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Orbital Angular Momentum (OAM)

»Non-central heavy ion collision
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Spin-Orbital Coupling

»Spin-Orbital Coupling

Hyperons

1
Spin Polarization S = 5

Vector meson
Spin Alignment: S=1

Z.-T. Liang and X.-N. Wang, Phys. Rev. Lett. 94, 102301 (2005)
Z.-T. Liang and X.-N. Wang, Phys. Lett. B 629, 20 (2005)
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Global Polarization

»Global Spin Polarization of A Hyperons

STAR, Nature 548, 62 (2017). Acta Phys. Sin. Vol. 72, No. 7(2023) 072401
STAR, Nature 548, 62 (2017)
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. ocal Polarization

»Local Vortical Structure Orbital Angular momentum Helicity polarization
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STAR, J. Adam et al., Phys. Rev. Lett. 123, 132301. Beam direction polarization
STAR, Phys. Rev. Lett. 131 (2023) 20, 202301
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Axial Current and Spin Density

»Nother’s theorem:
Angular momentum density for the spin-half particles

1
U, (z) — qu(m)_gwm)(zﬂy)g‘ljr(m)
oL
MHYvr — _4 DL} VTHP _ VP
28(8#\11) + X x

»Canonical decomposition:

MHYP  —  [HVP 4 QUVP
Orbital density:  LF*? = g"THP — gHT"P
. . 1 i
Spin density: gurp oL 1 VO — P AP APV
8,0 2° 21 "l
= _%EWPUJM, Axial Current: JY = UyH "0
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Spin Cooper-Frye Formula

i i _ Becattini, Chandra, Zanna, and Grossi, Annals Phys. (2013).
> PaU II LU banSkl pSGUdO vector Fang, Pang, Wang, and Wang, PRC 94, 024904 (2016)

1
WH  — —E“Va’epyMag rest frame . .Gk
2 p»=(m,0,0,0)

Just consider the spin part of the angular momentum:

WK 1
SH = i — —e’“’aﬁp,//dz)\S)\aﬁ

m 2m

1
= | dx M JH
Zm/ PrJs

»Normalized Spin Polarization Vector

SH — 1 de,\pAng Axial Current is proportional to
2m f dz)\pAfeq the spin polarization density .
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Quantum Kinetic Theory

»Classic Kinetic Theory »Quantum Kinetic Theory
Distribution function guam“m versiop Wigner function
f(t,x,p) W(z, p)
h
PO, f +mEF o, (f) =C(f) > > e (p+i50) - m| was = ncos
Boltzmann Equation Wigner Equation
>Wigner function for fermions: Gauge link Ulr,,x.) = ¢ @ J2 424,

; d'y iy U :
Wap = 27)° e_lp'ywﬁ(x+)U(x+, X_)o(x2), W(z,p) = <I W (z,p) 1>

Vasak, Gyulassy, Elze, Ann. Phys. (N.Y.) 173, 462 (1987); Zhuang, Heinz, PRD, 57,6525 (1998); Elze, Heinz,Phys.Rep.183,81(1989).
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Wigner equation and axial currents

»Wigner equations without interactions

o7 (p” + %V” - m) W(z,p) =0, V"=09;—-QF)9,
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Axial current at global equilibrium

»Wigner equation for the chiral fermions Hidaka, Pu, Wang, Yang, PPNP, 127,103989 (2022).

FLEINE = Ji We consider the # (gradient) expansion,
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Spin Polarization at Global Equilibrium

» Thermal vorticity only

SM(CU,])) - =

Cong Yi

Becattini, Chandra, Zanna, and Grossi, Annals Phys. (2013).
Fang, Pang, Wang, and Wang, PRC 94, 024904 (2016)
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The theoretical calculations on the global equilibrium agree with the

experimental data quantitatively.
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“Sign” Problem

»Experimental measurement »Local spin polarization induced by
thermal vorticity
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Axial Current at Local Equilibrium

At local equilibrium, the left and right handed currents read

: . h
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Polarization induced by different sources

»Spin polarization at local equilibrium

p p
SH ( ) Stherma Sshear + Sacc Schemmal + SEB
....... ‘ N
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Hidaka, Pu, and Yang, PRD 97, 016004 (2018) ; Liu, Yin, PRD 104, 054043 (2021) ;Becattini, Buzzegoli, Palermo, PLB
820, 136519 (2021); Liu, Yin, JHEP 07,188 (2021); CY, Pu, and Yang, PRC 04, 064901(2021)
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Shear induced polarization

» Hydrodynamic contribution to the local spin polarization
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Ryu, Jupic, and Shen, PRC 104, 054908
Wu, CY, Qin, and Pu, PRC 105 6, 064909
Fu, Pang, Song, and Yin, (2022), 2201.12970.

Considering SIP under some assumptions,

the theoretical calculations qualitatively/
“quantitatively agree with the experimental

data at RHIC top energy and 5.02 TeV
Pb+PDb collision.

