global polarization of A hyperons :
% Self-analyzing via the weak decay :

— 3 -
o
S| Nature548.62 (2017)
i
o - oA OA
i e PRC76.024915 (2007)
+A TA -
this analysis SUBAIHM ESWIHI.S
* A FA

T. Niida, QM18

+» Statistical model/Wigner-function
approach (in global equilibrium):

\\_\ - F. Becattini, et al., Ann. Phys. 338, 32 (2013)

R. Fang, et al., PRC 94, 024904 (2016)
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L. Adamczyk et al. (STAR), Nature 548, 62 (2017) 4
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m Local vorticity :

transverse expansion :
longitudinal vorticity & polarization

)/

<+ A “sign problem” for longitudinal polarization

F. Becattini, I. Karpenko, PRL 120, 012302 (2018).

J. Adam et al. (STAR, PRL. 123, 132301 (2019)
3 P*, /syny =200 GeV RHIC

. 0.001
0.016 s " STAR  Au+Au \'s,, =200 GeV
. . . | Woomz o r 20%-60%
Spin harmonics : = 00005 i
0.008 ‘uo'a’ Fox h’ﬁ
z - | 10.004 ° i % *
ar : 3 oooo V.S. ° M /y
2 . -
2md < 4 -0.004 0 00051 %
_ 2 Sin 2 a —-0.008 " L fit: p_+2p sin(20-2¥ )
fz,O + fz,2 ( ¢) o LKA p, ~0.016+0.003 [%]2
' 0001 #K% P, =0.015+0.003 [%]
-0.016 [
3 0 1 2 3
p. [GeV] ex -¥ [rad

5



4@%?’ )’%}?

_§\
E 3
O @

K

Go beyond global equilibrium

m  The assumption for global equilibrium may be too naive.

m To understand non-equilibrium effects and dynamical spin polarization :
Spin hydrodynamics (macroscopic)
Quantum kinetic theory (QKT) (microscopic)
How a (strange) quark traversing QGP becomes polarized?

J 42 - BT (p. X))
2m [ d¥ - N(p, X)

m The key ingredient to generate dynamical spin polarization : quantum
corrections in collisions (spin-orbit int.).

m Tracking the non-equilibrium evolution in phase space is challenging :
solving multi-dimensional differential equations.

m  Near equilibrium : QKT = spin hydro.

Pr(p) =
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Spin polarization in local equilibrium

m  Spin polarization for massless fermions in local equilibrium can be obtained
from the CKT with Coulomb scattering. Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)

2 28 e A . )
L75 ‘7thermf11 shear + accT + chemical + L7EB’ (+ dissipative terms)
M o vap 9 M_ﬁ 7 1L _ )
thermal — 326 Pv 9 T = J; = o5,w" (chiral vortical effect)
i A. Vilenkin, PRD 20, 1807 (1979)
M _ uva f o
= —q——¢ UgP” iy iy,
shear (M . p)T Pe /3p (o)
E o g Duy — 0,7
accT — a2T PrlUe Ug T B )

(0) (0)
a = 4w hsign(u - p)s(p ) fy (1= ).
C.Yi, S. Pu, DY, PRC 104, 064901(2021)
(“naive” generalization to massive fermions)

m Generalization to the massive case was also derived from the linear

response theory and statistical field theory. s. v. F. Liuand Y. Yin, PRD 104, 054043 (2021)
S. Y. F Liu, Y. Yin, JHEP 07, 188 (2021)

F. Becattini, M. Buzzegoli, A. Palermo, PLB 820,136519 (2021) 7
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Shear corrections on longitudinal polarization

m Isothermal approximation :

F. Becattini, M. Buzzegoli, A. Palermo, G.
Inghirami, and I. Karpenko, PRL. 127 (2021)

27, 272302

m A and s equilibrium scenarios:
B. Fu, S. Y. F. Liu, L. Pang, H. Song, and Y. Yin, PRL 127, 142301 (2021)
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Is the spin sign problem solved?

m Sensitive to the equation of state and freeze-out T : out-off equilibrium
corrections depending on interaction should be still considered.
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C.Yi, S. Pu, DY, PRC 104 (2021) 6, 064901



Helicity polarization

m A better observable to probe the strength of local vorticity?
= Helicity polarization: " — p.S(p) = p'S” + p'SY + p°S”.

