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m  Motivations : A polarization and spin alignment

m  Quantum kinetic theory for spin transport

m  Generalization to include color degrees of freedom

m  Spin polarization from color-field correlators

m Conclusions and outlook
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A polarization in HIC

The large AM generated in HIC could induce spin polarization of the QGP

via spin-orbit interaction.
Global and local polarization of A hyperons :
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L. Adamczyk et al. (STAR), Nature 548, 62 (2017)

Z.-T. Liang and X.-N. Wang, PRL. 94, 102301 (2005)
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fit: p0+2p1sin(2¢—2‘}’2)
P, =0.016+0.003 [%]
P, =0.015£0.003 [%]

J. Adam et al. (STAR,
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Theoretical status

Ay,
m Spin polarization of a relativistic fermion : Pt (p) = {)f dfdéjj\;?)é())]
2m | d2 - N (p,

Po=¢€p
eyer . 1 d> . ()0) T — j()()) -
] Global equ”lbrlum P'U(p) — _G(T/l,l/ppo_f pw pf] ((()) f] ) W = OUL(UV}/T)
&m f A% - pfy 9

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

. : .
R. Fang, et al., PRC 94, 024904 (2016) = % Agrees with global A polarization

% A “spin sign problem” for local polarization
m Near local equilibrium : shear correction, acceleration, chemical-potential
gradient, and accompanied dissipative corrections

Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018) => <+ Potentially resolves the spin sign problem

S. Fang, S. Pu, DY, PRD 106, 016002 (2022) < Sensitive to parameters & approx.

2- $ E t?“ ?dYY- Ei:|1ETDROID7 1;’;;";8‘21‘3 (2021) F. Becattini, et al., PRL. 127 (2021) 27, 272302
ST N, , 188 (2021) B. Fu, et al., PRL 127, 142301 (2021)

F. Becattini, M. Buzzegoli, A. Palermo, PLB 820,136519 (2021) C.Yi, S. Pu, DY, PRC 104 (2021) 6, 064901
W. Florkowski, et al., PRC105 (2022), 064901

m Could spin polarization of quarks be affected by microscopic properties of
the QGP? In particular, what are the roles of gluons and color dof.?

(“anomalous spin polarization” beyond hydrodynamic gradients)
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Spin alignment of vector mesons

m Production of the decay daughter w.r.t the quantization axis p. |n
—— o*
dN 1 —PrpL
———— [1 = pgo + cos*0* (3pgy — 1)] poo = Cf :
d cos 0* 3+ Pqu ¢ meson g
Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005) \px‘
Poo * 1/3 : spin polarization
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S. Acharya et al. (ALICE), PRL.125, 012301 (2020)
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Spin polarization beyond subatomic swirls?

m  Spin alignment puzzle : the deviation of py, from 1/3 is unexpectedly large

€.2. Poo ~ T

m Different trends in LHC and RHIC :

\\‘ |\\\\\\‘ T T \\\\\\‘ T T T

*0 (yl<108&12<p <54 GeVic) -
04 o K (ly|<1.0&1.0 <p_<5.0GeVic)
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ALICE:

3 — (2)2, £ ~ 0.1% at LHC energy. (from A polarization)

o K0
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STAR poo > 1/3 poo ~ 1/3
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m  Other sources for spin polarization (alignment) of quarks & anti-quarks?

(electromagnetic fields are also weak in late times)

e.g. hadron mean fields :X. L. Sheng, L. Oliva, Q. Wang, PRD101,096005 (2020)




Relativistic kinetic theory

m  How is the spin of a strange quark dynamically polarized when traversing
the QGP? (as a probe interacting with light quarks & gluons)
m  Kinetic theory : microscopic theory for quasi-particles in phase space

| )
% Boltzmann (Vlasov) EQ. : ¢"A,f(q. X)=¢"C.lf]l. Au=0, +Fw(;(7‘
73 73 W, v
< Charge or energy transport : Jﬂ(X):/{i‘;;_”f(q.X). TH (X)) = / (ff ‘?}'3 qE‘f flg. X).
. T 'q . 27 'q

% Disadvantage : kinetic theory is subject to weak coupling

+ Advantage : in connection to the underlying QFT

** Near equilibrium : kinetic theory = hydrodynamics

A kinetic equation to delineate the spin evolution in phase space is needed.

