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A brief history for relativistic heavy ion collisions

1974: Workshop on “GeV/nucleon collisions of heavy
ions”

We should investigate.... phenomena by distributing
energy of high nucleon density of a relatively large
volume” ---T.D.Lee

'RHIC, BNL
1984: SPS starts, (end 2003) 13
1986: AGS stars, (end 2000)
2000: RHIC starts AN
2010: LHC starts

Future: FAIR & NICA



A brief history for relativistic heavy ion collisions

1974: Workshop on “GeV/nucleon collisions of heavy
ions”

We should investigate.... phenomena by distributing
energy of high nucleon density of a relatively large

volume” ---T.D.Lee

: HISEVIER Nuclear Physics A590 (1995) 11¢c-28¢
s : At

RHIC and QCD: an overview

T.D. Lee

< xz, Columbia University, New York, N.Y. 10027
BFE4t, HRLEHS
The nucleons are as heavy as bulls I.n'th'is talk | would Iikg to give an overview of the centra
Collisions create new state of matter Relativistic Heavy lon Collisions and Quantum Chromodyn:




A brief history for spin polarization
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The earlier but very pioneering work: Spin-orbital coupling

Global polarization of A and spin alignment Global polarization of quarks
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

Motivate the spin polarization
measurements in experiments!

Polarization of final hadron
(recombination/fragmetation)



Global polarization measurements in heavy ion collisions

‘self-analyzing” of hyperon Most vortical fluid!

, , , , STAR Collaboration, Nature 548, 62 (2017)
Daughter baryon is preferentially emitted in the . — -
direction of hyperon’s spin (opposite for anti-particle) Sl Au+Au 20-50%
~8r | % A this study —
. _ o @ A this stud
ﬂ _ L (1+ayPy - p) S % A P:;Zoyze;ms(zoon
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S. Voloshin and T. Niida, PRC 94.021904 (2016) w = (Py + Pp)kgT/h~10%s




Spin polarization within the statistical approach

Mean spin vector with thermal vorticity: F. Becattini,et al, Annals Phys. 338, 32 (2013)

I S(S+1)
2m 3

S*(x,p) = — 1= [, )l powup

obtained with density operator with

1

~ ‘ AL 1 ud
PLE — E exp[—ﬁ(ﬁ’:)ﬂ_P“ 2(8111} ;u( ) al«’[)) (T)) ; }

thermal vorticity:

L, q ,
Wpy — — 5 (dpf /8:/ — dl/ /8 ﬂf) /8 o ’ZL-H,/ T




Spin Polarization within hydrodynamics

Mean spin vector with thermal vorticity: F. Becattini,et al, Annals Phys. 338, 32 (2013)

L S(5+1 W po L.
I ( 3 ) [1 _ f(mp)}d P PoTup Wuv = _5(();1,/1} — ()f/%-:))yf)

B, =u,/T

Spin polarization within hydrodynamics (Spin Cooper-Fryer):

f dzuplf f(rp)P“(rp) P’“’(:r._'p) _ lS,u. :

P'u' ' — o
)= T s (e p) 7 5

100[MeV 115|MeV 110 MeV 90|MeV

Boost to particle rest frame.

S* =5 —

E(E +m) P

130 Mev 140 MeV 125 MeV 130 MeV

>

1-d freeze-out surface X

24
Soft hadron observables

> UrQMD hadron cascade

AMPT (== | MUSIC |==) | Freeze-out/swiching

S Spin Cooper-Frye |==| Boost

Spin polarization




Spin Polarization within hydrodynamics

Spin vector with thermal vorticity: F. Becattini,et al, Annals Phys. 338, 32 (2013)
I S(S+1)
2m 3

L WV po L, .
St (CUp) — = [1 o f(ﬂfp)}d P pawup Wopr = _a(d,u,ﬁv - dvﬁp&)

B, =u,/T
Spin polarization within hydrodynamics (Spin Cooper-Fryer): } F

Ph(p) = [dX,p” f(x,p)PH(x,p) P () — lS""(;x,p)
[ dE,p” f(z,p)

S

Soft hadron observables
UrQMD hadron cascade

Boo.

AMPT |== | MUSIC [== | Freeze-out/swiching

>
N Spin Cooper-Frye |== | Boost

Spin polarization

velocity fields: u, (x) | > Collective flow

velocity gradients
(vorticity)

0,uy,(x) | = Spin polarization




Calibrated hydro for polarization study

B. Fu, K. Xu, X-G, Huang, H. Song,
Phys.Rev.C103 2, 024903 (2021)

Soft hadron observables

AMPT

—

MUSIC |==)

Freeze-out/swiching

o UrQMD hadron cascade

I | |

x|

Charged particle yields

B PHOBOS 200 GeV
0 PHOBOS 19.6 GeV
800 F === AMPT + MUSIC + UrQMD

AutAu 0-6%

Transverse momentum spectra

AuHAUG200 GeV (%) AutAu@19.6 GeV (0-5%)
B PHENIX D STAR (5)
[0 PHENIX p(200) O STAR p(2000)
[ g AMPT#MUSIC+ UQMD

0.4

vy(pr)

PHENIX  AMPT + MUSIC + UrQMD
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Global A Polarization with thermal vorticity

