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Global polarization



Spin in high energy physics

Striking spin effects have been observed in high energy reactions since 1970s
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Barnet and Einstein-de Hass effects

Barnett effect:
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?‘j A\ ,?\ i {ll My | f Barnett, Magnetization by rotation,
a A \ § t: » Phys Rev. (1915) 6:239-70.

Einstein-de Haas effect: N
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Magnetization = Rotation L‘i{\, r
Einstein, de Haas, Experimental proof of the \, \T‘ ';J —
existence of Ampere’s molecular currents. f// /} l
Verh Dtsch Phys Ges. (1915) 17:152. L=

Figures: copy from paper doi: 10.3389/fphy.2015.00054 j



OAM to spin polarization in HIC
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 Huge global orbital angular momenta
(L~10°h) are produced in HIC.

* Global orbital angular momentum leads to
the polarizations of A hyperons and spin
alignment of vector mesons through spin-
orbital coupling.

Liang, Wang, PRL (2005); PLB (2005);
Gao, Chen, Deng, Liang, Wang, Wang, PRC (2008)

reaction plane



Global polarization for A and A hyperons
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Most vortical fluid

- Estimation given by Becattini, Karpenko, Lisa, Upsal, Voloshin, PRC95,
054902 (2017)
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* w=(9 * 1)x10%1/s, greater than previously observed in any
system.

e QGP is most vortical fluid so far.

Liang, Wang, PRL (2005)

Betz, Gyulassy, Torrieri, PRC (2007)

Becattini, Piccinini, Rizzo, PRC (2008)

Becattini, Karpenko, Lisa, Upsal, Voloshin, PRC (2017)
Fang, Pang, Q. Wang, X. Wang, PRC (2016)



Phenomenological models for global polarization
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Polarization at low energies

Will the polarization of Lambda be nonzero when /syy — 0?
If not, how large the “critical \/syy” will be?

STAR Au+Au 20%—50%
Nature548.62 (2017)
PRC76.024915 (2007)
PRC98.014910 (2018)

A PRC104.L061901 (2021)

ALICE PRC101.044611 (2020)
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Polarization at low energies

Will the polarization of Lambda be nonzero when /syy — 0?
If yes, is the nonvanishing polarization at \/syy — 0 related to the spin puzzle in
pp collisions?
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Global polarization splitting
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Global polarization splitting
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UrQMD initial B fields (Sheng, Wang, PRC 2021)
+ ideal Magnetohydrodynamics
+ Modified Cooper-Frye formula
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The baryon diffusion

4 plays an important role to
the global polarization.
Y.X. Wu, C.Yi, G.. Qin, SP,
PRC (2022)
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Local polarization
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(cos(6 *))

Local polarization and sign problem

out-of-plane
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Theoretical developments

* Spin hydrodynamics (macroscopic approach)

Florkowski, Friman, Jaiswal, Ryblewski, Speranza (2017-2018);
Montenegro, Tinti, Torrieri (2017-2019);
Hattori, Hongo, Huang, Matsuo, Taya PLB(2019) ; arXiv: 2201.12390; arXiv: 2205.08051

Fuku?hima), SP, Lecture Note (2020); PLB(2021); Wang, Fang, SP, PRD(2021); Wang, Xie, Fang, SP,
PRD (2022); ...

S.. Li, M.A Stephanov, H.U Yee, arXiv:2011.12318
D. She, A. Huang, D.F. Hou, J.F Liao, arXiv: 2105.04060

Weickgenannt, Wanger, Speranze, Rischke, PRD 2022; PRD 2022; Weickgennatt, Wanger, Speranza,
PRD 2022; arXiv:2306.05936;

* Quantum kinetic theory with collisions (microscopic approach)

Other approaches:

Weickgenannt, Sheng, Speranza, Wang, Rischke, PRD 100, 056018 (2019)

Hattori, Hidaka, Yang, PRD100, 096011 (2019); Yang, Hattori, Hidaka, arXiv: 2002.02612.
Liu, Mameda, Huang, arXiv:2002.03753.

