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m Collective behaviors of quark-gluon plasma and spin polarization from
hydrodynamic effects

m  Spin transport phenomena from novel QCD effects :

» Puzzles of spin alignment & local spin polarization

» Chromo-electromagnetic fields (color fields) from the glasma phase
& spin transport theory : quantum kinetic theory

» Spin alignment & local spin polarization from glasma effects

» Local spin polarization from gluon fusion (preliminary)

m  Summary and outlook
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m Timeline for heavy ion collisions :
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z: beam (longitudinal) dir.
X: impact parameter dir.

P, -y : angular-momentum dir.
\ P CE collective flow :
z .
Q > =Y Z, | P, geometric asymmetry
X " 3
X-z plane: reaction plane _ - = momentum asymmetry
Credit: Nazarova Elizaveta, 2017
< Elliptic flow : EpdTp = 1o (1 + 2v2c082¢, +---) < Angular momentum (AM) to vorticity :
1 .
25 — L= §/d3rf—:\r|2(1—w-r)w,
i — ic}ealo 03 1

0| Vo0 . w=V x v =const. e€:energy density
= - " 25;:(1)216 102! 102 - 1072 10-5-10"8 10-15 &
= 15k W - ize
8 (m)
o :

5F Galaxies Water ortex I:ellum 4  Quark-gluon plasma

. | . Vortjtltity
OO 1 2 3 4 10716 102 —10? 10° 1021 e
P [GeV]
X.-G. Huang, QM 19 4

P. Romatschke, U. Romatschke, PRL. 99 (2007) 172301
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Global A polarization in HIC

m  The measurement of global polarization of A hyperons revealed the spin-orbit
interaction & strong vorticity in heavy ion collisions. z-r.tiang & x-N. wang, PRL. 94, 102301 (2005)
(relativistic Barnett effect) < Self-analyzing via the weak decay : A - p + ™~
BBC
= 3 .
s | Nature548.62 (2017) , / 8 5 a0 @A
T _ \ 4 Do P
o B oA OA Ly v BBC
(&= U
! {] ” ‘\ : /
B PRC76.024915 (2007) 3
L + TA
2 | E] ) A qualrk-gluon ’
i Fj "?  this analysis == A/
: J W NE Beéen racmpint
1‘ s Successfully described by the modified Cooper—Frye
B H HH H . F. Becattini, et al., Ann. Phys. 338, 32 (2013)
I formula in global equilibrium : ~ o, et ol PG 98, 024504 (2010
. b 0 0
- \\ PH = fdz p ( )(1 ~ )) uvpcrqywpg
s )
L STAR Au+Au 20%-50% % SMy [ dY - pf) (0)
O GraMBavHLLE A ) 1 ", U,
- —— primary - - - primary+feed-down W = (() ( _ ) — (‘)rT (_f)) . thermal vorticity
B AMPT3 A . 2 r r
- (- R pima R (Becdann < Global pol. from (average) kinetic vort|C|ty
B 111 I | | | | | I | | | |
10 10° . — , 22 4—1
S [GeVI Pya) = /7’ Y(p) = 2T = w= \V x ul ~ 10
P

L. Adamczyk et al. (STAR), Nature 548, 62 (2017) " 5
F. Becattini et al., PRC95, 054902 (2017)



Longitudinal (local) polarization

m Longitudinal polarization along the beam direction in HIC :

Py, = (P,sin2(¢ — Uy))

27
/U

P.sin2(¢p — ¥s)
2r

~
~

d(¢p— W)

% Thermal-shear corrections : p#(p) =

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

P?, \/synv =200 GeV RHIC

-1 0
p. [GeV]

J %,

0.016
0.012
0.008
0.004
0.000
—0.004
—0.008
—0.012
—0.016

J. Adam et al. (STAR), PRL. 123, 132301 (2019)
- 0.001 —
E | STAR  Au+Au s, =200 GeV
ol 20%-60%
@ 0.0005
= P2’z >0
Q
o .
P I S MR AN /V
V.S. by
-0.0005~ fit: p,+2p sin(20-2)
*A p =0.016:0.003 [%]
0001 #x p,=0.015:0.003 [%]
R -

opposite sign!

q>-\P2 [rad]

(0 (0 W po
pflg )(]‘ - f?g ))E'l r qu [wpcr - (l,)WaA[)}‘/(Tp : H):|

(local equilibrium, indep. of int.)
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Op [rad]
B. Fu et al., PRL 127, 142301 (2021)

3

open question!

(P sin[2(0-F )] (%)

0.5

8My [ dX,

0
‘szg :

: CMsS I I Data
- 0.8<p <6.0Gevie # A
;|1]| <24 + Ky
+ A+A

pPb 186 nb™” (8.16 TeV)
s

TRENTo-3D+CLVisc |
Aeq.

iso-th eq.

s quark eq.

