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Introduction

Orbital angular momentum of QGP in non-central AA collisions
Global polarization of QGP in non-central AA collisions

Direct consequences: Hyperon polarization & vector meson spin alignment
Comparison with experiments, further developments and challenges
Summary and outlook

VvV V.V V VY V

ZTL & Xin-Nian Wang, PRL 94 (2005), Phys. Lett. B629 (2005);
Jian-Hua Gao, Shou-Wan Chen, Wei-Tian Deng, ZTL, Qun Wang, Xin-Nian Wang, PRC77 (2008).

ZTL, plenary talk at the 19th Inter. Conf. on Ultra-Relativistic Nucleus-Nucleus Collisions (QM2006).

Strongly “Strong interacting matter under rotation”, Lecture notes in Physics, Vol. 987,

Interacting

CECUEEE  edited by F. Becattini, J. Liao, and M. Lisa, Springer Verlag (2021).

Rotation

) Springer
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Proton “spin crisis”

Quark model:

Sum of spin of
qglg’s: T=1

DIS experiments:

1988: X ~ 0
Now: X~25%

EMC, PLB 206.364 (1988)

Single-spin left-right asymmetry

p(T)+p—>7t+X

T
>P(T)¢P(0)—> 7+X
U 7 (p,>0.7GeV/c)
[ = n%p, >05GeVic ) a]
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Theoretical expectations were ~ 0
\Hyperon polarization in pp/pA - HX

Spin analyzing power in p'p V

351, yn

——

p(1)
right

_N(M) =N
NZNM +NQ)

e.g., FNAL E704,

PLB264, 462 (1991)

ke 3 p P+P%A(T)+X e
3 @24 Gev AGS | ? 0 i By X By S pro n plal
AR UL P P i*ﬁm : e N A
: ‘?+ p .‘_E o1 % v \ p
S et | _ N =N e N ol
| 4 .P i[.. T N="7 N(T) + N(l«) 03} P“m:“’” ﬁ — G( ) - G( )
| | ot i e VI, R RTOETIO
. = . e e.g., D. Grab et al. x | e.g.S.A. Gourlay et al.,
— PRL41, 1257 (1978). PRL56, 2244 (1986).
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HIC
“small bang”

Big Bang

SRRTFFETE
(Quark Gluon Plasma, QGP)
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Introduction

Nuclear dependence

Spin dependence } two important aspects in QCD physics

 |heavyion | |heavyion
collider physics : —
O < spin physics in
o . heavy ion collisions?
polarized pp : :
| collider —|spin physics

Do spin physics in AA collisions without polarizing A ?
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Global Orbital Angular Momentum (OAM)

Huge orbital angular momentum of the colliding system.

reaction plane: can be determined by measuring v, and v, !

\ 2

ZTL & Xin-Nian Wang, PRL 94 (2005)

/
7
(T
- |
: 1.5
o L
=
c i
=) 05 - Au+Au at 200AGeV
c
e _ — =
b 7 p,-,,Xb —Irhoo"'ols"i"'fs"'z
. y re = — g
impact parameter | D, X b | b/R y

normal of the reaction plane
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impact
parameter

We use (x, y, z) to denote the space coordinate, Y is rapidity.
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Gradient in p_-distribution along x-direction

Landau fireball model

Parton momentum at given x : p,(x, b,\/s) = poRn(x, b,/s)

P T P T
R (x b \/E) _ deart _ deart / dNPaTt + deart
NIRRT\ dx dx dx dx
1 e .
. Au+Au at 200AGeV >
0.8 <
< py = s /2¢(s) = 2.22GeV S Au+Au at 200AGeV
S N 2f 2p,/ R, ~0.68GeV/fm
E 5
= 5
_ c 17 )
< =
5 .
< =z 720.2
- T o e o5 oms 4
X/(R,-b/2) X/(R -b/2)

ZTL & X.N. Wang, PRL 94, 102301(2005);
J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008).
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Gradient in p,-distribution along x-direction

Bjorken scaling model J.D. Bjorken, PRD27, 140 (1983).
d*N dN dN d*N
Rapidity distribution at given x : = — =
PIERY gvenx: fo(Vbys) =gy dx dx j Y eav
_ o Ay Ay A% dInf,
Averaged in the rapidity interval [Y > Y + > ] P (Y=Y + E 37
- aY,) A% ap,) A> d%Inf
The variation: ~ 2zl oY : = P
e T oy | b o®
,%. 0.15 e xe200m TS § et e X=3.0 fm
.;: ?."; 0.004 | 0 .;::':":..'..'.5-"-"-"-;““‘.'_"_"_';;.._.._.:
> o1 - : .
H:. 0.002 .—
603 Results from I-!I

-0.002_

y

J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008).
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Ax

dp
Ap, = ——=
P: dx

AL, =—-Ap Ax~—1.7
for b =R ,, Ax =1fm

impactparameter of g———» ~ . . =
the to partons X7 | Ax X, has a preferred direction (b) !
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Can such a local OAM be transferred to the polarization of
quark or anti-quark through the interactions hetween the
partons in a strongly interacting QGP?

take a

4,749, —4q,%4,

collision as an example.