Gao, Liang, PRD 2019

Wang, Guo, Shi, Zhuang, PRD100, 014015 (2019); Z.Y. Wang, arXiv:2205.09334;
Li ,Yee, PRD100, 056022 (2019)

Hou, Lin, arXiv: 2008.03862; Lin, arXiv: 2109.00184; Lin, Wang, arXiv:2206.12573
Fang, SP, Yang, PRD (2022) e Recent reviews:

Gao, Ma, SP, Wang, NST (2020)

Gao, Liang, Wang, IJMPA (2021)

Hidaka, SP, Yang, Wang, PPNP (2022)

F. Becattini, M. Buzzegoli, T. Niida, SP, A.H.
Tang, Q. Wang, arXiv: 2402.04540

Side-jump effect Liu, Sun, Ko PRL(2020)

Mesonic mean-field Csernai, Kapusta, Welle,
PRC(2019)

Using different vorticity Wu, Pang, Huang, Wang,
PRR (2019)



Polarization and axial current

The polarization tensor is connected to the axial current in phase space by
modified Cooper-Frye formula
Karpenko, Becattini, EPJC. (2017); Fang, Pang, QW, Wang, PRC (2016)

fdz 'pjsu( aX)
2mAde-N(p,X)’

Polarization pseudo-vector~ Spin tensor in phase space

S*(p) =

For massless fermions, the left and right handed currents can be derived
by quantum kinetic theory,

L
*]5 LZcherma,l T shear T accT T chemlcal T jEB’

Y. Hidaka, SP, and D.L. Yang, Phys. Rev. D97, 016004 (2018)
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Polarization induced by different sources
S (p) ‘Stherma, Sshear + Sgcc Schemlcal + SgB

Y. Hidaka, SP, D.L. Yang, PRD97, 016004 (2018); C. Yi, SP, D.L. Yang, PRC 2021
Thermal vorticitv v EHE

ok 0 0
Sthermal(p) 8m AN/dZ Po ()(1_ ‘(/)

Shear viscous tensor Bk =
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1
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Shear induced polarization: s quark scenario
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PRC (2022); Ryu, Jupic, Shen, PRC (2021)



Shear induced polarization: isothermal equilibrium
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Local spin polarization induced by shear tensor

PZ x 102

Polarization along Ream direction  C.Yi, SP, D.L. Yang, PRC 2021
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P, , and P, , across BES
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Local polarization and spin Hall effect
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Local polarization and spin Hall effect: SMASH VS AMPT

7.7 GeV 27 GeV 62.4 GeV
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Red lines: contributions from spin Hall effect
Polarization induced by SHE is almost zero at 27, 62.4GeV and it depends on the
initial conditions at 7.7 GeV. For SMASH, Pz is still almost vanishing at 7.7 GeV.

X.Y. Wu, C. Yi, G.Y. Qin, SP, PRC (2022)
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P2,y (%)

Local polarization splitting
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How can we understand the data in low energy collisions?
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Model Predition: X.Y. Wu, C. Yi, G.Y. Qin, SP, PRC (2022)
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Local polarization VS centrality

(PjA + Pj3)/2 (%)
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Local polarization increases with growthing centrality.
What happens in ultra-pherial heavy ion collisions?
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Local polarization VS centrality

— 1
° =
X | STAR|sy, =200 GeV
—
AN
!
Rl% 0.5
= i o
S o5 [ 8e I
wN of---—-*% o 9 .
Q 0 500 400 w
(Npan)
o | % A
— % &
ol o € *y=-05=0.732£0.014
i *  Ru+Ru&Zr+Zr, A+A
e Au+Au, A+A
[ 0.5<p_<6 GIeV/ c, ly <1 Pb+Pb 5.02 TeV, A+K|
| ] 1 ] ] | | 1 ] | |

%80 80
Centrality [%)]

STAR, PRL 123, 132301 (2019)
ALICE, PRL 128, 172005 (2022)

0 20 40

Model Calculation:

1

(P, sin[n(¢-¥ )]} [%]

i 0.5<pT<6 GeVic, |y I<1 o, = 0= 0.732+0.014"
| 1 | 1 1 1 | 1 | | | 1 1 | |

Ru+Ru&Zr+Zr, A+A
* n=2
¢ n=3
Hydro Ru+Ru, nT/(e+P)=0.08
n=2 (o, +SIP_.)

