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Introduction: spin polarization




Global Angular Momentum & Global Polarization

Orbital Angular Momentum

Large angular momentum and magnetic field in
non-central heavy ion collisions
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RHIC: L = 10° A @ 200 GeV & 7 fm

LHC: L =10" h @ 2760 GeV & 7 fm
X. Xia’s henpic talk

Early works on polarization

Global polarization of A and spin alignment of

vector mesons from spin-orbital coupling
Z.T. Liang, X. N. Wang,

Phys.Rev.Lett. 94 (2005) 102301, Phys.Lett.B 629 (2005) 20-26

Secondary particles can be polarized in
un-polarized high energy collisions
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Global Angular Momentum & Global Polarization

Orbital Angular Momentum Early works on polarization
Large angular momentum and magnetic field in Global polarization of A and spin alignment of
non-central heavy ion collisions vector mesons from spin-orbital coupling

B L Z.T. Liang, X. N. Wang,

Phys.Rev.Lett. 94 (2005) 102301, Phys.Lett.B 629 (2005) 20-26

Secondary particles can be polarized in
un-polarized high energy collisions

S. VWoloshin nucl-th/0410089

Global quark polarization

RHIC: L = 10° A @ 200 Gevl Motivate spin polarization Y

. — 107 . . Global A polarization
LHC: L =10"h @ 2760 GeY measurements in experiments! (recombinatioi/fragmentation)
X. Xia’s henpic talk / \ 5
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Polarization Measurement

‘self-analyzing’ of hyperon No signal at high energy
Phys. Rev. C 76, 024915 (2007)
Daughter baryon is preferentially emitted in the ,,?,;f [
direction of hyperon’s spin (opposite for anti-particle) o0eE __[— 1 | A |
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Polarization Measurement

‘self-analyzing’ of hyperon

Daughter baryon is preferentially emitted in the
direction of hyperon’s spin (opposite for anti-particle)

dN 1
d)* 4;1

(l + axgPy - pp)

Pr: A\ polarization
pp: proton momentum in the A rest frame
aH: \ decay parameter

ap=0.642+0.013 — a,=0.732+0.014
PA. Zyla et al. (PDG), PTEP2020.083C01

AN—=p+7m~
(BR: 63.9%, c7~7.9 cm)

S. Woloshin and T. Niida, PRC 94.021904 (2016)
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STAR Collaboration, Nature 548, 62 (2017)

Au+Au 20-50%
Y& A this study —

@ A this study
¢ A PRC76 024915 (2007)
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Spin-orbital coupling in Condensed Matter

Gradient of spin voltage = spin current

Spin voltage from Electrochemical potential:

W=y — [y

Diffusion equation:

Vz . 1 . 462 5 Electric voltage
w=—w—-——=%0
A? O'Oh Liquid flow € l_LSoc 0
®=rotv
. o
The spin current is detected by inverse spin ol
'L' S
J o<

Hall effect (ISHE)

\(5\“’ QD_’ééi

R. Takahashi, et al., Nature Physics (2016) 12, 52-56 o




Theoretical frameworks




Theories for spin-vorticity coupling

Early works: Polarization from global orbital angular momentum
Z.T. Liang, X. N. Wang, Phys.Rev.Lett. 94 (2005) 102301, Voloshin nucl-th/0410089

* In non-central heavy-ion collisions, L, induce global quark polarization
P, = —7mup/2E(E 4+ my).

* Quark polarization transfer to final hyperon polarization via recombination (or fragmentation)

Py = P,, Ry =3(1 - P2): x
Py = (4P, — P, —3P,F})/Rs, Ry, =3 —4P,P, + PZ; /,\
Pz = (4P, — P, —3P,P?)/R=, R= = 3 —4P,P, + PZ;
Po = 2P.(5+ P?)/Rq, Rq = 6(1 + P?).
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Vorticity from hydro/transport pic

f Averaged vorticity (wy) j
?

dN
—(Hp—w'S)/T
_ . . —p —~e (Ho
H=Hy—w-S dp
Landau & Lifshitz, Statistical Physics

wQGP) ”zQGP :> (5:5; hadrons) ”ZQy




Vorticity from hydro/transport pic

Averaged vorticity (wy)

PROJECTILE
SPECTATORS

~ TARGET
SPECTATORS

III —»»I' IIII

dN
_ _ . ) —~e
H=Hy—w-S dp
Landau & Lifshitz, Statistical Physics

—(Ho—w'S)/T

inhomogeneous expansion

Transverse vorticity
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Thermal vorticity induced polarization

thermal vorticity & Polarization

N

[1 o f(xa p)]e/,tvpcrpo_va

/

* Always extrapolated to local equilibrium.

Valid at global equilibrium.

I S(S+1)

S'u(xap):_zm 3

F. Becattini, et al. Annals Phys. 338 32 (2013)

Thermal vorticity:
2 ((j#_ By — D By)

“ur

,8;1 = uu/T

Seealso: R. Fang, L. Pang, Q. Wang, X. Wang, PRC 2016
Y. Liu, K. Mameda, X. Huang, CPC 2020

‘Spin Cooper-Frye’ formula

/Integration on freeze-out hyper surface

_ Jdzap* fx p)(S(x. p))
JdZy ptf(x,p)

S*(p)

* Boost to particle rest frame

p-S

S*=8 —
E(E—I—m)p

* Normalized spin polarization

1
PE(p) = §S“(p)

\_

\




Numerical simulation

{ M ]
thermal vorticity & Polarization Spin Cooper-Frye’ formula
/ Valid at global equilibrium. \ * Integration on freeze-out hyper surface

* Always extrapolated to local equilibrium.

iy d d¥; p* f(x,p)(S(x.p))
> p) [dZy p* f(x.p)

I S(S+1)
2m 3

S”(xvp) - =

[1 o f(xa p)]e/,tvpcrpo_va

e Boost to particle rest frame

\

* Most of the calculations on market are built as:

1) hydrodynamic calculations
[Hydrodynamic evolution} ————— {Freeze-out} ————— *[Formula from above]

2) Microscopic(transport,cascade) model calculations

\ (Parton/hadron cascade} ————— {Coarse—graining} ————— *[Formula from above}




Hydrodynamic/transport models

Hydrodynamic models

PICR: Y.L. Xie, D.J. Wang, L.P. Csernai, Phys.Rev.C 95 (2017) 3, 031901, Eur.Phys.J.C 80 (2020) 1, 39

ECHO-QGP: F. Becattini, G. Inghirami, et al., Eur.Phys.J.C 75 (2015) 9, 406

AMPT + CLVisc: L.-G Pang, H. Elfner, Q. Wang and X.-N. Wang , Phys.Rev.Lett. 117 (2016) 192301

AMPT + MUSIC: BF, K. Xu, X-G, Huang, H. Song, Phys.Rev.C 103 (2021) 2, 024903

UrQMD/Glauber + vHLLE: lu. Karpenko, F. Becattini , Eur.Phys.J.C 77 (2017) 4, 213, Phys.Rev.Lett. 120 (2018) 012302
3FD (3-fluid dynamics): Yu. lvanov, A. Soldatov, Phys. Rev. C 97, 024908 (2018)

Transport models

AMPT: Y. Jiang, J. Liao, Z. Lin, Phys.Rev.C 94 (2016) 4, 044910
D. Wei, W. Deng and X-G. Huang, Phys.Rev. C99 (2019) 014905
H. Li, L. Pang, Q. Wang and X. Xia, Phys.Rev. C96 (2017) 054908
UrQMD: O. Vitiuk, L. Bravina and E. Zabrodin, Phys.Lett.B 803 (2020) 135298
X-G. Deng, X-G. Huang, Y-G. Ma and S. Zhang, Phys.Rev.C 101 (2020) 6, 064908
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Global polarization
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Global polarization

[ L2 [ds,p” f(x, p)PH(x, p)

P¥ = (PH(p)) =
d3
f Tp fdzvp”f(X,p)
gl TAu+Au,20-50% * A, STAR
Y|<1 * A, STAR
—— A, AMPT + MUSIC |
6 =< A, AMPT + MUSIC -
§
—4r i
(al
2+ .
Or ]

sy [GeV]

100

Decrease with the collision energy

« A — A difference negligible

3

* A, STAR preliminary Au+Au @ 27 GeV

[ ==— A, AMPT + MUSIC nl<1 |
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BF, K. Xu, X-G, Huang, H. Song,
Phys.Rev.C 103 (2021) 2, 024903

Centrality [%]



Global polarization

P

o
o~

P (

F. Becattini and M. Lisa, Ann.Rev.Nucl.Part.Sci. 70 (2020) 395-423

B ' A A
6 x* * STAR
B O ALICE

scaled using o,=0.75

Average of A and A
hydrodynamics
parton cascade (AMPT)
hadron cascade (UrQMD)
3-fluid dynamics
chiral kinetic

Viscous hydrodynamics:
Karpenko I, Becattini F. Eur. Phys. J. C77:213 (2017)

Partonic cascade (AMPT):
Li H, Pang L-G, Wang Q, Xia XL. Phys. Rev. C96:054908 (2017)

Hadron cascade (UrQMD):
O. Vitiuk, L. Bravina and E. Zabrodin, Phys.Lett.B 803 (2020) 135298

3-fluid dynamics:
Ivanov YB, Toneev VD, Soldatov AA. Phys. Rev. C100:014908 (2019)

Chiral Kinetic Theory:
SunY, Ko CM. Phys. Rev. C96:024906 (2017)



Global polarization

Collision energy dependence
F. Becattini and M. Lisa, Ann.Rev.Nucl.Part.Sci. 70 (2020) 395-423

e * More transparent and symmetric in the mid-
E - ' AKX rapi_dity region in higher energies
n H. Li, et al, PRC 96 (2017) 054908

6 * *  STAR

B O ALICE * Longer evolution time will dilute the vorticity effect
_ lu. Karpenko and F. Becattini , EPJC 77 (2017) 4, 213
= scaled using o,=0.75
Average of A and A * The inertia moment increase
41— hydrodynamics

— parton cascade (AMPT) . - . : . - .
_ = hadron cascade (UrQMD) 0'14__ 39 GeV
e - | . 62GeV
—— i dyamc o1z e
= chiral kinetic ~ -~ 150 GeV
g 0.10- + 200 GeV
N
— 0.081
/“\.‘
>
3 0.06-
>~
0.04 -
0.02 e
0 2 4 6 8
syn (B8 Time (fm/c)
Y. Jiang and Z. Lin, Phys.Rev. C94 (2016) no.4, 044910




Global polarization —
P The A — A splitting

___ F.Becattini and M. Lisa, Ann.Rev.Nucl.Part.Sci. 70 (2020) 395-423 Might from magnetic field, but with large uncertainties
\8 ' _ 5o x10%
o o l
— = A A g 400 _ Au +A_u 20-50%

= I
AL » * STAR @ a0l

m O ALICE 200 |
= scaled using o,=0.75 100._ + T l + + ’
0 i
Average of A and A 100l ' o magnetar
4_ hydrodynamics o0 et N Y g B ~ 1011 i i

parton cascade (AMPT)

— 10 102
—— hadron cascade (UrQMD)

Joseph Adams, QM2019 Vs (GeV)
3-fluid dynamics

chiral kinetic Also might from the different space—time distribution

= 20—Au+Au @ 7.7 GeV, UrQMD-34
=, =6fm, t=15fmlc
>

™
L, S

un O. Vitiuk, et al, #k o — i
PLB 803,135298 z [fm]