B. Fu, K. Xu, X-G, Huang H. Song Phys.Rev.C103 2, 024903 (2021)

! lAu+Au 20-50% * A, | STAR - * A, STAR preliminary Au+Au @ 27 GeV

IYj<1 * A, STAR _ [ —— A, AMPT + MUSIC <1 |
—— A, AMPT + MUSIC

5 === A, AMPT + MUSIC - 2+ -

1 ' 1
: ',:ja.—'—4
i [
1 1
(@]
4
e
§ 1
»

10 100 0 20 40 60 80
Yoy [GeV] Centrality [%]
Pt = (P"(p)) = [ G2 [ dE,p*f (x, p)P(x, p)
- o 3
[ 5L [dZ,p f(x.p)

-Decrease with the collision energy; increase with centrality;
-Roughly describe the data within error bars

12



Local A Polarization puzzle with thermal vorticity

B. Fu, K. Xu, X-G, Huang, H. Song, Phys.Rev.C103 2, 024903 (2021)

= A, STAR prelimina| Py(¢)

| —— A, AMPT + MUSIC 200 GeV

0.4 %

o
o
T

——

Au+Au, 20-50%

¢ [rad]

-Different trend/sign in P, (¢) and

P, (@) results

-Local A Polarization Puzzle!

/2

(cos(6,))**"

' . VA
Au+Au, 200 GeV, [20-60%] P ((l))

0.001

* A, STAR
-0001 B & K, STAR

PZ(A), AMPT + MUSICI(scaIed)
0 /2 TT
¢ [rad]

See also:

Karpenko, Becattini, EPJC 77 (2017) 4, 213
D. Wei, et al., PRC 99 (2019) 014905

X. Xia, et al.,, PRC 98 (2018) 024905 13
Becattini, Karpenko, PRL 120 (2018) 012302



Efforts to Solve the Local Polarization Puzzle

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

[no obvious effects]
Other spin chemical potential (\Wu, Pang, Huang, Wang, PRR 2019) [extra assumption]

Polarization from projected thermal vorticity (Florkowski, Kumar, Ryblewski,

Mazeliauskas, PRC 2019) [extra assumption]
Side-jump in CKT (Liu, Ko, Sun, PRL 2019) [massless limit/ extra assumption]

Spin as a dynamical d.o.f: [under development]
spin hydrodynamics (Florkowski, et al., PRC2017, Hattorl, 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)

14



Shear induced polarization
& the Local polarization puzzle

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin,
Phys.Rev.Lett. 127 14, 142301(2021)

15



Re-evaluate mean spin vector

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

1 S(S+1) 1= £, )] po o,

2m 3

S (.p) = -

1
w,LLU — _5(8,&61/ o avﬁ,u,) pr — u’pb/T

Hydrodynamic gradients

/m

Anti-symmetric: vorticity Symmetric: shear stress

wht = %e“mﬁuva;uﬁ gV = %(afuv + aYuk) — %/_\wal | [Strain mduced polarization]
In crystal physics:

@ @ Crooker and Smith, PRL (2005)
94, 236601; Kissikov, et al.,
?

Traditional mean Nature Comm. (2018) 9, 1058

spin vector 16



Shear Induced Polarization
B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021)

Axial Wigner function from CKT

1 elV%Py 4 058 |
At — Z ApH fy & = ¢ PrUaOpf Chen, Son, Stephanov, PRL
- 2 DU 115 (2015) 2, 021601

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

1 2
AX ziﬁno(l —ng) {]e“m)‘py@iu)\ 26" M po [B71(02B)] |- 2%6””"%@;%)\ }
0

Vorticity T gradient Shear (SIP)

-Identical form by linear response
theory with arbitrary mass Q" = —pipY/pi +A"/3

S.Y.F.Liu and Y.Yin, JHEPO7, 188 (2021). 1 1
otV = E(aluv + GIu"‘) —EAHVGJ_ U

-No free parameter

-Different mass sensitivity of each term 17



Shear Induced Polarization

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021)
Expand A* to 15t order gradient of the fields:

1 2
AW ziﬁno(l — nyg) {le“m)‘pyaiu)\ —I—EEWO‘AU,,;DQ [B7HONB)]|- Q%E“VO‘pu,,Qa’\ap)\ }

Vorticity T gradient Shear (SIP)
o 1 using ideal hydro eqgn:
Thermal vorticity| @y, = 2(6,, By — aﬂﬂv* (u- Duy, = —ﬁ_lajﬁ

/dE&'p& A (z, p;m)

Spin Cooper-Frye P"(p) = .
2m /dEﬁ'p&n{lﬁfu}

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

—> Total P#* = [Thermal vorticity] +|{[Shear] ‘

18
The only new effect



‘ e , B. Fu, S. Liu, L. -G. Pang, H. Son
A equilibrium’ vs. ‘S-quark memory Y. Yin, Phys.Rev.Lett. 1297 ’

14, 142301(2021)

pi A equilibrium

A Tspin,A -0
Reaulibrium Polarization of A-hyperon

U
Py (p)
F. Becattini (2013)
and later hydrodynamic(transport) calculations

|

%w

{ 7’
S-quark memory S-quark memory
Tspin,A — 0

| Polarization of S-quark
QGP B | Hadron resonance gas Pf(p) _ Psu(p)

hadronization T

Z.-T. Liang, X.-N. Wang, PRL 94 (2005) 102301

Hydro evolution

/dE”pﬂ A (z, prm)
Spin polarization on the P (p) = |
freeze-out surface . / d¥%pon(Beo) 19