SPIN2021
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Quark scattering with fixed reaction plane

[ Scattering amplitude in momentum space M, , (¢,,E) }

]

a 2-dimensional Fourier transformation to
Impact parameter space

p
Differential cross section w.r.t. the impact parameter x._.

d’q, d’k,

d2

do
-

(2r7)* 2x)?

o N . do
e(kr qr) TEZ Mﬂ,ﬂi(kT,E)Mﬂ’ﬂi(qT,E)= P
Ai

~

dAcC

d’x d’x
$ 7 ¢ T

w42

average over the preferred x. directions

spin independent part
spin dependent part

[ Quark polarization after the scattering: P, = (Ac)/(0py) }

SPIN2021
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Qualitative results “

9

Static potential model with “small angle approximation” Ag(q) = e
D

do

dZ;np . 4cTas2K(f (lquT )9
T ” Bessel functions

dAc AR LS “pD 2
dz)?T ="n/1\'(pxxr) E(El-)l- mq)4cTas K,(up,x;)K,(,x;)

spin direction of the quark after the scattering

QCD at finite temperature with HTL(hard thermal loop) gluon propagator

do do do_

unp h

+
R=> = 2i=
Ao iR vd xR dexy

2 <« . —
=Cp @ Fx7) / scalar functions of x; = |Xr|

dAoc do do G Sl 5
= g —=bn, - (pxx,. )L a AF(x
T e e e el )

Both have exactly the same form !

2021410 H19H 15
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Qualitative results £

dAo
d“x

ec—n, '(pXXT) normal of the
T AA-reaction plane

has a preferred
X, X X has a preferred /
{ direction } J —> {p J

direction —n_‘e<p_Xb

dAc | dAo
> = at n. =—n
d’x, | d’x *

re

T max

> apolarization of quark in the direction
opposite to the normal of the reaction plane!
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Quark polarization in HIC

Denote the x7-distribution at given impact parameter b and rapidity ¥ by f,, (fT; b,Y,\/s )

2

d un
(@)= [ d2xr =G ™ f g G b, Y.5)

P, =(Aog)/{0)
d?A q
<AO'> :szdez—x:-qu(fT; b, Y,\/E)

Ax
Take approximately: f,.(¥r; b, Y,/s) « 6(x)
+ oo + 00 dzaunp im
_ pact

(o) —fo dxj_oo dy dZx; parameter

s
A _j+°°d J*O"d d*Aoc
( O.>_ 0 X o ydsz

ZTL & X.N. Wang, PRL 94, 102301(2005);

J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC77, 044902 (2008)
SPIN2021
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Quark polarization in HIC

Static potential model with “small angle approximation”:

ZTL & X.N. Wang, PRL 94, 102301(2005) P, = - 7(TMD|P| )
2E(E +m,

n —>
In the non-relativistic limit: P, = el o lf |

4mg
Calculations using QCD at finite temperature

J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008)

e
o
]

S
o

S
.

Ap : momentum difference
between two partons

T : temperature

0.05

— Quark polarization P,

(—]
TTTTT

-0.05 Ciiil
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The scattered quark acquires a
negative polarization in the normal
direction of the reaction plane!

Global polarization effect (GPE)

“global polarization”/

SPIN2021 2021410 H19H 19



Direct consequences

In a non-central AA collision:

global polarization of | hadronization |global polarization
quarks & anti-quarks > | of hadrons

Global hyperon polarization H— N+M

N N ;
d -=—(1+aP, cosb )
dQ 4rn

Vector meson spin alignment v M +M

dN 3N
dQ’ 4r

[(1-p,,)+(Bp,, —1)cos’ O]

SPIN2021 20214£10 19 H 20



Consequence I: Global hyperon polarization

. . . 1 T T
Quark combination scenario q;+9;+q3;—>H dominates at small

1 (1 +P, 0 ) and intermediate pr

ﬁqmz% = ﬁCI1®ﬁQZ®ﬁ3 ﬁq = E 0 1 — Pq

Zmi,m'i Pqiq92q3 (mir m,l) <th m’ |m’1! m,2' m§><m1» mz,m3 |jH' m)

Zm,mi,m’i pqlqzqg (mi' m'i)(jHr m |m’1' mIZ' m;}xml' mz, m3 |jH' m)

Pu= (3 on (-1

pu(mm’) =

hyperon A b > )i =0 8
: : 4P, —Ps 2(Pu“"Pd)_Ps 4P4-Py 4Ps-P, 4Ps—-Pgq
combination Py === 3 e 3 =

In the case that P,, = P; = Py, = Py = Pz = Px,
Py = Py = P, forall H’'s and H's. (global polarization)

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).