Global polarization at lower energies

* Transport model predicts a maximum of vorticity around 3-7 GeV

* Need an out of equilibrium theory to calculate Y. Guo, et al., arXiv: 2105.13481
|$|II|
. ED__ auAu A
008 oo Ki - L : - T
Y BN Inematic vorticity _ B b=50fm ]
¢ ., _ fm ]
£006 iy ovD Y P ’fh‘—h‘***ih BN b=89fm |
E : -.---"n‘ i ","J =4 -
e | . .
= 0.04 ¢ AN 2
3 | e
o Au+Au,n=0  ~HNING E:
[ m LY
0.02/ : b=10 fm \*--..
0.00/ - 0.5 ]
5 10 50 100 5001000 5000 | ® STAR 20%-50%
Vs (GeV) : AMPT $® HADES 10%-40% _
! 1 f ) T P B
Deng, Huang, Ma and Zhang, W. Deng and X-G. Huang, ° 10 48—1(5{39V} 20 *
NN

Phys.Rev.C 101 (2020) 6, 064908 Phys.Rev.C 93 (2016) 6, 064907



Global polarization at lower energies

HADES preliminary, SQM21
Au+Au @ 2.4 GeV, 10-40% | CeV104%

GeY 10-40%

Ag+Ag @ 2.56 GeV, 10-40% |<v,, <03

™ STAR, PRC76 (2007) 024915
]

STAR., Nature548 {(2017) 62
STAR, PRCSA (2018) 014810

. ALICE, PRC101 (2020) 044511

STAR preliminary, SQM21
7.2 GeV fixed-target mode

Py [%]

I—B—I
*5
i

v

_1 ] IIIIIII| ] IIIIIII| -I- IIIIIII| ] [

10 10° 10°

(s [GeV:

—h

e Py still shows increasing trend down to 2.4 GeV

 Will it turns-off’ at lower energies?

HADES
(1) Au+Au 2012: (2) Ag+Ag 2019:
~ /Syy = 2.4 GeV d 1.:‘5NN:2.55 GeV
~ 7-10° events » 14 -10° events
STAR

More data will come from BES-II+FXT
FXT (GeV): 30,32 35,39,45 52 52 62, 7.7
Collider (GeV): 7.7,9.1,11.5, 145, 17.3, 196



Global = and ()™ polarization

BF, K. Xu, X-G, Huang, H. Song, Phys.Rev.C 103 (2021) 2, 024903

6 — o '
STAR: AMPT + MUSIC:
Lo =+ =t — A
® =+ =% via daughter A —— E
41 ¢ Q + QF via daughter A - Q-
Au+Au, 20-50% |Y| <1
2 | -
0t

1 S(S+1)

Sﬂ(xap):_zm 3

Spin ratio:

So- 8= :5,=3:1:1
Mass ratio:
Mmo- -me-my=15:12:1

Magnetic moments ratio:

|MQ—| . |ME—| . |MA| ~3:1:1

Baseline for future feed-down and
magnetic field study

[1 o f(xa p)]eﬂvpo-pcrva



Global =~

and ()~ polarization

BF, K. Xu, X-G, Huang, H. Song, Phys.Rev.C 103 (2021) 2, 024903

6 — ——— -
STAR: AMPT + MUSIC:
o T+ =f — A
® =+ E* via daughter A —— T
4L ¢ Q + QF viadaughter A - QO
< Au+Au, 20-50% [Y| <1
=
o
2L
0k

AMPT, Hui Li, SQI\/I2021

AMPT Au+Au 20-50%
—&— A (primary)
@ =~ (primary)
—@— ()~ (primary)
preliminary

STAR Au+Au 20- 50%
w A S A

STAR Au+Au 20-80%

O =+ =+
O (i=+ "




Global =~

and ()~ polarization

BF, K. Xu, X-G, Huang, H. Song, Phys.Rev.C 103 (2021) 2, 024903

6

STAR:
N = EC

L INCON
- & Q

+
+
+

AMPT, Hui Li, SQM2021

AMPT + MUSIC:

=t

Tl
4
o)
ol

, via daughter A
, via daughter A

—— A

——
- [ e =
e

- ofie = ()~

Au+Au, 20-50% |Y| <1

1 LI l 1 1

AMPT Au+Au 20- 50%

-4 A (primary + feed-down)
—@— =~ (primary + feed-down)
—&— ()~ (primary)

1 1 LI '

STAR Au+Au 20- 50%
* A & A

STAR Au+Au 20-80%

g =
N—

o e
+ 2

preliminary

Separated with
feed-down




Local polarization puzzle
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local polarization: p7 and n dependence

* Py(pr) and B, (n) Describes data within error bars

2.0

1.5

1.0

P., [%]

0.5

0.0

Au+Au@200 GeV

A, STAR

. O A, STAR

Au+tAu@27 GeV
¢ A, STAR

e A, AMPT + MUSIC

A, AMPT + MUSIC

x4

In| <1

—
s té ¥

il

0

1

2
pr [GeVi/c]

3

P., [%]

2.0 - . -
Au+Au@200 GeV Au+Au@27 GeV

[ m A, STAR ¢ A, STAR

15} © A, STAR e A, AMPT + MUSIC
A, AMPT + MUSIC

0.4 <p;<3.0GeV|
1.OF .
® t —d- o
0.5 | * * é .
00 B (b) | 7

0
n

|

BF, K. Xu, X-G, Huang, H. Song, Phys.Rev.C 103 (2021) 2, 024903



local polarization: p7 and n dependence

Py (pr) and Py (n) Describes data within error bars

20 T T T T T 20 T T T
Au+Au@200 GeV AutAu@?27 GeV Au+Au@200 GeV AutAu@?27 GeV
[ m A, STAR ¢ A STAR [ m A, STAR ¢ A STAR
15L o A STAR e A, AMPT + MUSIC _ 15L @ ASTAR e A, AMPT + MUSIC _
A, AMPT + MUSIC A, AMPT + MUSIC
| <1 0.4 <p; < 3.0 GeV-
2 101 T : R 10F _
 how about large rapidity?
Initial vorticity by HIJING Final polarization by hydro
- — eV 7 it vort §
0.08.  Au+Au o 5A5CEV | :T'“"'.““.”- - W-T. Deng and X-G. Huang
g w0dm [\ 900GeV nor—rlthisc PRC 93 (2016) 6, 064907
£ ! £
é 0.04 ] T Hydro:
A : L H-Z. Wu, L-G. Pang, X-G.
| | ] Huang and Q. Wang
0.00/* based on energy flow % . PRR 1 (2019) 033058
e S, ; : : ;




local polarization: ¢ dependence

Experiment data

Hydrodynamics

P7(¢)