CMS, PRL 135 (2025) 132301

C.Yietal., PRC 111 (2025)

-0.5+ 044901
o, =0.750+0.009 o_=-0.758+0.010 ]
ot = T 1 new effects
0 50 100 150 200 250
tine needed 6
I

See also F. Becattini et al., PRL. 127, 272302 (2021), C. Yi et al., PRC 104. 064901 (2021)
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Spin alignment of vector mesons

m  Angular dep. of the decay particle w.r.t the spin quantization axis :

dN v (total AM)
d cos OF x [1 = poo + cos*0* (3pgy — 1)] _ 1 — (Péquﬂ \
COS Poo = i (pé;p'qy» ¢,mewn
0.5F Ey;%nt Pllanel I (a)l" Event pl'ane' I (b;-0-5 Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005) \pK_
oaf + Ho0.4 Poo # 1/3 : spin correlation
° iﬁzj‘}q}‘ EM&}E i.:.m ilﬂ-ﬂ-g-.ﬂ.....ﬂ........l | T T L R [ —
LHC: QOO'S_ -+ —0_3@8 ; * ¢ (\y|<1.0&1.2<pT<5.4GeV/c);
' 1 HH I 0-47 o K’(ly|<1.0&1.0<p <50 GeVic) |
Poo <§ 2T H 1 wp =113 02 - % —cY=1109%143m® .
0.1r Pb-Pb, s, =276 TeV | 701 - T RHIC:
o 4 0.35 - :
1 2 3 4 5 1 2 3 4 5 o - 1
p, (GeVic) p, (GeV/c) a” Poo > §
S. Acharya et al. (ALICE), PRL.125, 012301 (2020) -
0.3
O Spin alignment puzzle : the deviation i
from 1/3 iS unexpectedly |arge_ I fiIIed:I Au+Au (20°/u—60°/u(3entral.ity)
5 0.25/- open: Pb+Pb (10% - 50% Centrality) H
\Il 1 L1 \I\l 1 L1t
e.g. Poo =~ % — (%) , 7+~ 0.1% at LHC energy. 0 e e
== Beyond hydro: opportunities to probe IS\ (GeV)
microscopic int. in QCD matter M.S. Abdallah et al. (STAR), Nature 614 (2023) 7947, 244-248,
O Electromagnetic fields can polarize the spin. How about gluon fields?
PxB—-uxFE ,

magnetic pol.  spin Hall effect with momentum anisotropy
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Saturated gluons in high-energy collisions

+ Could we generate the chromo-electromagnetic (color) fields in
nuclear collisions?

m Deep inelastic scattering : " /]‘7/(6
\q

Q* = —q°
2
Bjorken scaling : x =~ —
S

P
m Saturated gluons at small x : splitting + recombination review: f. elis etal,

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

0.8 e Y = I U N, |

X C) — : Saturation
gor . = gg 'i'::'; ?232 xu, - nQ%(v)=AY
0.6 2 T

05 ! !
04 | Dilute system E E
03 . E :
E I BFKL E . L
0.2 ! ! -
0.1 f DGLAP AQ(-D Q N (Al) Q s(Az) k,
0 7-4 -3I -2‘ -1 >
10 10 10 10 « e 2 8



m Color glass condensate (CGC) : EFT describing highly populated soft gluons (E < Q)

Fast hadron fast partons  (p)

— _JF- small-x gluons (A[p])

Dipole < w

L. McLerran & R. Venugopalan, PRD 49, 2233 (1994), PRD 49, 3352 (1994).

m  Glasma in HIC : color flux tubes
(at the top RHIC and LHC energies)

| ; sourced by hard partons
J 2 c ." _
= DF) = 6 oamp )

soft gluons hard partons

Reviews : F. Gelis et al., Ann.Rev.Nucl.Part.Sci.60:463-489,2010
J. Berges et al., Rev. Mod. Phys. 93 (2021) 3, 035003

Spin alignment from glasma fields?

Assuming s quarks are produced by e.g.,

Schwinger mechanism from chormo-E fields
e.g., H. Taya, PRD 96, 014033 (2017)

0.8

—0.0

o
=1i]

[’

0.4

0.2

collisions

0 L

(1) intrinsic saturation scale Qs > w T. Lappi, PLB 643 (2006) 11-16

(2) fluctuating (minor effect on global A pol.)
(3) intrinsic anisotropy (need not be along #)



il i
= <
2/\ 2]

&,
O )

e )
Ay (s
¥sics M

Wigner functions & kinetic theory

m  Dynamical polarization of quarks in a medium : phase space info is needed

m  Wigner functions and kinetic theory :

Review (w/o spin) : J. Blaizot, E. lancu, Phys.Rept. 359, 355-528 (2002)
Review (with spin) : Y. Hidaka, S. Pu, Q, Wang, DY, PPNP 127, 103989 (2022)