SPIN2021 2021410 H19H 21



Consequence I: Global hyperon polarization

Quark fragmentation q' — H + X dominates high pr

If we consider only the leading particle, i.e., the hyperon contains the polarized fragmenting
quark, and assume quarks produced in the fragmentation are unpolarized, we have

hyperon A ) b3 3 =0 -
o 4P, - Py 2P, +Py)-Ps 4Py P, 4P;—P, 4P;—Pgy
combination 2 > 3 e et e
. ngPs AfsPu—nsPs  2fs(PutPa)ynsPs 4fsPa—nsPs  4nsPs—fiPu 4nsPs—fs Pa
fragmentation  755%  ~3ajrn,) 3275 +ris) 3fatns)  3Qnstf) | 3@natfy)

In the case that P, = P; = P, = P; = P = Py, Py=Pg=—"

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).
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Consequence lI: Vector meson spin alignment

L . T 1A
Quark combination scenario 91+ 49z =V dominates at small

~ o o and intermediate
Pqiq; = pCI1®pﬁz Pr

Zmi,m'- pqlﬁz (mi' m’i)(iv! m, |m’1’ mIZ)(mll mz |jV’ m)
i

mm’) = . — .
pv( ) Yom,mym;, Pgig, (M, M)y, m |my, my)(my, my|jy, m)
2
o _1-PgPs, 1-P; 1
" 3+Py,P;, 3+P: 3

: .1 dominates at high pr
Quark fragmentation scenario q; -V + X

Consider only leading hadron,
in analog to (parameterization) ete- > 72 5 G+g > K**+ X

pV(frag,leading) _ 1+—ﬂP‘ZI 1 B=0.5

= >
00 3—pP: " 3

ZTL & Xin-Nian Wang, Phys. Lett. B629 (2005).
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First measurements by the STAR collaboration

RAPID COMMUNICATIONS

ST AR PHYSICAL REVIEW C 77, 061902(R) (2008)

Spin alignment measurements of the K **(892) and ¢(1020) vector mesons in heavy ion collisions at
JSNN = 200 GeV

The STAR Collaboration L i v SRS
- —pptaa ® ¢ (20-60%) |
P.=-0. L i
PHYSICAL REVIEW C 76, 024915 (2007) g teRalis e R
|l p =18 M | 4
Global polarization measurement in Au+Au collisions e Poo s <|> et =
e = = f b +<|;, | 7]
04 == — 3 LJL =y Ti ]
0.3 09— ? recombination: u+ —
£ iud #==-0.03<P,,P_<0.15
0.2)~ i — PP ,=-03
:_ 0 PSS S NN SR ST S S N e e (RS oy o B o . .y
T 0 1 2 3 4 5
T of p, (GeVrc)
-0.12—
o
-0.3;—
L X R NS N Y S NS n0t Observed at VS = ZOOGGV

p} (GeV/c)

with the statistics available!
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Results of STAR beam energy scan

The STAR Collaboration, Nature 548, 62-65 (2017).

STAR
Global A hyperon polarization in nuclear collisions
— - I I =
o At each energy, a polarization is S a5l ﬁ i”fftﬁif 25;’/ N
observed at 1.1-3.60 level = @® X this study '
| Yr A PRC76 024915 (2007)

e The polarization decreases with 6 O A PRC76 024915 (2007) |

increasing energy
4 B3 ]
o Averaged over energy

P =(1.08+0.15)% sl %it*# % |

P, =(1.380.30)% o b
| 10 "'562 |
sy (GeV)
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Further measurements by STAR

Systematical studies at /s = 200GeV

S >
e— - Nature548.62 (2017) & 4k STARAusAU Sy = 200 GeV
&I - oA OK 73 B Inl<1,0.5<pT<6 GeV/c
W H S * R ﬁ S STAR Au+Au |5,y = 200 GeV
o +A TA 075_7 Jﬂ] = L 20%-60%, n|<1
B El Iy > X I @ % i hydro, primary A
7 this analysis - % rox —uraMD I
: R *K L % [ * A ---Glauber-ilt IC
H L 05—
11— Centrality [%] : % % ﬁ
§ high precision AM _______________
| ~ mesurement % I STAR Au+Au s, = 200 GeV T
L STAR Au+Au 20%-50% || T T aveeon0sg sceve S R
oo M= B " p_ [GeV/c]
UrQMD+vHLLE, A
- = primary === primary+feed-down *R .
L AMPT, A | osf- > centrality dependence
e SRR S PRy occ o - @ i g > pseudo-rapidity dependence
s e '(')2 b i > transverse momentum
10 1 0
VS [GeV T dependence

STAR Collaboration, J. Adam et al., PRC 98,014910 (2018), arXiv:1805.04400[nucl-ex]
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Further measurements by STAR

Other hyperons (£, Q)

? STAR Au+Au 20%-50%
PR T=1.042302 %] Nature548.62 (2017)
eA ORA
PRC76.024915 (2007) o STAR Au+Au \s, = 200 GeV
AA AR ly=l<1, pf>o.5

L PRC98.014910 (2018) -

mA OA

[ ¥z Inclusive A (PRC98.014910)

ALICE Pb+Pb 15-50% * Z+2 (via daughter A P,)
PRC101.044611 (2020) " [Jeyst. uncent. *
+ A & A

" STAR Au+Au 20%-80% i
5 * E +E (viadaughter A P,) + B
+ ¢ Z+E L
= “
]

P, [%]

—E—
=
e

(via daughter A P,,)

T T $-3- g ==®H
i AMPT PRC99, 014905 (2019) = s R BOONEL =20 0 o073 r0014
= [:]A+X DEO (I.T:'O.758 +0.012 A oS : %

= - s a.. = -0 = -0.401+ 0.010 B o =-0.758 £ 0.012

. e Y= =172 Cl, =0.944

_1 1111 I 1 1 111111 I 1 1 1 I42[ Lo I 1 1 11 1 1 L L | 1 L L | L 1 L | L 1 L | L
10 102 103 0 20 40 60 80

Centrality [%]
\'Sny [GeV]