=> Quantum kinetic theory (QKT) for massive fermions

Review : Y. Hidaka S. Pu, Q, Wang, DY, arXiv: 2201.07644
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Axial kinetic theory

m QKT can be derived from the Wigner-function approach
m Vector/axial-vector components :

|
- Vi (p, X) = ~tr (775 (p. X)) . S o A (. X
$<(nX) = [ aY (X - ¥/200Y +Y/2) =D Lo P) = g
A!b(p’ X) — Ztr (,\/H,\/os<(pj X)) . )

. : . spin 4-vector
> Dynamical variables in vr/ar : fvya(p, X) & a*(p, X) (G = a’ f )
K. Hattori, Y. Hidaka, DY, PRD100, 096011 (2019) m=0 / o

— a' =p', fv=(r+1L)/2, fa=[fr— fL.

< Forthe }; expansion: fir ~ O(h°), a* ~ O(h). = V' =216(p* — m*)p" fv
In the particle rest frame :[«4“' = 2 (5 (p? —m?)a" + hE"p, 8 (p* — m-z)fv)]
Axial kinetic theory : scalar/axial-vector kinetic eqs. (SKE/AKE)
SKE : standard Vlasov eq.

DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

Collisions for AKE : | Oag* :[éf“ [&]]-1-[]1@5“[]7‘/]] Z. Wang, X. Guo, P. Zhuang, Eur. Phys. J. C 81, 799 (2021)

spin relaxation spin polarization coupled to vector charge
x L*a, x H* 0, fv

< Naively : Lorentz force « g (g?), collisions & g* (g*Ing) s.Li H.-U. vee, PRD100, 056022 (2019)
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WFs and AKE with color fields

m Incorporation of background color fields into WFs and kinetic theory.
. U. W. Heinz, Phys. Rev. Lett. 51, 351 (1983
s Color decomposition : O =(OJ[+0O%t* e djv ) Hee
H. T. Elze, M. Gyulassy, D. Vasak, o P N Iiys
o Pﬁss. e aty — physical observable e.g. Ji =4 [ 2n) Tch (p, X)

m SKE, AKE, WFs are decomposed into color-singlet & octet components

singlet SKE :  3(p® —m?)K[fv] =0, octet SKE: §(p*> — m?)K2[fy/] = 0.

K.[0] = p“(()#Ob+(*2F,il0”0“) ko] = (9,0 -
Co =1/(2N.)

O ca

fb."a 4{) O° + Eaﬂ()i O». 5 Eb,u()] OF )

quantum corrections

singlet AKE = 6(p* — m?) (Kd[a"] +{hQ"[fv]) = 0,
K-

DY, JHEP 06, 140 (2022)
octet AKE : 6(])2 — -n'z__Q)(

o] + hQM [ fv]) + ko' (p* — m*)Ow [ fv] = 0.

e.g. Q0] = i[eww (0, F8,) = freeAY FS ) CadP 0°]

AKEs have the anomalous-force terms beyond the Lorentz-force
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Color-field induced polarization

m Perturbatively, we may rewrite /{-, a** in terms of f5-, a*/ by solving the color-
octet kinetic equations.

m  Onshell color-singlet axial WF ;
dpo , 1 pr ﬁ [dS - pA*(p. X)
S — ,u % H p _ -

27

dynamical non-dynamical
¢ The dynamical part needs to be solved from the AKE

< Non-dynamical part : A7, = A, + Ap,

B. Mdller, DY, PRD 105, L011901 (2022)
DY, JHEP 06, 140 (2022)

i ()h g gk 4 a Iy 9 rs =
Ay, = [ . f PP F s (X)F2(X")}02 fi(p. X )] |
= JEX po=ep
L l g Bl papk [ a I o s !
_'EI? kX' . Po=¢p
k
FY(X)E* (X)) = (F4(X)U(X, X E? (X)),
(Fa (X)) = (FL(X)U™( ) Eop (X)) Ba(x) B(X)
p d-er
/ Ef‘# f e X (n5(p - k) +iPV(1/p- k). ¢ ——
. £ (0, X") p+k A (p, X)

10



AKE with the diffusion and source term

m SKE: O0=p-0fi(p, X)— [0;@,{ Lfi] ] : anomalous shear viscosity

M. Asakawa, S. A. Bass, B. Muller, PRL. 96, 252301 (2006)

P

2,10] = / PP (X)FE (X)) 020(p, X')

X

/m fd4 /(HX’ M (1o (p - k) +iPV(1/p - k).

m AKE: 0=p-0a*"(p,X) [0“’9 a 5“’}] [ha;'(ﬂéb[fxs/})]

diffusion source : dynamical spin polarization

(T\‘ Vpo g [ a a a / [aYad /
#1101 = G [ 9, (Ol EACOEL (X)) + 05 F2 (X) F27 (X)) 000, X

11



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

m  Weibel-type plasma instability
could generate turbulent color
fields in anisotropic QGP.