Ab+/s
LO~T‘/—~10"h

L (-y)

C‘vp\ :

participants

spectators

P*(¢)

@z ‘Y

x ¥

<= L T T T 0.6 = A, STAR preliminay 200 GeV
% 06 | STAR preliminary Au+Au 200GeV : —— A, AMPT + MUSIC 200 GeV
o i 20-50%
i 0.4
04 A and A combined 3'_9'
<Py> [ — — "L, . . o — . > +
H0.2 - i o 0.2
0 —_ ___________________________ 0 0 L %% .............
. Au+Au, 20-50%
cin-plane 0.2
024 05 1 15 0 /2
T. Niida, ECT2020 ¢ =01 [rad) ¢ [rad]
0.001r ' '
g STAR Au+Au \ =200 GeV Au+Au, 200 GeV, [20-60%]
o 20%-60% 0.00T
CD 0. 0005
8 Z $ % %
&) =
o A8 \ﬁ n i < 0.000
i %\ /@ @
3
: % g
—0.00051 fit: p +2p sin(29-2'¢) * A, STAR
- A p,=0.016:0.003 [%] -0.00IF  » X sTAR
-0.001 A P, =0.015:0.003 [%] P,(A), AMPT + MUSIC (scaled)
T B S 0 w2 T
PRL 123 (2019) 132301 ¢ [rad] ¢ [rad]

BF, Xu, Huang, Song,
PRC103 (2021) 2, 024903

See also:

Karpenko, Becattini,
EPIC 77 (2017) 4, 213

D. Wei, et al.,
PRC 99 (2019) 014905

X. Xia, et al,,
PRC 98 (2018) 024905

Becattini, Karpenko,
PRL 120 (2018) 012302
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Efforts to resolve the ‘sign puzzle’

Feed-down effects (Xia, Li, Huang, Huang, PRC 2019, Becattini, Cao, Speranza, EPJC 2019)

P7(¢)

0.006

__0.004
=
S

o
0.002

0.000

P*(¢)

0.002

0.000

P2(¢)

—0.002

PPI™ = fo + f,cos(24)

=== primordial

B ¢ after decay
1 | 1 1
0 /4 /2
(0
=== primordial A

¢ final A

Au+Au 200GeV 10-60%
0.5<pr<4GeVic, In|<1
1 1 |

|
0 n/2

m 3n/2 2n
)

* About 80% of final A from decays

Feed-down effect suppress ~10 — 20%
primordial spin polarization

[
I

pr=2GeV

0.0 0.5 0 1.5
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Efforts to resolve the ‘sign puzzle’

* Feed-down effects (Xia, Li, Huang, Huang, PRC 2019, Becattini, Cao, Speranza, EPJC 2019)

e QOther spin chemical potential (Wu, Pang, Huang, Wang, PRR 2019)

AMPT IS (includes angular momentum) + 3D viscous hydro (CLVisc

-« thermal vorticity * STARA
ki ti ticit x i Tl
00010}  tovorticity STARA Red Line: thermal vorticity

non-relativistic

0.0005 eny _ 1
A Wyy = = — E ( a,LL(uV/T) o av(u,u/T))
)
: 0.0000}edl \\‘r/ Black Line: T-vorticity

-0.0005

m _ 1
w,uv — _E(au(uvT) - av(uuT))

-0.0010




Efforts to resolve the ‘sign puzzle’

* Feed-down effects (Xia, Li, Huang, Huang, PRC 2019, Becattini, Cao, Speranza, EPJC 2019)
e Other spin chemical potential (Wu, Pang, Huang, Wang, PRR 2019)

e Polarization from projected thermal vorticity (Florkowski, Kumar, Ryblewski, Mazeliauskas, PRC 2019)

S B G B
N

0.004
0.003 0.003
. 0.002 0.002
> 0.001 0.001
O 0r 0 0
e | ~0.001 ~0.001
: ~0.002 ~0.002
_al -0.003 -0.003
| ~0.004
— 4 EESS——————ee e S
-4 -2 0 2 4
Px [GeV] Px [GeV]
Standard thermal vorticity: i "
VvV __ 1 v v I Icltv: .= v
o = —L(9HBY —9VBH) Projected thermal vorticity: @ . wmﬁﬁﬂﬂﬁ



Efforts to resolve the ‘sign puzzle’

 Feed-down effects (Xia, Li, Huang, Huang, PRC 2019, Becattini, Cao, Speranza, EPJC 2019)
e QOther spin chemical potential (Wu, Pang, Huang, Wang, PRR 2019)
e Polarization from projected thermal vorticity (Florkowski, Kumar, Ryblewski, Mazeliauskas, PRC 2019)

* Side-jump in CKT (Liu, Ko, Sun, PRL 2019)

Norrmal orbital = -—-—- total
Boost - ———
8f 6 LAB :
S 6 S 4 e N :
8 4t S 2/% ~%. -
= = of X
= 2 S g T o7
"o <2 Ko
_2_ 1 1 1 g —6__. | il In|
6 T T T T 15_ T -
REST -] ™=, REST
- AN T e 100 7 “
Side-Jump S of -3 --.-:.‘__..-' g‘ 5t% e~ R
Boost T o o, Tl g8 it Y
— "__- = S e, %
?_2 = E_'G _5__\’/‘\‘%- ____‘___.;",
_4 r | —10 - \\5\. ”p'
1 1 | 1 1 1 —15— I I L .-.-I Il
00 02 04 06 08 10 1.2 14 00 05 10 15 20 25 30