B8 n=2 (0, +SIP,,,)
---n=2 (0, +SIP,,)

== -3 (0, +SIP,,)
£ [# E&

ideal hydro

40 60

Centrality [%]

20

STAR, PRL 131 (2023) 20, 202301

BBP: isothermal equilibrium; LY: s quark equilibrium
Simulation: Alzhrani, Ryu, Shen, PRC 106, 014905 (2022)
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Local polarization VS py

1~
STAR s, = 200 GeV

i _ Similar question arises:
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N
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Pu/%

Brief summary for polarization in AA systems

Question: when will the polarization stop growing?

eA OA
e A oé
oA OA
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Nature548.62 (2017)
PRC76.024915 (2007)
PRC98.014910 (2018)
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Spin polarization at pA system

C.Yi, X.Y. Wu, J. Zhu, SP, G.Y. Qin, arXiv: 2408.04296
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Setup (1)

* We follow the modified Cooper-Frye formula to compute the
polarization pseudo-vector including the contribution from
thermal vorticity and thermal shear tensor.

S,Lb(p) — S#hermal(p) + S#h—shear(p)
1
S’;uhermal(p) — h/dZ°Np§€uyaﬁpl/wa57
prafy o
S L
th—shear(p) P (np) p f

thermal vorticity Wap =

|
N = DN ==
QO
Q
N

thermal shear tensor §o3 =
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Setup (I1)

e We consider three different scenarios:
* A equilibrium:

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

e 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.

 |sothermal 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.
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Setup (Ill)

 We implement the 3+1D CLVisc hydrodynamics model
Pang, Wang, Wang, PRC (2012)
Wu, Qin, Pang, Wang, PRC (2022)

* Initial condition: TRENTo-3D model
Soeder, Ke, Paquet, Bass, 2306.08665
Moreland, Bernhard, Bass, PRC (2015); PRC (2020)
Ke, Moreland, Bernhard, Bass, PRC (2017)

* p+Pb collisions at \/syy = 8.16 TeV
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Fit parameters and test v2 of A

[ p+Pb@8.16 Te  pjce 0-5% B Alice 40-60% 025—_' R

g0l VOA trigger ¥ Alice 5-10% ¥ Alice 60-80% | L —— TRrENT0-3D + CLVsic + SMASH N
L -5.1<n<¢-2.8 ' Alice 10-20% Alice 80-100% | - & CMSA 185<Ng, <250 ]
N Alice 20-40% | 0.20 :_ _:
~ TRENT0-3D + CLVsic ~ _ ~ [ P +Pb@8.16 Tev 1
5 . ~ 015 -1<Nap<1 An>1 ]
i 18 ¢
L ] ol B =
If <o 010 —

> B ]
= 0.05 -
I . 000 7. -
03 Y a B R T S— 0.0 0.5 1.0 15 2.0 2.5 3.0
n Pt
Multiplicity intervals | (Nch)exp | (Nech)CLVisc We have run 10° minimum bias events to divide
[185,250) 203.3 204.2 the centrality. The centrality-dependent pseudo-
[150,185) 163.6 164.5 rapidity distributions of charged hadrons and
: : : elliptic flow for A hyperons computed by our
[120,150) 132.7 133.57 . . .
: model are consistent with the experimental
[3,60) 40 29.3
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Multiplicity (centrality) dependence

< Pssin(2¢ - 2V¥5) > [%]
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pr dependence
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Azimuthal angle and pesudo-rapidity dependence
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Why?

 We implement the 3+1D CLVisc hydrodynamics model
Pang, Wang, Wang, PRC (2012)
Wu, Qin, Pang, Wang, PRC (2022)

* |nitial condition:]TRENTo-3D model

Soeder, Ke, Paquet, Bass, 2306.086¢
Moreland, Bernhard, Bass, PRC (2015); PRC (2020)
Ke, Moreland, Bernhard, Bass, PRC (2017)

* p+Pb collisions at \/syy = 8.16 TeV
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Test for AMPT initial condtions

It describes data well in s quark and isothermal equilbirum scenarios?
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Test for AMPT initial conditions

: p+Pb@8 16 TeV ; ﬁ:ice 0_?00/0/ i ﬁ:ice 28-280;0 : 0.25 — AMPT + CLVsic ]
| VOA trigger ice 5-10% ice 60-80% _ | B ffl .
80 ) =8 5 Alice 10-20% Alice 80-100% | - & CMSA 185<Nj'™ <250 .
[ -51<n<-28 Alice 20-40% ] 0.201— _
= | B p+Pb@8.16 TeV ]
60— AMPT + CLVsic I - *
S L 1 A -1 <na<1 An>A1 ]
0.15 a
Eg i LI . 15 ¢ ¢ .
2 B 1 N'* B 5
SR 4 £ 010 ¢ ]
S - i
- i - L ]
I — UNEEEE - B i
20— NN EEENEEgaEEEEEsEEEEEEEEEREEE ] 0.05 T = /
0 i P R B | OOO ; N B R S E T S S E ‘_7
-3 -2 -1 0 1 2 3 0.0 0.5 1.0 1.5 2.0 2.5 3.0
PT
n

We fix the parameters in 3+1D CLVisc hydrodynamic model with
AMPT initial conditions by the spectrum of charged hadrons. But,
it cannot describe v2 well.
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Smaller v2, larger shear induced polarization, smaller thermal vorticial induced polarization
Sensitive to initial conditions?