S. Mrowczynski, PLB 214, 587 (1988), PLB314,118 (1993)

P. Romatschke and M. Strickland, PRD 68, 036004 (2003)

review: S. Mrowczynski, B. Schenke, M. Strickland,
Physics Reports 682, 1 (2017)

T. Lappi, PLB

| 643 (2006) 11-16

12



Local parity violation

m No local parity violation :
(BL(X)BL(X')) #0. (EL(X)EJ(X") #0. (Bi(X)EL(X')) = 0.

m Local-parity violation : (Bj;(X)E;(X')) #0

m Local parity violation in QGP : sphaleron transition

Energy of

_g A f e ﬁwu;u,/
1672~ 1V

:> 81‘*’7\"?5 . _Q*F\rfatj\r(__,‘s = —QJ\Tf Vrsl)h

: Mo

~ =L XS
" N al

IO

1€ Ol 2
F. R. Klinkhammer, N. S. Manton, PRD30, 2212 (1984)

L. McLerran, E. Mottola, M. Shaposhnikov, PRD 43, 2027 (1991)

(Correlators in the QGP phase are unknown)
13
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Spin polarization from parity-odd correlators

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

SimU|atiOnS_ e.g. non-equilibrium evolution in two-color QCD:
N. Tanji, N. Mueller, and J. Berges, PRD 93, 074507 (2016) . .
(correlation time)

m Physical assumptions : (F\(X)FS,(X")) = ( EAng)e_(t_tf)z/
(BB > [(ELBJ)| > [(ELED)

m f7 reaches thermal equilibrium : (assuming Ox fi < 1, a*(tg,p) = 0)

as'u’(t’p) _ _hCQ(t 2_ tO) (apOfeq(pO)) (zBa,uJEcw D, — <Ba . Eap/j_)

2]90

1/2
T Te . f a pa L apl oaf [a A
105 {(p P (EaBg)u! _[<B HE 619(6;2;()1)(3 —ps)} e,y feq(€p)
P

(parity-odd correlators)

Al (p, X) ~

¢ strengths and 7. depend on anisotropy & parity violation

14
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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 ng~tzFE - B)
m Vanishing axial-Ward identity : 9. .J. = 0

. . . ) B(L * E(I. - . |
m Constant-field limit (7, = o0) : 0, JE(X) = _h< = ) + 2m (i),
DY, (2021), JHEP 06, 140 (2022) h(B P > = | | .
. : a a oo p 1
Dirst)) = — dlp| (1 -] —— — foul—
winer) = =28 [l (1= ) o) = (e
el
TC — CO y




Potential impact on observables

= Unlike the spin polarization from U(1) background fields, the polarization
from color fields is charge-conjugation even, P, =P, .

m Parity-odd correlators fluctuate event by event : average spin polarization of
a single quark vanishes.
(PLY#0, ((PH)ea =0, ((PUP)PLP)))ea = ((P4(P)){Pa(P)))ea.
=> spin polarization of A should be unaffected

1 — (PP

- o , : _ _ 4" q
= Non-vanishing contribution to spin alignment : £00 = 57" (PP

(qualitatively consistent with LHC)

m Caveat : spin polarization of quarks is not necessarily along the spin
guantization axis.

_ iDI\ _ o/DiDi pJ
L+ 125(PPy) | 2{?97?@) => poo = 1/3  when (P]P;) # 0 is isotropic.
3+ Zj:1_2__3<7)é7)%>

X.-L. Sheng, et al., 2206.05868 16
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Conclusions & outlook

U

From the QKT of massive quarks coupled with background color fields, it is found
the spin polarization could be induced by color-field correlators.

Based on certain approximations, the contributions from parity-odd correlators of
color fields dominate.

Such anomalous spin polarization of quarks might lead to py, < 1/3 for spin
alignment of vector mesons yet without affecting the A polarization.

The information of color fields in the QGP phase is needed.
Applying the generic expression for py, in the coalescence model.

The dynamical source term may be affected by the early-time color fields from the
glasma. (under investigation with A. Kumar & B. Mller)

For spin alignment, the effect proportional to e.qg. (FBEB) ~ (EE)(BB)
instead of (E'B)(FE B)needs to be studied.