\®)
IIII|IIII|IIIIIII

o

STAR Collaboration, J. Adam et al., Phys. Rev. Lett. 126, 162301 (2021)
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Further measurements by STAR

Beam energy scan (BES) Il
\s = 3GeV

s =7.2GeV

. 12F T T T 3 "
é = 3FD . = STAR Au+Au, \/sny = 3 GeV o,
= 10k = UrQMD, |&y|/2 ] ~ pr>07GeV/e, -02<y<1 ) STAR Au+AU 20%-50% L A M
| AMPT < 10 ay = 0.732 1 ‘e‘; PRC76.024915 (2007) Phys. Rev. C 96 (2018) L o s
s Chiral Kinetic 2 — o oA x i A 8- AurAu\s, =72GeV
- — v] - | Natura548, STAR preim. B
8 UrQMD+vHLLE sl |— UrQMD, [Zal/2 ] L e = y{"““ i [ P,>0.15GeVic, -1.5m<d
A =8 AMPT This analyele{STAR protm.) " 6~  STAR preliminary
6 b - l 5 'HADES preim. SQI X L
Y STAR 20-50% Aut-Au, 2021 : [ N AoA 104 WABR PO I8S r
* # STAR 20-50% Au+Au, ‘0718 o A
4+ B O ALICE 15-50% Pb+Pb ] H piimary primary+feed-down B
4r 1 ! % UrQMD+VHLLE, A ; +
primary primary+feed-down -
oL ] [ ‘ é € f.ct 2
_______ 2f 1 or SO, s e OO — " r
.......... e L iminary ¢ a, = o 0732 L |
1| I S .2, ol RO & 1| S PR AP S S SIS SRR " PPOY E SY e ¥
L L L L " L L ' L 10° 05— PEPIPIFS IEPEVITE IPEPETEVE IVEVEVET PUFAPAT PSPAE AU AR P
10! 102 10% 0 10 20 30 40 50 \'s, [GeV] 10 20 30 40 50 60 c;?valny[%]
Vsnn (GeV) Centrality (%)
T T T T T 2 .4F = 2 .. STAR preliminary
e T : . : . : . — £ °f ] & 14p AU+AU |5, =7.2 GeV |4 05 <10Gevic | 212 /{" preliminary [0 sa<ysly,__ I<1.02
(=] |
e o n & 12F A centrality 20-60% + 10 <15Gevic | O 10f > 1.02<y4y,  I<1.52
Iﬂf s 1N 10— STAR preliminary 4 15 <20 GeVic &k + 152<y4ly  1<202
sk 1] 8 *- 20 <25 GeVIcV - o] =
3F 1 E M 6 I :
! +1 o, ol - b
J 4'; o ** * 4 + H
& AMPT | ™o, E '£ 1 E i i |
F B of | ki 2
B STAR Au+Au, /5NN = 3 GeV ; x | I
0 L 70:595’/07C7€D§t£l]7]t}'7?]: ?70:77 (;'SYZ677 I 0: ................................... s seesssscsssssascccsnacs 8 07—
ap =0.732 2; ! ) )
= ] ) } ‘ ‘ ) ) ) P T PO I SUPE NI IS DI EPEMT N |
e . . . ‘ B o R 06 08 1 12 14 16 u;ﬂ y"”"?" , 2 05 1 15 2 [GeV/zé ]5
0.6 08 1 120 14 16" 18 2 Y Pr
pr (GeV/c)

STAR Collaboration, M.S. Abdallah et al., K. Okubo for the STAR Collaboration,
arXiv:2108.00044 [nucl-ex] arXiv:2108.10012 [nucl-ex]
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ALICE Collaboration at LHC
Pb+Pb, /s =2.76, 5.02TeV

Vs (GeV)
05}
L @ ¢
0_ __________________________________________________________
Il| Ill lll 1 51 I*l IlII
10 102 10° 10*
Vsan (GeV)

A A
m= '@ ALICE
Pb-Pb 15-50%

05< P, < 5.0 GeV/c

lyl<05
A RN
@= e STAR

Au-Au 20-50%
05< P, < 6.0 GeV/c
In]<0.8

Py (%)

Py (%)

Vo =276 TeV Vo =276 TeV
Litiatyp b torepr £
N |
HH et

ALICE Collaboration, S. Acharya et al., PRC 101, 044611 (2020)
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Further measurements by other experiments

'_°| I fﬁ{llw I I l\[Hw I T \IxHIl | I II]I_
-~ ]
/ //\\ HADES at GSI <o AT T
0- E L? cA[U:A ]‘ 7'5 7):)"‘”‘:)‘7; E
Ii A I) I- 5 ? STA RC78 (2007) 024915 i
: AU+Au’ \/g gxénl 95(42{:31313146;210 7
4 — o ALICE, PRC101 {2020) 044611 —
Do we observe a maximum of the T TECHNISCHE u : 2
/=, UNIVERSITAT * + o
global polarization at HADES energies? € Sirmstnor 3 4 Ag Ag’ \/g 2.55GeV =]
2 + .
1 M bt | | -
B I la n
0 s e it st s gt 2o S Bl s v R TR W < |
“Frederic Kornas ol ‘ - — : z -
for the HADES collaboration 1 10 10? 10
|
19th International Conference on Strangeness in Quark Matter 2021 \1' SN N [G eV]

