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Outline

e Brief motivation

e Experimental results:

1. Global spin polarization of hyperons: (A, =, Q)
2. Local spin polarization of hyperons: (A)
3. Spin alignment of vector mesons: ¢, K* (K*0.+/-), J/W

e SuMmMary

For Theoretical overview:
Xu Guang, 12/06
Matteo Buzzeloi, 16/06
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Motivation

In non-central heavy-ion collisions

e A large orbital angular momentum (OAM) imparted

into the system

e Part of OAM transferred to QGP can polarize quarks

Participants

L
Spectators

Angular momentum and anti-quarks due to “spin-orbit” interaction.
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Motivation

In non-central heavy-ion collisions

* [nitial strong magnetic field (B) is expected
eB ~ m? ~ 10'° Gauss

e Such strong B field can also polarize quarks. Can

N—— induce different spin polarization for quarks and anti-

A quarks with different magnetic moments

10°

Magnetic Field
———— T Through polarization measurement

e Search for signatures of L and B
e Understand the properties of QGP medium under

extreme conditions (L and B)

eB (MeV?)

* Provide the unigue opportunity to probe the spin
ol degrees of freedom of the QGP

Kharzeev, Nucl Phys A803, 227 (2008) 4 Subhash Singha @ SQM 2022




Measurement global spin polarization

Global polarization is measured from the angular

distributions using parity violating weak decay of

BBC
hyperons (“self-analyzing™): / J DY
- Sys P, ) A
~ \
dN 1 1 ps . & BBC
—_— 04 . (

" dQF 47r(+Hde / /
Py : Hyperon polarization q“alr:;%‘;m ’

oy - Hyperon decay parameter g / /

P4 : Daughter momentum direction A forward-going

* : Measurements in parent’s rest frame beam fragment

Component perpendicular to reaction plane:

' — (hF Schiling et. al., Nucl Phys B 15, 397 (1970)
PH — 8 <Sln(lP1 ¢d )> (STAR Collaboration) Phys Rev C 76, 024915 (2007)

) may  Res(Pq)

¢, : Daughter azimuthal angle
W ,: 1st order event plane 5 Subhash Singha @ SQM 2022



H

Hyperon polarization P (%)

)

Beam energy dependence of global Pa

STAR, 20-50%

oA

oA

e Sets an upper limit on hyperon polarization

Collision energy /s, (GeV)

STAR: Phys Rev C 76, 024915 (2007)
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H

Hyperon polarization P (%)

&)

Beam energy dependence of global Pa

STAR, 20-50%

o A O A

e First observation of global spin polarization

of hyperons in HIC

e Thermal vorticity w = kzT(P) + P3)/h

Collision energy |\'s,, (GeV)

w~(9+1)x10°! 57!

Most vortical fluid created at RHIC

Becattini, et. al.,
Phys Rev C 95, 054902 (2017)

STAR:
Phys Rev C 76, 024915 (2007)
Nature 548, 62 (2017)
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H

Hyperon polarization P (%)

&)

Beam energy dependence of global Pa

STAR, 20-50%

oA oA

* Precise hyperon polarization from high
statistics Au+Au collisions at 200 GeV

Py x ~ 0.1 =0.5% ( ~ 5o significance)

Collision energy /s, (GeV)

STAR:
Phys Rev C 76, 024915 (2007)

Nature 548, 62 (2017)
Phys Rev C 98, 014910 (2018)
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H

Hyperon polarization P (%)

&)

Beam energy dependence of global Pa

STAR, 20-50%

o A oA

ALICE, 15-50%

H A A

* First hyperon polarization from Pb+Pb
collisions at 2.76 and 5.02 TeV

10

10 10°
Collision energy \s,,, (GeV)

STAR:
Phys Rev C 76, 024915 (2007)

Nature 548, 62 (2017)
Phys Rev C 98, 014910 (2018)

ALICE:
Phys Rev C 101, 044611 (2020)
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H

Hyperon polarization P (%)

&)

Beam energy dependence of global Pa

"""""""""""""""""""""""""" Lo

STAR, 20-50%

o A

ALICE, 15-50%

H A

oA

1A

* Hyperon polarization from Fixed target Au+Au
collisions at 3.0 GeV

Py 3=491x0.81=x0.15 ( ~ 5o significance)

10

10°

10°
Collision energy \s,,, (GeV)

10

STAR:
Phys Rev C 76, 024915 (2007)

Nature 548, 62 (2017)
Phys Rev C 101, 044611 (2020)

Phys Rev C 104, 061901 (2021)

ALICE:
Phys Rev C 101, 044611 (2020)
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Beam energy dependence of global Pa

Py follows increasing trend from 5.02 TeV

H

Hyperon polarization P (%)

R IIIIIII| R T T downt02.4GeV

i STAR, 20-50%

oA o R * Models can capture the energy dependence
ﬂ A.I_I/C\)E, 15-50% tl’end

OA

STAR prel, 20-50% __
Il * A _ * A
B A+A

_‘:| HADES prel, 10-40% & 20-40%

_____ UrQMD+vHLLE, A
_ AMPT, A

JEETﬁ i STAR:
. %3 i Phys Rev C 76, 024915 (2007)

—_—
—_—
-—
_-

____________________________________________ f.@ Nature 548, 62 (2017)
I

Phys Rev C 101, 044611 (2020)
ENIEEET ENIEEET Ll RN Phys Rev C 104, 061901 (2021)

10 10 10°
Collision energy \/SNN (GeV)

ALICE:
Phys Rev C 101, 044611 (2020)
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Beam energy dependence of global Pa

Py follows increasing trend from 5.02 TeV

H

Hyperon polarization P (%)

