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Spin Alignment
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What is Tensor Polarization?

A massive vector boson'’s spin density matrix

®11 O O )

O = <®0,1 ©oo  Op 1
O_11 O O3

1 13 2
©=3l+3 prsi + Y (—1)"TouSs,—m (1)

m=—2

(Si>: Vector polarization (3 DoFs) (S2,m): Tensor polarization (5 DoFs)

with
;[0 -1 0 1 0 0 1 (010
sl=6,=—11 0 -1|, $%=5,=[0 0 0], $£=s,=—1[1 0 1]).

V2\g 1 o 0 0 -1 V2\o 1 o

And Sy = Y1 o (1,m1;1,m2|2,m) Sy ,1S1,m2 the rank-2 spherical irreducible tensor.
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How to Detect Tensor Polarization?

e Strong decay, parity even = T ,, only:

. ~
1dN . . 1 ¥ pK+ h
Nm(e /47 )* H - 10 Z TZ,mYZ,—m(e /4) ) 9*
e For now, spin alignment only:
1 dN 13 . 1 ¢ meson 5’
N d cos 6* 7§+ (SCOS 6 -1) <@00*§> .
o . P,
® Ty 11, Tr 4o — ¢* distribution (off-diagonal

polarization)
Figure: 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 2 4
@00_ g NPA ~ 10

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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Overview

* Flat freezeout hypersurface: 6@y « (9p)(dB), (99B), - - -

ap-g

e Curved freezeout hypersurface: 6@y « (dp), - - -
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Spin Density Matrix and Wigner function

® Free Lagrangian for neutral vector bosons
P T AT
= T gtw b S Ay
e Future time-like (particle) Wigner function:

W (x,k) = % [dtsels Ar(x = 5) A+ $)002)0(6)

Xro

® Phase space distribution:
Ze%‘* (k) Wy (x, k)

Oys(x, k) =€) (k)e €5 (k)W (x, k) / f (x, k)

. . . Freeze-out hypersurface
e Spin density matrix: P

T (pald) [ dE kOu(xK)f( k)
Y, Tr (pagtay,) Jd¥ -k f(x,k)
Spin Alignment Jul. 22 8/30
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LEDO

e Local equilibrium density operator (LEDO)

stress tensor spin tensor
~ 1 ~
e = zexp{ - [ am0) | T70) ful) -3 570 Q) | |

thermal current u, /T ~ O(1) T spin potential ~ O(9) T

Canonical currents: TH = —FIM9V A, — g"V L, SH7 = —FI A7 + FI7 AP
Integral measure: dx, (y) = dX(y)n,(y), normal vector n, (y)
® |EDO maximizes the entropy of gr g on hypersurface X

SlpLe] = — Tr(pLe InpLE),
i iti W (x) = Tnv Hoo () = Supc
under matching conditions n, T (x) = n, <T (x)>LE B,Q, n,SH7(x) =n, <S (x)>LE B,Q]
Zubarev, Prozorkevich, Smolyanskii, Theo. and Math. Phys. 40, 821 (1979)

van Weert, Ann. of Phys. 140, 133 (1982)

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

Z.-H. Zhang (FDU) Spin Alignment Jul. 22 9/30



Cumulant Expansion

* LEDO PLE = -— eXP{ / % (y) [T (v)Bu (y) — %§"""(y)0pv(y)]}
“Gaussian" term A=—B,(x)P' = *5v(x)/2d2p(yﬁ’”(y)
“Perturbative” terms B=- /):sz W[T" W) (Buy) = Bu(x)) = %§"'P”(y)0po(y)]
e Cumulant expansion eA+8 = ¢ i Bn,
n=0

with B, ~ O("),By =1, By = /0 e MBM, By = ..

Yoo <§nwyv(x,k)>0 _ )
Z‘t;t.o:O <§n>0 n=0

Wi (x,k) =

with (0), =T (%0) /1 (%),
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Zeroth-Order Result

e Cumulant expansion at Oth order: WP(,B) (x,k) = <W,W(x,k)>0
e “Free" distribution: <ﬁ§§ﬁ;>0 = (2)%5"60) (k — q) (2Ex) np(B(x) - k)

Bose-Einstein distribution: ng(x) = 1/(e* — 1) T

e Zeroth-order Wigner fn.: nothing polarized.