Frederic Kornas for the HADES Collaboration, talk given at SQM 2021

Global polarization of A has been observed at different energies and decreases
monotonically with increasing energy.
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Discussions — spin-orbit coupling in QCD

Non-relativistic results and spin-orbit (L-S) coupling:

From the static potential model calculation, A4,(q) = g/(q* + u3)

mup|p| mup|pl
P, =— ~—— N.
q o F (E n mq) 4‘m¢21 ZTL & X.N. Wang, PRL 94 (2005)
Consider a potential with L-S coupling: v(# s) = V() + v L-S
' nS) =T o2 rdr
The interaction range r~1/up,
1 (V)
Vis)~ = gz gz (D~ = o V()
(Vis) uplp|

This leadsto: Py~ ————~ —

is leads to q ) 4m¢2,
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Discussions — spin-orbit coupling in QCD

The spin-orbit coupling in a relativistic quantum system

0 _
Dirac equation iall) = Hy

=)
I
!
Rl
X
=)
H
()
=
It
Il
Ay
Rl
X
=)
H
()

+ Bm [?I,

<)

A=a.

S—)
|l
()
=)
I
t~{)
_|_
M|
S~
N

j

I?I=?f-§’+ﬁm+V(r) ﬁeff(PzE‘p

1 5 1
T3 —72 —
Hef—>m+%p +V(T')+4m2rer'O'

Spin-orbit coupling is intrinsic in relativistic Quantum Dynamics!
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Electron

» Fine structure in atomic spectra

> Spintronics in condensed H~—pi-B~—S VxE~—L- Syar
matter physics

Spin (polarization) < > Orbital angular momentum (rotation) J

Einstein and de Haas effect:  magnetization = rotation

A. Einstein and W.J. de Haas, Verh. d. D. Phys. Ges. 17, 152 (1915);
A. Einstein, Verh. d. D. Phys. Ges. 18, 173 (1916);
W.J. de Haas, Verh. d. D. Phys. Ges. 18, 423 (1916).

Barnett effect: rotation ——> magnetization

S. J. Barnett, Science 48, 303 (1918); Rev. Mod. Phys. 7, 129 (1937).
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At the hadron level T (16

) (184) 184
- . 3ds, (4) (168)
4s 1 45, —(164)
—3d i 281 82 — 823
Nuclear shell model 6ho ) ___ g — o SN ¥ 63 (14
i — % =8
linya (14) __ (126) — 126
_ 3p1s 2) — (112)
e e
Shw | —2f ——=77 " 2
oid J— = a0 — o)
—1h —
3 thyy, (12) — E%; 82
— 3 — - S112 2) —
4hw ‘{ ;; ezl 2dl 2dy; Egi — Egﬁi
en 4 0T - 512 —
even 187:'2 ) (58
M.G. Mayer, J.H.D. Jensen (1948) —lg— 1 o %
& 2pia 2) — (40)
$ho [— p—=T i —— © — 68
LS-coupling = “magic numbers” T Y — D
P N
even Id—=".._ 2514‘2 1d5;2 E6; — (14)
_____ - 13 2 — 8 — 8
lﬁfﬂ" — lp—=i : Ipsn 4 — (6)
0 — ls—— - 1812 2) — (2) — 2

M.G. Mayer and J.H.D. Jensen, “Elementary Theory of Nuclear Shell Structure”
Wiley, New York and Chapman Hall, London, 1955.
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Spin-orbit interactions and the unexpected spin effects in high energy reactions

Proton “spin crisis” Single-spin left-right asymmetry
Quark model: p(M+porm+X
Sum of spin of Loabroro s +
q/q’S: Z = 1 E oz I = n%p,: ose;w)¢* :
E 0.0 e 3" 1

o

DIS experiments:

1988: X ~ 0
Now: X~25%

[<]

Z ‘H[L
O 02 04 06 08

Boros, ZTL, Meng, PRL (1993);
Brodsky, Hwang, Schmidt, PLB (2002).

contribution from OAM !

Spin-orbit

Spin analyzing power in p'p - pp interaction

|
(uonoelajul ajeys [eniul) [)o9e adeuns | + YO denb

[ aiewemn | Hyperon polarization in pp/pA - HX
3 @24 Gev AGS | <
.2kp[T)+p%p+p T‘-+ » p+p—>A(T)+X
: . ,9;"'{' : g ?@ 1T
An . q.’f *T* od® ] oaf $
,,L ; ['I' tigh - amd b 1 g 02} p,>1GeVie % i %
[ O pBe; p=400 GeVi/ +
4 ; cnmmnt
- “;ﬁ. y S— A pP;;p:deOV/c
P(Gevre)® > 0z 04 05 08 1
“color magnetic effect” in strong interaction a

ZTL, Meng, PRD (1990) ZTL, Boros, PRL (1997).
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Spin-Vortical coupling in QGP s

Consider QGP as a fluid ~ OAM ——> vorticity isnﬂlenr-aocrt?:)tn — ?nltii:r;l;?ggal