P,(¢): competition between T-gradient and shear (SIP) effects

B. Fu, S. Liu, L. -G. Pang, H. Son

vorticity e S|P

04+

EA Scenarlo o Total === Grad T |

| Particle rest frame my = 1.116 GeV
.6 LAU*AU, 200 GeV, AMPT+MUSIC, 20-60% |
0 1 2 3
¢ [rad]

2

2

g, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021)

s-quark Scenario

e Total === Grad T|

vorticity =~ =——SIP

- Particle rest frame mg = 0.3 GeV ;
Au+Au.’ 200 G(IEV, AMET+MUSIIC, 20 - 60% |
0 1 2 3
¢ [rad]

Total P* = Vorticity + T gradient + Shear (SIP) =Thermal vorticity + Shear effects

-[Vorticity] ~ 0

s Competition between

-[SIP] and [T Grad] show similar magnitude [E“V“’luvpa[ﬁ_laaﬁl]

but opposite sign

_ [E.uvapuvi)p (Pi/ft-))a(aum]




Compare with exp data: P,(¢) with & without SIP
B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021)
2 - T y T - T

0.001 _
E - STAR  Au+Au \s_ = 200 GeV s-quark Scenario — With SIP
oy - [ === w/o SIP ]
* i 20%-60% Particle rest frame e
< 0.0005 STAR, Phys.Rev.Lett. 123
@ - * _E (2019) 132301
k] : *
o
—0.0005~ fit: p_+2p sin(20-2¥ ) .
[ *A  p =0.016+0.003 [%] ms = 0.3 GeV
_0.001 #A P,=0.015+0.003 [%] -
I R R SR Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3 v . ¥ = l -' .'
- _[rad] - A Scenario e with SIP
2 04}t , === w/0o SIP |
: Particle rest frame
L ’—‘--ss
02} - “oo-
Total P _ )

=Thermal vorticity + Shear effects

-In the scenario of ‘S-quark
memory’, the total P# with SIP _ _
qualitatively agrees with data 0.6 AAL IR C, AP TS DA
0 1 2 3
¢ [rad]




P, (¢): competition between T-gradient and shear (SIP) effects

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021)

0.8

' ' ' ' ' ' 0.8 - T - T - T
A Scenario Particle rest frame s—quark Scenario Particle rest frame
% A, STAR =—Total === CradT - ——Total --- GradT 1
’ vorticity =~ =——SIP vorticity —— SIP
0.4 % . 04+ i
= o
00F —mm— == e e oo o3yl ]
0.4 L_AU*AU, 200 GeV, AMPT+MUSIC, 20 - 50% 0.4 [ AU¥AU, 200 GeV, AMPT+MUSIC, 20 - 50%
0 1 2 3 0 1 2 3
¢ [rad] ¢ [rad]

Total P* = Vorticity + T gradient + Shear (SIP) =Thermal vorticity + Shear effects

-[Vorticity]: dominant, contribute most to the global polarization

-[SIP] and [T Grad] show similar magnitude but opposite sign 2



Compare with exp data: P,(¢) with & without SIP

B. Fu, S. Liu, L. -G. Pang, H. Song, \%Zin, Phys.Rev.Lett. 127 14, 142301(2021)

"B“'- C T T T I |
% 0.6 — STAR preliminary AU+AU 200GeV
o i 20-50%
04 A and A combined
<Pr> [— — — i, — o — .
02

_0_2—inl-p!anle 4P out-of-plane
Y 0.5 1 15
¢ — Wy [rad]
Total P#
=Thermal vorticity + Shear effects

-In the scenario of ‘S-quark
memory’, the total P# with SIP
gualitatively agrees with data

- Py |70

-P, [%]
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0.2

0.1

0.0

04

0.3

0.2

0.1

0.0

| s-quark Scenario e ith SIP |

- == w/o SIP

L Particle rest frame i
Au+lAu, 200I GeV, AMPT+IVIIUSIC, 20 - 50%I
| A Scenario w—\\ith S|P
] === w/o SIP
| Particle rest frame i
a! e = -
ma = 1.116 GeV
Au+Au, 200I GeV, A.MP +MIUSIC, 20 - 50%I
0 1 2 3

¢ [rad]



{F’Z sin(2¢ - 2‘{’2)>

The 2" order Fourier sine coefficients of P,

x10° x107

B TT1 | TTT1 | T T 11 | T T 11 | T T 11 | T T 11 | TTT1 | T ] QN _l LILEL | LI | LI | LI | LI | LILL I_

- Pb-Pb s, =5.02TeV 30-50% - B = Pb-Pbys,, =5.02TeV 30-50% Au-Au s, =200 GeV 20-60% -
_ i N N _ _ i

6 '_ ® ALICE (A+A) ] eI} 6L ® ALICE (A+A) ¥r STAR x 0.856 (A + A) .
- M= AMPT + MUSIC (S quark) i N L =wAMPT+MUSIC (S quark)  STAR, PRL, 123, 132301 (2019) -
- mm AMPT + MUSIC (A) . % ™ == AMPT + MUSIC (A) 7
i i 1 N - & 1

41 AuAu|s,, = 200 GeV 20-60% ® o 4 S B
- - S - \. -
| % STAR X 0.856 (A + A) ] i i R |

\0
- STAR, PRL, 123, 132301 (2019) n 7 ) B R’ -
2 — - R _
- i - I G g @ ]
ﬁ \“'\ - @ \.\ E -
B @ g * LT N
- i --|I|-~‘ - — ‘m m — -
llllﬁ"'-l"ll'll-llllII \.‘\‘

0 "::&E: ------------------------------- — 0 pmg - == - - -l —
™ — S - [~ # -
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-For the 2"d order Fourier since coefficients of Pz(centrality dependence & pt
dependence ), Model calculations with shear (SIP) effects qualitatively
agrees with data with the scenario of ‘S-quark memory’,

Figs are from [ALICE], arXiv:2107.11183 [nucl-ex] o
AMPT+MUSIC results are from B.Fu & H.Song (private comm.), paper in preparation.