R IIIIIII| R T T downt02.4GeV

i STAR, 20-50%

oA o0& * Models can capture the energy dependence
ALICE, 15-50%
ﬂ i - trend
STAR prel, 20-50% __
v * A _ Y A \857:6121 GeV, 20-i50% clentra!i Au-Au, avelraged IC
B A+A I - -
¢ HADES pre, 10-40% & 20-40% e Can be understood as shear
Y —_ E: .
K’ _____ UrQMD+VHLLE, A - . flow and baryon stopping
- AMPT, A =

e Rapidity acceptance

l VSny =7.7 GeV, 20-50%cZntraIAu-Au,averaged IC (migratiOn Of pOIariZatiOn to
T - | | = I N 3.2 . .
JE EH i B % | forward rapidity)
.*%i% “rreabe =W e Lifetime of system
-1 ________________ LR Y I * ...
ENEEEN ENEEEN o] N EE o,'~ G35 o
10 10° o 10°
Collision energy s, (GeV) Karpenko et. al., Eur Phys J C 77, 213 (2017)

lvanov et. al., Phys Rev C 102, 024916 (2020)
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H

Beam energy dependence of global Pa

STAR, 20-50%

e Hadronic dominant matter retains
more vorticity (?)

S
al
(- o A oA : .
S | ﬂ ALICE, 15.50% * Where do we observe the vanishing
N HA OA . .
= STAR prel, 20.50% _ polarization?
e — \( * A _ * A
B A+A
- ‘ Expectation:
g 51— 4 HADES prel, 10-40% & 20-40% P '
® Kf" vA Talk-(Bulk,15/06)
S L \ Iz avipy T VHLLE 1 5 Jinfeng Liao
I | 3FD Cross-Over L~ _Ab\/;\/l — (2M/\/E)
H y \ l 3FD 1-PT P
\ WL
i \ i P, ~0at,/syn ~ 2my
iy b
_ i
_____ o .
S l """"""""""" L Theory calculations for Pa at low energies
|1 1 | III| [ I III| I |1 1 | III| I L1 1 1 1] Deng et' al’ PhyS ReVC1O1’064908 (2020)
_ 10 102 10° _ Deng et., al., arXiv: 2109.09956
Hadronic Collision energy \/ sy (GeV Partonic lvanov, Phys Rev C 103, L031903 (2021)
dominant dominant Guo et al, Phys Rev C 104, L041902 (2021)
RHIC BES-II
FAIR, NICA, HIAF 13 Subhash Singha @ SQM 2022



Differential measurements of Pa: rapidity dependence

< sF T ] Deng and Huang, Phys Rev C 93, 064907 Alzhrani et. al., arXiv: 2203.15718
- . e
— | 0.10; 1 “i
|‘f 4t —Fg— - : 25F A - Wt + SIP(BBP) -
: 2 j 0.08' Pl == W 4 SIPLY) A
g THE— : — 208 | S+ SPWY) + [ | [
I I e 0.06 glrE :l' '\\ ¥ STAR /]
5. T = g, 'O: ! \ lll =
2 - - 0.04 PN N 20-60% AutAu@200Gev /|
[ | 3 ! LO[ ‘\\ 0.5 < pr < 3 GeV Y i ]
[ AMPT | e Ybeam L 0.02/ N v
b e o0c . [ 05F | v N o L | ]
- STAR Au+Au, \/sny = 3 GeV : 0.00! ; hS - |
- 0-50% centrality, pr > 0.7 GeV/c - [ 0.0 ——== : L ' L
0F i - 4 -2 0 2 4
02 0 02 04 06 08 1 STAR BUR
Y - STAR Au+Au fsNP =200 GeV Projection (run2023)
T — Wu et al, Phys Rev Research 1, 033058 - 20-60% (40-80% Tor 2.5m<4) . o
ST - 1= Q40
= 4E — " o thermal vorticity - T TR geometric model R
= 1af E rvortcty - —— A, PICR hydro Data _
< - 4 non-relativistic o — -=-=-=-=, AMPT kA A
R B = o o, L -imm Q, AMPT
+ = —= A - ) L |  peemmememssssccse-
Jeosf v g < E £ |, £ o5 | Vooam ~ 3104
- = o ~' B
~ 0.6 - < ; « - FTS
04:_ * _*__*_ _: -0 N ’ B % €ommmnmm >
()_2:_ _: pa === ____ PP Y DU 'y .
- STAR Preliminary . O —-----0--0--- 0k ®---¢---0--- & + + + """
oE = 0.0 el - Sty >
" STAR Au+Au, |syy = 19.6 GeV . -~ — - 5 n . . 1 (1) . . L | 1 1 . |
~02F 0-80% centrality, p.>0.4 GeV/e Y n 4
—0.4 :_l 1 I L1 1.1 l L1 1.1 l L1 1.1 ?/\lzl Ol.?3l21 L1l l L1l 1 1 l L l—:
-1.5 -1 -0.5 0 0.5 | 1.5 . P . -
* High precision rapidity
*y u = " u
e Rapidity dependence of Pais dependence Px Is needed to
* No significant rapidity different among various models constrain models
dependence rv .
P observed 14 Subhash Singha @ SQM 2022



Differential measurements of Pa: centrality dependence

Py (%)