V2, An > 1)

V2, An > 1}

However ...
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Smaller v2 gives a larger polarization along beam direction ?
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Connection between P, and v,

« Assuming we consider a Bjorken-like flow

1 1 dT 0)
: = - — | 8, [ dZap®fY cosh
thermal 4mANT e . qb/ P Jy cosnmn
since
A re(0) dN }oo:
/ AN fy = 2w E,prdprdY 1+n=1 2(pr, V) Cosn(b]
one can get

] 1 1dT |
thermal ~ my T dr . U2 (pT, O) Sl 2¢

Becattini, Karpenko, PRL (2018); C. Yi, SP, J.H. Gao, D.L. Yang, PRC (2022)

Non-flow effects play a crucial role in the polarization at pA collisions.
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Other related topics and discussion
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(a) Helicity polarization

The original idea for helicity polarization is proposed by Becattini, Buzzegoli,

Palermo, Prokhorov, PLB(2021) and Gao, PRD(2021); Yi, Pu, Gao, Yang, PRC (2022)
to probe the initial chiral chemical potential.

Helicity instead of spin is widely-used in high energy spin physics.

S" = p-S(p) = I°S* + PSY + P°S”,

Out-plane direction polarization (transverse polarization)
B

\
\
\

P

\

\

Beam-beam
A A
counter \J .
Vs P

Polarization along the particle’s momentum

Helicity polarization

STAR Nature 2017

Quark-gluon
plasma

Beam direction polarization (longitudinal polarization)
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PL(1073)

Probe fine structure of vorticity by helicity polarization

Sh (p) — Si?hermal T Sshhear T SgccT T S!:lhemical T SSB

7.7 GeV 19.6 GeV 39 GeV

LI NI L L L L O L LI L UL N I BRI BN ‘LANLINLINL I L L L L O B N
30 20-50% Au+Au @7.7 GeV ) = 30  20-50% Au+Au @19.6 GeV 7] 30 20-50% Au+Au @39 GeV =
- SMASHIC Cp=00 .7 g - SMASHIC Cg=0.0 . -~ SMASHIC Cg=0.0 =
20 |V]<1 0.5¢pr<3GeV . \.\ - 20F |Y]<1 0.5<pr<3GeV - 20F |Y]<1 0.5<pr<3GeV -
g Other contributions \3  1f 9 1 o =
T 9T ) NERA: g
0: __________ Y A e =1 = IS —n- SV v o e 5_ . 0\7_'___—_---/'{ __________ A_
o / 1 g i, & e 1 E e i
-10:—\ - SHOE ez - -10F - -
Y v 3 = 3 E
_ool= \ / === W.0. W 7 ook === W.0. W _ook= === W.0. W o
- L T —-— wonly 7 - —-=— wonly 7 - —-— wonly
-30 _(a) . -30 :(b) & -30 __(C) Z
—11|1111I||1|l111111|1|I|1|1|; RN EEENE SN REEEE REEEE N HENEE FREEE FREEE EEEEE R RN
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
o o

kinetic vorticit?f

» Helicity polarization induced by kinetic vorticity dominates at low energy
collisions.

« A possible way to probe the fine structure of kinetic vorticity by mapping
the simulations of helicity polarization to the future measurements?
Yi, Pu, Gao, Yang, PRC (2022); Yi, Wu, Yang, Gao, SP, Qin, PRC(Lett) (2023)
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(b) Collisional corrections

e Collision term with quantum corrections

Weickgenannt, Sheng, Speranza, Wang, Rischke, PRD (2019); PRL (2021)

Hattori, Hidaka, Yang, PRD100, 096011 (2019); Yang, Hattori, Hidaka, arXiv:
2002.02612.

Liu, Mameda, Huang, arXiv:2002.03753.