¢ ®



Efforts to resolve the ‘sign puzzle’

Feed-down effects (Xia, Li, Huang, Huang, PRC 2019, Becattini, Cao, Speranza, EPJC 2019)

e QOther spin chemical potential (Wu, Pang, Huang, Wang, PRR 2019)

e Polarization from projected thermal vorticity (Florkowski, Kumar, Ryblewski, Mazeliauskas, PRC 2019)
* Side-jump in CKT (Liu, Ko, Sun, PRL 2019)

e Spin as a dynamical d.o.f:

spin hydrodynamics (Florkowski, et al., PRC2017, Hattori, et al., PLB 2019, Shi, et al, PRC 2021, ...)

spin kinetic theory (Gao and Liang, PRD 2019, Weickgenannt ,et al PRD 2019, Hattori, et al PRD 2019, Wang, et al, PRD 2019, Liu,
et al, CPC 2020, Hattori, et al, PRD 2019, ...)

* Final hadronic interactions (Xie and Csernai, ECT talk 2020, Csernai, Kapusta, Welle, PRC 2019)

Still open questions and more precise understanding needed
about spin and its dynamics



Shear Induced Polarization (SIP)

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin, arXiv: 2103.10403
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Hydrodynamic gradients

Derivatives of the velocity field:

0, Uy (x)
Anti-symmetric: vorticity Symmetric: shear stress
1 1 1
wht = Ee‘“’“ﬁuvaéuﬁ oMV = 5 (afuv + al’u’“‘) — §A‘“’6l U

NS

(Thermal) vorticity

induced polarization
In condensed matter physics:

R. Takahashi, et al., Nature Physics (2016) 12, 52-56

In heavy ion collision:
F. Becattini (2013) and later works

N

Shear Induced polarization:

[Strain induced polarization]
In crystal physics:

Shear effects in heavy ion
collisions will be
discussed in this talk

S. Crooker and D. Smith, PRL (2005) 94, 236601
T. Kissikov, et al., Nature Comm. (2018) 9, 1058 36




Shear Induced Polarization (SIP)

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
arXiv: 2103.10403

Axial Wigner function from CKT (chen, Son, Stephanov, PRL 115 (2015) 2, 021601)

AM:Z ()\puf/\—i—i

A

Expand A" to 15t order gradient of the fields:

1 """ pLun0, fa
p-u

A* :%,Bno(l —ng) % MO, Oy

_|_

26" Do [B

2
oaB)]|- PR e, Qo]

€0

Vorticity

T gradient

Shear strength

(spin Nernst effect)

Identical form by linear response theory
with arbitrary mass (s. Liuand Y. Yin, arXiv: 2103.09200)

* No free parameter

Different mass sensitivity of each term

Q"W = —pi'pY/pt + A* /3

uv 1 U, v VU 1 uv
otV = E(alu +0u )—§A d,-u
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Shear Induced Polarization (SIP)

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
arXiv: 2103.10403

Axial Wigner function from CKT (chen, Son, Stephanov, PRL 115 (2015) 2, 021601)

L eltver v o
A”:Z()\p”f/\+—€ pué?pj}\>

A

2 DU

Expand A" to 1%t order gradient of the fields:

1 2
A* =—Fng(1 — ng) 46“”“’\pyﬁéu)\ H 26" My, D [5_1(@6)] — QI)—le“”apqua)‘apA }

2

€0

Vorticity

T gradient Shear strength
(spin Nernst effect)

Total P# = [Vorticity] + [T gradient] + [Shear]
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Shear Induced Polarization (SIP) | S sissioms ooy

Axial Wigner fu To one-loop order (in charge neutral fluid)

Thermal vorticit
ija)\pvaa (Bu))\ 1 ( ) i
Wyy =5 (0y ﬂuu _au(ﬁuv))
Expand A" to A \ 2
1 2
A :56?7,0(1 —ng) 46“”“’\pué‘éu)\ + 26" M, pe [B7H(0AB)]|— Q%E”UQPUVQQAJM
Vorticity T gradient Shear strength

(spin Nernst effect)

Total P# = [Vorticity] + [T gradient] + [Shear]
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Shear Induced Polarization (SIP) | o 510310203

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,

Axial Wigner fu

ija)\pl/ aa (Bu))\

Expand A* to A \

To one-loop order (in charge neutral fluid)

Thermal vorticity
1
Wyy = E (av(ﬂuu) - au(ﬁuv))

AN 4

1
A" ==pBng(1 — ng) 46””0"\%5,&% + 26" * My pg [B71

2

(OAB)]|—

2
P Vo A
256“ Pu, QL opn

Vorticity T gradient

(spin Nernst effect)

Shear strength

Total P# = [Vorticity] + [T gradient] + [Shear]

> Total P* = [Thermal vorticity] +

Similar result obtained independently by

[Shear]

Becattini, Buzzegoli, Palermo, arXiv: 2103.10917 The only new effect




‘A equilibrium’ vs. ‘S-quark memory’

/dZ@paAu( vp: )

Spin Cooper-Frye:
2mfd2 pan(Beo)

Pt(p) =

Pﬂ

: .
A equilibrium
P,
: < : S-quark memory I

|

QGP ! Hadron resonance gas

hadronization T
—

Hydro evolution

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
arXiv: 2103.10403

‘A equilibrium’
Tspin,A -0
Polarization of A-hyperon
u
Py (p)
F. Becattini (2013)
and later hydrodynamic(transport) calculations

‘S-quark memory’
Tspin,A — 0
Polarization of S-quark
P (p)