5<(pa) = [ VR GV an i), w= G2 y=n-n
> Kadanoff-Baym (KB) equation with the /; expansion : (0/p < 1)

V,.=24,+ O(Rh?),

h 1h
(L —m)S< +~4"i=V,S< = (E<*S> E>*S<)
2 2\ ' n J A, =0, +el,,0,,
e.g., 2-2 scattering ”, gain loss " = p* + O(h2)7
: AxB=AB+ Lzh [A,Blpp. + O(R*),
p :
_(aM ([ F [ay?]
> Clifford-algebra decomposition : A Ble.p. = (5, A)(0,B) = (9,4) (9, B).
< < S§ < 5 '1<>f L
S5 =85 +iPSy° + V3 + A5y + %0“‘”, NS = 0% +iN37° + 55,07 + 25,070 + 2“ o
*» Vector/axial-vector components :
1
H(p, X) = —tr (4" S<(p, X)) . t
Vi (p, X) 4tr (v"S5=(p, X)) . P (p) — [d% - pA*(p, X) P dp”A!r .
p 2m [d¥ - V(p. X) (p, ) __/ (p. )

1 .
Al(p, X) = tr (19757 (p, X))

10



il i
= <
2/\ 2]

&,
O )

e )
Ay (s
¥sics M

Quantum kinetic theory for spin transport

m KB eq. = master egs. : constraints, onshell conditions, kinetic equations
m Leading-order Wigner functions (from master egs.) :

" K expansion
> Vector WF: V¥(p,z) = ffv(p,x)\m:ep:\/WJr (9/p)
1 h
. . AH- ) = _[ Fﬁul (011/ o ):| .
> AXial W A (p.) = g il = e B (O fo = 20, (e fep))]
(a"(p. x): effective spin four vector) P o; B —ux E  magnetic pol. & spin Hall effect

m Axial kinetic theory : scalar/axial-vector kinetic eqs. (SKE/AKE)

K. Hattori, Y. Hidaka, DY, PRD 100, 096011 (2019)

> SKE: P Aﬁ/ — C[ﬁ/’]- Au = au + BFu,ua;- D%(, K. Hattori, Y. Hid’aka,,JHEP 20,1070(2020)

standard Boltzmann (Vlasov) eq.

. ~ ~ h ) ‘ A h ) —
> AKE : D ACLM 4 GFU'MO'/;/ — 56"“/'[ gpp(()creE?}u) ]c‘;, =q, CL R 56/“/[)0(]1/(AJZVp)jV,
entangled f, & a* AB = A<B> — A B<.

+» Generalization to include color dof. : A* = ASHT + A“H¢¢

DY, JHEP 06, 140 (2022)

B. Miiller, DY, PRD 105, L011901 (2022)

. , hg —Seee E¢(t;
» (color-octet) axial WF : A" (p,z) ~ —%e " | BY(t;) — pg (1) O, [y (€p, 1)
P P

(no contribution to A pol.)

spin relaxation in QGP  spin polarization from glasma fields
A. Kumar, B. Muller, DY, PRD 108, 016020 (2023)



Spin alignment from glasma

m Spin alignment from quark coalescence : quark-meson int. :

KE for vector mesons : ¢ - 9fy =~ €,(\. @)e, (A, q{CCOal (q. 2 )] Ling = gy V)
([)/\}\OCff,)\ZO::El) T
X3 = (B (0.2 + Kt /p ) BY (0.2 — Kt /p-)) s

Jd¥x - afg(q. X) L =<>
= ; | 3 ’ -
poo(q) = JdSx -q(fg(q, X)+ f71(q. X) + £21(q. X)) ¢3

q

m Correlation of initial glasma fields :
QUNZ —1) (1@ QuNe )
k-0

XB = XE = XGBW = 22N, (a2 20N,

T. Lappi, S. Schlichting, PRD 97, 034034 (2018)

.. . . . . S e -1 K. J. Golec-Biernat, M. Wusthoff, PRD 59, 014017
m Initial quark distribution function : fy-(ep.t) = (e"?/%= 4+ 1) (1998)

< Considering ¢ mesons with Qs~ 2 GeV & m,,7~0.5 GeV

20y (FYm2,T -
% Heavy-quark approx. & pQCD : m ~ (g 26( )TD 1ng> ~ 5fm/c
mwm
M. Hongo et al., JHEP 08, 263 (2022)

T _ (model dependent)
Phenomenological estimation : S. Banerjee et al., PRC 111, 064912 (2025)

12
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Transverse spin alignment spectra

m Boost the color fields to the lab frame to retrieve momentum dependence
Bf' = 4(B" + ¢7*v,Ef) — (y = 1)B" - 00", v’ =¢'/\/lg|* + M? and ' = v'/|v].

