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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.-7. iang & x-N. wang, PRL. 94, 102301 (2005)
(relativistic Barnett effect) < Self-analyzing via the weak decay : A - p + ™~
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: 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
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L. Adamczyk et al. (STAR), Nature 548, 62 (2017) " 2
F. Becattini et al., PRC95, 054902 (2017)



Longitudinal (local) polarization

m Longitudinal polarization along the beam direction in HIC :

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

J. Adam et al. (STAR), PRL. 123, 132301 (2019)
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% Thermal-shear corrections : p+ — JdZ pfp (1= f )" " gy [wpe — upmarp™ /(T - )]
(local equilibrium) 8My [ d¥. ‘pf;()O) Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)

S. Liu, Y. Yin, JHEP 07, 188 (2021)

15

F. Becattini, et al., PLB 820,136519 (2021)

T T x10="
[P, (1/1000) 1 strange-memory R - :
10 | 2 . : FN isothermal approx. :
- squark - =~_ { scenario: i \/,::*-\\ no T gradient
5 i , ’ A N Mp = ms = 21 Q‘\ . : correction
0 B.Fu et al., PRL127, = ,:’_‘. ............ “\“ F. Becattini et al., PRL. 127,
5| ) e 1 142301 (2021) I CRET TR0~ N 272302 (2021)
S EF N - A L P
~_-° ] SN N i Tiee=133 MeV
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¢ — Upp
s The overall sign depends on adopted approximations. 3

see also C. Yi et al., PRC 104. 064901 (2021), W. Florkowski et al., PRC 105, 064901(2022)
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Small-collision systems

m Longitudinal polarization in high-multiplicity pA collisions :

, CMS arXiv:2502.07898 oPb 186 nb™ (8.16 TeV) .CM.S IIDLEIB 7?5 (|201|7) .19? ——————
T T T T | T T T T | T T T T | T T T T | T T T T —
" CMS Data  T.ENTo-3D+CLVisc]| 0.10|PPb \S\y=5TeV ~ m v {4} -
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—_ = e . i sub \"
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°
QT 1 +
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| | | 1 | 1 1 | | | | | | 1 | 1 1 1 1 | | | | 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1
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N?r]:”ne C.Yietal., PRC 111 (2025) 044901 N?r]:“ne

+ Thermal vorticity + thermal shear as the final-state effect fails to describe
the measurements

s An opposite trend w.r.t the flow : initial-state or non-equilibrium effects?



Spin alignment of vector mesons

m  Angular dep. of the decay particle w.r.t the spin quantization axis: p. th=9p

K
dN . — Dy 6| (total AM)
———— o [1 — pyo + cos*0" (3pgy — 1)) (PP H
dcos 0 P00 = 3+ (7) PJ>J ¢ meson g
Poo > 1/3 : Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005) \ﬁ}(—

Poo * 1/3 : spin correlation

T ‘ T T TTTT ‘ T T T T TTT ‘ T T T
= *x0 (yl<1.0&1.2<p <54 GeVrc) -
0-4f oK (ly|<1.0&1.0< p, <5.0 GeVic) |
L —CY = 1109 + 143 fm® .
B. Xi, QM23 ' 0.351 i 7
S Ll B TR s in i
Q | - —
0.5f Event plane -+ Event plane (b)40.5 - .
0.3 -
0.4} 40.4 - ]
! %} H iﬂgi-i-%---ﬂ ........ i - -
S l RSN | filled: Au+Au (20% - 60% Centrality) ]
02k 1 doo 0.25 open: Pb+Pb (10% - 50% Centrality) B
--p :1/3 ’ H‘ | I\\\H‘ | \\\\II‘ | |
| 1 00 i ) 3
0.1 Pb-Pb, {5, = 2.76 TeV 0.1 10 10 10
O T S R R B N Vs (GeV)
P, (GeV/c) P, (GeV/c)

M.S. Abdallah et al. (STAR), Nature 614
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Spin polarization beyond subatomic swirls?

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

2
e.g. poo ~ = — (¥)7, £ ~0.1% at LHC energy. (from A pol.~ s quark pol.)
.. i -0
m Flavor & collision energy dep. : ¢ K
ALICE | poo < 1/3 (pr <1 GeV) | poo < 1/3
STAR Poo > 1/-3 Poo = 1/3
g 06— 7 T T
. . T o5k ALICE. Pb- Pb |5 = 5.02 TeV
m  Spin alignment for J /¢ : 0ar Inclusive iy i 25 <y <4
S. Acharya et al. (ALICE), PRL 131,042303 (2023) 3'2 : 5
0.1; -
1—3 1 : e -
Ng = —P0 5 0 =D poo < I g g —
1+ poo 3 JF 4 0-20% :
—02; % 30-50% Event plane
B B S S S TR
pT(GeVlc)

m Other sources for the spin correlation (alignment) beyond vorticity?
0 Small spin pol. & large spin correlation imply that the source may be fluctuating.