Z.-T. Liang, X.-N. Wang, PRL 94 (2005) 102301
Quark model: Py ~ P




P,(¢) with SIP

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,

arXiv: 2103.10403

. 0001 — 0.6
2 | STAR  AutAu s =200 GeV

o B 20%-60%

@ 0.0005

= B

Q
2

A Scenario

" Particle rest frame

—0.0005 fit: p +2p sin(20-2% )
L *A p, =0.0160.003 [%]
0001 %A b,=0.015+0.003 [%]
i | ‘ 1 1 | 1 | 1 | 1 1 ‘ | 1 1 | | 1 |
0 1 2 3
q)—‘{’2 [rad]

STAR, Phys.Rev.Lett. 123 (2019) 132301

* |n the scenario of ‘S-quark memory’, the total P#* with SIP qualitatively agrees with data

e \\ith S|P
=== w/0o SIP |

my = 1.116 GeV ]

0.6 L AutAu, 200 GeV, AMPT+MUSIC, 20 - 60% '
0

1 2

¢ [rad]

, | Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60%

Total P# = [thermal vorticity] + [Shear]

2

s-quark Scenario @ yith S|P
| == w/o SIP |

Particle rest frame

mes = 0.3 GeV |

1 2 3

¢ [rad]
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P, (¢) with SIP

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,

arXiv: 2103.10403

T T T
e \vith S|P
=== Ww/o S|P

0.4 - .
_ STARNPA 982(2019)511514 [\ seenario
2 - .
E—.i o6l STAR preliminary Au+Au 200GeV 0.3 L Particle rest frame
- 20-50%
04r A and A combined — 02}
<P [ — — Wl s . — - . S,
02 g
. " 0.1 Lo
N
. 0.0
-in-plane &> out-of-plane
02—t b !
0 0.5 1 15
¢ — ¥y [rad] 0.1

Au+Au, 200 GeV, AMPT+MUSIC, 20 - 50%

my = 1.116 GeV |

1

2 3

¢ [rad]

- Py [%]

0.4

0.3 LParticle rest frame

0.2}

01F

0.0

-0.1

Total P#* = [thermal vorticity] + [shear]

s-quark Scenario

AutAu, 200 GeV, AMPT+MUSIC, 20 - 50%,

T T T
e \yith SIP |
- == w/o SIP

1

2 3

¢ [rad]

* |n the scenario of ‘S-quark memory’, the total P#* with SIP qualitatively agrees with data
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Competition of P,: Grad T vs. SIP

Total P* = [thermal vorticity] +

. A Scenario = Total

! |
=== Grad T |

vorticity =~ == S|P

| Particle rest frame mp = 1.116 GeV _

2

-Au+Aul, 200 GeV, AMPT+MUSIC, 20 - 60%

0 1 2
¢ [rad]
e [vorticity] ~ 0

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
arXiv: 2103.10403

'shear] = [vorticity] + [Grad T] + [shear]

s-quark Scenario

e T ofal -==Grad T|
vorticity —SIP

mg = 0.3 GeV .

Particle rest frame
Au+Aul, 200 thaV, AMI?T+MUSIIC, 20 - 60%

0

1 2

¢ [rad]

* [SIP] and [Grad T] show similar magnitude but opposite sign
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BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
arXiv: 2103.10403

Competition of P,: Grad T vs. SIP

Total P* = [thermal vorticity] +

'shear] = [vorticity] + [Grad T] + [shear]

0.6 - T - |

2

e Total
vorticity

- A Scenario
04+

! |
=== Grad T |
—— S| P

s-quark Scenario

04} .
| Particle rest frame mp = *1*C0mpet1t10n between rame mg = 0.3 GeV .
Au+Au, 200 GeV, AMPT+MUSIC, 2 GeV, AMPT+MUSIC, 20 - 60%
06, - : - : [E.uva: Uy Pe|B10; /3’D ; . : . :

¢ [rad]

- [E#vapuvpp ( p”/eo )a(auﬂ)l

e T ofal -==Grad T|
vorticity —SIP

e [vorticity] ~ 0

¢ [rad]

* [SIP] and [Grad T] show similar magnitude but opposite sign
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Competition of P,: Grad T vs. SIP

- P, [%]

0.8

0.4

0 1

Total P* = [thermal vorticity] +

A Scenario Particle rest frame
B * A, STAR —TOta| . --- Grad T 1
vorticity = = SIP
i |

my = 1.116 GeV

- Py [%]

Au+Au, 200 GeV, AMPT+MUSIC, 20 - 50%

2 3
¢ [rad]

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
arXiv: 2103.10403

0.8

04

'shear] = [vorticity] + [Grad T] + [shear]

s-quark Scenario Particle rest frame

e T Otal -==Grad T 1
vorticity == SIP

mg = 0.3 GeV
Au+Au, 200 GeV, AMPT+MUSIC, 20 - 50%

1 2

¢ [rad]

e [vorticity] dominates the global polarization

e [SIP] and [Grad T] show similar magnitude but opposite sign



Robustness of the competition

P, [%]

0.6 ' | ' | ' |

Grad T A Scenario, Rest frame .

04 L SIP i

OO — = — = - e e e e e — — m mm m - - - = =Y

02+ _

04 | -

06 AuTAu, 200 GeV, b = 9 fm

0 | 1 2 | 3
¢ [rad]

Band: possible flexibility of [Grad T] and [SIP]

Initial flow: on = off

* Initial condition: AMPT = Glauber
* Shear viscosity: 0.08 = off
 Bulk viscosity: {/s(T) - off

* Freeze-out temperature:

167 MeV = 157 MeV



Global polarization with shear effect

P, [%]

-0.8

-0.6

-0.2

0.0

Au+Au @ 200 GeV, AMPT + MUSIC
20 - 50%
. A Scenario s-quark Scenario
Band: STAR A
- STARA -
@
Total W/O shear Total W/O shear

Total P#* = [thermal vorticity] + [Shear]

A, STAR
A, STAR

20 - 50%
- thermal vorticity + shear
Preliminary

.lll
*
*

AMPT + MUSIC
=== g-quark

—A
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Sensitivity to frame

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
arXiv: 2103.10403

* P*(¢)

not sensitive to frame

* PY(¢)

sensitive to frame,

especially in ‘S-quark scenario’

1.0 - T

' A Scenario

0.5+

P, [%]

= = = Particle rest ]

Lab

-0.5F .
| Total P?