+ Two sources of anisotropy :
longitudinal fields v.s. momentum anisotropy

m  Out-of-plane spin alignment (¢ mesons) : 05f Eventplane (@) Eventpiane (1108
.. . 0.4F e -+ ¢ 40.4
% Initial-state effect (glasma) : high-energy OO3r-ﬁ?ﬁ.@..fﬂ@ﬂ:}ﬂ...ém...__...iﬂ.ii.ﬂ...i....ﬂ ........ i
80
0.2} HH + Ho.2
--p00:1/3
-7 T T == vy =0 (I) 0.1 . Plyle,Vs,\:N:Z.iﬁTeVI-- o .-0.1
0.35f ‘T, T - T = T 2 3 4 5 1 2 3 4 5
0 R T R p, (GeVic) p, (GeVic)
E /y v*=vY O
‘_U 030 i -' d) (|)l
> i
oS yq = I ]
s overall L |
Q 0.25 Poo <1/3 Vg =0 ;...ﬁﬂ.m'..";'.!.ﬁ..-
0 20 - . . . . . A. Kumar, B. Miller, DY, PRD 108, 016020 (2023) _ ﬁ _
) 0 1 2 3 4 5 DY, PRD 110, 056005 (2025) | AusAu 200 GoV |

qT (Gev) We|ght|ng () ((ﬂ)} _ fd(')q(hjq{pUU(Q)N} e
needed ;: \Pooldr [ Ggdy N 0 B0 % centalty




m Late-time effects :

X.-L. Sheng et al., PRD 109, 036004, (2024)
PRL 131, 042304 (2023)

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

s Final-state effect (strong-force fields in QGP) : low-energy 0

0.355 ————_
0.350} -7 -
7 -~
= 0.345} LT
9 0.340} -
e Merall > 1/3
5 0.335] - Poo
Q
0.330}
0.325}
0 1 2 3 4
qr (GeV)

fluctuating
¢ fields

or turbulent
color fields
from

anisotropy D. Wagner,

109, 054038 (2024)

N. Weickgenannt, E. Speranza,PRR 5, 013187 (2023)

F. Li, S. Liu, arXiv:2206.11890

38

0.36

* « STAR —— Qut-of-Plane

go3al e

0.32
X.-L. Sheng et al., PRD 109, 036004, (2024)
PRL 131, 042304 (2023)
DY, PRD 110, 056005 (2025)

(isotropic color fields from QGP : qualitative)

(fluctuating ¢ fields) @
1 AF: uF2
I Y 9 |
I \_i—h—ﬁ'\‘“\—— |
e o
0 20 50 100 200
Ve (GeV)

O Collision-energy dependence may come from initial v.s. final state effects

14

A. Kumar, Philipp Gubler, DY, PRD



Flow induced polarization from color fields

m Lambda spin polarization from background color fields?

. _ T N o A* (p. color-singlet WFs of s quarks
strange-equilibrium scenario : P (p) = E?{UOS ;)ZA 1(21? Iﬂ)}]
21 ATIc it p.T

m For just the non-dynamical contribution (a** =0) :

S/t E’g2 o a Ly a B aa gs /
A (p,x) = Lpo v /; dao(F " (x)F55(x")) Dy (p'adp' fr(p.x ))H
U Ji 1 po=ep
oY fy o u® u' = 0: (E*(x)BY(z")) # 0 (difficult)
| > AN £ B. Miiller, DY, PRD 105, L011901 (2022)
ul =+ 0: (Ba‘i’(x)Ba‘j (")) # 0 or (E“"?"(I)E“'j (")) # 0.
m  An intuitive argument : H. Sung, B. Miiller, DY, arXiv: 2507.23210

F*=g(E*"4+uxB"), P"=g(B"—uxE").
chromo-Lorentz force chromo-magnetic polarization & spin Hall effect
» Construction a p— even axial-vector :

P~ {((p- F")YP*) flow-induced (local) polarization
~[pxw)(B"-B") + (E"- E"))

15




Local A polarization (focused on pA)

m Longitudinal polarization from the corona of glasma (early hadronization) :

H. Sung, B. Miller, DY, arXiv: 2507.23210 At

P / d¥ - p(p“u’ —pYu”) P X uw structure

~ SMaN.ep [ dS - pfy
. B ) _m (p-u) 2
x (BZ () B () (u" 0. —-E;i)éhpufﬁq fyv =e TaE°T .

yp=0

-

0.015}
0.004r  #° \, pr=2Gev | ... glasma (Qs=1.5 GeV)
0.002t 0.010f = glasma (Qg=2 GeV)
" 0.000 'Y ¢ =m/4 -