3 3
W(O)(x,k):/ d’p d°p (27)3 L1 itppa)a

w (27-[)3 (27-[)3 2EP1 2Ep,
x Y oW (k= B P2 (Gutan N el (p)el (pa).
mgz ( 2 2 ) < P2 p1>0 . 2

= —5(% —m2)6(K%) AY) np(B(x)-k)

jection | to k
® e/ projec
],{ v

Ayv = Nwv

e Recall that @ys(x, k) o« €} (k)e! (k) Wy (x, k), which leads to 00—
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Flat Hypersurface: First-Order Gradient Expansion
Cumulant expansion: Wi (x,k) = <§117\/,W(x,k)>0 = <§1W,W(x,k)>0 - <1§1>0 <W#V(x,k)>0

t
By = — 94 / dA/d3 YT (y — iAB(x)) Ero =0

+§nyﬂpg(x /0 d/\/Pd3y SHP7(y — iAB(x))

)

[100 [0 - (200 - gy i), — ]+ ;@

/01 d/\/Pd3y <§"p‘7(y—i/\l3(X))Wg§(x,k)> 0 = ng + ¢J><3
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First-Order Gradient Expansion: Diagram Rules

Bp; 1 )
K“‘\ 7 — / dA /d3y(y7x <2/ P3 . > @rye® (k- B - 22) [t“ i (p1,—pa)er07s)
~a1 ~apt ~irt ag* a —i x
m w nox (@A ) <aﬁzu£3> €0 (Po)€h (p1)€fs ()€ (ps)e 172 =Bl >>]

Bose-Einstein distributions from lines momentum conservation

h )
:5(k°—5k>/old)~ Dy (pr—p2) (2n-p)(ma(B-pr) +1) @n-p)ns(B-p2) (=800) (=727 | l

p1=p2=k
i O
vertex . )
spins sums from lines

w ~A(p1+p2)-B uy Lo 1 w 1 w_ 1 o
1n (P1p2) Tn )@ ) {FH Pallviry = P Pall v = 5 (P p2)0™ tingng + 5 PLog P2y 1 — 5% ’hm]

' i 9 9
DA:<77> ﬂaginzyn@ (777)
2) =) (5~ o

® Adaptability (higher-order results, additional operators in LEDO, fermions)

ZZ, Huang, Becattini, Sheng, to appear
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Flat Hypersurface: First-Order Gradient Expansion

e Recall that: wil) (x,k) = —nzaupa(x / d)L/d3 T@“ —iAB(x)) W (x, k)>0 + spin potential contribution
thermal vorticity thermal shear

Wj_l,iw(x, k) = —i6(k* — m)0(K)np(1 + ng)aly Al { o — g, ( gl 4 sl )]

iV net spin potential: Q) — caT
(1K)

® Spin alignment at leading order:

with: Z1 = v —

1 1
3ngd(k2 — m2)6(k0) (eg(k)ei(k) + EA?k)> Wy (x, k)

® Space-time reversal odd: Wﬁ) = —WV(}) = 00 =0+ O(3?)

5@0() (x, k) ~

ZZ, Huang, Becattini, Sheng, to appear
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W’(Y?))”YS l77 (%K) = Ty fiyy Oag By (x)

2 ~ ~
WAZ) s (2, k) = Ay, By (x

w

w

W’(Y?))”YS I7(x, k) = ftyy 9y 9y By (x)

WAZ 15 (2, K) = Ay 3y Qoo (%) {

Z.-H. Zhang (FDU)

O, B, (%) {
)QPZUZ (X) {

s s () = gy Py O ()

Oay By (%) {

X1 i1V
D) Ty

70)75 [ss (e, K) = g oy Qo (X) Qe () {

D‘("l D2 i1

HT) 1)

a1 oH1P101
DSy

#1171
Sy

+ the other diagram

W’YO 75

Wyyys 4+ the other diagram

Spin Alignment
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16 Diagrams
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Flat Hypersurface: Second-Order Gradient Expansion