Au+Au 4 /Sy = 3 GeV SNy = 7.2 GeV \/Sny = 19.6 GeV Sny = 200 GeV
12-_,l"l[lllllll"'lllllllllll‘j EOI' i A ) — @3‘SillllllllllllllllIIIIIIIIIIIIIIIIIIIIIIlllllll: o\l:;‘: 1_ STARAU+AU\,"S_W=2OOGeV
- STAR Autdu, /sy =3 GeV | ol AUHAU 5 =7.2 GeV ~ F STAR AutAu, (5= 19.6 GeV 1 % T i<t 05%p,<6 Gevic
10k pr > 0.7GeV/e, -02<y< 1 ] T N 3 NN 3 ] T u
- ap = 0.732 . - p_>0.15 GeV/c, -1.5<n<0 X E pp204GeVie 15<y < LS
| . -7 < F ] S
: —Eﬂ_ : - STAR preliminary I ] R 25F 0,=0.732 —- ] (il o
8 mm 3FD 7 61— | + C o 3 W A
| AMPT | : - o F STAR Preliminary B = 05| i
6-_ - x - E % : i
- ool T+ : |
1 T | P+ ' g 3
| 2 m m 03 +‘+‘ ¥ N I
'_ i :
2_ al -—-———- ]
e e —————e—, ... S H:
0'.|....I....l....l....l....l.' c v b v v B b Bl o | —0'5:1—11111111llllllllllllllIllllllllllllllllllllllE Centrality[o/o]
0 10 20 30 40 50 0 10 20 30 40 50 60 Cen;g"ty[o/S]O 0 10 20 30 40 50 60 70 80 | —
Centrality (%) Centrality (%)
0-12 ! | ! | ! | ! |
{ Reripheral
0.104° /™~ -
e 0087k -
* PA Increases from central to peripheral collisions — 006 -
. . 1 Jiang et al,
® C
Similar pattern followed from 200 GeV down to 3 GeV E oo ohys Rev G 94. 044910 (2016
0.024 ey ]
* Trend consistent with expectation from vorticity 000l Central T
0 2 4 6 8

15 Time (fm/c) Subhash Singha @ SQM 2022



P, [%]

Collision system size dependence of Pa

- (S = 200 GeV

2 | I | I | I | I | I | I | I |
' STAR Preliminary A
m Ru+Ru
+ Zr+Zr
’ O Au+Au _

- Centrality _
20-50%

O 10 20 30 40 50 60 70 80

Centrality [%]

| I | I | I | I I I 1 I I I | I

STAR Preliminary A

B Ru+Ru
+ Zr+Z2r
O Au+Au

VST\JN =200 GeV

- Centrality _
20-50%

sy ey ey ey ey |

3

0

10 20 30 40 50 60 70 80
Centrality [%]

e /r+/r ~ Ru+Ru ~ Au+Au
* No obvious system size dependence observed
e O+0O data ?

10

Talk-(Bulk,14/06)
Xingrui Gou (STAR)

10 T T T | T T T T T T I . : :
: Au-+A
- nT/(e+P)=008 u+Au ]
0.8 - €sw=0.5GeV/fm? Ru+Ru -
B w = 08 fm [ O+O
" Thermal vorticity y
\?0.6 —  Au+Au©200 GeV / P
°;, : 0.5 < pr <3 GeV e 5 &
i i — 7
loap Mt T -
0.2 -"": ,,,,,,, ;
00 _ L | L 1 1 | | 1 1 | 1 1 1

Centrality (%)

Model expectation:
0+0 Ru+Ru Au+Au
P A P A > P A

Alzhrani et. al., arXiv: 2203.15718
Shi et. al., Phys Lett B 788, 409413 (2019)
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P, [%]

Possible constraint on B field by Pa Talk-(Bulk,14/06)

Xingrui Gou (STAR)

Zr+Zr vs. Ru+Ru

21 L L L L L L 2 — L L L L L B
 STAR Preliminary A :  STAR Preliminary Ao, : P~ || B P\ B
® Ru+Ru . ] L Ru+Ru 2
+ Zr+Zr + Zr+2r £ VS
. OA 1 | e 1 A A
u+Au | Au+Au H
| 1 —+ — 1_ 1 ] R
— % | Centrality _ - | Centrality B E
: ol b | 20-50% | 'o\? i 1| 20-50% | |
_ l . T 1 i ._Ié - “ 1 i o.",»c-o. osipe o
L balt "“-—@-‘L—@$@§ 11 g W) v (i
LI IR et o 0 [ 01®¥ ) R
L] o ]
i T 7 _ | _ BZr+98 Zr  2aRu+34 Ru
© (S = 200 GeV 1+ . ISy = 200 GeV [ﬂ ~10-15% difference in B field
T e | | [P I R I S PO IR NI B Na _
0 10 20 30 40 50 60 70 80 0 10 20 Cso t4ol't 5(1/ 60 70 80 alve expectation:
Centrality [%] entrality [%]
PRu—l:Ru > PZr—l—_Zr
A=A A=A

e Ru+Ru ~ Zr+/Zr

| - o * Magnetic field
e No difference between A, A is observed in isobar data

T
e High precision RHIC BES-Il and LHC data? B~ M(PA —P3)
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Global spin polarization of =, Q

STAR: Phys Rev Lett 126, 162301 (2021)

o F STAR Prelimi %-50° — :
* [ Pj(7-7)=7-34i3.02 o T STAR Auriy 200507 =, Q) can be measured via daughter
T 3+ h e\ OA : g "
no oL G 76024915 (2007) particle polarization
B AA AA
i ) PRC98.014910 (2018)
2 ! "hoen e P, =0.24 +0.03(stat.) = 0.03(syst.) %
-8 - ALICE Pb+Pb15(—502%)
_ : 101.044611 (2020
- | 0 +A &R « Pz =0.47 %+ 0.10(stat.) £ 0.23(syst.) %
11— STAR Au+Au 20%-80%
- i * E +E_ (via daughter A P,) e Po=1.11=%0.87(stat.) = 1.97(syst.) %
B ¢ E +E (20-50% for 27 GeV)
i s Q +Q (via daughter A P,)
0 - At -
- AMPT PRO9S, 014905 (2015) ! o -o7e0014 T ¥ * First non-zero polarization for =, Q
| AdA =0 o = -0.758 £ 0.012
i e - 0z 2 e = -0.401x 0.010
_1_||||| | L] |I_I | |Q| RN | I N .PE,QfO”OWS gIObaI trend Of P/\
10 10° 10°
\ sy [GeV] - |
e Global nature of polarization in HIC
Mass (GeV/c?) Spin HN
A (uds) 1115683 1/2 0.613 Precise measurement can help
= (dss) 1.32171 1/2 -0.6501 testing species dependent splitting
Q (sss) 1.67245 3/2 202 18 Subhash Singha @ SQM 2022