-0.002F """ glasma (Qs=1.5 GeV) 0.005}
— glasma (Qs=2 GeV)
-0.004f
R S 0.000% - - - 4
weak initial anisotropic flow 00 05 10 15 20 25 30 0 ! 2 3 4
from pressure gradient X sin2¢ ¢ pr(ﬁi:)wmw
v' Consistent sign & comparable order of magnitude og jes :;‘g{%:»;;j:::;;oj
with observations? sensitiveto [dX - p & |p-u|! S0 boasn e
. . . . i 3" 04 .
v Combination with the core contribution : s | L i §
For smaller systems & high pT For larger systems & low pT g"_i 02" + t ]
z 2 . o ]
% Fullpol.: pz — NewPor + NacrPacr N VLI
—_— N + N P, (GeV/c) 16
GL QGP Y. Kanakubo, Y. Tachibana, T. Hirano, PRC 105, 024905 (2022),
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Strangeness production in early times

% s
m Strangeness enhancement: " »M< >W<
a-" 5

J. Rafelski, Phys. Rept. 88, 331 (1982)

g (+ QKT for s polarization
J. Rafelski & B. Miiller, PRL 48, 1066 (1982) I >{ from gluon fusion’?)
g ,

m  Thermalization (hydrodynamization) of the QCD matter :

A. Kurkela, et al. PRL 122 (2019) 12, 122302 1 R fransiion from classical
~ (Pr) Text Thyd fields to quasi-particles :
Yo T scattefing effects
~ i‘&)
O.' — ~ m W EM mow |
BTN T D
/‘. rea,
() Femammaemammnn ;..g..v..q..!.!!.!: .................
Py o 2+1D hydro
N
0.5 | <€'>l : .
¢ Kinetic theory
’
"2+1D Yang-Mills |
_q LR TEngIs A
0.01 0.1 1
7 (fm)

17



Local spin polarization from anisotropic flow

m  Non-equilibrium phase in early times ( fi < 1)

p-Ofy =p, S5t +mEg =T<, (gainterm dominates) N. Benoit, DY, preliminary
A~ - 1
AN o~ < <ur Vo = s =
p-oda, ~ 2F Dy,  FSH — §€u 5Fa>67 Fa>ﬂ — a[ag‘?ﬂ]_

&,p' (p. :r) . h /’;EO ! ~ < / p !
Hip.x) ~ ' Hp,x) = dalp, < (ol — (1o —ah) |,
= P m gy TP =g | o o= (o —ap) ).

instantaneously hadronized 1 o
( g ) / d:,s{)r<(
t

In the corona region 2ep

P
7. T — — (70 — TB)) -

Ep

m Initial anisotropic flow of gluons (n4(q, ) = ny(q-u)):

< v 2 g * a3 N
qu<;‘_ = (27"{')4 eﬁ o Pv [ptu'ﬁpid(_‘k.u'p + p.s()(z u )J:I
(sym or antisym) (antisym)
, ha . . . (p)€eFpP (Dgud)
~7 ~ S o ijk kA 7 | N i ~ Ps\P P 0
== &P T2ep pu(p)e TP A, P 167 Mpeppv (p)

_ (QC‘() — 1t — O)
(time-dep & weak flow) Ayl = uj(xo) ) (#). 73(1)) XU X P
for small systems? 18



m Longitudinal polarization:

P#(p)

P*(p,r) ~

ps(|p|)

P(p.t) =

2T

164 Mppyv (|p])ep

N. Benoit, DY, preliminary

Azimuthal spectrum, |p| =2 GeV, r,, =0.4 fm

0.004 -

0.002 1

— 95/MeV, A=1 GeV

500 MeV, A=1 GeV

0.000

—0.002

—0.004

- MeV, A=2 GeV

- 500 MeV, A=2 GeV

0.00

0.25

0.50

0.75

1.00  1.25
¢in

1.50

1.75

2.00

P*(p)

(-py(ﬁg-u“"’) — pw(f)ouy))

L[ )
f dDPP* (p, x)O(p - w)|r=r,, r=t
0

0.0040
0.0035 A
0.0030 A
0.0025 A
0.0020 -
0.0015 A
0.0010 A

0.0005 A

0.0000

Momentum spectrum, ¢ =mn/4, r,, = 0.4 fm

—e— 95 MeV, A=1GeV  —&— 500 MeV, A=1 GeV
=8 95 MeV, A=2 GeV  =m-- 500 MeV, A=2 GeV

2

Ip| [GeV]

3 4 5
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Summary & outlook

L Conclusions :

v Spin polarization phenomena for hadrons (A4 polarization & vector-meson spin
alignment) provide a new opportunity to study QCD matter (glasma & QGP) in
nuclear collisions.

v QKT is a useful tool to study non-equilibrium spin transport.

Overpopulated initial-state gluons could play a significant role on local spin
polarization and spin alignment on top of the “hydro” contributions.

v The size and energy dependence of collision systems may be helpful to
disentangle the competing effects.

O Outlook :

» Gluon fusion with anisotropic flow may also lead to local spin polarization of

strange quarks. =) interplay btw strangeness enhancement & local pol. of A ?
(preliminary)

More sophisticated modeling & simulations are needed.