O Electromagnetic fields can polarize the spin. How about gluon fields in
QCD matter? Px B —ux FE

magnetic pol.  spin Hall effect with momentum anisotropy



An intuitive picture

m An intuitive construction of color-singlet spin observables :
¢ Building blocks for quark transport :
F=g(E“+uxB"), P"=g(B"—uxE").

chromo-Lorentz force chromo-magnetic polarization & spin Hall effect

¢ Parity-even correlators only :
(B ()BT (2)) = 09(Ei(x) B (x)), (B'(2)B(x)) = 6¥(B'(2)B'(x)), (E'(x)B(x)) = 0.

L : . 1
> spin alignment (without flow) : dp00 = poo — 3™ (P P ~(B*- B")

» spin polarization of A (strange-equilibrium scenario) : p — even scalar
P~ ((p-F")YP") flow-induced polarization

~ [(p x u)((B®- B*) + (E"- E“))] p — even axial-vector

m  Such effects as non-equilibrium spin transport can be systematically derived
from the quantum kinetic theory & Wigner functions.

Review : Y. Hidaka S. Pu, Q, Wang, DY, PPNP 127, 103989 (2022)

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



Color-field induced spin alignment

m [nitial-state gluons may form the glasma phase characterized by predominantly
longitudinal chromo-electromagnetic fields from CGC.

(at top RHIC & LHC energies)

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

<

m  Assuming the early quark production in glasma
N. Taniji, J. Berges, PRD, 97, 034013 (2018)

color
% Why glasma fields for spin alignment? in gla
(1) intrinsic saturation scale Q; >» w
(2) fluctuating (no effect on global A pol.) bin relaxation or

bolarization from

(3) intrinsic anisotropy (need not be along n) E lisions

Updated coalescence 1—Tre(PY(q/2)PY(q/2))q=0

Dy
, poo(q) =~ — = glasma effect :
model - 3 {Zi:ﬂ::y-z ﬂC(Pq(Q/Q)PfT(Q/Q))q:(J Tre(P; (q/2)P;(q/2))q=0 < 0
1

_ 5000 = pPoo — § X _<B“"Z(g;)B”*Z(;I;’»e_QAt/TR < () A Kumar, B. Miiller, DY, PRD 107, 076025 (2023)
(mesons at rest) glasma effect relaxation in QGP 8
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Transverse spin alignment spectra

m  Out-of-plane spin alignment (¢¢ mesons) : oy, ero 110, 056005 (2025)
% Initial-state effect (glasma) :

Welghtlng <,0 (q )) . fd(ﬂquyq[p[)(](Q)N]
e —— needed : 00R3T)7 = [ dgdy, N
- - - y — Dq g
| LTI =0 QD
035 -~ T T T T T T T T T T T T
‘(-u‘ ________ .[7‘. _________________________ 0.5F Event plane (a)T Event plane (b)q0.5 d)
5 1y v¥ =Y O 0.4f ’ {04
8 o3f , @ VT "M H PRI
o ngAs I + rytr Bos s - .g.i.;';.'!.f. .
o8 0.2F —i —0.2 L E
< 0.25} Vg =1 H S
pgge‘r'all < 1/3 y — O 0 . Pbkle,Vs':N=2v7IGTeV.__ o .-0'1 Au+Au 200 GeV
q T 2 3 4 5 1 2 3 4 5  Levrieterrir
0'206 1 2 3 4 5 Py (GeVic) Py (GeVic) 0 80 9% centrality
qr (GeV) 038 * o STAR - Out-of-Plane
% Final-state effect (QGP) : strong-force fields 0.30
0.355 P fluctuating = el
-— - - == ¢ fields g3
0.350} -7 -
~ 0.345} Phd - g , 0.32
o S V% : :
g 0-340 _M/p/omazz >1/3 " Jor turbulent 0.30 (fluctuating ¢ fields) (2)
oS 0.335} - 00 color fields y T f ™+ f
b A o X A F7 aFl
anisotropy ok i R -
=t - . 2
. . . . X N o4 T ——
0 y 5 3 4 5 X.-L. Sheng et al., PRD 109, 036004, (2024) 1} Y 1
PRL 131, 042304 (2023) 0'5'\(13) e £
qr (GeV) B. Miiller, DY, PRD 105, L011901 (2022) 10 T 0 50 55
_ _ _ o DY, JHEP 06, 140 (2022)
(isotropic color fields from QGP : qualitative) Ve (GeV) 9

Isotropic, competition with glasma effect at high energies?