F. Becattini et al., Phys.Lett.B 822 (2021) 136706
J.-H. Gao, Phys. Rev. D 104, 076016

~h _ o gk~ k C.Vi, s. 2021) 2112.1553
Sthermal (P) = / dX7 F,poe " piV; (T) , VLS P DY (0 2 Aee

Ozjl\p Do
w-p)T {07 (O5u; + Ojus — usDujuy

"Wéilear(p) - /dEUF (

St on(p) = / 157 Fy 4P pou; (Duy — Z04T),

h 0 0
= et 0 = 1)

m  When the fluid velocity is small, (fluid) vorticity contribution becomes dominant.
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Hydrodynamic helicity polarization

m  The dominant contribution from thermal vorticity :
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Helicity polarization from fluid vorticity

m Decomposition of the polarization from thermal vorticity:

o p - 5 ~
SthT( ) = /dE F,—=p - (ux VT), St u(p) = /dZ F, pr-w

PchT(1 0—2)
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For low-energy collisions, fluid vorticity increases and the velocity decreases.

=> Helicity polarization from fluid-vorticity becomes more dominant

Probing strongest local fluid vorticity from helicity polarization with the beam
energy scan? 12



m Color flux tubes in the glasma phase : longitudinal chromo-EM fields in early

times.

<

review: F. Gelis, E. lancu, J. Jalilian-Marian, R. Venugopalan,

Ann.Rev.Nucl.Part.Sci.60:463-489,2010

gt
T. Lappi, Phys.Lett.B 643 (2006) 11-16

Plasma instability could enhance the color fields.
S. Mrowczynski, PLB 214, 587 (1988), PLB314,118 (1993)

NO Iocal pa”ty ViOIation : P. Romatschke and M. Strickland, PRD 68, 036004 (2003)
(Bi(X)By (X)) #0, (ELX)ENX) #0, (B(X)EJ(X") =0.
Energy of

Local-parity violation :  (Bj;(X)E; (X)) #0  gluon
UL H_,g?—“' 056%¢7
e.g. N. Tanji, N. Mueller, and J. Berges, PRD 93, 074507 (2016) \

Cs = 2 ‘\‘\3’ A\\ ‘\ ‘:t:.“"‘t"
\gn;t&‘:\\s}:‘, \\\“‘

~1 .y
instanton/ 0

I 1 S
sphaleron 2

(Correlators in the QGP phase are unknown)
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(pba J M5 D. E. Kharzeev et al.,
VvV — Prog. Part. Nucl. Phys. 88, 1 (2016
z . Phys. 88, 1 (2016)
Reaction , 27T2
plane . . .
(%) \L i g / Isobar collisions :  (same shape=background?)
- ,xi’; \h___.-’}. 96 . . .
— = —5_ (diff. B fields=signal)
96 96
; 1 4 _B Yrp a
X (defiies ¥q) STAR, M. Abdallah et al., (2021), 2109.00131
1.02 | STAR Isobarpost-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50%
P T T CEP s
g o098 - = B8 | no
- g (W] - CME?
0.96 r+:+c+3 Jimt e
0.94 = <
& G G K « \rf ¥ w 4 &% 1@30 F *‘}
2 o o o *
\v»\\" \v_\\\qf V'\\\ \V'\\ V'\\ \V'\\\ V'\\\
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Spin alignments of vector mesons

», p~°@
Hysics PC

. dN
m Decay daughter : e 1 — poo +cos2 6% (3pgo — 1)] {pgo —

1—P,P.
3+ PiP:

Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005)

2 0.5F Event plane (@)1 Event plane ®) | 4cf’ Poo #* 1/3 : spin polarization
"0 B V.
0.4} K - ¢ S. Acharya et al. (ALICE), PRL.125, 012301 (2020)
bl BT L e
0.3+ m U i‘ What is the source for the large
H i 103 deviations ??
0.2+ -
0.1- m -- -.pgg =1/3 -025
- H{0.2

1. 2 3 4 5 1 2 3 4 5p_(GeVi)

m  From the QKT with background color fields : B willer, Dy, (2021), 2110.15630
DY, (2021), 2112.14392

73278 [dS - p({(E* - B)u! + (B EYp, 3(1 — 2fuoq(p - 1)) foq(p - u) (1 — foq(p - u))
dmp - u [ dE - pfeq(p - )

[w(m ~

m Could spin alignments complement the CME study to probe the local parity

violation? 15



QKT plays an essential role to understand dynamical spin polarization in HIC.

Although local-equilibrium corrections (in particular the shear) yield substantial
contributions to local spin polarization, non-equilibrium effects should be involved.

Helicity polarization may be a better probe for local vorticity.

Not only the collisions, but also dynamically generated color fields may affect the
spin polarization of quarks in QGP.

Anomalous spin polarization could be triggered by parity-odd correlators of color
fields, which may possibly explain the spin alignments in high-energy nuclear
collisions.