Prediction of the 3" order Fourier coefficients of P,

0.5

0.4

0.3

0.2

0.1

0

-0.1

fa = (Bsin[n(¢p — ¥p)])

[%]

%

[ f,= (P;sin[n(¢ —y,)D)

strange quark memory

%

ofz'
Af3_

[ Au+Au, 200 GeV, nevent = 300

0

2

4

6

b [fm]

[ prdprdgdy | p-do A*(x,p)sin[n(p — Pp)]

8

|
10

12

| prdprdédy 2m| p - do f(x,p)

-Model calculations with shear (SIP) effects in ‘S-quark memory scenario

using event-by-event AMPT+MUSIC
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Spin Hall effects at RHIC BES

B. Fu, L. -G. Pang, H. Song, Y. Yin, In preparation.
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Spin Hall Effects (SHE)

4 ' — Mever et al, Nature )
SHE in condense matter 7 ~ v y ,
AL s v X E material 17’

-induced by electric filed; theory behind QED Joh

-A hot research area in spintronics

-observed in various materials (semi-conductors,
metals, insulators); not exceeding room temperature
\_ J. Sinova Rev. Mod. Phys. 87, 1213 (2015)

27



Spin Hall Effects (SHE)

material 17’

-induced by electric filed; theory behind QED
-A hot research area in spintronics

4 . —> )
SHE in condense matter § o« 7 X E Meyer et al, Nature

JSu

-induced by baryon density gradient; theory behind QCD
-Another Mechanism for spin polarization

 Thermal vorticity F. Becattiniet al, Annals Phys(2013)
Spin & may hydro & Transport papers

_ - Spin Hall effects(SHE) have not been fully explored

-observed in various materials (semi-conductors, \ = A
metals, insulators); not exceeding room temperature EJ-
\_ J. Sinova Rev. Mod. Phys. 87,1213 (2015)
/SHE for hot QCD matter Fi x +tpXVyug A

polarization< Shear induced polarization Fu, etal PRL2021. Liu & Yin JHEP2021
Becattini, et al PLB2021, 2103.14621 & others

28 /




Spin Hall Effects in Heavy lon Collisions

Can we observe and explore SHE in heavy ion collisions ?

4 — R
SHE for hot QCD matter P, o £pX Vg

-Induced by baryon density gradient —— RHIC —-BES & forward rapidity
-Sign dependence on baryon charge —— Net Lambda Polarization

N

-Momentum dependence —— Local polarization

\ (For global polarization, see arXiv:2106.08125))
Expand /decompose A* to 15t order gradient of the fields:
, 1 1 i
AP (x,p) = Bfolx, p)(1 — folz,p))eH”P x (21),,0Lup+ 511;,3@(%3 - L ( )‘Jp)\
N, \—\,—/ N —  —
vorticity T-gradient SIP
: - q a

Spin Cooper-Fryer: A+A ,__DBB, Uy pad,(Brp) )

_S1 + S i : i v

[ dE“pa A* (z, p;m) e

pH = ’
(p) 2m f dXpo folz.p)

S.Y. F.LiuandY.Yin, JHEPO7, 188 (2021); Phys.Rev.D 104 5, 054043(2021); 29
B. Fu, L. -G. Pang, H. Song, Y. Yin, in preparation.



Competition between different effects

5 Au+Au T? GeV 20- 50% B. Fu L. G Pang H. Song Y Y|n In preparatlon.

---- vcmrtu:lty -------- SIP { — — T-gradient

10§

((9) — Py (%) A hyperon "'(hj‘_l' P, (%Q)'-u.l.__...*-l ) anFR'I'
0 1 2 3 1 5 :
¢ [rad] o [rad]

-SHE( up gradient effects): comparable to T-gradient and Shear (SIP) effects
30




Competition between different effects

AU+AU 7. T GEV 20- 50% 10 Au+Au 19 6 GEV 2[] 50%

105_ ~-=- vortlmty -------- SIP _ | = - T-grad|ent e SHE
BE e :

k-_'--‘--.---ﬂ-:

-~

_5- ~. -

e

-10¢ E
:(€) P, (%o) | A hyperon | (&) P, (%o) | A hyperon |

[(9) =Py (%0) A hyperon | -91(9) =P, (%o) A hyperon -
-10 . ! - | . ! . I . | . |
0 1 2 3 0 1 2 3
¢ [rad] o [rad]
-SHE( up gradient effects): comparable to T-gradient and Shear (SIP) effects
31

depends on collision energy



P,(¢) and P, (¢) without / with SHE

Au+Au 1968ev 20-50% B Fu, L -G. Pang H Song Y. Y|n In preparation.