(Collective) spin transport for heavy quarks : more sensitive to the early-state

(e.g., glasma) effects.
20
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Subatomic swirls

m Strong vortical fields in HIC :

Y. Jiang, Z.-W. Lin, J. Liao, PRC 94, 044910 (2016)
see also W.-T. Deng and X.-G. Huang, PRC 93, 064907 (2016)

39 GeV
62 GeV
100 GeV
150 GeV
200 GeV

L33 ==
===

2 4 6 8
Time (fm/c)
.-G. Deng et al., PRC101.064908 (2020)
Au+Au -6~ b=5.0 fm
--pH=8.0 fm

—*b=10.0 fm

Reaction plane : x +impact parameter
.A.." . »:".- 0.14_.
- LY et 012457
‘= 0.10.
gV
— 0.08-
AN
3~ 0.06-
Peam direction N 0.06
0.04
picture from UrQMD 0_02_-
* Angular momentum (AM) to vorticity : 0
1 ~ A
L= 3 drejr)* (1 —w - 1w, X
. 012
w =YV x v =const. ¢€:energy density -
0.1
102! 102-1072 10°5-10"8 1015 Size [
< 0.08F
(m) é C
— " =, 0.06f
s 8. 0.04F
Galaxies Water vortex Helium4  Quark-gluon plasma 0.02F
Vorti(l:ity 0:
1016 1072 - 102 106 10%! ) 1

X.-G. Huang, QM 19

2 3 4567 10
\Syy (GeV)

20 30 40
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Spin polarization near local equilibrium

m Polarization spectrum in local equilibrium :

' local equilibrium, indep. of int.
qu p, ) ([ hermal ‘:he'ir + j:f:cT + Chemlﬁ jlgg) B Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)
PO=€p 5 Lju,Y.Yin, JHEP 07, 188 (2021)
L . L F. Becattini, et al., PLB 820,136519 (2021)
(+ nonequilibrium corrections, collisions dep.) C.Yi, S. Pu, DY, PRC 104, 064901(2021)
O g kinetic vorticity :
= — "y o m
‘Zchelmal 26 PvWap, |:> J5 — O5uW wH = %e“”aﬁuyﬁaug
T = 4 pwap o _
shear = (U ) p)TG p@uﬁp Tov, v — a‘uuy + ayu,;, — uﬂ,(u . a)u,,,
—0 0 1
= jaccT 2T prlas Prta (D”LL5 o TaﬁT)v
a J
praf
‘Z:hemlcal (’LL ) p) € pauﬁ({)”f?
a B
1% prof
= ———¢ ug —
Jen (w-p)T Patiglo, +a T '=>J§’=05BB“
h
a= 5—sign(u- P = 1.
P
1 global pol. : PH ~ / d>pP*" (p) ~ JE
f(o) — Vp
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Axial chiral vortical effect (aCVE)

S. Golkar, D. T. Son, JHEP 02, 169 (2012).

m Radioactive correction on aCVE (massless): [ Hou. H. Lit H.-c. Ren. PRD 86, 121703 (2012).

T? 92(N2 —1)
J=N.N;— [ 1 ¢ H .
" ( T RN, ) “
m For massive fermions ; S. Fang, S. Pu, DY, PRD 112 (2025) 1, 014038
N.N;T?wH g>(N? — 1) I
o C f Q. J C l /2,
Jo = = [Io(b’;rn) + 3N, (1 + —o7 )Il(,kj’m)}

See also M. Buzzegoli, D. E. Kharzeev, PRD 103,116005 (2021)
for different approximations.

m Massless limit ;

2 _ NN TR T 3(Ne = Dg (NE—Dg® () / dlpl ¢0)
m= 0 — G 16;,7\,707?2 8;,7\%7-(-2 7T2T2 . ‘p‘ V
HTL approx.
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Spin correlations from color fields

m  Spin density matrix can be directly related to Wigner functions of the
coalesced quark and antiquark through the quark-meson interaction.

+» Kinetic theory of vector mesons :
q-0fy = e\ @es(\ @) [Chy (@ 2) (1L + 1Y) = Chila, ) £] & en (N @)en (A, @)Chii (g, )

quark—meson int

dSx - qf(q.X)
I:> | _ f‘ f X 4 ;) : Eln — () LV
poo(q) [dSy - q(flﬁj(q.X) + f11(q. X) +f(i)1(Q:X)) t = J¢' (5

L= Tro(PY(a/2)PL(a/2)) g0 =<>=

- 3 o Z? Y.z Trc< q(q/z) (?(q/2)>q:[l
% Spin correlations in the non-relativistic limit :
4 [ dSx - p({A% (p, X) A (p, X)) + (A2 (p, X) A% (p, X))/ (2N.))
[dZx - pfy,(p. X) foy(p. X)

» Weak coupling : % % T (p. X)
> a

q
. . a a
4-field correlations " " 2-field correlations ?