Refs: [1] Cong Yi, Shi Pu, Di-Lun Yang, PRC 104, 064901(2021).
[2] Cong Yi, Shi Pu, Di-Lun Yang, (2021), 2112.15531.
[3] Berndt Muller and Di-Lun Yang, (2021), 2110.15630.
[4] Di-Lun Yang, (2021), 2112.14392.
[5] Yoshimasa Hidaka, Shi Pu, Di-Lun Yang , Qun Wang, “Foundations and Applications of Quantum Kinetic
Theory” (review), submitted to prog.part.nucl.phys. 16
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Some properties of kinetic theory

m  Kinetic theory : microscopic theory for quasi-particles in phase space
0
% Boltzmann (Vlasov) Eq. : ¢"A,f(q. X) =¢"CL[f], Au=0, +Fwd —.

< Physical quantities : .7#(X) :/ dgg_ T #(q.X). 'T#IJ(X):[ q 4 . X)),
J (2m)? E, © ) (2m)3 E, '

* Valid for weak coupling : mean free path > de Broglie wavelength

/1d~P_1 system size : L » L s, — equilibrium

mfp
** Near equilibrium : kinetic theory = hydrodynamics

m Classical kinetic theorye== 9, J* =0, J,T"" = F""],.

- ~ h
n CKT: (¢-A+hA)fr=q- Clfr] + hClfr] = 0,1 =-—5

(chiral anomaly)

E-B

(for right-handed fermions)



CKT with collisions

m WFupto O(h): (forright-handed fermions) quantum corrections
> o (q-
5(¢, X) = 0,2mé(q - n) (Q“O(J )£y [ho A)SIDIF + e g, Fp A )f“ﬂ)

20q% '
: - D =A |
= CKTwith collisions (9pn" = 0): b= Bals” P 9, 651501 (2017
S,uf/ E PRD 97, 016004 (2018)
B - n Y n
%(qz_h q)]{ q- AJF% (( ) A, +thn)(d F,.,)0 ] f( ) _ } =0,
q-n q-n)
magnetic-moment __. e €OP
coupling Spin tensor : 5, = 2(q - n) QaTlp

(F*¥V = 0 : the quantum corrections only appear in collisions)
m  Quantum corrections on the collision term :

- S'(L:)E af (n) < (n) >

induced by inhomogeneity of the medium

:(1 — £ —f(g”)- 2-2 scattering :/p

also include hbar
corrections
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Axial kinetic theory

m QKT for massive fermions : |
> Wigner functions : §<(p. x) — / Y YR (. 2 ()

vector/axial-vector , 1 , . 1 L5

components : Vi(p, X) = St (v S<(p. X)) . A'(p. X) = 7t (77" S=(p. X))
. : : spin 4-vector

> Dynamical variables in V*/ A" : fv/a(g, X) & at(q, X) (@ = at fa)

K. Hattori, Y. Hidaka, D.-L. Y, PRD100, m=0 ’

096011 (2019) — a"=q", fv=(r+f1)/2, fa=fr— fL.

» Axial kinetic theory : scalar/axial-vector kinetic egs. (SKE/AKE)

.. o A D.-L. Y, K. Hattori, Y. Hidaka,
> Collisions for AKE : | O™ g~ :[Cg]Jr[hcg”)”J JHEP 20, 070 (2020)
spin diffusion spin polarization coupled to vector charge
x L' a, o« H*Y 0, fv

<+ E.g. diffusion for massive quarks in weakly coupled QGP : s.Li, H.-U. Yee, PRD100, 056022 (2019)

<+ The quantum correction is only studied for purely fermionic interactions.
Z. Wang, X. Guo, P. Zhuang, Eur. Phys. J. C 81, 799 (2021) global-equilibrium sol. is reproduced from detailed
N. Weickgenannt, et al., PRL 127, 052301 (2021) balance (|Oca| eqw“bnum’?)

<+ The role of gluons and color dof. for spin polarization is unknown.

20



WFs and AKE with source terms

m Incorporation of background color fields into WFs and kinetic theory.

m Color decomposition : O mI+Oata U. W. Heinz, Phys. RevdL_lett 51, 351 (1983)
-> physical observable e.g. J& = 4[ (2;; Tro A" (p, X)
O :0(g"), 0% : O(g).
m SKE, AKE, WFs are decomposed into color-singlet & octet components.
m Perturbatively, we may rewrite f{-, a** in terms of fi-, a*/.
m  Modified Cooper-Frye formula :

P (p) = J ¥ - pT5 (p. X) N¥(p, X) = AN(P" 7).
PIT S NG X)  JpX) = ANL(@ 4 RO AL
, Opre |7
m Sourcetermin WFs: Aj = 2 PPEE (XY F (X 0oy fy (p. X')
k,X"

B. Muller and D.-L. Y, (2021), 2110.15630
M. Asakawa, S. A. Bass, B. Muller, PRL. 96, 252301 (2006)
~g? > collosions~g* : anomalous

. SKE&AKE: 0= P Ofi(0.X) =05 2, [f7] | viscosity
0=p- 00" (p. X) {0 Zula™)|+ 10y (L' [f7])

diffusion source 21
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Spin polarization from color fields

m The real color- field correlators can only be obtained from real-time
simulations.

m Physical assumptions : (F¢y (X)F5,(X")) = (FLFy,)e —(t—t) /7
(BLBo)| > (ELB)| > (ELED)

m fy reaches thermal equilibrium @ 72 (p, X) = 4N..(a*" + RCyAL).