4 — A Wlth SHE T _ S W|th SHE 7
' A, with SHE | /< s, with SHE |

e i I SN AWET

2 1 - A -
-4 @) P, (%o) A hyperon ——(b) P,/ 3 (%) s quark 1
10 e A W/O SHE 1 e §’ W/O SHE
A, w/o SHE ---- s, w/o SHE
or T, N
0 (c) —P, (%0) A hyperon (d) —P, / 2 (%o) """ .‘. s quark
0 1 2 3 'I 2 3

¢ [rad] ¢ [rad]

-SHE: different sign for baryon and anti-baryon
leading to separation between local polarization of A& A (s & 5)



P,(¢) and P, (¢) for net A and net s

B. Fu, L. -G. Pang, H. Song, Y. Yin, in preparation.

10 T ‘ T 15 T T ‘ T
i sy = 200 GeV | 10' _ Vs = 200 GeV |
5L —'—“\JFSNN=19.6 Ge\/_ _ ," “\‘ —'_"\‘FSNN=19-6 Ge\/_
Tl R - ----Agn=7.7 GeV | S "" \\ - - syy = 7.7 GeV 1
ohemimmmmian, ] opmmTTee AN
"-..;:' --------- :', | R /]
Py —P3 Teelo- ‘ 5[ Ps—Ps o o]
_5_ - \\ "
-10 - Seloe” .
' P, (1/1000) L P, (1/1000)
-10 ' ' . -15 . !
1 2 3 0 1 2 3
¢ [rad] ¢ [rad]
-4 -4
_2-_13/1_13Z | _2-_—I.D.~.5___IDE - - =
e e e et | \-\"-/_:’ __.\.—\'\’-’
OF————————————————— 0 " = -\

2:--‘0' | "'-.‘__-_ 2_ ”’ \\\ i
- sy = 200 GeV L Vs =200 GeV. _
4+ —-—-syy = 19.6 GeV 1 4F-- —— Vs =196 GeV

[P, (11000)  oigi-77Gev | 2P, (111000) . lo77Gev
0 1 2 3 0 1 2 3

¢ [rad]

¢ [rad]

- P,(®): larger SHE effects at lower collision energy
-P,(®): different ® dependent behavior at 7.7 & 19.6 GeV due to SHE



2"d order Fourier coeff. of P, and P,

B. Fu, L. -G. Pang, H. Song, Y. Yin, in preparation.

1.50---- - ———————— 0'66"" : ——
| (%) Py - Px P, — P . (%) Py - Px Ps — P )
i —=— With SHE —=— with SHE | —e— With SHE === with SHE
- == w/o SHE = = - w/o SHE 04 - <= w/o SHE -=- w/o SHE 1
= ' =
S ost < P,sin(2¢) > - 1
£ _ g}
g‘j Op---------- '-"a"‘ Qr
- he
0.5¢ Monotonic behavior
0 T | 020 T
\ sy [GeV] V sy [GeV]
x 0.3 ' x 0.8
200 GeV (b) 19.6 GeV (c)
0 0
x [fm] x [fm] x [fm]
-With and without SHE: different sign for < P,sin(2¢) > 34

A signal to search the SHE at RHIC-BES



(P, sin(20))

-With and without SHE: different sign for < P, cos(2¢) >

1.5

-0.5

2"d order Fourier coeff. of P, and P,

(%)

P, — P P, — P

e \Vith SHE ——s— with SHE |
= = = w/o SHE = = - w/o SHE

10 100

% 0.3
@200 GeV (e)
-5 0] 5
x [fm]

(- P, cos(2¢))

19.6 GeV (f)
5

x [fm]

0.6

0.4 r

-0.2

B. Fu, L. -G. Pang, H. Song, Y. Yin, in prepa

ration.

(%)

Non-monotonic behavioi

P, - P P, - P _
—e— With SHE === with SHE
-«- w/o SHE - =- w/o SHE 1

< Py,cos(2¢) >

A

10 100

\ sy [GeV]

x [fm]

35
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Comparison between Groups

Theoretical Formula with shear induced polarization

S.Y. F.Liuand Y. Yin, JHEPO7, 188 (2021).

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett.127 14, 142301(2021)
F.Becattini, M.Buzzegoli and A.Palermo, Phys. Lett. B 820, 136519 (2021).

F.Becattini, M.Buzzegoli, A.Palermo, G.Inghirami and |.Karpenko, arXiv:2103.14621.

Numerical Simulations & local lambada Polarization Puzzle

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett.127 14, 142301(2021>
F.Becattini, M.Buzzegoli, A.Palermo, G.Inghirami and I.Karpenko, arXiv:2103.14621

Other related recent progress:

C. Y1, S. Puand D. L. Yang, arXiv:2106.00238 [hep-ph].
36
Y. C. Liu and X. G. Huang, arXiv:2109.15301 [nucl-th].



6Ul’ dgroup. S.Y.FLiu&Y.Yin, JHEP (2021); B. Fu, et al PRL (2021) o

1 2
A¥ =§,Bno(1 —ng) {e’“’aAp,,@iu)‘ + 26k [B1(02B)] — 2%6“"0“’qu;‘%>‘ }
Vorticity T gradient Shear (SIP)
1 .
Thermal vorticity @, = 5 (0y By, — 0,B,) SH =Vorticity + T gradient + Shear (SIP)

. =Thermal vorticity + Shear effects
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Comparison between the theoretical formula

- )
Our group: S.Y.FLiu& Y.Yin, JHEP (2021); B. Fu, et al PRL (2021)

1 | 748" | 748 — p2 rvo
A :5677,0(1 —ny) {e“ Ap, 0y + 26" Mu,p [B7H(0NB)] — 2;?6” P, Q20 oy }
Vorticity T gradient Shear (SIP)
1™ |
Thermal vorticity @y, = 5 (0y By — 9uPBy) SH = Vorticity + T gradient + Shear (SIP)
=Thermal vorticity + Shear effects