1.0 Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3

¢ [rad]
0.4 - T - . - .
A Scenario Lab

I = = = Particle rest 1

0.3+ .

0.2

-P, [%

01}
- Total PY

0.0

AutAu, 200 GeV, AMPT+MUSIC, 20 -

0 1
¢ [rad]

2

1.0

P, [%]

s-quark Scenario

Lab
=== Particle rest

' Total P?
10 Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3
¢ [rad]
04 T T T T T T
s-quark Scenario Lab
r = == Particle rest 1
0.3} .
-
\\\ "
9 . .’
=02t . y .
o \ P
1 N ’
\ "
\“ "
0.1 .. e 4
~ _,I
. Total PY
0.0 Au+Au, 200 GeV, AMPT+MUSIC, 20 - 50%
0 1 2 3

49
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A brief comparison with F. Becattini’s work

F. Becattini, et al. arXiv: 2103.10917, arXiv: 2103.14621

1) The definition of (thermal) shear formula

2) T-gradient effect on freeze-out surface
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Comparison with the results from F. Becattini

Spin polarization F. Becattini, et al. arXiv: 2103.10917, arXiv: 2103.14621

St =S+ S¢
Thermal vorticity effect:
1 [ dE - pnp(l —np)w,e 1
SH = ———MPoT T 2 P Wy — — % (azﬁv — av/g 1,)
(p) 87716 p fz 1> - D np F 9 F s

Thermal shear effect:

1 P [«dX -pnp(l—n t,E,
St (p) = —— oL Js 4= -pre(l=nr)tés,
4m £ [« dX-pnp

&,u,v — %(auﬁu + ab’ﬁﬁi)

Polarization formula used in our work:

1 — 1 L/ Y
A" =55no(1 = 1no) {6“”“)‘1);/55%,\ + 26 M, p, [B7H(0AB)] —Bno(1 — no)ae‘ P, P ity }

[Thermal vorticity] [Shear effect]
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Comparison with the results from F. Becattini

Spin polarization F. Becattini, et al. arXiv: 2103.10917, arXiv: 2103.14621

St =S+ S¢
Thermal vorticity effect:
1 dX-pnp(l —np)w,s 1
S,u,(p) _ __G,u,pchpT IE p F( F) P Ty = —— (a,u,ﬁ;/ _ ayﬁ,u,)
8m [« dZ - png 2
Thermal shear effect:
1 pr,O f dX P nF(l —ng EL":O"O 1
qH _— .  pvoT by PP L= ~(8,8, + 8,8,
¢ (p) 4?77,6 - fz ds -png & 2( e Bu)

Polarization formula used in our work:

1 — 1 LV Y]
A" ==pno(1 —no) {G‘L”“)‘pvﬁi wy + 26" M u,py [B7HONB)] —Bno(1 — ng) —¢ Ppp)\é‘(lau/\) }

2 €0

[Thermal vorticity] [Shear effect]

1) Different choice of ¢, or u,, 52




Comparison with the results from F. Becattini

Spin polarization F. Becattini, et al. arXiv: 2103.10917, arXiv: 2103.14621 X
If we change t, = u,, in Becattini’s definition:

St =S+ S¢
- * Identical definition of total polarization
Thermal vorticity effect:
P* = [thermal vorticity] + [shear]
L 1 LpOT IE dz'pnF(l_nF)wpcr
5¥(p) = ——e""Tp,
8m [« dE¥-pnp

Thermal shear effect: * Using the equation of motion:

A _ _p-171
SJ“’ _ 1 ;u,f/cr’rprp fE dX P nF(l —nF tV‘EUP (u . a)u‘u a 'B aﬂﬁ
§ (p) = T e IE dX - pnp | the [thermal vorticity] and [shear]
definition are identical individually N
Polarization formula used in our work: _ )
Same (not precisely the same) formula
1 -
A" == Bno(l = n {EW/@)\ ,,E)Lu- + QEFWO‘)\UU o —1H * From F. Becattini’s HENPIC talk
5 ol 0) PuOy Uy Po [B7 (O TR B A

[Thermal vorticity] [Shear effect]

1) Different choice of £, or u, 53




Comparison with the results from F. Becattini

2) T-gradient effect

* Simply use P* = [thermal vorticity] + [shear] for A hyperon can’t reproduce the sign
F. Becattini, et al. arXiv: 2103.14621
P + P¢

py [GeV]

1e=3
2

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin, arXiv: 2103.10403

0.6

04

- A Scenario

_Particle rest frame

_Au+Aul, 200 GeV, AMPT+MUSIC, 20 - 60%

T T T T
e Total === Grad T |

vorticity e SIP

0 1

2 3
¢ [rad]
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Comparison with the results from F. Becattini

* Simply use P* = [thermal vorticity] + [shear] for A hyperon can’t reproduce the sign
BF, S. Liu, L. -G. Pang, H. Song, Y. Yin, arXiv: 2103.10403

F. Becattini, et al. arXiv: 2103.14621

PZ + PZ

py [GeV]

px [GeV]

1e=3
2

0.6

04

- A Scenario o= Total -== Grad T |
vorticity —SIP

 They assume the T-gradient is negligible (isothermal freeze-out)

[thermal vorticity] Wy =

[thermal shear]

F. Becattini, et al. arXiv: 2103.14621

1

2

(O By

— 0 Bu) .