Wang, Guo, Shi, Zhuang, PRD100, 014015 (2019); Wang, Guo, Zhuang, EPJC
(2021);Wang, Zhuang, arXiv:2105.00915

Li ,Yee, PRD100, 056022 (2019)

Hou, Lin, arXiv: 2008.03862; Lin, arXiv: 2109.00184

Fang, SP, Yang, PRD (2022)

Z2Y. Wang, arXiv:2205.09334; Lin, Wang, arXiv:2206.12573

Recent reviews:

Gao, Ma, SP, Wang, NST 31 (2020) 9, 90
Gao, Liang, Wang, JMPA 36 (2021), 2130001
Hidaka, SP, Yang, Wang, arXiv:2201.07644

(b1) Corrections from self-energies
(b2) Corrections from scattering
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(b1) Master equation for Wigner functions

2

zh
S (—?'y“g +7"(ﬁ —m)+S<*E = —— (87 x8; —5°xX%7),

2
* denotes the Moyal product

$<: Wigner function fg(q, X) = (X)) + Re,

For a long time, we always neglect the self-energy terms for
simplicity. Now, we consider the contributions from them
carefully.

[Zh "V, + 11, —m+2g*] S<(q,X) —ﬁ(2>*8< Yy *xS7),
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Applications to spin polarization

* We consider effects from the thermal QCD background. After a heavy
calculation, we get the corrections to polarization vectors from self-

energies: Corrections to
polarization
induced by:
h2 2T o
O Pherm(,Q) = —5 /E q-doGr(Ey, q)—5- E3 P, 04 (Q;f) Thermal vorticity

mf eﬂypaqpuo_ o

h2
5P = — / q-doG., (E, q Shear tensor
heee (.9 4mN [y (B )Eg E,

Oy,

h? Crg*uT €*P° qu L Gradient of chemical
u _ plUo
0Penem (@) = “AmN zq -doGr(Ey q) 4m?E? E, Vo (f) ‘ Potential over temperature
K m2
0Pacc(t:d) = 4 L doGr(E ’“’""qpuoDuw Fluid acceleration

m h? m2 |q_L|2
Plalts) = gy [, 1905z | (107(B0 @) = "G (B @) + 260 (B, ) )
q

_L&E' 9) (6uuGT( E, q) + %Gwl(gq,q))} , Kinetic vorticity

q q

Shuo Fang, Shi Pu, Di-Lun Yang, PRD (2024), arXiv: 2311.15197

48



Estimation

It can contribute 30% to the original polarization vector in the case

of low momentum.

lg1 | = 0.5 GeVl|q.| = 1.0 GeVi|q.| = 2.0 GeV
|5‘7th’g‘m/*7therm leq| | 0.325 | 0.098 0.024
| ‘7shear/‘7shear leq| 0.081 0.028 0.007
NN A 0.177 0.103 0.030

We have chosen temperature T = 0.165 GeV, chemical potential pn = 0.01 GeV
and constituent s quark mass m = 0.3 GeV.




(b2) Spin Boltzmann equations (Il)

* We derive the spin Boltzmann equation incorporating Mgller
scattering process using hard thermal loop approximations.

P9, fx (p) + 10, S (p)duf () = Ca +ho, (S“O‘ Cv.alfy ])

S. Fang, SP, D.L. Yang, PRD (2022); S. Fang, SP, arXiv:2408.09877

* Scenario (l): particle distribution function is off-equilibirum

a ~ )\_1Kn < )\—1 Kn: Knudsen number

A: mean free path

e Scenario (ll): particle distribution function is at local equilibrium
Similar to standard kinetic theory, e.g. AMY

50



New corrections to shear induced polarization

e Scenario (l):

B 2 02
57)(1)( ) — 57)(1) shear + 57)(1) chem T O(h J )
h2 dz P Voo «
5Pﬁ),shear - _m » Ep BOgQ(E'P)GIu g PpUsOvaP
A [ dY
5P(I) chem — _W ) Eppﬁogl (Ep)euypappuav’/ao’

They come from scatterings but do not depend on coupling constant
explicitly. They correspond to anomalous spin Hall conductivity in
condensed matter.