. _
‘Becattini group:  F.Becattini, et al, PLB(2021). A
SH = Sz’; + Sg =Thermal vorticity m,, + Thermal shear ¢,, effects
1 Js-dE - pnp(l —np)wy, 1

p — = kpoT, JE P w=—=00,60,—0,8,

Sw(p) 8m€ Pr fzdzpnF w} 2 ( }/8 /8})
N 1

S8 (p) — _Leﬂpof D fz dX -pnp(l —np)t,&x Epp = 5(8u5v + 0, 8,)

\ £ dm E fZ dX - pPng j
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Comparison between the theoretical formula

(- )
Our group: S.Y.FLiu& Y.Yin, JHEP (2021); B. Fu, et al PRL (2021)

: 2
A+ :§5no(1 — o) {Euyaxpuﬁéux + 26", po [B71(00B)] — QQEHM@QQUW‘ }

€0
Vorticity T gradient Shear (SIP)
1 Y - :
Thermal vorticity @y, = > (0y By — 9uPBy) SH = Vorticity + T gradient + Shear (SIP)
_ =Thermal vorticity + Shear effects
‘Becattini group: F.Becattini, et al, PLB(2021). A

SH = Sz’; + Sg =Thermal vorticity @, + Thermal shear ¢,, effects

16”’901_}3 fzdzpnF(l_nF)wpU

-If we change t, — u, in Becattini’'s eqn S* =Thermal vorticity + Shear effgcts

similar but not exactly the same formula

M — —
S#(p) — 1 PO‘Tpr fE dx - P nF(l —n \tj 3
% S “am© € f dX-pnpgp 2 ,
o T




Numerical Simulations:

Theoretical formula: S.Y.F.Liu & Y.Yin, JHEP (2021); B. Fu, et al PRL (2021)

S# = Vorticity + T gradient + Shear (SIP)=Thermal vorticity + Shear effects

Numerical Simulations: B. Fu, et al PRL (2021)

0.6

2

LA Scenarlo e Total === Grad T |
vorticity =~ == S|P

s-quark Scenario
[ e T O1a -==Grad T|

04
vorticity =——SIP

_Particle rest frame L Particle rest frame
| Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60% ' Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3 0 1 2 3

¢ [rad] ¢ [rad]

-0.6

-Shear (SIP) and T gradient terms: comparable magnitude; opposite $ign.



Numerical Simulations(Part I):

( )

Theoretical formula: FBecattini, et al, PLB(2021).

St = Sz’; + S? =Thermal vorticity @, + Thermal shear ¢, effects

\ J

Numerical Simulations:  FBecattini,et al arXiv:2103.14621 (numer. simul. Part )

PZ le—2 P le—2
2 2 2- 2
> >
(1h] QO
S 0 0 S 0 0
S S
-2 -2 —2 -2
2 0 2 2 0 2
pPx [GeV] pPx [GeV]

-Thermal shear and thermal vorticity terms: similar magnitude; opposite sign.

-Agreement between two groups: shear terms are important. 4



(Becattini group)

‘Theoretical formula: F.Becattini, et al, PLB(2021). )

St =SE + sz =Thermal vorticity @, + Thermal shear ¢,, effects

By ()= By (X)+ 018, () (y — )+ ... ..

1

e =~ 7 expl=Bu(a) P — 2 (060(@) — BuBu(@) T — S(DuBu(w) + DB (e) QL + .. ]

\3
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Numerical Simulation (Part-I1):

‘Theoretical formula: F.Becattini, et al, PLB(2021). )

SH = Sg + Sé‘ =Thermal vorticity @, + Thermal shear ¢, effects

,Bv(y): ,BV(X)+ alﬁv(x)(y _ x))l_i_

i =~ — expl— (@) P — 2 (0,60(2) — BB (2) T — 2 (OuBu(x) + D Bu(a)) QLY + ..

\
@evised formula for numerical simulations: F.Becattini,et al \

o fEFo dEH fﬂVﬁV] - %exp @IEFO dEN fuyul’]
Uy (¥)= uy (X)+ 031, ) (7 — )™+ ... ..

~ 1 ~ 1 » 1 ~

fLE = 7 exp|— 0, (z) P" _f(aﬂuv(x) — Oyuu(x ))Jg - ﬁ(a un (%) + Oyuu(2)Q5" + .. ]

Isothermal freeze-out — T-gradient is negligible

Isothermal frz: pLg = % exp

. 1 1. _
Thermal vorticity & shear w,,, = ~5 (OuBy = OuBu) - v = 5 (Oufv + 03 w) PLB(2021)

—> Kinetic vorticity & shear w,s = % (Ootp — Optig) Z=,, = (6 U, + 0 u%)

\_ arXiv:2103.146




Numerical Simulation (Part-I1):

'Revised formula: F.Becattini,et al arXiv:2103.14621 )
SI!;,E = S + SE =Kinetic vorticity w,, + Kinetic shear EW effects
fzdz-pnp(l—np) {wpg+2t ._.)\O-J
SpP) = —e"7p; 8mTyec [ dX-pn
L dec Jv pnr )

Numerical Simulations:  F.Becattini,et al arXiv:2103.14621 (numer. simul. Part I1)

X 1073 %10~ 3
6 =
S TR ¥ A+A STAR AN 3 )
// ~ o
— — 9 \\\
E ElP
;} .... ﬂlec 133 \I@\T g % ?\i:.‘/ 4 :
h-‘ U i — dec—J- _JO .\_[e\‘aT / llllllllllll \\ / g \ i
—_— The=165 MeV ] %/ e kA, ST%R\ -’/
— i L4ee=173 MeV A, STAR -~ 3
72 T
T 7 /% 0 T-r/? T
O I —l /1 2 ,
] */\prp / O — 1];’1:”:)

- Kinetic shear + Kinetic vorticity can roughly fit the data with tuning Tdec .