——> Tremendous amount of studies in this direction

Betz, Gyulassy, Torrieri, PRC 76, 044901 (2007): OAM ——— vorticity

Becattini, Piccinini, Rizzo, PRC 77, 024906 (2008): gg;:'lg:'”m";n:‘;'ﬁﬂ sPining 928,

Deng and Huang, PRC 93, 064907 (2016): vorticity using HIJING Monte-Carlo generator
Pang, Petersen, Q. Wang, X.N. Wang, PRL 117, 192301 (2016): in (3+1)D hydrodynamic model

Becattini, Chandra, Del Zanna, Grossi, Ann. Phys. 338, 32 (2013):
Becattini, Karpenko, Lisa, Upsal, and Voloshin,
PRC 95, 054902 (2017): local equilibrium

QGP: the most vortical fluid in nature observed yet

QGP@RHIC
1 [ d2,p*w,,np(1 —np) '
SH(p) = —o—€"Pp, -
8m n
f dzlp wpanF perﬂmd nanodroplets (1)"’1022 )
I R T T
P~w/T @ STAR data

Figure taken from ZTL, Lisa, Wang, NPN 30, 2 (zoéoi.
For a recent review

Becattini, Lisa, “Polarization and Vorticity in the QGP”, Ann. Rev. Nucl. Part. Sci. 70, 395 (2020)
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Rough estimations and comparison with data

From our calculation with QCD at finite temperature

J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang,
PRC77, 044902 (2008).

a(pz) a(Yy)
Ox Ax~pr coshY Ox

Ap~ Ax

Ax~1fm

At+/s = 200 GeV,

Ap(Y = 0)~0.002x1.0GeV~0.002GeV

T~140MeV

— Quark polarization P,

Ap(Y = 0) /T~0.015

.0.008

,0.006 |-

o(Y;)/0x

0.004 -

0.002

ol

1 1 Illllll

| [[l[llll 1 llllllll

| [llllII

)

10

10

1
1

10

2

10

Ap/T
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Rough estimations and comparison with data

du, A(p,) 0B

If we take w~ | x=00fm
| 0x prox oo f
a< > a<Y ) § o0y vuun;'”'“'"‘l"-"-"-‘i-. '."-"-;mr-“-':é'.".'::
p l = | '
z ~ Pr coshY % —— .

ax ax

a(Y)

w~coshY
dx
a X ::: i I:a:uresz‘l:;Z (2017)
At 200 Gev, 2} I:F:\c76.0:£15(2007)
w(Y =0)~0.002 ffm 1:_
Py~——~~— 0.003 for T ~140 MeV Y . i I

T B lEJryz)/Irli:)r:r:l,r';'/LI-_I-E’-1;\:'rim.':lry+feed—down l
r AMPT, A
primary primary+feed-down
M C11 I L 1 1 I I | I 1 1 1 1
of the same order of magnitude as the STAR data 10 L ——
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Rough estimations and comparison with data

Static potential model in the non-relativistic limit:

_ mTup |pl o Tt |pl
v 2E(E+m,) 4m?
— 1 N
S NM ox~— ~5u~|p|ﬂu
mg Ko ox m,
p Tw w
" 4am, T

Take m,, as the effective quark mass at the hadronization:

Temperature: T~140 MeV

m,~200 MeV
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A rough quantitative estimate of P,

3

% &
2

ONG WS

We recall:

do B , d*Ac
T foqlGin b Y.NF)  (80) = [ x5 Fa (b, ¥.45)

@) = [ d*xr

fqq(Xr, b, Y,/s): the Xp-distribution at given impact parameter b and rapidity ¥,
was taken approximately as f,, (?éT, bY, \/E) x 0(x)

+ 00 + 00 dzaun +00 + 00 dzAO'
— d d d —
(o) Jo X f_ ) y dx, (Ao) fo dx f_ ) dy 2x;

We improve: qu (?C)T; bY, \/E) = fg:l) (xT; 0,Y, \/E) + fglq) (xT, bY, \/E) YT . B

d?o d?A
General form: P - F
d?xy (xr) d?x;

——> P, =—a(Y,\/s)})

= —AF(x7) - (XpXP)
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A rough quantitative estimate of P

We use Bjorken scaling model to calculate (I},

1 g A r exp data g C (b) exp data
o | o A o o A
P, = —ﬁk(yn/g) (pr) ($p) 3c oA 8e o A
2 2F
_ 2 2 : -
k(Y,/s) = a(Y,/s)A}(Ax) £ b <
0 i == 4 0f ;”\G
2  smath KGR0 <=eHS K o =2.14/(0.05+\5 ,,/200)*®
f (Y, b, \/E) _ d lnf p(y, x, b, \/E) : —&g/o\;iLs-Saxon K, =8.4 I i s o L
' 0Ydx T e T
V5u(GeV) Vsu(GeV)
Rapidity distribution at given x: ‘ E .
dz d HIghEnérgyandNuclearPhyslcs = & K |
N N i
Y X, b — e = model T
fp( \/—) dde dx it 05l UH H

ZTL, Song, Upsal, Wang, Xu,
Chin. Phys. C 45, 014102 (2021)

0 20 40 60 80
Centrality[%)]
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AMPT transport model
-- Li, Pang, Wang, Xia, PRC96, 054908(2017)

- Wei, Deng, Huang, PRC99, 014905(2019) = x.

