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Heavy-ion collision experiment

LINAC

T N
T S

LHC

[ Large Hadron Collider]

Relativistic heavy-ion collisions at RHIC and the LHC

Understand properties of quark-gluon plasma

2 Explore the QCD phase structure: signatures of QCD critical point and 1st-order phase transition

Connection to neutron star physics in the high baryon density
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Orbital angular momentum / Strong magnetic field

In the initial state of non-central HIC:

BL

<=

_/l .
/ reaction plane

spectators

participants
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Large orbital angular momentum
L=rxp
~ bA\/5. ~ 10°A

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)

Strong magnetic field typical magnet
B~01-05"T
B~ mZ/e
~ 10 T

D. Kharzeev et al., Nucl.Phys.A803, 227 (2008)

L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014
g 1 magnetar

B~10"T



Orbital angular momentum / Strong magnetic field

BL
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:

spectators

\
— =
reaction plane

participants
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Rotating system under strong B-field produces:

- Particles “globally” polarized along L or B
via spin-orbit/spin-magnetic coupling

/.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)
S. Voloshin, nucl-th/0410089 (2004)
F. Becattini, F. Piccinini, and J. Rizzo, PRC77, 024906 (2008)

- In case of the magnetic coup
antiparticles are oppositely al

iNng, particles and

igned along B

Relativistic version of “Barnett effect”

S. Barnett, Phys. Rev. 6, 239 (1915)
l.e. magnetization of spinning matter (ferromagnet)



Polarization measuremen

Parity-violating weak decay of hyperons

I 0
Daughter baryon is preterentially emitted in the direction F P
of hyperon’s spin (opposite for anti-particle) A
/
alV 1 * A* apn = —aix = 0.732£0.014 n'//
. = - (1 +agPy - ppg) A= R /
df) 4 a=— = —0.401 4+ 0.010 A -
— T
P 17 : hyperon polarization an- = —0.0157 £ 0.0021 p

PB : unit vector of daughter baryon momentum
Q. f7 . hyperon decay parameter
Asterisk® denotes “in hyperon rest frame”

(BR: 63.9%, cT~7.9 cm)
PA. Zyla et al., PDG2021

Any hyperons can be used but the sensitivity is different, depending on an.
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Global polarization measurement

Projection onto the transverse plane

L

8 (sin(¥; — ¢7))
TOH RGS(\Ifl)

W+ azimuthal angle of impact parameter — !

Py =

beam direction (z)
STAR, PRC90, 014910 (2018)

x10° x10° X
A STAR 10%-80% 40:_ K g &
| | & y
O e 3} A STAR, PRC76, 024915 (2007)
| —BG (fit) i
_ -BG(rr:ix) 20
ool [Jreal-BG (fit) :
| (@) "0F (b)
xS :ﬁ: 1.1;&' :1{1' ;}:: 1.1;h . . . .
Paool A oG - Impact parameter direction determined by spectator deflection
S | ~BG oo, S. Voloshin and TN, PRC94.021901(R)(2016)
- - Feed-down eftect: 10-15% dilution of primary A PH
F. Becattini et al., PRC95.054902 (2017)
| - COM vs. rest frames, ~3%(10%) reduction at low(higher) pr
0001 STAR 10%-80% (@) | (b)
T 1 - I T R I W. Florkowski and R. Ryblewski, PRC106, 024905 (2022)
M. [GeV/c”] M. [GeV/c?]

1 Niida, SPIN2023



Observation of A global p

STAR, Nature 548, 62 (2017)
STAR, PRC90, 014910 (2018)

P, (%)

N
()

a, = 0.732 £ 0.014
o =-0.758 = 0.012

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
mEA OA

UrQMD-IC+vHLLE, A
AMPT, A

- = = = Chiral kinetic, A+A

— YangMills-IC+PICR, A
...... 3FD model, A

1 Niida, SPIN2023

olarization

* |ncreasing trend toward lower energies,

described well by various theoretical models

|. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+vHLLE
H. Li et al., PRC96, 054908 (2017), AMPT

Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE

Y. Xie et al., PRC95, 031901(R) (2017), PICR

Y. B. lvanov et al., PRC100, 014908 (2019), 3FD model

* |ndication of thermal vorticity

Pr(x)

W

Y

lw  uabB
2T~ T
(Pp + P3)kgT/h ~10%4 s~

Ua: A magnetic moment
T: temperature at thermal equilibrium

F. Becattini et al., PRC95, 054902 (2017)

e Possible difference between A and anti-/\



A global polarization at lo

STAR, PRC104, L061901 (2021)
HADES, PLB835(2022)137506

X g - PRC103 (2021) 3, L031903, HADES p._€0.2,1.5] GeV/c ye[-0.5,0.3]
'—'< — Au+Au, b=6fm, lyl<0.5 Au+Au: Ag+Ag:
al — s hadronic E0S m 10-40% ® 10-40%
[ s CrOsSOVEr E0S O 20-40% O 20-40%
— s 1PT EOS
s & PRC104 L041902 (2021) STAR 20-50% p_€]0.5,6.0] GeV/c hi<1
- Au+Au, b=5fm, lyl<t, p €[0.4,2.0] ~ A PRC76024915(2007)
5 s AMPT model % Nature548 62 (2017)
— Y PRC98 014910 (2018)
4— . ALICE 15-50% p_€[0.5,5.0] GeV/c lyl<0.5
- ¢ PRC101 044611 (2020)
SE- STAR 20-50% p_€[0.7,2.0] GeV/c ye[-0.2,1]
5 - + PRC104 6, L061901 (2021)
e L{r.zl' 1
- T v
) 2, A N
_1:1_m ] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] | I |
1