((l) Our group JHEP(2021); PRL(2021)

SH = Vorticity + T gradient + Shear (SIP)=Thermal vorticity + Shear effects

(2) Becattini Group PLB(2021)

St = Sg + Sg =Thermal vorticity @,, + Thermal shear ¢,, effects

Comments: (1) (2) has similar but not exactly the same form (t, - u,]

J
4 - _ _ _ ™
(3) Becattini Group arXiv:2103.14621 (numerical simul part-I1)
51‘213 — 55 + S& =Kinetic vorticity w,, + Kinetic shear £,, effects
Comments: isothermal freeze-out, changing thermal vorticity to
Kinetic vorticity, etc
. y,

Questions:

-What is the proper formula for spin polarization with the shear term?

-Can we identify T-gradient & shear effects from exp observable? 45



Comparison between T-grad and shear effects

-Can we identify T-gradient & shear effects from exp observable? Not so easy.
STAR, arXiv:1805.04400

-1.5 - T : T ' —
STAR: 20 - 60% — T ota] ( M=1.116 GeV ) .B_Q. STAR Au+Au \/SNN =200 GeV
: e vorticity - T 1 20%-60%, hi<i
* STARA -=-gradT ]
40 F e Shear - i hydro, primary A
* A —UrQMD IC
I * A - --Glauber-+tilt IC
g 05} i 0.5
g by ,
% X - -
T ———— essssssssees resevvesasssrstss ]
0.0 -_—_;:—:-aﬂ-"ETET -------------- .
20-50 0 T==- 0__ """""""""""""" e TR
Au+Au@ 200 GeV, AMPT + MUSIC i | | | |
050 L ‘II L I2 L 3 0 1 1 1 1 1 | | 1 | 2 1 1 1 | 3 1 1 1 1
pr [GeV/c] P [GeV/c]

- Py (pT): different pt dependence for T-grad and shear (SIP) terms

Large uncertainties from initial condition model
46



Comparison between T-grad and shear effects

-Can we identify T-gradient & shear effects from exp observable? Not so easy.

0,
5 L] | . |
S-quark
2 L
1"-~\
’ \\
’

T I' “ il

L, \ W2

P \J

o' 0
\
) ' S
\s ‘o' .
1k S ‘\
. /

L T-gradient e L’

oL = 200 GeV === 196 GeV =
shear

[ =— 200 GeV === 196 GeV
-3 . ] ) ]

0 1 2

0

0

08 L2 , : ,
06 L A hyperon |
04 S— ~ 0.38% - T

i ’ ~ - - - .

r 4 LY P \
02 » ” \\ ” LN -
’ N ./
" % r/
0
Y
R s - .
“ P
-0.2 F \\‘ ", \\\ . -
Se ~036% @ Seo-?
0.4 I T-gradient .
200 GeV === 196 GeV
06 - shear T
08 [ — 200 Ge\{ -== 106 Ge\I/
o 1 2
¢

P,(¢): energy dependence for T-gradient and shear (SIP) term

also depend on S-quark memory scenario or A equilibrium scenario
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Comparison between T-grad and shear effects

-Can we identify T-gradient & shear effects from exp observable? Not so easy.

0.6

! T T T ! T T T T

' 0.6
Au+Au, 19.6 GeV, 20-50% |

| <PZ('¢) sirlm(2¢)>l Au+Au, 19.6 GeV, 20-50% |

04 -

- (P(0) sin(2¢))

0.4 - with initial flow 1

w/o initial flow .

s T Otal
—e— Shear —=— T gradient
—as— Shear
06 ] ; ] ] 1 i 1 i 1 ; ] A 06 A A . | ) | )
1 1.5 2 25 3 35 4 45 5 1 2 3 4 5 6
T [fm] t [fm]

-T-gradient effects are developed at early stage of the evolution for different
Initial conditions

-Maybe we should find observables sensitive to time evolution of the system



((l) Our group JHEP(2021); PRL(2021)

SH = Vorticity + T gradient + Shear (SIP)=Thermal vorticity + Shear effects

(2) Becattini Group PLB(2021)

SH =St + Sé‘ =Thermal vorticity @,, + Thermal shear ¢, effects

Comments: (1) (2) has similar but not exactly the same form (t, - u,]

Y

-
(3) Becattini Group arXiv:2103.14621 (numerical simul part-

SﬁJE — 55 + Sz =Kinetic vorticity wy, + Ki ear 2, effects

Comments: | al freeze-out, changing thermal vorticity to
Kinetic vorticity, etc

-Focus on the two formula (1) (2) (personal opinion)

-without additional assumptions on constant T isothermal freezeout

-can be applied to RHIC-BES energies 0



What is the proper formula for spin polarization with shear term?

" (1) Our group JHEP(2021); PRL(2021) A
SH = Vorticity + T gradient + Shear (SIP)=Thermal vorticity + Shear effects
(2) Becattini Group PLB(2021)

. St =SE + Sg' =Thermal vorticity @, + Thermal shear ¢,, effects )
-(1) (2) has similar but not 0.8 . .