o 't ‘ *7 | F? : . q
color singlet j%' (p.Y) color octet C_“B‘ (p.Y)

A. Kumar, B. Miller, DY, PRD 107, 076025 (2023) A. Kumar, B. Miller, DY, PRD 108, 016020 (2023) 25

Tre(Pl(p)Pi(p)) =

X)

v;‘qﬁ
B

. (D,
q




More experimental data

% Centrality dependence :

8 1 1 . 1 1 1 1 . 1 1 8 T T T T T T T T T T T T T T T T T T T T
Q Production plane Production plane Q a) ¢ mT-order EP + b)d #2"-order EP L o) d d) & ]
0.5 k% T 0.5
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=Py E ] [ ]
Ty Y A W L ) RO TL TR ‘ 2t ol
ikl T e e e s L ﬁ%-y ---------- g g AR AT,
02} T Pb-Pb, {5, =276Tev 402 03¢ 1 H* '_'% T ﬁ 1
0.1|®0-4 = p; < 1.2(GeVic) 1 ®05=p <08(GeVie) |, Au+Au 27 GeV Au+Au 39 Ge Au+Au 62.4 GeV Au+Au 200 GeV 1
3.0 < P < 5.0 (GeVie) +3.0< p <5.0 (GeV/c) ]
1 1 1 1 1 I 8 Il 1 —+ 1 + I Il ] ——+ 1 ——+ 1 ——+ ] +—+ 1 + 1 ——+ 1 1 + 1 1 1 —+ ] } 1 ——+ 1 +——+ 1 +
=3 T T T o T T T T T T T T T T T T T T T T ! T T T
SN Event plane Event plane ALICE e) K e2"-order EP fyK® g K o

0.5} + Jos ]
K™ ®0.8<p_<12(GeVic) ly|<05 0.4t 4 4 1 ]

¢ lyl<1.0 |
04fF , #30< p < 5 0 (GeVic)g 4 ﬂ“ 404 1.2<p <54 GeVic ] 8 ]
osk K * """""""""" I Jdos K’O|y|<1.0 | . 5 -b--ﬁ -------- Q’"""'Q"ﬁ'“ﬂ"“g““.
1.0<p <5.0 GeVc | 5 B 1
02} + Jo2 0.3 T B T T ]
e05< P < 0.7 (Ge\//c) ]
0.1F 3.0 < p. < 50 (GeV/c) =40.1 Au+Au 39 GeV Au+Au 54.4 GeV Au+Au 200 GeV ]
1 1 1 L L L L L 1 1 1 1 Laa o Lo o o 1o a1 o a1 4 | PR TR W U U N Y | I T W TN T N R R N Y
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o : .
% pT dependence in RHIC :
0.5 - Aushu (IEO—EO“.-'o&IyMW‘.O) -T- <4 05 - - 05 L 0 ]
[ mé(1"-order EP) T r T ] L € 4
F ¢ (2™ order EP) + m F + 1 C T ]
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Axial kinetic theory with color fields

m Incorporation of background color fields into Wigner functions and kinetic equations.

- lor m ition - _ s asa U. W. Heinz, Phys. Rev. Lett. 51, 351 (1983)
Colo dECO pOS tio O O I+O t H. T. Elze, M. Gyulassy, D. Vasak, Nucl. Phys. B276, 706 (1986).

e.9., A¥(p,x)=A¥(p.x)l + A% (p.x)t*, fy(p.x)= fv(p.o)] + [v(p, x)t?
at(p,x) =a¥(p,x)] + t.f,.a“(p.;l.) A

m  Kinetic equations : DY, JHEP 06, 140 (2022) .
d ca

‘ s a 12 S b —
SKEs: 17 (0,745 FL, 00 01) = . P (Opfi+ B, 00 fir + S5 FL, 00 fir) = Ca
diffusion dynamical spin polanzatlon
~ v~ u, L av, ~a h Wwpo ‘ a \ 95 pa L
AKES . ppa SPJ 2; ( Eilp()p ! F ! I/) —l\? 6! ! p/’(() (] )’u)dpj f‘l, - Cé )
bca
, - ~C f vpo a .‘"' °S apt
ppa{)da.u_l_q( p}:‘;tp(); a4 F(WH&T/) i ( pEf,oO; Ci Fb'/“&,;) ZI HVE p,)(c) (JFW) pjf{r :CO;_
Axial Wi Sy _ 1 ~sp h ﬁa;w 9 a.
xial Wigner = A (p,r) = 5|7 AN Opw N — m;,»( lep) )|
functions : p Ne po=¢p
a 1 ~all h afLr
A (p,a) = s—[a = ZF (0,5 = L0, (F /)]
€p . Po=€p
dynamical (w/ memory effect) non-dynamical (w/o memory effect)
Spin
Jd2-pTr A* (p, x) B [dX - p A (p, x)

polarization: P*(p) =

2m [dX - p(2ep)~ 1 fy(p.x)  2m [dE - p(2ep)" 1 f3(p. x) 27



Spin “polarization” from glasma fields

m Generalized AKT with color fields : a*(p.x) = a**(p.z)I + e,

DY, JHEP 06, 140 (2022) : . .
B. Miller, DY, PRD 105, L011901 (2022) (more dominant in the perturbative approach)