- ﬁ(_ (IL - f[) ; a a
a'ﬂ(t'f)) - = p[]feq p[} mpv mpj_

2p2

(Ag)eq = onfc 5(_])2 - ??12) (Ea. i Ba)_u,u —EBauEaﬁﬂpﬁapO)apOfeq(pO)

l.'

m Origin of the source terms: , "
BY(X") E*(X)

correlation of the Lorentz force &

. — pia "
anoma!ous force from quantum f2(p. X") |_ A (p, X)
corrections

22
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The axial charge currents and Ward identity

m A constant axial charge current (finite t,.):

hut

v [ 4 w o
JL :43’(_1/ (2?)481%11@0)“4 / {IJ-X):[_W\/%TAE . B"I

J ZT=1form=20
(similar to the steady state in Weyl semimetals ngs~tzFE - B)
m Vanishing axial-Ward identity : 9. .J. = 0

. . . ) B(L * E(I. - . |
m Constant-field limit (z, — o) : O, JH(X) = —h< = ) + 2m (i),
D.-L. Y, in preparation h(B I > = | | y
. : a a oo p 1
Lirsth) = — dip| (1 -5 ) — — foul—
winer) = =28 [l (1= ) o) = (e
el
TC — 0©O ’




Probing local parity violation in QCD matter

m Transition between topological sectors in QCD vacuum yields parity
violation and chirality production.  Energy of

, gluon field
Oi(Np — Ng) =290 Nes,
' > (0
Nes = | dP2K,, A{;S S WA RIS
27 WA
: cHvpo ‘ 1 .
K = 162 (Aﬁ'dpflﬁ + §f“bCAfﬁAzA§)' instanton —
sphaleron 2
m Probing the local parity violation via the chiral magnetic effect (CME) :
O d)[i JV M5 D. E. Kharzeev et al.,
‘ 2 / —_ 271'2 Prog. Part. Nucl. Phys. 88, 1 (2016)
Reactlo\ —
e f Isobar collisions : so far, negative
.:\ ". i G STAR, M. Abdallah et al., (2021), 2109.00131
- o ol Ny U
— _— (observed in Weyl semimetals)
LIJRP —5_ Qiang Li, et.al., Nature Phys. 12 (2016) 550-554
P—— Zirconium Zirconium

X (defines ‘¥y)
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m CME : correlations of same
& opposite charge particles

| [ ™
0 -_%\‘ ........ L ]
m Background >> signal PRa—

. . “Ar Cu+C ]
m Separating the signal from background : o SETEW

Hll B}

STAR, 200 GeV

—a— same charge, AuAu
—#— opp charge, AuAu
—<=— same charge, CuCu i
—=— opp charge, CuCu &

iIsobar collisions

30 20 10 0
% Most Central

Pr— pe—

% 06 102 |
~Ru|[=$ | "Ru

STAR Isobar post-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50%

_h_}_____<1

I e
g 0.98 | oo & | no
pr— ;
 Zr | %2y - 4 T LW, o + | cmE?
40 « 40 0.96 | S k5 : |:+3 . w5 i e | . g
= = . . I
«Q(c:dﬁ «QOO\Q «Q() K '\QS; OQQ“‘ QO OQQ «QQ K] QQ G’Q {.\\(L Nl O\Q\&%Go\‘ o\:(\ \(\}GOQ y §i®
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Weyl semimetals :

5w _EB € /
HES o2 TR £ \
relaxation
time
steady-state approxtion :
E-B thermal
N5 = TR equilibrium
272 -
T 92,3 3 2
3 v 3fo s
T~ py > s
' s 3047y | B .
> v =omB = gy A2
p= l~i “negative magnetoresistance
o B? (the signal of CME)

E E

. N N7/,
B \w N
TaAs T> ~$ utl .
NbAs E \ K
NbP
iyl NG
charge pumping via parallel
E & B : generate us~ns~E - B
0.06
204 (b) ot
©0.02 0

B (T)
Qiang Li, et.al., Nature Phys. 12 (2016) 550-554 26