P, (%) from shear —e— u" in shear
exactly the same form - o i shoar |
(u, © t,) obtain the same 0.4r "

shear term)

-u, < t, in the shear term | A hyperon
lead to ~20% difference for 0.4 - .
P, (®) | Toy model simulation with MUSIC
-0.8 . : - . : . .
0 1 2 3

¢



Uncertainties for spin polarization
/(1) Our group JHEP(2021); PRL(2021) )

S# = Vorticity + T gradient + Shear (SIP)=Thermal vorticity + Shear effects
1 . 1 s
A* =§Bn0(1 —np) {Ewa’\PquUA + 26" M,y [B7H(OAB)] — 2%6“ @Qa)\gp)\ }
(2) Becattini Group PLB(2021)

SH = Szﬁf, + Sg =Thermal vorticity @, + Thermal shear ¢,, effects

1 pp* [y dE- pnF(l MM
QH — hPoT 2 P —
£ (p) 4m s dX-p ngp S =

Mot
/ dXx(y)(y — x)"e i(p—p')(z—y) _ / d3 ) ol(p—p")(z—y)
2B 2B

y -1 is constant in X by definiti )1/
N

(a By + 0y fy)

-
Spin Cooper-Frye (used by many groups)

IS0y A ' F. Becattini,et al, Annals Phys. 338, 32 (2013) R
Pa A" (x. pim) h. Fang, L.-g. Pang, Q. Wang, and X.-n. Wang,
Phys.Rev. C94, 024904 (2016) and many

P (p) =
Qm/dEapan(BEO) dynamical calculations.




Summary

-Shear induced polarization (SIP)
SIP is important to solve the local polarization puzzle

-Spin Hall Effects (SHE)

One can search the SHE at RHIC-BES with the collision
energy dependent < P,sin(2¢) > and < P,cos(2¢) >

-Comparison between groups

It Is Important & urgent to reach agreement on formulism
of spin polarization with the shear effects for numerical

Implementations
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Back-Ups
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P, [%]

local polarization: p and n dependence

2.0

1.5}

1.0F

05F

0.0

Au+Au@?200 GeV AutAu@?27 GeV
[ = A, STAR ¢ A, STAR
O A, STAR e A AMPT + MUSIC
— A AMPT + MUSIC
- ml<1 ;
___Q—‘—P_ R §
% 4 ‘ % —
J-=L ‘i _*
(a)
0 1 2 3

pr [GeVic]

Total P# = [thermal vorticity]

2.0

Au+Au@200 GeV AutAu@?27 GeV
[ m A, STAR ¢ A, STAR
| O A, STAR e A AMPT + MUSIC |

= A, AMPT + MUSIC
| 0.4 < p; < 3.0 GeV |

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



P, [%]

Global polarization with shear effect

0.8

0.6

0.2

0.0

Au+Au @ 200 GeV, AMPT + MUSIC

20 - 50%

A Scenario

Band: STAR A

STAR A

O
Total

W/O shear

s-quark Scenario

Total

W/O shear

A, STAR
A, STAR

20 - 50%

- thermal vorticity + shear

.l.l
*
*

— 4 L . .

X Preliminary
I

o

AMPT + MUSIC

—A

=== s-quark

5y [GeV]

Total P#* = [thermal vorticity] + [Shear]
B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021)
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P, [%]

Robustness of the competition

0.2 -

04 | -

-0.6

0.6

' | ! | ! |
L[ |Grad T A Scenario, Rest frame |

04l [1SIP ]

0.2 -

00 - ———-————— TS _ _ _________¥%

Auf—Au, 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

B. Fu, S. Liu, L. -G. Pang, H. Song, Y. Yin, Phys.Rev.Lett. 127 14, 142301(2021)
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Dependence on EoS

s95p-v1 Vs. NEoOS
o 10' | 395Ip-v1: I gradIT Ishearl

05 =——NEOS .
= = = 595p-v1

NEOS: ===gradT == - shear

0.4} -

041 b - | _
L Glauber + MUSIC (w/o bulk) 1
50 100 150 200 250 300 350 0, ' 1' ' 5 ' )
T [MeV] o [rad]
NEOS:
A. Monnai, B. Schenke, C. Shen, Phys.Rev.C 100 (2019) 2, 024907
S95p-vl.:

P. Huovinen, P. Petreczky, Nucl.Phys.A 837 (2010) 26-53



Dependence on EoS

0.5 | s95p-PCE-165 }
= = = s95p-v1
04 | -
Nom 03 .
T =165 MeV

-~ \ 7

02} . | i
01k -

" | L | " 1 L | L 1
50 100 150 200 250 300

T [MeV]

-Do not use E0S-s95p-PCE

widely used in hydro calculations !

NEOoS:

A. Monnai, B. Schenke, C. Shen, Phys.Rev.C 100 > [

B. (2019) 2, 024907
S95p-vl:

350

T [MeV]

20

10

P, [%]

-20

250

EoS: 9:95p-v1

L grad T

EoS: s95p-PCE-165 - -
L = ==grad T

shear

- = = shear e N -

Glauber + MUSIC (T,,.= 157 MeV)
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0

100
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190 |- 157 MeV (Surface)

Glaulber + MUSIIC (T

— 1 rr T1 r 1 r T T T T
s95p-v1
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oo = 157 MeV)

0

1

P. Huovinen, P. Petreczky, Nucl.Phys.A 837 (2010) 26-53

2

3
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X [fm]
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