= Assuming the (s) quark is produced from the glasma : given f;; = induced a;
m Glasmaphase (t; <t <ty) :

» Color-octet AKE with the weak-field approx. :

~a h vpo a S
pPo,a™ — 56'“ P pp(aagFﬁu)ang =0

hg

. E%jk fa ti
— ", Dlemn ~ L[ (B - LR

)00 fi- (po. )

2 Po
v (p,x) = f3(po,t) ' ciik g tth) suppressed
_(Bm(tt 5 )apof\s/ (pOatth)}
0
m QGP phase (t, <t):
L o d poa _ G=ty)
> Relaxation-time approx. : p"d,a" = ———— = g% (p,z) = a""(tm)e &
R
. i h iom i ‘ ) E(.r ]
% Axial WF: A" (p.x) ~ —=c [B () - AL ]afpfx (6p: 1)
4Ep (t.p
(no contribution to A pol. ) spin relaxation spin polarization
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Color fields from the glasma

m Solving linearized Yang-Mills egs. : [D,,, F"] = J”

P. Guerrero-Rodrguez, T. Lappi, PRD 104, 014011 (2021)

m Color-field correlators in the glasma : evolution in time
AH , '
i aj r m m e
eg. (E¥(X")EY(X")) = ¥ f / (wr o)t < (g X)L (X))
LiguJ Lilw q
' _ X" qnlm
(BE(X)BY(X")) = —N.emem f f O (g, o) T % T (XD T XY,
| Ligu J Lilv q[
N. = =59 g°N.(N* — 1),
Q;('lu-, v) = |Gi(uy, ULIGQ(UL-, M] F hi(uy. u)?lz(uL M)]]-,
5 T~ e
/ /di /dzujhe'iQL(X,U)L. unpolarized & linearly polarized
Liga 27)?2 Gluon distribution functions

m Golec-Biernat Wusthoff (GBW) distribution : K.J. Golec-Biernat and M. Wustho, PRD 59, 014017 (1998)

9) 0 O [1— e Qlur—vi]?/a
+(ur,vy) = Quy,vy) = gINZ \ Q%uy — vy [?/4
29



Corona effect Haesom Sung, ISMD 2026

Y. Kanakubo, Y. Tachibana, and T. Hirano, Phys. Rev. C 105, 024905 (2022), arXiv:2108.07943
Glasma T pressreeseeesesaesssesse -
101 COFoNa Ecomi 1 p+p collisions at4/s = 7 TeV E
°e Tttt . UL LA : :
0.8 o " : :
° L] i Pb+Pb collisions at 4 /sy = 2.76 TeV';
0.6 w ooy 4 PP core e e e m e m e m e m——————— :
g ) # PBPB core
g @mw + PP corona
o 0.4 LI ' # PBPB corona
® "
0.2 ° " .,
o LR T Reprona ~ 0.5 at <chh/d’7> ~ 11
oolt.2
10° 10! 10? 10°
< dN¢n/dn >

> R

core

In high pr: R

corona

ﬂ*hiwm m T:’ In small Pr- Rcomna < Rcore

-------

Introduction Calculation

pr (GeV)
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Self-energy corrections

m \We previously consider E> related to Im(Z r/a ) for scattering.
= Howabout ¥, = Re(EI/a)

> changing onshell condition : ¢ =0 — ¢* = 2¢- % = m}

th
M

o | x e? x e*
» KB equation: (If —m)S< + w%vuﬁ + Y xS = Zj (Z< *S” — 37 *S<)

m QKT with the self-energy corrections :  N-Yamamoto, DY,PRD 105, 056010 (2024)

S. Fang, S. Pu, DY, PRD 109, 034034 (2024)

KX ,u. eff . — i .
For X, #0 ':>[F P = G[MEV,}]J effective background EM fields

Vi (p, ) = 2me(po)d(p® —m* = 2p - Xv) (pu — Svp) fv (p, ),
WFs < 2 2 o\ =< 172 2\ 1< T
A (p,x) = 2me(po) [5(19 —m- —2p - Ev)% +[h5 (p=—m )fVFWp”}],

- B non-dynamical pol.
P’ (0, —Xv,) fy —p’[Zv,. filps. = Clfv].
KEs F o=

_ B _ B = P ~
P’ (0p = Bvp)ay — 0’ [Ev,.a;lps. — Fua™ + W [Fuss o lpm. = Cly.
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