. .
v = 5 (OufBy + O Bu)

=
=

2) T-gradient effect

| AutAu, 200 GeV, AMPT+MUSIC, 20 - 60% T-g radient
1 2 3
¢ [rad]
1 L .
Woo = 5 (Jsu, — 0yu,)  [kinetic vorticity]

_ 1 I
Z e = 5 (@Ju_p 1+ E)pu-g) [kinetic shear]
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Comparison with the results from F. Becattini

PZ + PZ

F. Becattini, et al.
arXiv: 2103.14621

T-gradient excluded v

z
ILE

<

px [GeV]

1e=3
2

1e-2

0.6

041

02+

P, [%]

02}

0.0 ps

2) T-gradient effect

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,

- A Scenario e Total ~==Grad T
vorticity = SIP

-
P ~

0.4+ .
Particle rest frame
0.6 Au+Aul, 200 theV, AMET+MUSIIC, 20 - 60%
0 1 2 3
2

P, [%]

I Particle rest frame

Au+Au, 200 theV, AMPT+MUSIIC, 20 -60% .
0 1 2 3
¢ [rad]

arXiv: 2103.10403

T-gradient included

v Using s-quark scenario

s-quark Scenario
I e Total --- Grad T]
vorticity =———SIP |
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Comparison with the results from F. Becattini

F. Becattini, et al.

PLZU+P§ | ;6—3 0.6

t A Scenario = Total ~==Grad T

2) T-gradient effect
BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,

arXiv: 2103.10403

arXiv: 2103.14621

T-gradient e)

1) Different choice of £, or u, (almost same)
2) T-gradient effect is included in our work (conventional pic.)
[thermal vorticity] + [shear]

and excluded in the result of arXiv: 2103.14621

[kinematic vorticity] + [kinematic shear]

Shear 1s important and contribute a ‘right’ sign in both cases!

ent included
-quark scenario

r Particle rest frame

Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3
¢ [rad]
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Summary & Outlook

e Spin polarization opens a new door to study the properties of QCD matter
* Conventional thermal vorticity describes the global polarization but fails at local polarization
 New discovered shear effect always provides ‘same sign’ like experimental data

e ‘Strange memory’ scenario might provide insights on the hadronization mechanism

* To quantitative calculation: spin hadronization / hadronic evolution
* Higher order observables like v in collective flow

 Willit helps to understand the spin alignment puzzle?



Back up



Comparison with the results from F. Becattini

The isothermal freeze-out picture (F. Becattini, et al. arXiv: 2103.10917, arXiv: 2103.14621)

* Taylor expansion of the density operator (take T outside in isothermal assumption)

1 o 5
e = exp [P — 036,0) 5,0 _mww] :> e

Bu(y) = B () + OBy (2)(y — )

* |s it self-consist with the definition of equal-time surface?

. ! ds e s Uy (v + s/2)U, (2 — s/2) :
(2m)* : :

ﬁ-?cjé(;;r, k)= ﬁ(ﬂ‘o)ﬁ'(ﬂ%z}

—

(Wh(w k))ye = (W (2.k)) sa) + AW (2, k).

Aﬂ+ (2., k) / d> /d (y)AB,(, u){ﬂ+(z L)T}‘P(t;+s,,( )))e.f(z)

1 l ,
——ex By (x)PY+
Zig T

1

_ ?C)Xuy( )/ dZ, (y) )(y — )T (y)
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Well calibrated hydrodynamic model

AMPT

MUSIC

= [music| m)

Parameters are tuned to reproduce the soft hadron observables

Transverse momentum spectra

1SS UrQMD

=)

sr Au+Au@200 GeV (0-5%) ' Au+Au<é;19.e GeV (0-5%)
®m PHENIX 7w O STAR w(/5)
I ® PHENIX p(/200) O STAR p(/2000)

p AMPT + MUSIC + UrQMD

somel ol el soveed vonmd vl el syl g

BF, K. Xu, X-G, Huang, H. Song,
Phys.Rev.C 103 (2021) 2, 024903

Global Polarization
from thermal vorticity

v, (pr)
0.4 - . . : . , :
PHENIX AMPT + MUSIC + UrQMD
] 0 i
03 - O p ----- p i

| Aut+Au 200 GeV 30-40%

* A, STAR preliminary Au+Au @ 27 GeV|
[ = A, AMPT + MUSIC Inj<1 |

Centrality [%]



Shear Induce Polarization (SIP)

The formula can be rewritten in a more friendly way:

SH(x,p) = A*/4m = Bnep(l —npp)

“

. U
—(p- W) + g, w" 4+ "M, pa (01 2 log B) — N0 LQx,

[vorticity] [Grad T] [SIP]

The standard formula from thermal vorticity:

1 1 1
SH(,p) = =2 (1= N5 Q0 - Wk = 2(p - k) +erP7p,d,(1/T) ug + = PPy, Dug)

[vorticity] [Grad T /2] [Acceleration /2]

If the fluid is ideal and uncharged:
[Acceleration] = [Grad T] >

Total P# = [vorticity] + [Grad T] + [SIP]

= [thermal vorticity] + [SIP]

|. Karpenko, F. Becattini, Nucl.Phys.A 982 (2019) 519-522)



Comparison with the results from F. Becattini

The isothermal freeze-out picture (F. Becattini, et al. arXiv: 2103.14621)

~ N
[ dS - pngp(l —np) [wm n Qtpf?:m}

SH p) = — eHPoT
ILE( ) pT STTZ,TdeC IE dE . p nF
Yoo, —0u) == Lo 10
Whe = — (Dytt, — Dyu = = =
pe 2 ap pea pe 2 ( O—up + pua) 130 MeV 140 MeV 125 MeV 130 MeV
Fig. by B. Schenke >x
* With the T-gradient removed, the thermal vorticity (shear) is replaced by kinematic vorticity (shear)
x10~2
z z Pz _ E .
Pg + Pg 1e2-3 ILE 1e-2 dEN S
2 ‘. : L — 9 ‘ o Hx&-.
= S & O N e,
o ® S 12T NN e
O 0 0 O 0 0 L
= > = RRETT
-2 -2 -1 Rl \\“\ ,f’// \\:\ ,j
-2 @ T K A STARN =7/
2 0 2 2 0 2 : AAsTaR T
px [GeV] px [GeV] 0 ?T:f -

& — Ugrp

1) T-gradient on the freeze-out surface 63