17
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Wigner functions (WFs)

m lesser (greater) propagators : A Imt

o Dirac fermions
ST y) = (e (@)U (2, 9)0s(y))
to (C+)y te Ret

Siary) = (Wa|Uy, a)pa(2)) ‘ — —
(Co)

gauge link

x+
Xx=2Z v=x-y
2 to- 1B
review : J. Blaizot, E. lancu, Phys.Rept. 359 (2002) 355-528

Y o~

Wigner functions : S;§>)(Q,X) — /(141/6@% Sjy)(a?,y)

m Kadanoff-Baym (KB) equations up to O(%):(q > 0 : weak fields)
Vi =42+ 00,

h g
(N —m)S= + 7“@5VMS< =5 (Z< *S7 — X7 % S<) A, = 0, + F,,0/0q,
(master Egs. for WFs & KES) " = ¢* + O(h?)

A% B =AB+ 37{4 Bleg +O(2)



E%g
0 \Q

W

Suppression of the diffusion term

m The diffusion term :

_ ‘P
0y Dla™] ~ Coeapynevprot®u’d,) /k X’(B“"“(X)BQ'U(X’))p’Yp’\é)gés“’
cQﬁTTTl oV

— on Y Eupro U <B&HZBG-U>8£ (p’}fp)\ agasu)j
<Bah(X)BaU(XI)> <BahBao*> —OXO /T
= The diffusion term plays a role when 0 Z.[a*"] ~ p - da*!

= (L —to)mm[(B*"B*)| ~p;  (for a(to,p) =0)

m Inoursetup: pg > |B|

20
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Relativistic angular momentum

reviews : E. Leader & C. Lorce, Phys.Rept. 541 (2014) 3, 163-248

Relativistic angular momentum for fermions : £ = (mfyu &, — m) 0,
K. Fukushima, S. Pu, Lect.Notes Phys. 987 (2021) 381-396
ukKushnima u, LeC otes yS %} 3

Noether theorem : ;
~ ) YHY = Z[’Yu?’YVL
(JPW — ’LZFW)w’ :; 8)\M():\',uv —0.

JH = gl — zvor,

0 —
Canonical AM tensor :

N FARY oy rApv N ALY
_.'_-Il[lr_-v — J]IS + J-IL[O 5
1_3; {_,\r_.A S ) :[_l N ﬁr___?.ﬂ proportional to the axial-charge current
21-_ { s L d + 9 - .'Pul-:""'

1 - > - ,
M S“ — 5-3,:"-*-‘:.-}‘ (:r.””* AV —a¥ o “)-g‘: — :r“Té“ — :,r”T)-}“ :

N gARY
_L1l[51 —_

. h - h —
Canonical EM tensor : 75" = T + T4, T = %m{“ﬁ“}w, TH — %m[“ﬁv]w.

spin orbit

N ) 7
EM & AM conservation :  “»*C [ Auvp } _
| > [——<€ (9)\ J5 +| 271 =0
OANME =0, 2 4

21
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Spectra for spin polarization

m  How to measure the spin polarization in experiments?

m  On the theoretical side, how to construct a potential observable in
connection to the spin AM?

« We measure particle spectra in HIC experiments. (unlike CM systems)

+ Generalize the field-theory operators into the phase-space representation :
using Wigner functions

. . 1 y -
< Pauli-Lubanski (pseudo) vector : WE(p, X) = —mf“f’“""’pyﬂfmﬁ (p. X).

j\b[(?'ad (p X) — ﬁp*qj(?'pa? (p X) (ﬁp H dzp)

freeze-out surface

= (modified) Cooper-Frye pu(, = J 22 PVE@, X) [ [dx - pJt(p. X )J
i

. AN ~om .
formula for spin : Ly p 2m [d%-N(p, X
F. Becattini, et al., Ann. Phys. 338, 32 (2013) (By Wigner functions)
R. Fang, et al., PRC 94, 024904 (2016) | LVE f'( )) (1 f‘ )
“ ” T . - q - W _
m In “global” equilibrium : P*(p) = —e""*p, J A%y O L 9~
8m [d¥ - p f.p
Kilingcond.: 79 3 19 3 =0” 1
| 4 V= ‘ P . ) F
[w!”‘ = 5(0.“-;"31) - dv_.-"j),u-)' = Wi = —EaguW “ul
gt =ut /T T=const.

thermal vorticity 22