Also see the similar findings: S. Lin and Z. Wang, arXiv:2406.10003.
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New corrections from scattering

Let us start from the kinetic theory for massless fermions.

p- afO — Cpp’—>kk’ [5f]7
We consider the system close to the global equilibrium,

f:f0_|_5f7

We can estimate

5f ~ Ap,up,ﬂT’uy, A~ ]-/Cpp’—>kk’ [f] ~ 1/64,

Recalling the current in phase space,

J(p) = phf + SHO, f + / Cto e LFI AR,
p’ k,k’

o~ / Cpp’—%k’wf]AuN/ Cpp’ﬁkk’[ApuquW]A“
plakak/ p’,k,k’

1
~ \9\4}8_6 Wuyp,upl/ .

It can also be derived by Kubo formula.
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Other second order corrections

e Scenario (ll):

57)(11)( p) = 73(II) w—vT T P(II) v T 73(11) w—chem T P(II) w—shear
2
+P(II),chem—VT + 7D(II),shear—VT + 73(II),sheaJr—chem + O(h 83)

1
Phyw_vr = —H° [2 dX - pafyy, [dz (Ep —d; ﬂ_o) w*VaBo — deBop(aPpyw™ V7’ 50] :

I 1 1
P(II) Vo = h? /2 d¥ -paé‘n) (Ep —d; %) doBoVwe + dg éﬁgvawpp(app)] ,

’P(’;I),w_chem = h2/ dx - pa(H) (E _dlﬂo) dgﬁowo‘vaao—dgﬂgwo‘vpaop(app)],
Pty o—shear = ‘hzﬂ(’/zdz'pa’én [~daw’ o piay + doBiw’ o™ p(spapy]
’PGI),Chem—VT - hQ/EdE p a’(II)d5€pmﬁuﬁvvaovpﬂop(a>’
Pi1) shear—vT = h* Bo /Edz'paﬁl)dGEﬁWpaguovuﬁoMaPp)=

,P(FI'I),Shear—chem = _h’2'33 /; d> - paI(LII)d76ﬂy0po-zu‘7v'/aop<app)7
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X#

"
(0)

1

Corrections from space-time dependent EM fields

* We derived the corrections to Wigner function and

i
A

_3
’I.L

polarization from varying
1

S(2)

EM fields.

Corrections for 2nd order
constant EM fields

m=1,2,3
1 /1
2 T Py Pe oV, _ 7 Ap
utu” uA——p"u uy — —ubu” p,\—2—2u”p px+—p"u pa + urg” )F F, Xo = 5 (2uppk+pup* Pug p*>Q""Q
Pu P2
:B < v 1 v 1 v v A 2y
1 1 + | P*u"pa + Sufp o — — 0 P A — pug’ or | (Fuy QY + Quy F7)
5 pHuuy + utupy — Eu”p DA — gp u’px — pugh u,\> (F,,A,Q v +Q,,,,FM) Piz 2 4py,
u u 1
1 9 1 +2% (Wpupx + 24P = =P P - 2pug‘“’m) FpF>,
( utus + 2utu"pa — —upupx — —pMu"pa + oS pa — 2pug™un + g“”m) F,,F* 5 g “ g
Pu Pu Py X&) = ﬁpﬂp PAL, QY + @pupvp/\(FwQﬂ + Q. F2) + ?)FpﬂpupxF,,pFAp.
u u u

SN E
EM —
9, 8mN
m=0,1,2,3

2 1
5 9 v VT R v 8/\F/“J

3p2 (uw 2py 7 2pup &5 )

1 1 1
+— [ 2u*u” — —pHu¥ — —u¥ ”> O Fy,,

3p121 ( pup u # A

2 1 1 1
+£ (UAUV - p—UApu - p—PAUu + Wp)\pl/) OPFH

u u u u
4 4 2
+£ (uW’ + —p*u” + —ufp’ — j;p”p”) *Fy,
u u u u
1 1

~ 2 (wp - prup — urpp ) woy R,

3p;, 2py, 2p,,
4B A B v
%GAF” + iu u"B“F,,p,

S. Z. Yang, J.H.

o 2 (m)
/ dX°Ps¥(m)f5"5 Corrections for varying EM fields

" B* 2 1 A v
l/(2) - _? UNUy — p_u)\pu + I?p)\pu o FH
u u
132 1 2
+—= <—2P“ Y+ “p”) O*Fy, + —p"u’O"F,,
6 P Du
182 A A A 1 A
t3.- utu’p” plu’p” — —ufp p” + ——p"p p” | uPONF,,,
D u u 2p;,
3 1
Y'(l;) = 3y, (p# )\pu - 2pupup)\pu) ’U;pa)\pr.