Local spin polarization of hyperons

e How polarization distributed in azimuthal angle of particle
momentum?

e Results on longitudinal polarization (P;)

19 Subhash Singha @ SQM 2022



Local spin polarization of hyperons

Longitudinal polarization

e Elliptic flow is expected to generate a longitudinal component of polarization (Pz)

3 oK
WP = a_H<COS 05)
* | ocal polarization is expected to be sensitive to space and time variation of
vorticity and convolute with flow driven space-momentum correlation

Becattini, Karpenko, Phys Rev Lett 120, 012302 (2018)
STAR: PhyS Rev Lett 123, 132301 (2019) 20 Subhash S/ngha @ SQM 2022



Local spin polarization of hyperons

STAR: Phys Rev Lett 123, 132301 (2019)

0.001
0O - . .
2 - STAR  Au+Au \s,, = 200 GeV e First observation of
= i 20%-60% | itudinal lari : P
- o~ O
o> 00005 | ongitudinal polarization I,
7)) 0.012
® : Wrt ‘Pz 0.008
\9 - 0.004
N | W 7 o
! o “Sign puzzle” in P_: Many
00005k models fail to capture trend
' - fit: p +2p sin(2¢-2¥ ) : :
_ 0" P 2 with proper sign
- %A p =0.016+0.003 [%
_0.001:— YA P, =0.015+0.003 [%]
P T R S TR (T SN ST T S ST S S S M Theory developments addressing spin puzzle:
0 1 = 3 Liu et al, JHEP 07, 188 (2021)
q)_lIJ [rad] Fu et., al, Phys Rev Lett 127, 142301 (2021)
2 Becattini et al, Phys Rev Lett 127, 272302 (2021)
©= v Becattini et al, Phys Lett B820, 136519 (2021)
| Same pattern observed at LHC Alzhrani et. al., arXiv: 2203.15718

ALICE, Phys Rev Lett 128, 172005 (2022)
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Local spin polarization of hyperons

One of the new developments:
Shear Induced Polarization (SIP)

STAR: Phys Rev Lett 123, 132301 (2019)

0.001
%\ - STAR  Au+Au \/SNN =200 GeV Total = vorticity @ VT @ Shear
< Z 20%-60% ;-
@ 0.0005 s-quark Scenario
8 ' e T Ota -== Grad T
O 1 vorticity =~ = SIP
N

XN\ <
% S O Y e S sk
. - R
0.00051 fit: p_+2p sin(20-2% ) |
- *A p =0.016+0.003 [%; P
_ % p =0.015+0.003 [%
0'001- %A p‘ 1 1 o 1 - Particle rest frame mg = 0.3 GeV .
o0 1 2 3 , | AutAu, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3
»-¥ [rad]
2 ¢ [rad]

Fu et., al, Phys Rev Lett 127, 142301 (2021)
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System size and energy dependence of P;

Pz,n = (PzSin[n(¢ - lpn)])

(P, sin[2(¢-¥ )]) [%]

1

0.5

Isobar \/SNN = 200 GeV

STAR preliminary
*  Ru+Ru&Zr+Zr, A+A I
® Au+Au 200 GeV, A+A %
% *
- B -
°

I

1 1 | |

- 0.5<p_<6 GeVic, ly < a,=0,=0.732+0.014

R N R TR TR B

0

20

60 80
Centrality [%]

23

Talk-(Bulk,14/06)
Xingrui Gou (STAR)

e At mid-central collisions
/Zr+/r,Ru+Ru > Au+Au

e Hints of system size dependence

STAR: Phys Rev Lett 123, 132301 (2019)
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N

System size and energy dependence of P;

Talk-(Bulk,14/06)

(P, sin[2(¢-W )]) [%]

n= (stin [n(¢ — \-Pn)]) Xingrui Gou (STAR)

1 —
- Isobar \'s . =200 GeV T _ —
- STAR preliminary e At mid-central collisions
- _ /Zr+/r,Ru+Ru > Au+Au ~ Pb+Pb
 * Ru+Ru&Zr+Zr, A+A

o Au+Au 200 GeV, A+A *

0.5~ - e Hints of system size dependence, No
4 Pb+Pb5.02 TeV, A+A [’% Il _ y P
(ALICE) % obvious energy dependence

- [i] : T
i +« = . - e 0+0, Xe+Xe data?

- 0.5<p_<B GeVic, lyl<t «,==0.732:0.014

1 | | | 1 | 1 | 1 1 | I | | | I

0 20 40 60 80
Centrality [%]

STAR: Phys Rev Lett 123, 132301 (2019)
ALICE, Phys Rev Lett 128, 172005 (2022)

4 Subhash Singha @ SQM 2022




Event plane harmonic dependence of P:

Talk-(Bulk,14/06)
Xingrui Gou (STAR)

Pz,n - <PzSin[n(¢ T LIJn)])
) 1
X
A~ ' Ru+Ru&Zr+Zr, A+A  STAR preliminary
;c - % n=2
:l?; - ¢ n=3
% " Hydro(w, +SIP__), nT/(e+P)=0.08
@ 05 [ n=2Ru+Ru 1o — —
ot n=3 Ru+Ru T_ I e Significant local polarization wrt 3rd
o * order event plane
: %) % ¢ Pz(\PB) ™~ Pz(q’z)
] R o |
| STAR |5 = 200 GeV | e Results can provide information on
NN . .
- 0.5<p_<6GeVic, |y I« =0;=0.732:0.014 complex vortical structures; constrain
S V=" o on Initial conditions, transport
Centrality [%] parameters ...