Observables for future measurements

m Longitudinal spin alignment along the beam direction :  ov, pro 110, 056005 (2025)

0.60
0.350}
=% pgser > 1/3 __ 0345}
£ 0.50} & 0.340f
initial-state 3 0.45} V.S, So3ss S — final state
o8 <& 0330} overall 1/3
€ 0.40} yg=1 o35 Poo (qualitative)
O35f....oeeeeeeeeeeeeseeessesesseseseesesmsesesessess =0 0320}
L L L L L 2 yq - A L L L L "
0 1 2 3 4 5 0 1 2 3 4 5
qr (GeV) qr (GeV)
. . . . w 1 IS ( i IS (00) - 1 H prog
m  Spin-spin correlation of hyperons : ¢iy(w.p2) = Jd¥(x1) - pr [ d¥(ws) - pa PY Py fi fo
D. Shen, Ji. Chen, A. Tang, arXiv: 2407.21291 Nevent St [[dZ(a1) - p1 fi] [ dE(x2) - p2 fo]

J.-p. Lv et al., PRD 109, 114003 (2024)
initial-state : nucleon spin fluct., glasma fields? final-state : meson fields, thermal-gluon fields?

-4
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T RN 0.12} Z " BF xx 2z
10F  VaaN = 5.02 TeV = 0-2% a \
= a" Oo 5k v T yy
= 38-40% a" 000 4 K %  abpy STAR exp.
— L] - X
= -0.2 00 02 _m ) ~ .
£ 0 %’ .'-ooOO S 3k R
= % 0.06f " o0 ~ .
-5 a" o0° 2k ~e 4
) ] OO - ~ @
o ~.
a"00 W+ =l ]
—10 . | 208 0 = TR 2 ———— gl
P =0.032 mo® o “"Pbh+""Pb IZI
50 B 129%0t129%0 0 . . .
—10 -5 0 5 10 0.00 ‘ ‘ , , 10 20 50
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X.-L. Sheng et al., arXiv:2508.03496 10

G. Giacalone, E. Speranza, arXiv: 2502.13102



Longitudinal A polarization (focused on pA)

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

trz;;velin2g time in ;:cgona p X u structure
N7 —1 t . -
zpz ~ ( C2 )Qq : /dE . p(p.z,uy o pyu.z,)
16MANZep, [ dX - pfs .
s S s Y,,0 P
<o (L= fo) (1 =20’ + Qs/ep),  Fv =g
(the overall sign is related to the freeze-out hypersurface)

0.004]

0.002}

N [

_—y : : 0.000
weak initial anisotropic flow & [
from pressure gradient ~=== glasma (Qs=1.5 GeV) *\

-0.002 | — glasma (@g=2GeV) N
~0.004 E_'I'“ glafma (Qs=I2 GeV, cl=0.5) ‘I‘\ ...... I “."' B
00 05 10 15 20 25 30

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

¢

v consistent sign & comparable order of magnitude with observations
11



P, & system-size dependences

m Transverse-momentum dep. :

pPb 186 nb” (8.16 TeV)
—peen s

- CMS A+A

0.005¢ 0.6 |n| <24 + 1855N3T'”e<250;
Q) - B 60<NI™ <120 -

0.004¢ S-: $ 3=NT™=<p0
0.003} 3" 04r | i

.é“ ign flipping % +
sign N b |
0.002p . 1 when|p-ul~Q, 5. = L ' 4 |
] o 020 + 7
0.001} - .+. o, =0750+0.009 T
o = 0758+ 0.010 -
0.000L : A
0 1 2 3 4 p_ (GeVlc)
pT(GeV) H. Sung, B. Muller, DY, arXiv: 2507.23210 CMS arXiv:2502.07898

m  Competing effects from soft thermal gluons in QGP (with an opposite sign)
+ thermal vorticity/shear effects as the core contribution.

For smaller systems & high pT For larger systems & low pT
NeLPéy, + NqerPogp

* Fullpol.: Pz — => monotonic increase with pT ?

Ng1, + Nqcrp
12



Conclusions & outlook

L Conclusions :

v Initial-state effects such as glasma fields could play a significant role on local
spin polarization and spin alignment, while there exist competing final-state
effects.

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

v New observables like longitudinal spin alignment & spin-spin correlations of
hyperons will be also useful.

O Outlook :
» More sophisticated modeling & simulations are needed.
e.g., more accurate estimation on spin relaxation in QGP

» (Collective) spin transport for heavy quarks : more sensitive to the initial-state
effects.

