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Spin Polarization in HIC

’ Nuclear
fragments

B. Mashhoon, Phys. Rev. Lett. 61, 2639 (1988)
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Graph: STAR, Nature 614, 244-248 (2023)
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Global Spin Alignment

Global spin alignment
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® ¢ meson Oy > 1/3 and too big

1
O — 5~ — (s)? ~ 107

e K*0 different from ¢

Figure: STAR, Nature 614, 244-248 (2023)
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Physical Mechanisms

—_

¢ meson: 60y = gy — 5 ~ +cp +cp+cs+cp+cp+ ey +cp gt

[SM)

] ) [1]. Liang, Wang, PLB 629, 20 (2005);
Physical mechanism 900 Yang et al.PRC 97, 034917 (2018);
Xia et al.PLB 817, 136325 (2021);
ca: Quark coalescence + vorticity [1] magnitude ~ —10~* Becattini et al.PRC 88, 034905 (2013).
] ] [2]. Liu, Li, arXiv: 2206.11890;
cp: Quark coalescence + EM-field [1] magnitude ~ 104 Sheng et al., Eur.Phys.).C 84, 299 (2024);
Wei, Huang, Chin.Phys.C 47,104015 (2023).
cs: Spectrum splitting [2] unclear [3]. Liang, Wang PLB 629, 20 (2005);
[4]. Xia et al.PLB 817, 136325 (2021);
cr: Quark fragmentation [3] magnitude ~ 107° Gao, PRD 104, 076016 (2021).
[5]. Kumar, Yang, Gubler, PRD 109, 054038(2024);
cr: Local spin alignment [4] magnitude ~ —1072 Gao, Yang, Chin.Phys.C 48, 053114 (2024);
ZZ, Huang, Becattini, Sheng, 2024.
cy: Second-order hydro fields [5] unclear [6]. Sheng et al., PRD 101, 096005 (2020);
Sheng et al., PRD 102, 056013 (2020);
cy: Vector meson field [6] > 0, fit to data Sheng et al., PRL 131, 042304 (2023).
[71. Muller, Yang, PRD 105, L011901 (2022);
cg: Glasma fields [7] < 0, magnitude unclear Kumar et al., Phy. Rev. D108, 016020 (2023).
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Spin Density Matrix

® Free Lagrangian for neutral vector bosons

1 1
L=— FuF"+ EmZAHAV
® Mode decomposition ® Dependence on mode decomposition
d3k 1 i 4 ik-x
): / - 32Ek Bl (K)e™ 7 - aitel (ke ] ay = ZDl( )srlg

e Spin density matrix: k) = EDl D40(k)rsDY(R)sy
A"S

Oys(k) = Tr (p;. ) with R belongs to the little group SO(3)

Y, Tr (ﬁ an)
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Spin Polarization

® Spin polarization vector and tensor: polarization vector

i—
(k) —71+ Z Si(k) s +Z < (k
if polanzatlon tensor
¥ =slis)) — s261/3, &'(k) =te{@(k)s'}, Ti(k) =tr{O(k)ZV}

e Covariant polarization vector and tensor:

i _ i M
K = L& (ke (k) 5000 (k) = —€%(K)ed () T (K)
TH (k Zz’f e (k)
F. Becattini, Lect. Notes Phys. 987, 15 (2021)
° They are the eXpeCtatlon values of E. Leader, Spin in Particle Physics, Cambridge University Press (2023)
a 1 1 ~ = 2 1 4,4
St=_"WH = _—¢&v], P, w = Smgv) 4 wo_ = pHpYV
m 2m JupFo T 3\ m?2
TPauIi-Lubanski vector
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Wigner function

e Future time-like (particle) Wigner function: WH*(x,k) = Tr{ﬁWV"(x,k)}
WH (x, k) /d4s s A (x = 2) AF (x+ 2)0(K2)0 (k)
e With el (k)e! (k) / A% -k Wy (x,k) = 1(5(k2 —m?)o(K0)astay,,
pa 2
Spin density matrix

erel [xdS -k Wyy(x, k)

Oys(k) = [od= -k f(x, k)

Scalar distribution f(x,k) = — Al Wy (x, k)

(k)

projection L to k
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Polarization vector and tensor in phase space

e Decomposition of Wigner function
scalar distribution pseudo vector

P i

W (k) = f(xk) {—gN(‘k”) +ﬁeuvmkp So(x,k) — TH(x,k) }

Tprojeoted Wigner function tensor

WH = AR ATP W,

(k)= (k) traceless and symmetric
e Spin polarization vector and tensor in phase space part of W/
!
eVV"‘/SkVWmﬁ(x, k) W) (x,k)
St(xk) = —i— LT ey =
( ) mf(x,k) ( ) f(x,k)

® Average over the hypersurface
[ dZ -k SF(x,k) f(x,k) JodS -k T (x,k) f(x, k)
[edZ kf(x, k) Jod= k f(x,k)
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Density Operator

® True density operator should be a constant .
stress tensor  spin tensor

1 ’ 1 '
ﬁtrue:Zexp{f/ZLEdZt”(T”V ﬁv*ESWW va)}
thermal current u, /T ~ O(1) T Tspin potential ~ O(9)
Canonical currents: TH = —FI9V A, — g"V L, SH7 = —FI A7 + FI7 AP 5 t