Alzhrani et. al., arXiv: 2203.15718
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Baryonic Spin Hall effect (SHE)

Condensed matter Heavy lon Collisions

sx*pXE Sx £p X Vyug

Predicted Spin Hall type effect driven by
gradient of baryonic density (V up)

Can be accessed by splitting in local
polarization of A and A : P} — P2

Fu et., al., arXiv: 2201.12970

Polarization ~ vorticity @ V1" € Shear @ V 1ip

20
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Baryonic Spin Hall effect (SHE)

Poster-(Bulk,14/06)
Qiang Hu (STAR)

Condensed matter Heavy lon Collisions 1.5_ . Y
~ STAR preliminary Model predictions
sx+*pXE Sx *p X Vyug - #AurAuBESTD PP PP,
- — with SHE = with SHE
Predicted Spin Hall type effect driven by 0.5 - wio SHE - wlo SHE
gradient of baryonic density (V up) > S e
o N 0_ e S ST
CQ.N - =" + i Baochi Fu et al., arXiv:2201.12970
Can be accessed by splitting in local —-0.5 +
polarization of A and A : P — P2 -
|- Centrality:20~50%
i y|<1.5 @ 19.6 GeV
Fu et., al., arXiv: 2201.12970 - y|<1.0 @ 27 GeV
_1.5 N ! ! ! ! Cooa
Polarization ~ vorticity @ V1 € Shear @ V 5 10 102
\'Syy (GeV)

o« P — PZK ~< 0 : No indication of baryonic SHE yet
 Measurement at lower energies?
27
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Global spin alignment of vector mesons

e Complementary to hyperon spin polarization

e Can offer information on spin dynamics of QCD medium

» Can access “spin-orbit” type interaction (S . (E, X p))

Baryons Vs Mesons
Fermions Bosons
A (uds), spin = 1/2 ¢ (SS), spin = 1
= (dss), spin = 1/2 K*(ds), spin = 1

() (sss), spin = 3/2 J/W(cS), spin = 1

28 Subhash Singha @ SQM 2022



Vector meson spin alignment (poo)

Spin alignment (poo):

Measured from the angular distribution (8*) of the daughter particle

In parent’s rest frame

dN

_av B i -
dcosg™) Y0 X (1 = poo) + (Bpg — 1) c0s?6%)]

Poo - 001" component of spin density matrix

6* : Angle between momentum of daughter and
polarization axis in parent’s rest frame

> Deviation of poo from (1/3) indicates spin alignment

29

Schiling et. al., Nucl Phys B 15, 397 (1970)
STAR: Phys Rev C 77, 61902 (2008)
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Expectation of poo from theory

Physics Mechanisms (P00) ,00()(60) ~ 3 ;(ﬁa))z

\(:g;t%?t?/r;(r:r?sgiseiiecn;;dm (Negative ~ 10-5) Poolcoal) ~ ; n :: PoolB) & 3 gﬁzﬂ%ﬂ%Bz

ce: Vorticity tensorl!] (<N1e/93ative ~ 10-4)

ce: Electric field[?] (>P:>/s.:i3tive ~ 10-5)

Fragmentationl! ;ﬂrbfr,ﬂ /3 Poollrag) ~ ; i,ﬁiziz . \ee:iggeif.j,l.,PZC)S/SRL:/ttCBQf;,ZQO’s’;ZQO 10 75);2018);

Xia et., al., Phys Lett B 817, 136325 (2021);

Beccattini et., al., Phys Rev C 88, 034905 (2013)

<1/3 [2]. Sheng et., al., Phys Rev D 101, 096005 (2020);
Yang et., al., Phys Rev C 97, 034917 (2018)

[3]. Liang et., al., Phys Lett B 629, (2005)

<1/3 [4]. Xia et., al., Phys Lett B 817, 136325 (2021);
Guo, Phys Rev D 104, 076016 (2021)

[5]. Muller et., al., Phys Rev D 105, L0O11901 (2022)

[6]. Sheng et., al., Phys Rev D 101, 096005 (2020);
Sheng et., al., Phys Rev D 102, 056013 (2020)

Local spin alignment and
helicityl4]

Turbulent color fieldl®]

C¢:. Vector meson strong > 1/3
force fieldl!
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poo (pT, centrality) of  and K*0at LHC

0.5F Event plane (a)T Event plane (b)-0.5
K® |0
0.4F HQB & ﬂ_ 0.4
o ' &ﬂ ........ H
S 0.3F H - ﬂ E - O.3Qo
02 B 4 . 02
Loy = 1/3
0.1 ° Pb-Pb, |5 =276 TeV | 10
1 2 3 4 5 1 2 3 4 5
P (GeV/c) P (GeV/c)
0.5 _' Event [')Iane | __l Eventlplane | ALICEl dos
" K'e0.8<p_<1.2(GeVic) ¢ ¥l <0.5 |
0.4} +3.0< p_<5.0 (GeV/c)[| 4- ﬂ, ﬂ 40.4
PPN | EID """"" ﬂ‘ """""" '_'_"'* """ l """"""""""" ﬂ o3
0.2} * -+ H0.2
H ©0.5<p_<0.7 (GeV/c)
0.11 T «3.0< p.<5.0(GeV/c) 710-1
6 1 60 260 360 (l) 1 60 260 3(I)O
(N (N,

o FOr

o KO ppo< 1/3 with 2.60
o @ poo~< 1/3 with 1.90
o Centrality dependence at low pr

* Observed deviation order of magnitude larger

than naive expectation: py, & @? from P,

SN = 2.76 TeV (at 10-50% and low pr)

3

ALICE: Phys. Rev Lett 125, 012301 (2020)
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0.4

0.35

0.3

0.25

poo (/snn): @ and K*0 from RHIC BES-|

*(p (IyI<10&12<p <54GeV/c)
o K? (IyI<1O&1O<pT<SOGeV/C)

O

filled: Au+Au (20% - 60% Centrality)
open: Pb+Pb (10% - 50% Centrality)

For 20-60%:

10 107 10°

Sy (GeV)

o FOr ,/syn <= 62.4 GeV:

< P poo=0.3451 £ 0.0017 (stat.) = 0.0018 (sys.)