13



Thank you!
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Axial kinetic theory

m Axial kinetic theory : scalar/axial-vector kinetic eqs. (SKE/AKE)
K. Hattori, Y. Hidaka, DY, PRD 100, 096011 (2019)

> SKE: p-Afy = C[fv]-_ A, =0, + era;- DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

Standard V|aSOV eq. El\l/l_f';ds Z. Wang, X. Guo, P. Zhuang, Eur. Phys. J. C 81, 799 (2021)
N . e - 8 N
> AKE: p- A& + P a,—she"p,(0,F5,)0,) fv = LM a, + hH™0, fy.

) o B ' ' l '
(a*(p, x): effective spin four vector) (entangled f, & @*)  spin relaxation ~dynamical spin pol.
( A : gradient correction in phase space) from spin-orbit int.

> Axial Wigner 1 h €
. At (p, ) = —— [ - SE (O , )] .
functions : P.0) 2€p vV = " O (fv/ep po=ep=1/|p[2+m?
dynamical (w/ memory effect) non-dynamical (w/o memory effect)
S Ph(p) = [dE-p A*(p, )

2m [dX - p(2ep) "1 fy(p.x)
m Relaxation-time approx. & weak coupling :

podat

(j&# — a_# "“:Uf

€ A
p - Odat— o) he P p, (05 Fay ) c)Sﬁz = — eq

R
h,fﬂ

=) Ja*(p.x)

/ dxge ,—(zo—z0 XTRF‘MVPJ]J (o[L oFpg, (2 )c) fi(p. 2’ .5
J 1
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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) 16
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Spin alignment from glasma

m  Generalized AKT with color fields : a"(p.x) = a™*(p.x)] Ha""(p, =
E_Yij'ﬁeEf’gﬁj ,1;‘;0[,(21%25?{011901 (2022) (more dominant in the perturbative approach)

Dynamical spin polarization from glasma fields : A Kumar, B. Miller, DY, PRD 108, 016020 (2023)

suppressed

h, ) o i
~a,u(p ﬂf) 7ge(?!‘.f?fl)/’rR (B(,i./i( )() ](_\ (Fp ) BaH

4/ N2
m Correlation of initial color magnetic fields : 9~ (B“* (2)B“*(2))1o=; N
Ve
K. J. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59, 014017 (1998)
P. Guerrero-Rodr’iguez and T. Lappi, Phys. Rev. D 104, 014011 (2021)

= Initial quark distribution function : f3 (ép.ti) = 1/(e?/“* + 1)

/

2
¢+ spin correlation : (P;’P;’) ~ Qs o2t —t) /TR
?’T?,qTTlg

1 1
% Order-of-magnitude estimation (for ¢p) : pgo ~ : —— < =
Qs~1~2 GeV 34+ 10e20e—ti)/m 3

glasma effect  relaxation effect

20y (F)m2,T !
< Heavy-quark approx. : 5 ~ (g 26;77);19 1ng> ~5fm/c = poo ~ 0.24

M. Hongo et al., JHEP 08, 263 (2022) (model dependent) 17
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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, )

guark-meson int. :

|:> poo(q) = p f 2 QJ;(;")((], 2) 2 Lint = .(]@;)fzﬁﬂ,x“ V/,L’lﬁf‘
JdEx - a(fs (0. X) + J{1(4: %) + f21(¢. X))
1 =Tr(PYa/2)PL(/2)) g0
3=, (P 0i(a/2)Pi(d/2))q=0
¢ Spin correlations in the non-relativistic limit :
4 [dEx - p((AS (p. X)AY (p, X)) + (A2 (p, X)AZ (p, X))/ (2N,))
[d¥x - pfi,(p. X) fiy(p. X)

» Weak coupling : % % T (p. X)
> a

q

4-field correlations 2 field correlations ?
2 a

2 _
X g » 4
color singlet j color octet C_“B‘ (p.Y)

A. Kumar, B. Miller, DY, PRD 107, 076025 (2023) A. Kumar, B. Miiller, DY, PRD 108, 016020 (2023)|8

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

X)

v;‘qﬁ
B

. (D,
q
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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
19
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More on spin polarization from color fields

m Isochronous freeze-outin3+1D: 7 = /72 — 22 — 2

d¥ - p = drd®dnrv1 — €2 (G1 cosh(y, — ) + GQ)’ G =/ (m? + P77y,

G = —(zp” +yp¥)
m  Manifestation of sin2¢ : when [p-u| < Q.
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| QGP case : when |p . ’u,‘ Z T = G, dominates H. Sung, B. Miiller, DY, arXiv: 2507.23210

single freeze-out thermal model at /svnv = 130 GeV
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