Zubarev, Prozorkevich, Smolyanskii, Theo. and Math. Phys. 40, 821 (1979)
van Weert, Ann. of Phys. 140, 133 (1982)

Becattini, Buzzegoli, Grossi, Particles 2, 197 (2019)

local equilibrium

e Connect with the freeze-out —

~ 1 = 1 = 1~
Prrue = 7 exp{ — /Ero ax. t, (TV”ﬁV — ES"""’Qpl,) 4F /O aQ {T’W(ayﬂv + Q) — E51""‘73,,(2‘,(,} }

dissipation
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Cumulant Expansion

* Density operator PLE = ZL eXp{A + B} with Zpg = Tr (Eg+§)
LE

“Gaussian” term A(x) = —By(x

) = —Bu(x /dzy Tyv(y)

(x
“Perturbative" terms B(x) = — /):dz" (y){ Y(y)(Bu(y) — Bu(x)) — %@,po(y)ﬂpg(y)

with (-- )y =Tr ( ) /Tr ( ) the expectation value under the Gaussian-type distribution.
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Zeroth-Order Result

e Cumulant expansion at Oth order: WP(,S) (x,k) =Tr {p‘o Wy (x, k)}

e “Free" distribution: po = Zi exp {—,B(Jc) ~P}
0
Wi (x,K) = —8(k2 — m®)6(k) AL In (B(x) - k)

o f(x,k) =36(k* —m*)0(k%)np(B(x)-k), SF(x,k)=0, T"(xk) =0
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First-Order Gradient Expansion

Cumulant expansion: Wﬁ(x,k) = <}§1I7\/,W(x,k)>0C = <§1WW(x,k)>0 - <§1>0 <Ww(x,k)>0

§ :_n;,tatxﬁv / d)\/d3 THV 1)\/5(9())—1—%1’1’40[,‘7(95) /OldA/Pd?’y §Vp0(]/—i)t‘3(x))

)

['02 [0 s (P ), — ] + a

/OldA/Pﬂpy <§”p‘7(y*iAﬁ(x))W§§(xrk)> e ng + M
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First-Order Result

e Recall that: wi) (x,k) = —nzdBa(x / d/\/ Py T“ i/\ﬁ(x))W,w(x,k)>0 + spin potential contribution
thermal vorticity thermal shear

W (e k) = —is(k — m2)0(K)ng (1 + ng) Al ALY { @ — 5, ( &l 4 507 )]

net spin potential: Q) — @ T

with: B = g —k'n?, K =K'/ (n-k), @pr =3By ~ w/T, Gpo =By
® Spin polarization vector

SH(x,k) = —1;7”3

e, (copt, + 1pEork / Egy — Ef&()"“)

e Space-time reversal odd: W,S,l,) = W = TH =0+0(9?)
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Second-Order Gradient Expansion
e Based on the cumulant expansion:
e 1 M
B = /O A /0 Az /E T ()%, (52)
X [0 By (X)9u, By () (g1 = ) (y2 — )2 T () T ()

1 P -,
— 5901 Buy (1) (x) (1 — ) T () Sz )

1 =, ~

— 5 Oy (¥)90, B (%) (2 — )2 81011 () Tz ()
1 ~ ~

4500 ()0 (1§01 (P 912020 P

1 1 R
[0 ) [0 00 (0} 01— 0% (- T )
1 -
+ Eaal Qpyoy (x) (y1 — x)"1 5119 (ygm)}
® Wigner function induced by second-order hydro fields:

W (x,k) = <EZWW(x, k)>0/6
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Result: Spin Alignment

® PT even: W}(”z,) (x,k) = ngf,)(x,k)

e Spin alignment induced by various hydro fields

1
8000 2 (x, k) = — g (1+mp)(1+2np)
] -
60 |, (x, k) = (14 np) egeg + §AI(W)
- -
6@z (x,k) = (1+np) |ene) + gA,(“,)

M v
6060 +

380

@por <217‘7V - lAc‘TnV)

22
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000035 (x,k) = (1 +np)
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Approximation

o gl

n [

) po R
6@q0 |, (x, k) = (1+np) |e { 04 3A ] — T (zﬂw_kgnv> .

® 9.1, ~03fm™ !, [9y@p/Ep ~ 0.05
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I. Karpenko, F. Becattini, Eur. Phys. J. C 77,213 (2017)
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Pseudo-Gauge Dependence

® Pseudo-gauge dependence of density operator
PBelinfainte = (B) exp{ / dZHT’w }
~ 1 AU 1 SHpo oA
Pcanonical = Z(C) exp _/Zdzﬂ Ty Bv — ESC 0Qpr + S Caw

Vector meson: S = —FHP AY 4 FI7 AP, extra term from thermal shear
® e.g., vector meson's spin polarization vector

14 np
Sgelinfainte(x’k) - Wew‘wkv ((DPO' + anCUAkA/Ek: )

1+n _
Sganonlcal(x’k) == VBGW‘wkv ((DP(T + npgm\k/\/Ek - daP(SQV“)

with 6Q — 0 still S # Sk,
e Extra contribution of thermal shear
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Conclusion and Outlook

* Flat freezeout hypersurface = tensor polarization « O(2?)

1. 1 ~
(5@00’3(0(9(,]() = (1 + 1’13) [6268 + §A?(”)] @n[P BV](DPU, (2;70'1/ _ ka'nv)

e Pseudo-gauge dependence

T Thank you!
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