® Following the cumulant expansion and the diagram rules:

kok
wfiwbz _75( —m*)0(k%)ng(1+ np)(1 + 2np) (’ﬂw - 2"m‘27> @up(x) @ou(x) +A -
1
wa\aw =0(k?* — m?)6(k")np (1 + np)(1 +2”B)W 9a@po (x)

% {U“pfcai’lynv _ npfcanrx(y nv) _ 277@770(;4”1/) + znpna(y%)a} 4 A;’? A

* PTeven: W2 (x, k) = W2 (x,k)

ZZ, Huang, Becattini, Sheng, to appear
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Space-time Reversal Property

® Space-timereversalw.rt.x, PT: y —»y =2x—y

p= %eXp {— / L Zuy) {T’”(y) puly) — %57"””@) Qoo (y) } }
b BT) T () (PT) = T(y), (PT)S(y) (PT) ™ = ~$4°(y)
(PTIF(PT) " = J exp {— [ ) [T B - 35 W) Ol ]}

! puly) ()]

* Wigner function: Wy, (x,k) = Tr (pw;,v(x k)) = ( (PT)W,‘,,(x,k)(PT)*l)
(PT) Wy (x,k) (PT) ™ = Wy (x, k)
* For a hyperplane, ' = X: Wy, (x, k) [Bv, Qpo] = Wy (x, k) [y, Q]

Recall the power counting rules: B, ~ O(1), Qpr ~ O(9) = W,S';)(x,k) = (—1)”W§Z)(x,k) ~ 0"
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Break PT Symmetry of the System

How to break Wﬁ) =— ,E;) to get 6@go o dx By, Qpo?
e Dissipative process — Time reversal symmetry broken
e Chiral symmetry breaking — Parity symmetry broken
® Freeze-out hypersurface curved

Recall that W}(ﬂl,) = — ,E;,)
basedon X =Y’
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Geometry of Curved Hypersurface

® Assume X is a space-like 3D hypersurface:
F(x)=0,VxeX
Choose a proper F, s.t. vy > 0, with v, = 0F(x)/dx/
Normal vector of the hypersurface: n, = v, /\/v-v

® Taylor expansion around x upto second order:
1 " v 3
n-(y—x) = 3By — 0"y —x)"+ 0 ((y—2)1)°)

* Curvature tensor: o icciion | 10y

1 0%F(x)
By (x) = — AW A 2%
(%) = =2 Bup A 9xp0%,
curvature of curve C A;(ﬁr) TrTY
v !

B T'TY = xc (7 7 >

Z.-H. Zhang (FDU) Spin Alignment
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Curved Hypersurface: First-Order Gradient Expansion

e Cumulant expansion: Wﬁ) (x,k) = <§1W}“,(x,k)>0

.
Bu=~0ufu() | 41 [ _dm,0) (= 0Ty = () + 300(a) [ |2, (0) 871y~ ap(x)

* Taylor expansion atx: Fory € £,y € P(x), (y — ¥ )u = 3Boc (Y — x)P (v —x)ny + - --

/yez - /y’eP(x) t

Y = Yutn-(y—y)ny
A%y (y) — Py’ [ (x) = B (%) (y' — x)"]
T (y —iAB(x)) — TH(y' — iAB(x))
- (y—y)(n-0) T (y —iAp(x))
e Validwhen1/x > A
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Curved Hypersurface: First-Order Gradient Expansion

® Cumulant expansion: W:,,l/)(x,k) = <§1VAVW(x,k)>

0,c

By = () [ A [ m9) (g =) Ty~ iAB() + 20 () [ dr [ s, () 9y - ()

JyeL

* Taylor expansionatx: Fory € £,y € P(x), (y — ¥ )u = 1Boe(y — 2)°(y' — x)ny + - -

= — 0uPu(x)ny x)/ d/\/ d3y', (y' — x)*T" (y' — iAB(x)) — calculated previously

+ 3P (x)Byp () /0 A [, PY P = T iap()
_ % 9B (x)Boo (x) 1y ‘/01 daA '/y’eP d3yl (W =)@y —x) (Y —x)(n- B)T”V(y’ —iAB(x))
— 5 3By (DB ) 'y ./01 dA /y YL =00 ) T - iAB() + 0(2, BY)

+ ... — spin potential contributions

Z.-H. Zhang (FDU) Spin Alignment Jul. 22
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Curved Hypersurface: Results