000> 1/3 with 8.40

o FOF A /SNN <= 544 GeV

9 K0 pgo = 0.3356 = 0.0034 (stat.) £ 0.0043 (sys.)

oo~ 1/3

ALICE: Phys Rev Lett 125, 012301 (2020)
STAR: arXiv: 2204.02302
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poo (,/snn): @ and K*0 from RHIC BES-I

0.4

* ¢ (IyI<1.O&1.2<pT<5.4 GeV/c) A

o K%(lyl<1.08& 1.0 < p. < 5.0 GeVic)

— C(Sy) = 1109 = 143 fm_8 (From fit to data) -

e Polarization by a strong force field of vector

meson — Can accommodate large deviation
for @ poo at mid-central collisions

0.35 n
- S
o ) —]
oN _
0.3 T
filled: Au+Au (20% - 60% Centrality) |
095 |open: Pb+Pb (10°/|o - 50% Centrality) | _

10 107 10°

'Sy (GeV)

ALICE: Phys. Rev. Lett. 125, 012301 (2020)

STAR: arXiv: 2204.02302

|
Poo(@P) =~ 3 +cp+ ¢+ cptey
4
5¢ 20 2 0
C, = Es  + E4 )
¢ 27m§‘m$Tgff<p >¢< Pz ’X>

C(y) =gy (E;, +E; )

Vector meson field strength ~ 2.5 m?

Sheng el. al., Phys Rev D 101, 096005 (2020)
Sheng el. al., Phys Rev D 102, 056013 (2020)
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pOO

0.5  Au+Au (20-60% & lyl < 1.0) T —_— —
| m ¢ (1"-order EP) T
L k¢ (2"-order EP) + q)
- + — |
0.4 T x -
. L
....... .l...__..........................E:....... ......ﬁ.....................
0.3 11.5 GeV o 19.6 GeV |
o5 4+
04l b b
PR e ;] pm )
0.3 [- " + o -
9 [ 127 GeV T *BQGeV
o5  n + -
[1
04l T -
...... ;] ﬁ*?ﬂ *}ﬁﬁ%
03 L e24Gev T 200 GeV

noo (P1): ® and K*°from RHIC BES-I

STAR: arXiv: 2204.02302

Poo

0.5 - -+ ~
i 11.5 GeV K*O 14.5 GeV
04 I -+ -
i Q
e O PP
0.3 - @ —— @ @ —
0.5 | : T | | | —
- 19.6 GeV 27 GeV
04 [ —+ —
o) I
0 :_ ................. Q ........... ___[@ ..... Ty T (g ......... _
0.5 | : —— _
- 39 GeV 54.4 GeV
0.4 :— CTQ 1 —
Q) (@]
E....@ ..... l@l‘ ........... e (e @1 .......... Kz ...........
0.3 — —1— S —
05 - , , o ]
200 GeV +
i T Au+Au (20-60% & lyl < 1.0)
0.4 — @ -1 —
*0 nd
T (oo o R OK™ (2™-order EP)
0a [ O —+ —

o For 20-60%:
non-trivial

pT dependence

34

Subhash Singha @ SQM 2022




p00

o BES-I: ¢ poo = 0.3622 + 0.0026 (stat.) = 0.0049 (sys.)
© BES-II: ¢ poo = 0.370 = 0.008 (stat.) = 0.007 (sys.)

0.5

0.4

0.3

poo (P1): ® meson from RHIC BES-II

STAR Preliminary
| I |

|_ | T T T | T _1
B % ¢ BES-II (lyl < 1.0, Run-2019)l _
- m ¢ BES-I (lyl < 1.0, Run-2011) _
= aeeea Py = 1/3 -
- [] B
Au+Au 19.6 GeV
20%-60%
_l | | | | | | | | | l—
0 2 4

P, (GeV/c)

~530

Talk-(Bulk,14/06)
Gavin Wilks (STAR)

Expectation from model with vector meson force field

042 ————

0.40
0.38

o 0.36
>b°_

0.34}
0.32}

0.30}

l---.-.

--—--__---
- -

L l T L] L] T

200 GeV -

----- 62.4 GeV -
----- - 39 GeV
27 GeV

35

kTIGeV
Sheng el. al., arXiv: 2205.15689
Sheng el. al., Phys Rev D 101, 096005 (2020)
Sheng el. al., Phys Rev D 102, 056013 (2020)

Subhash Singha @ SQM 2022



€ |

K"

poo (centrality): & and K*° from RHIC BES-I

STAR: arXiv: 2204.02302

0.4

0.3

3

%Eﬁfﬁ*ﬁ

Au+Au 39 GeV T

1 b)d #2"%order EP

Au+Au 200 GeV ]

0.4
¢ lyl<1.0

[ K*OIyI<1.O

0.3

1.2< p_< 5.4 GeV/c

AR i E
1.0< p_< 5.0 GeV/c 1 T

1 e)K%02" order EP

o

Au+Au 39 GeV ]

Au+Au 54.4 GeV T

Au+Au 200 GeV ]

80 O 20 40 60

80 O 20 40 60 80
Centrality (%)

30

e For central at 200 GeV:
o @, K9 poo< 1/3

Local spin alignment
or, helicity contribution

e For mid-central and

peripheral:

o P, KO0 pgo>~ 1/3

[1]. Xia et al, Phys Lett B 817, 136325 (2021)
[2]. Gao, Phys Rev D 104, 076016 (2021)
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d) (I) STAR: arXiv: 2204.02302

0.4 -

i pra¥
P00 ...... .._.