Gao, SP, arXiv: 2409.00456
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Summary and outlook
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Summary (l)

When will the polarization stop growing?

STAR Au+Au 20%—50%
Nature548.62 (2017)
PRC76.024915 (2007)
PRC98.014910 (2018)
PRC104.L061901 (2021)
ALICE PRC101.044611 (2020)
+A&A Pb+Pb 15%—50%

HADES PLB835.137506 (2022)
v A Au+Au 20%—40%
A Ag+Ag 20%—40%

eA OA
eA OA
oA OA

oA

ap= —ax=0.732

AMPT, A
Primary Primary+feed-down
UrQMD+vHLLE, A
Primary --- Primary+feed-down
10! 102 103
SNN/GeV

(P, sin[2(0-¥ )]} [%]

STAR |s,,, =200 GeV

0.5~

I*:
o—8p------ @,...... ____________________________________________________
i EE * Ru+Ru&Zr+Zr, A+A

e Au+Au, A+A

Sensitive to initial conditions?

=1.UV

<P;sin(2¢ -2¥5) > [%]

0 _______________________________________________________
i 0-5<PT<6 GeV/c, |y |<1 F Pb+Pb5.02 TeV, A+A
L L L | 1 L L | ] 1 L 1 I ] | | aA=‘(XX=0.732i0.014
0 20 40 60 80 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1
Centrality [%] 0 1 2 8 4
P, [GeV/c]
Smaller v2 gives a larger polarization along beam direction ?
f—(c) == sth —— s total é" (b) =f= Aiso_th == A total é
E =&+ S shear B CMSA+A I =&+ Aiso_shear i COMSA+A -
=~ 1 E
E \.\%'—. E: .
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= e —— —
mmmm—am—mmTETTTE e :
;_ s quark equilibrium —E E iso-thermal equilibrium E
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< Nep >

—_ -
o o,

I
© o @9
o o

| |
—_ —_
(4] o

(P, sin[n(¢o-¥ )]) [%]

0.

1~
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| 20-60% centrality, A+A |y |<1
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| ® Ru+Ru&Zr+Zr,n=2
I ¢ Ru+Ru&Zr+Zr,n=3
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Summary ()

New corrections to shear induced polarization come from scatterings
but do not depend on coupling constant explicitly.

_ 2 02
0Py (P) = 0P shear T 5P (1), chem + O(A707)
h* dX-p
oPH = —— Boga (Ep)e" P pugo,qap”,
(I),shear AN - Ep 0 2( P) p
R [ A
57)(1) chem — T AN pﬁogl (Ep)e""ppucVyap.

AN Js, E,
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Thank you for your time!

Any comments and suggestions are
welcome!

58



Backup
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Puzzle : T-odd/T-even VS dissipative/non-dissipative

Are shear induced polarization or spin alignment non-dissipative?

Q1: If the coefficient is T-even, it is non-dissipative.

o Taking T transformation J — _j
CME J ~ CB C: T-even \/

B—-B
Spin : .
St — =&
polarization S~ C”k(a Uk + akuj) 5 C: T-even
U — —8juk o )
vector Non-dissipative?
pax = (=) pax
Spin 61’ A 6*-7 A/ )\)\, ~J aﬂ'z-? S* 1 50( —s*
alignment (W) (N)p =(p) = —(—1)° (—p)

e a——
For pog, the coefficient “@” is T-odd. Dissipative?

In Zubarev approach, the non-dissipative means the results does NOT depend on
hypersurface. But, shear tensor comes from local equilibrium operators and should
always depends on hypersurface. So, shear induced something is always dissipative?
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Local polarization VS centrality

~ 3.5 1.5
S STAR Au+Au, \/snx = 19.6 GeV . - _
&3 pr >T).5 G?e/\/; |y|12? (8) - =Py, (A)  ——Py,(A) |l;'t|fll.05.5,5] GeV
2.5 — on = 0732 1__ STAR preliminary
A A -
2 XX i 0.5
°\° L
- g 3 f ' " i b
1 o 0 - . F— th'% ............ I%i ............................. H] .............. ] .......
== — - [
0.5 %,__“*" i _
0 -0.5— [
. O F AutAu collisions @ 14.6 GeV
—V. _1I....I .................... PR e |
~ 0 10 20 30 40 50 60 70
0 20 0 %0 80 Centrality (%)
Centrality (%)
STAR, Phys.Rev.C 108 (2023) 1, 014910 Hu’s talk at SQM 2024
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