® New terms at first order of gradient:

Byp(x) KOk
W (o) =502 — 2006 g1+ mp) oo { o) (v + 5y ) =0rP)

projected Wigner fn.T

+(5ng(x) = Gpo(x) )E“PEM’*AQT + (B ) }

net spin potential: Q) — wT T thermal shear

v _ 17VV B kHn?
(n-k)
1

1 ) y
005, K) %5 (eg(k)ey (k) + gA’(‘k)) Wy (x, k)

no spin polarization

e Recall that:

® Spin alignment at O(9) !
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Curved Hypersurface: Why Vorticity Disappears?
® The local equilibrium density operator upto O(9d):

ﬁLEz%eXp{—ﬁ(X)ﬁJr%ww(x)T”() 3 £ ) Q) + 3 000, (1) RE ()|

vorticity «— 177(x) = [ 45,(y) [(v = 2P T () — (y = 0)° T () + 5 ()]
shear «+— Q)"’ / dx,(y WTH (y) + (y — x)”T’“(y)]
net spin potential «— RP‘T / A%,y S”P‘T )]

* The total angular momentum (w.r.t. x) JP?(x) : independent of hypersurface
® The leafing order contribution from vorticity always be:

W (e k) = —is(k — m2)0(K)np (1 + ng) Al ALY @F?

Z.-H. Zhang (FDU) Spin Alignment Jul. 22 24/30
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Example

fluid current

e

* Assume: k;, = mny, u, = ny, constant temperature on X

® Decompose thermal shear tensor: acceleration (i - 9)u,

!

1 1
Cpv = uytty(u- 8) + ?TT 0 A;,,,) 7 A(y uyy + 7 Ty

scalar expansion 9 - uT shear tensor

curvature along direction y

I ]
(k@) - HE) ) + 5oz () - HE))

average curvature

0O@00|shear (¥, k) =(1+np) { %

oo (0B + L) |

* Curvature along “y" : & (x) = Byg(x)es (k) jﬁ(k), average curvature: H(x) = —3B",(x)
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Example

fluid current

[

® Assume: k;, = mny, u, = ny, constant temperature on X

e Bjorken expansion: vt2 —z2 = 1. ~ 5 ~ 10 fm.

u,

. 1
Curvature along “y" : x, = 0, average curvature: H = scalar expansion § = —

1
3z Te

5®00‘expansion(xrk) :(1+”B){99T ( Ky(x) — H(x) ) } ~—107%
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Discussion

Spin alignment more sensitive to the curvature of the freezeout hypersurface?

A massive spin-1/2 Dirac fermion:

1 eMPk,n
SH(x k) =~ o {ewpmpc,k,, + 2= (G +6Q) k' — Bya }

+ 0O(3% B)
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Conclusion and Outlook

* Flat freezeout hypersurface = spin alignment « O(9?)
(9)(9B), (9B)©2, Q20Y, 99, 0O)
d,py = thermal vorticity + therma shear, Q) — spin potential
e Curved freezeout hypersurface = spin alignment « thermal shear ...
® Spin alignment also at the first order of gradient:

Dissipation;
Chiral symmetry breaking...

Thank you! Pz
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Cumulant Expansion

Cumulant expansion:

—~ e ~ 00
eATXB — oA Z x"B,, x—20
n=0

By = 1
o~ 1 o~
B = /d/\lB()\l)

0
R 1 A -l R
B, = /Od/\l/o d/\2~--/0 dAB(A)B(A2) - B(Ay)

with B(A;) = e MABNA,

Z.-H. Zhang (FDU) Spin Alignment
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From MVSD to Tensor Polarization

® Space-time reversal property caused by power counting rules

AR = (1l (5)

with £ the n-order MVSD.
® Spin density matrix in phase space pys(x, k)

frs(x,k) = Ors(x, k) f(x, k) )

with f(x,k) = ¥, fir(x, k) the scalar distribution
® The leading order of polarization (y-axis as the spin axis)

2
{Po Py P} = o= {V2imfi)), £, VaRe i}

3)’13

1 2
{20, Top, Top} = g {\/;(fff) —fh, —v2f, f(zl)l}

1

2 2
ow — 3 = 5 (i —£i7) )
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