AMPT primary

P, (%)

- N w . (]
T

B
ﬂ# iy

.

UrQMD + vHLLE hydro 0l -
-- Karpenko, Becattini, EPJC 77, 213 (2017) (B (GoV)
PICR hydro d RS
-- Xie, Wang, Csernai, PRC 95, 031901 (2017) vt
el N
Chiral Kinetic Equation * Collisions s ) ;E e .
-- Sun, Ko, PRC96, 024906 (2017) " el R ey "
- Liu, SUI‘I, KO, PRL125, 062301 (2020) i ‘ T:;r? 20-50% o 110 T
AVE+3FD = g o
el | o 4t
-- Ivanov, 2006.14328 (REIELE S . i bt s
Other works ...... " e @eV) wlee]
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Theoretical studies |

Mean field approximation

Quark-quark scattering in a hot QCD medium
ZTL & Wang (2005)

] : Gao, Chen, Deng, ZTL, Q. Wang and X.N. Wang (2008)

\ )
|

single scattering

—

_ spin hydrodynamics (local equilibrium)
Evolution of many body]

quantum system spin kinetic theory with collisions

__ (Wigner function formalism, off-equilibrium)

——> QCD “spintronics”?

Reviews, e.g.:

“Strong interacting matter under rotation”, Lecture notes in Physics, Vol. 987, edited by
F. Becattini, J. Liao, and M. Lisa, Springer Verlag (2021).

Becattini, Lisa, “Polarization and Vorticity in the QGP”, Ann. Rev. Nucl. Part. Sci. 70, 395 (2020)

Gao, ZTL, Wang, “Quantum kinetic theory for spin-1/2 Fermions in Wigner function formalism”,
Inter. J. Mod. Phys. A36, 3130001 (2021).
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A new direction in QCD Physics

BARRAL KT 5T BRI A MER 2
GPE Experiments GPE phenomenology

HE Rk E ey
Spin Physics in HIC
B R L 1l ) B
Spin-Vortical Effects P Spin-Magnetic Effects

QGP Spin Physics

These studies bring those on spin f A
and those on nuclear effects .@
together and forms a new direction % ﬂ

in QCD physics.

SPIN2021 2021410 H19H 44




Questions, puzzles and/or challenges

Fine structure and applications?

® \ector meson spin alignment
® Local polarization effect

® Global polarization effect (GPE) in the relatively low
energy region and QCD phase transition
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Vector meson spin alignment

% ALICE ALICE collab. S. Acharys et al.,
PRL 125, 012301 (2020)

0.5 ' Event pl>lane I I I Eventlplane I ALICEI

" K°e08<p <12 (GeVic) ¢ vl <0.5
0.4} &3.0< P, < 5.0 (GeV/e)| L ﬂ, & -
Q 0‘3 : IIIIIIIII f IIIIIIIII ﬁ IIIIIIIIII _: ------ -ﬂ IIIIIIIIIIIIIIIIIIIII E :
0.2} * -+ H E

$ 005<p < 0.7 (GeV/e)

0.1 T @80< p < 5.0 (GeV/c)

1 |

0 100 2(I)0 360 (l) 1 00 200 300

PHNPq

e too large to be consistent with P,
e large difference between those at
RHIC and those at LHC

e large difference between K*0 and ¢

» Local vorticity — local polarization

(Npan> (Npm)
(PCI1Pﬁ2> * (Pfh) (Pﬁ2> ?
STAR S. Slngha (fOI' the STAR CoIIaboratlon), > Influence from EM field ?
NPA 00, 1 (2020). (QM2019) | |
> An effective ¢ meson filed?
(T T - o® 0.38[- e
ol T Dl o oogf = i ";‘{:"’ Yang, Fang, Q. Wang, X.N. Wang, PRC97,
f| ekt B “ 1] 034917(2018); Sheng, Oliva, Q. Wang,
e » oaef | PRD101, 096005 (2020): Sheng, Q. Wang,
$ e X.N. Wang, PRD102, 056013 (2020).
S T, T —T — e T TR TR R TR T
(Npm> Centrality (%)
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Local vorticity ——— local polarization effect

Gao, ZTL, Pu, Q. Wang, X.N. Wang, PRL 109, 232301 (2012)
Chiral kinetic theory: j,s = {sw, —— local polarization effect

Becattini, Chandra, Del Zanna, Grossi, Ann. Phys. 338, 32 (2013);
Becattini, Karpenko, PRL 120, 012302 (2018):

spin hydrodynamics iy ¢ ~uml DR b N
2+ - 0.01. 2} - i
——> Local longitudinal polarization . Mo
in the transverse plane in HIC : ' o
Pr [éeV] i I ’ h - - Pz [geV]
Monte-Carlo Simulations, consistent
transverse longitudinal .y
(b) (@ ) (t=0.6 fm)
W, (ns=—1) w, (ns=1) 1y Y7 'ﬁ}.ou
|G e - 48 J ‘ s @ ®
v N EY g - 2t 40.000
e biFra» RN EEE ALY 0.05 _ — &
Eofttirnii ittt i, | £ of 012 x
S |Aiedsiosit) bzttt > 20 I—Z.ou ®®
e NN 4.\ J
=54 AN\ | X s ¥/ -0.
5 o S5 o o SR ’
x(fm) x(fm) 0.1-f.m‘1 -6 -4 -2 0 2 4 6

x (fm)