Palermo, et al. EPJC 84 9, 920 (2024)
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Setup of simulation

> (3+1) dimensional viscous hydrodynamic framework CLVisc

Solve the Energy-momentum conservation and net baryon current:

v, 7" =0 T" = eU'UY — PA™ + o
V' =0 JH = nU" + V¥

Equation of motion of dissipative current:
| 4 5 9 4
A" Dr = — — (2 — not*) — =m0 — —n%e') 4+ — zHa)e
of 7, 3 7 70 ¢ + P

1 3
A"DY, = — — (w kg Vﬂﬁ) _ V) — —V, oM
Ty T 10

> Setup
Initial condition: AMPT, SMASH
Freeze out condition : e<0.4GeV/fm”3

Equation of State: NEOS BQS Pang, Wang, and Wang, PRC 86, 024911 .
Wou, Qin, Pang, and Wang, PRC 105, 034909.

Cong Yi Spin polarization in AA and pA collisions 20/36



Global Polarization

» Thermal vorticity only

» The influence of these new effects on the global polarization is small. The theoretical
calculations are consistent with the experimental results under both two cases.
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. ocal Polarization
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X.Y. Wu, CY, G.Y. Qin, S. Pu Phys. Rev. C 105, 064909

» The longitudinal polarization contributed by chemical gradient depends on initial
conditions strongly
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P,,and P, , across BES
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» The sign of the spin polarization will change at the lower collision energy

P,,and P, , across BES
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> P2,y of A increase with decreasing energy and current models cannot
describe the results
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Local Helicity polarization

Helicity polarization is the projection of the spin polarization vector in the direction of
momentum.

Helicity polarization
.= 7| (particle’s momentum)

— _ =
b, TP
V BBC
| /

quark-gluon
plasma

forward-going
beam fragment

The original idea for helicity polarization is proposed to probe the initial chiral chemical

potential. , , ,
Sh — ﬁS(p) St = Shydro _l_SX

Becattini, Buzzegoli, Palermo, and Prokhorov, PLB 826, 136909 (2022)
Gao, PRD 104, 076016 (2022)
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Hydrodynamic helicity polarization

Helicity polarization induced by thermal vorticity, shear viscous tensor, fluid

acceleration and spin hall effect .
CY, X.Y. Wu, D.-L. Yang, J.H. Gao, S. Pu, G.Y. Qin, 2304.08777.

Sthermal (P) = /dzdFa}?oEOijk@@j (%)7

S‘shhear(p) = —]dzaFa%(pa%juk),

S or(p) = [ dEOFUEOijki £otly [(u.a)uwa’“?q,
Sthemical(P) = —Q[dZGFa%aj (%) U, (4)

» Kinetic vorticity

gh :/dEUFUp—OA-uXVT, _ : ..
vr(P) 2P ( ) Kinetic vorticity

si(p) = [ as7F, 20 (@] ——— - > Vxu
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Numerical results

> Helicity polarization across RHIC-BES energies

7.7 GeV 19.6 GeV 39 GeV
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Kinetic vortitity 9o %

» Helicity polarization induced by kinetic vorticity dominates at BES energies

» Helicity polarization induced by other contributions are almost vanishing
» A possible way to probe the fine vorticity structure of the QGP by measuring helicity polarization.

CY, X.Y. Wu, D.-L. Yang, J.H. Gao, S. Pu, G.Y. Qin, 2304.08777.
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> Different parameters
SMASH IC + CB=0

{Prsing,)(1072)

Numerical results
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» Helicity polarization induced by Kkinetic vorticity is
approximately 10 times larger than that induced by other
sources, and this conclusion is not dependent on the
initial condition and baryon diffusion.

» A possible way to probe the fine vorticity structure of the
QGP by measuring helicity polarization.
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CMS Results

> Polarlzatlon along the beam direction in p+Pb collisions
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» The magnitude of polarization is the same order of magnitude as that in AA collisions
> Its dependence on multiplicity is inconsistent with that of v2
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Multiplicity and v2

»Bulk properties
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Spin Polarization Vector

We follow the modified Cooper-Frye formulato compute the polarization pseudo-vector
Including the contribution from thermal vorticity and thermal shear tensor and neglect

the spin hall effect: y .
S‘u(p) — Sthermal(p) _I—Sth—shear(p)?