ﬂ.@.ﬂ...

Au+Au 200 GeV

Centrality (%)
Is the contribution from local spin alignment

dominant in central collisions and at higher
energies”?

0.341 S e >
I 7
0.340} 2 ) -
| Rl
o 0.339} ot
K 3 ot & 0-5%
0.338} Vi 10-40%
-/ & 40-80%
0.337} ./ |
s mme—- fitting curve
| S

poo (centrality): ¢ from RHIC BES-I

Expectation from model with vector meson force field

centrality(%)

Can accommodate positive deviation in
mid-central and peripheral collisions

Sheng el. al., arXiv: 2205.15689
Sheng el. al., Phys Rev D 101, 096005 (2020)
Sheng el. al., Phys Rev D 102, 056013 (2020)

* Need measurements of local spin alignment at RHIC and LHC

Xia et., al., Phys Lett B 817, 136325 (2021)
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Charged K* poo at RHIC Isobar collisions

0.41—
0.38]— K™
- i
oS 0361
KO
0.34|—
0.32—

| | | | I | | | |
QM2022

STAR Preliminary
lyl<1.0, 1.O<pT<5.O GeV/c

|Isobar 200 GeV, 20-60%
PKTOTK D V(K 4K )
*K? =K? o(K%K?)

Au+Au 2&) GeV, 20-60%
(K °+K ™)
arXiv: 2204.02302

Particle Species

K 0(d5)
Kt (us)

(N

] ] | ] ] ]
150 200

part >

Magnetic moment

py~ — 097, u. ~ 0.61uy

u, ~ 1.85, . = 0.61uy

250

~ P P Yang, et. al.,
Poo(B) 30 p ﬂqlﬂqu Phys Rev C 97, 034917 (2018)

e K*0 vs., K'+-
> Ordering opposite to the naive
expectation from B field

> What is the origin of different poo 7

* Need inputs from theory
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000 (centrality, pT): J/W at LHC Talk-(HF,14/06)

ALICE: v 2204.10171
CE: arxiv Xiaozhi Bai (ALICE)

(<<D 0-5:"”l‘"'l""]”"]”"I"”l""l""l""]”":
4f il :
0af ALICEPOPD sy =5.02TeV First observation of global spin alignment of J/W at LHC
. Inclusive Jhy - pu :
03F 2<p_<6GeVic,25<y<4 ] 1 3,0 . 1
: : . 00
0.1F H : — P00
0:_ ______________________________________________ E.] _ 1
: : *0
_0_1;_ égtat. uncert. — o K ,0()() ~ = 029 ¢ ,0()() ~ = 01 ( < _)
: yst. uncert. Event plane 3
020710 20 30 40 50 60 70 80 90 1
Centrality (4 Note: Kinematic ranges of above measurements are different
L 06777 71— l ]
05F ALICE, Pb-Pb |5y, =5.02 TeV 3 _ . _ ,
Tob Inclusive Jiy - w25 < y <4 > What is the origin of different sign of poo ?
03f :
0.2F -
3 N ——
0.1f ] . . 1.
of e J/W poo from mid-rapidity?
: 7 :
-0.1F . .
0zf b 3o Evont plane * Need inputs from theory
03T T T e 8 10 12
pT(GeV/c)
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)

Summary

BP0
e Global spin polarization: f
 Global nature of hyperon spin polarization is established \H% £
® ngh energy. More preCiSe and differential measurement (pT, rapldlty, R éﬁ*’
centrality) will help constrain models —
e _ow energy: Where do we observe vanishing polarization? e
* Local spin polarization: < ;% % W
* Interesting and precise measurements from RHIC to LHC fps bl
e Provide information on vortical structure; constraint on initial I []
conditions, transport parameters; drive development of new S
phenomena (SIP, SHE), spin hydrodynamics, spin kinetic theories ... iy

e Vector meson spin alignment:

" filled: Au+Au (20% - 60% Centrality)

e Surprising (and puzzling!) signal of spin alignment from RHIC and LHC oasf T PRI SoCeew,
* Need more inputs from theory for better understanding of the data [y (GeV)
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Thank you for your attention
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Possible constraint on B field by Pa

STAR, QM17 STAR: Nature 548, 62 (2017) e Magnetic field
&\i Au+Au 20-50% B = 1 P P-
- o | =—(P, = Py)
— @ this study AT
m —
<10 O PRC76 024915 (2007) S o 0so
i o B~ 107" m A= H070
?S.Z STAR preliminary L T=160 MeV
S Becattini, et. al., Phys Rev C 95, 054902 (2017)
@ [ O g0 . .
Ottt '#]@ ------------------ ** Difference between A and anti-A can also be caused by
. 1 R i@l * Different freeze out for particles and anti-particles
10 10° » Different response to mesonic field generated by baryonic

V SNN (GeV) current

Hints of difference between A and anti-A
(Effect from initial B field ?)**
Vituik, et. al., Phys Lett B 803, 135298 (2020)

 Upcoming BES-II data will provide better precision Csernai et al, Phys Rev C 99, 021901 (2019)
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Beam energy dependence of global Pa

H

Hyperon polarization P (%)