Xia, Li, Tang, Wang, PRC (2018) Wei, Deng, Huang, PRC (2019)
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Local vorticity ——— local polarization effect

STAR Collaboration, J. Adam et al.,
PRL 123, 132301 (2019);

the first quadrant

x\ v — 200 GeV RHIC

0.001
- STAR  Au+Au \/s,, = 20068V 0i018
0.0005 i % S 21 0.012
L -5 0.008
EN L 0 | i 0.004
S o 3
= - . . g o 0.000
g " longitudinal o { o008
“HEER fit: p_+2p Sin(20-2 ) ) 1 —0.008
[ *A p, =0.016+0.003 [%] -2 —0.012
_0_001:— %X P, =0.015+0.003 [%] o016
(;1|2|3|. _2—3 -2 -1 o 1 2 3
Lp-‘}‘z [rad] pr [GeV]
T. Niida (for the STAR Collaboration),
NPAO0O, 1 (2018) (QM2018)
P, (-P,), rest frame
< ———————— 4 0,012
< 06| STARpreliminary Au+Au 200GeV 3F 0.009
o o + e 2f 0.006
0.4 T 1+ 0.003
i and A combine
- transverse 1 0.000
<PH> [ — — — =1 — — — — —. -0.003
0.2 —0.006
5 { ~0.009
0__ ---------------------------------------------------------- * -------- 4 -0,012
B -4-3-2-10 1 2 3 4
[liERlang  [S=————— -outof-niang p: [GeV]
02y 05 1 1.5 '
¢ — ¥y [rad]
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Local vorticity ——— local polarization

Examples of further studies:

Much progresses

® Temperature vorticity
Wu, Pang, Huang, Wang, PRR (2019)

® Shear-induced spin polarization in chiral
kinetic theory

Fu, Liu, Pang, Song, and Yin,
PRL 127, 142301 (2021)

e Stationary non-equilibrium density operator,
isothermal local equilibrium

Becattini, Buzzegoli, Palermo, PLB 820,
136519 (2021), arXiv 2103.10917;
Becattini, Buzzegoli, Palermo, Inghirami,
Karpenko, arXiv 2103.14621.

0.0010} , T_vorticity

3
@p (rad)
T 15 T 4 T T T
4P, (1/1000) 10 [P-(1/1000) ] P, (1/1000) STAR, Au+Au
2 Ahyperon, # 7 squark | =~ 2+ 200 GeV, 20-60%
5+ ’ . L ¥ %
0 0 of £ 1 ¢ ;
Al [ -
2F N Sr w ok % i
s wf T C ] 4
4 —Total - = :W/O shear . Total - - -W/O shear 7 r A X :
0 1 2 3 0 1 2 3 0 1 2 3
0p [rad] @, [rad] ¢ [rad]
5 5 5
4 |-P, (1/1000) 4 [P, (1/1000) 4}»Py(1/1000) STAR, Au+Au ]
i A hyperon o s quark 200 GeV, 20-50%
= 3r ® A, A combined
2 2+ 2t 4
1E7 - 1k 1+
b
0 0 0 T
1 — Total = = -W/O shear 4 —Total = = :WJO shear A ; T .
0 2 3 0 1 2 0 1 2 3
o, [rad] ¢, [rad] 9, [rad]

senn T..=133 MeV
| — Te.=150 MeV
- Ty.=165 MeV
—u T4..=173 MeV

/4
¢ — Upp

. \\.\\ s
¥ A STARNY =7/
A A, STAR ™

w/2
o — \l/m.
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GPE and QCD phase transition

Questions:
Continue to rise with decreasing energies?
Relation to QCD phase transition? 3

P, [%]

Experiments:

STAR BES Il, HADES at GSI, (preliminary results) 1—
NICA at JINR (in construction) %

Theoretical efforts: I VS [GEV]

GPE and vorticity in low-energy HIC s

Ivanov, Soldatov, PRC 95, 054915 (2017); NICA e ~-b=5.0fm
Kolomeitsev, Toneev, Voronyuk, PRC 97, 064902 (2018); < 0.08F P T
Deng, Huang, Ma, Zhang, PRC 101, 064908 (2020); = 0.06F-
Deng, Huang, Ma, e-Print: 2109.09956 [nucl-th] ~ o0af

Magnetic filed effect: Deng and Ma, PRC 101, 054610 (2020).
o 5 3 4567 10 20 3040

final state interaction?  equilibrium? VS (GeV)

=*-b=10.0 fm
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Summary and Outlook /

= In non-central heavy ion collisions, the colliding system posses a huge
orbital angular momentum (OAM) opposite to the normal direction of the
reaction plane.

m Spin-orbit interaction in QCD will transfer such OAM to the spin
polarization of quark-gluon plasma (QGP) created in the collision thus
leads to the global polarization effect (GPE) of QGP.

n GPE of Lambda has been observed experimentally in a wide range of
energies and the data can be described by phenomenological models
based QCD spin-orbit interaction.

= Many consequences, many open questions ......
> A new window to study properties of QGP and QCD phase transition.
> An effective way to study spin-orbit interaction in QCD.

Thanks for your attention!
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