1 ro
Sthenma(P) = 1 [ 05Ny 5 p, 0,

e””o‘ﬁp ng
Sk = h | d¥ - N, - s
th—shear(p) / p (77, . p) p 6
. - 3l() ()
thermal vorticity: Wap = 5 %2\ 7 B\ )|
1 ug U \
thermal shear tensor: §ap = 5 Oa (?) + Op (T)
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Different scenarios

We consider three different scenarios:

» N equilibrium .
It is assumed that A hyperons reach the local (thermal) equilibrium at the
freeze-out hyper-surface

» S quark equilibrium:
The spin of A hyperons is assumed to be carried by the constituent s quark.
We take the s quark’s mass instead of A’s mass in the simulation

» Iso-thermal equilibrium:

The temperature of the system at the freeze-out hyper-surface is assumed to
be constant. The time unit vector is taken as fluid velocity for simplicity.
Wap = (Oatip — Ogua)/(2T)
Eap = (Optn + Onuy)/(2T)
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» Shear induced polarization always gives a positive contribution
» Polarization induced by the thermal vorticity is negative
» The results in the three scenarios are inconsistent with the data from the LHC-CMS experiments.
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Summary

> Spin Polarization in Au+Au collision

» The influence of these new effects on the global polarization is small.

» Shear induced polarization always give a positive contribution.

» The spin hall effect plays an important role in the low energy collisions.

» Helicity polarization is a possible way to probe the fine vortical structure of QGP.

> Spin Polarization in p+Pb collision

Cong Yi

» Shear induced polarization always gives a positive contribution.

» Polarization induced by the thermal vorticity is negative.

» Theresults from hydrodynamics are inconsistent with the data from CMS.
> New effects need to be considered in the polarization at pPb collisions.
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Test for AMPT Initial conditions
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Different initial conditions

5 B — LU ' 1 : . - - " - T T T - - - - . :
0-251" — TRENT0-3D + CLVsic + SMASH B 15E (c) - —o— £ total 1 (b) paren e o v g
- ! CMS A 185¢< Ny, < 250 1 :o\? E =&+ §shear i CMS A+A E =&+ A iso_shear i CMS A+A
020 iPb@8.16 Tev E A WOE S I+
= p+ 5 e - - - - . 5
:/: 015:_ -1<Map<1 An>1 _: 3:,“ 05:_ - i -_._@—-—-O—---_-Q _:.'__ M'--'-..___-%_- =
g P 8 f - = . s e —-8_. §_._.8 I
o F 3 S b I :
‘<;'§1 0.10[— — % —05F \ ) i ﬂ--.,__‘-\A ]
} ] Q. I T I guym G
0.05_— - _1'0:_ __ﬁ__.-ﬁ——-"‘ﬁ 4 =
- ] v = fm—————A T I E
0.00 o - Lo = s quark equilibrium S iso-thermal equilibrium :
00 05 70 15 20 25 30 0 25 50 75 100 125 150 175 200  C(-rHrrboerbebeeee .
P < Nen >
The P2z of A hyperons is not only induced by the v2 in the p+Pb collisions.
New effects need to be considered in the polarization at p+Pb collisions.
—0.4r I . ‘ : : ; :
_ 15F == sith —— swoml o == Aisoth == Atotal ] 026 . aMPT+ CLVsic =
P F [ =&+ Sshear ¥ CMS A+A | =2+ Aiso_shear @ CMSA +A T & CMSA 185N ¢ 250 b
RO el L i ] e E
A F S, 2} b
o~ - NI I - b p+Po@8.I6TeV :
> 0.55— @_;_h:-_::___:g 3 . ™ oasl ~1<Me< Ay =
| 00F 1 . S ; ¥
N E ==miceSEl S A0 ] > 010 =
< o5 o YT : R : ;
v E I ] : _/_'/-\/_/\/
A i_ . . S qualrk eQ“JilibriUIm ‘ . _: E J . J . l . ‘ . . O-OSE 0.5 70 15 2.0 25 30
0 25 50 75 100 125 150 175 200 ( pr

<Nch>

Cong Yi Spin polarization in AA and pA collisions 39/36



Questions

1 U
2 . = _pvap B
thermal — a 2 € pu;

woo_ 1 was ([ | P
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e = _Q%E”m'ﬁp"uﬂ'@”ﬁ - %aﬁﬂ)- > > ' Fluid acceleration |
ehemical = aﬁepmﬁpau,ﬁ au% S > : SHE :

Jen = aﬁe”mﬁpaugEm R /

» How about hydrodynamic contributions to spin polarization at RHIC-BES energies and
p+Pb collisions?
Due to these non-vorticity effects, local spin polarization will not accurately reflect the
local vorticial structure of QGP.
» How to distinguish these effects and probe the fine vortical structure of QGP?
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Bulk Viscosity

The subsequent evolution of the system is simulated by the 3+1D CLVisc
hydrodynamics model.
We just focus on the energy-momentum conservation equations

0, T =0,

’THDH + 11 = —CQ — 51‘[1‘[1_[9 = )\HW’J’T”VO'W,
TﬂAggD'ﬂaﬁ + 7 = n,ot’ — GO + T,MWM”J;’:)
tprihatle,

We use the temperature dependent shear and bulk viscosity given by Bayesian
parameter estimation in Phys. Rev. C 94, 024907 (2016) .

The equations of state are provided by the HotQCD collaboration and freeze-out
temperature T; = 154 MeV.
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