STAR
T 1T Tl 1T T T I| 1T T 1T T T AU+AU CO”lder SNN — 77_200 Gev
] STAR, 20.50% Au+Au Fixed Target 4 /syy = 3.0 GeV
o A oA
[ ALICE, 1550% _ STAR Preliminary
| STAR prel, 20-50% Au+Au Collider 4 /sy = 19.6, 27, 54.4 GeV
| m A+R b Au+Au Fixed Target /sy = 7.2 GeV
- HADES prel, 10-40% & 20-40%
&' v A ALICE
[ . Pb+Pb . /ssn = 2.76, 5.02 TeV
H + HADES Preliminary, QM 2022
+ ] Au+AU , /sy = 2.4 GeV
| % % Phys Rev C 76, 024915 (2007)
U A SR g Nature 548, 62 (2017)
Phys Rev C 101, 044611 (2020)
| 1 | IIII| I IIII| I I IIII| I I S I PhySReVC104, 061901 (202-1)
10 10 10°

Collision energy \s,,, (GeV)
ALICE:

Phys Rev C 101, 044611 (2020)
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(stin(ZAq))) (%)

Energy dependence of P;

20

[

15

[

10

L

I

[

[

3
e A
- 2 -
X A-A é, of % & 4 ¢ é : =
o N . x
ly[<1.0 T ! "
BES-II P e,
. |
O_Q? ........ * ............ ﬂ ............. ‘ ............. .gA ............. % .............. s 1|
il
STAR preliminary %
Aut+Au @ 27 GeV

0

AT T R B BT T AP I
10 20 30 40 50 60 70 80

Centrality (%)

Poster-(Bulk,14/06)
Qiang Hu (STAR)

20:— P A
- = A
155 X A-A
10:_ ly|<1.5
5 BES-II

-9
-10
-15

(PzSi n(2A0)) (%)

_lllllllllll lll&lll

3¢ :
| A
2F = A
o~ [ A-A .
s - |
~~ 1 4 ! E I
—_ C 2 A ’
» N = s
3 L » . i '
& o« * % ¢ ‘ ' r—1
us : . b , ‘ "
v | y '
N =
[+ [ '
~ { »

D90 20 30 40
Centrality (%)

.........................

STAR preliminary
Au+Au @ 19.6 GeV

=

0ra & & g % ............................. o

Centrality (%)

N T BT T BT I T
0 10 20 30 40 50 60 70 80
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Local spin polarization

pr (GeV)
3.0 LA SN LA S LA R R R L e L B L B LS B B
: why : Wiy, nT/(e+ P) =0.08
25F M - " + SIP(BBP) n 0.003 |- === Wiy, + SIP(BBP) w=08tm -
i | - v = (). :
[l ——— W 4 SIPLY) I Lo W 4+ SIP(LY) Cow = 0.5 GeV/fm* -
I u u ny —
2008 1) Wy +SIPLY) + uplP | 0002 | + Wi+ SIP(LY) + pplP :
—~ M I ~ : STAR :
s Fy\. 1 TAR I r - :
i’\,l sEVE 'S i A i‘; 0.001 -
S YA [ /) S e S i
| i : ‘\ 0 /’ ' l - : | — "~
i \ \ 20-60% Au+Au @ 200 GeV [/ 0.000 — ——
LO \ & 0.5 < pr < 3 GeV ' & - R TR -
- \ N g / ‘ B N 1 i
-] . /o | —0.001 [- 7] < -
0.5 I\ LN L A, { : 0.5< pr <3 GeV -
: , | = * o ‘= _0’002 __1 [ R (N SO T SO N N S N N |20|_§0|0/o| A|u|_|—fAI|J |@|2(|)0| GlelV l—d
- |
0.0 — [ E—— —Ll L 0.0 0.5 1.0 1.5 2.0 2.5 3.0
—4 —2 0 2 4 b — 0,
U

Alzhrani et. al., arXiv: 2203.15718
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H

Hyperon polarization P (%)

&)

Beam energy dependence of global Pa

Global polarization

STAR, 20-50%

oA oA
ALICE, 15-50%
HA OA
STAR prel, 20-50% __
* A _ * A
B A+A
HADES prel, 10-40% & 20-40%
VA
_____ UrQMD+VvHLLE
AMPT
3FD Cross-Over
— —— 3FD1-PT

10

10
Collision energy s, (GeV)

10°

0.4

-0.1

Directed flow

P
@ e STAR v E895
A NA49 m HADES

A
\ x STAR

\ —— 3FD crossover
— — 3FD 17 order

v | N

Models, protons

UrQMD

4 5 6 78910

2 3

\S\ (GeV)

30 40 50

e Similar rising pattern in polarization and directed flow at low energy
e Some models can capture such rising trend in both Py and v+
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poo (Centrality): K*0and anti-K*0from isobar

QM2022
STAR Preliminary
Ru+RuU 200 GeV lyl<1.0, 1.0<p_<5.0 GeV/c
o KO N Zr+Zr 200 GeV
0.4- Au+Au 200 GeV | =K? #KP
% KO4K™O arxiv: 2204.02302 .
e Species dependence:
Qg @ - K0 pgo ~ anti-K™0 poo
0.35F _ -
> - * B
B A I S e System size dependence:
i i ~ pPoo Au+Au ~ Zr+Zr ~ Ru+Ru
0.3 | | I | | |
0 100 200 300 O 100 200 300
< Npart > < Npart >

ap @)
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poo (y/snn): @ and K*0 for central collisions from BES-I

p00

0.4

0.35

0.3

0.25

STAR, arXiv: 2204.02302

| llllllll

llllllll |

- ¢ T-orderEP (1.2 <p_<5.4 GeV/c)

-

% ¢ 2"-order EP (1.2<p_< 5.4 GeV/c) -
- o K 2"-order EP (1.0 < p_ < 5.0 GeV/c) -
_ _
- . -
S R |
B Au+Au (0-20% & |y| < 1.0)
|1 | | | | I I | | | | I O | I | | |
10 102 10°
sy (GeV)

48

Subhash Singha @ SQM 2022