10
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10°

10
VSan - 2my [GeV]

e New data from STAR/HA

wer energies

D

—S at lower energies

e Continuous increase down to y/san~2.5 GeV



A global polarization at lower energies

STAR, PRC104, L061901 (2021)

HADES, PLB835(2022)137506

X g - PRC103 (2021) 3, L031903, HADES p_€0.2,1.5] GeV/c ye[-0.5,0.3]
'—'< — Au+Au, b=6fm, lyl<0.5 Au+Au: Ag+Ag:
al - T s hadronic E0S m 10-40% ® 10-40%
[ s CrOsSOVEr E0S O 20-40% O 20-40%
— s 1PT EOS
s & PRC104 L041902 (2021) STAR 20-50% p_€]0.5,6.0] GeV/c hi<1
- Au+Au, b=5fm, lyl<t, p €[0.4,2.0] ~ A PRC76024915(2007)
5 s AMPT model % Nature548 62 (2017)
= Y PRC98 014910 (2018)
4— . ALICE 15-50% p_€[0.5,5.0] GeV/c lyl<0.5
— ¢ PRC101 044611 (2020)
SE- STAR 20-50% p_€[0.7,2.0] GeV/c ye[-0.2,1]
5 - + PRC104 6, L061901 (2021)
e Lf.jr 1
— + v
OF - - -l A N
_1:1_m ] ] IIIIII“ ] ] IIIIII| ] ] IIIIII| ] ] | I |
1 10 10° °

1 Niida, SPIN2023

10
VSan - 2my [GeV]

e New data from STAR/HA

e Continuous increase down to y/san~2.5 GeV

4

(o) (fm)

Predic

nitial

X.-G. Deng et al., PRC101.064908 (2020)

0.12
- Au+Au -©- p=5.0 fm
0.1
- —-b=8.0 fm
0.08[-
. ~*b=10.0 fm
0.06F
0.04F
0.02F —¢
O: L L a3 31 L L L L
1 2 3 4567 10 20 30 40

A. Ayala et al., PRC105.034907 (2022)
140
12

P %

DES at lower energies

ed to have the maximum around +/snn = 3 GeV
| & “stopping” to “transparency” at midrapidity

¢c=0.0025 <b>=873 .
R, = 6.554 fm, a = 0.523 fm_
—%— P, - BES data ]




A-A difference?

McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 1 Al B 0
NER' IO—FIIIIIIII IIIIIIIII|IIIIIIIII|III-I— PAE II MA. :
m o 2" T .

0
0.1 lw, upB
P]\ ~ 0 -
0.01 21, T
0
Il B B = = =
0.001 .
ua: /A magnetic moment
0.0001
107
1070
10_7IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII
-1 0 I 2
t/Ray,

e Lifetime of B-field would be very short (<0.5 fm/c) but could be sustained
oy QGP depending on its electric conductivity
* Polarization splitting provides an upper limit of the late-stage B-field

F. Becattini et al., PRC95.054902 (2017)
B. Muller and A. Schéafer, PRD98, 071902(R) (2018)
Y. Guo et al., PLB798(2019)134929
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A'IA_I difference ? STAR, PRC108, 014910 (2023)

2
h X I — | scaled using ay=0.732
B OB OB O QE 10 i Py .
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 1 :' B 0 ‘:’ 2:' g%& ;8:285; ﬁﬂiﬁﬁ’ ggg:}l |
NEI: IO—FIIIIIIIIIIIIIIIII|IIIIIIIII|III1— PAN wll MA- I 8; DD ALICE15_50%Pb+Pb
- . — | 0 : |
n ) 21 1T I I , 1
I 6| F 1
0.1 P~ 1w, ,LLAB : %a 1.5
— [1 - - 1 -
0.01 A 2 T. JA ’ : @ 1
I B = O -I ! 051 1]
0.001 | N - R
ua: A magnetic moment T gﬁ % LT Y R T
0.0001 I ﬁéb ......................... T O = S N
0Ff R
10—5 g E — —— — — —t—1 =
= of : | :
1076 Qj - 0.2 |
10_7IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII I 157 : :E
_1 O 1 2 df O_ﬁ ........................................................ E i
t/RAu i
—0.2 L | | ]
19.6 27 |
jfi & |
R B e $ ....................................................... ¢ ....... _:.
: : £ : 05 - scaled using ap=0.732 E
* Lifetime of B f|elq vvoulql be very short (<O..5 .fm/c) but could be sustained 5 <+ STAR 20.50% AtAu BESIT|
oy QGP depending on its electric conductivity -1 et e
 Polarization splitting provides an upper limit of the late-stage B-fielo s T
101 102 103 10*
F. Becattini et al., PRC95.054902 (2017) SN
B. Muller and A. Schéafer, PRD98, 071902(R) (2018)
Y. Guo et al., PLB798(2019)134929
11
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A'IA_I difference ? STAR, PRC108, 014910 (2023)

L2

- - = i — | scaled using ay=0.732
Mcl d Skok N | Ph AQD 1 201 - - - =--a- QE 10 ‘ﬁ' ‘2’ STAR 20-50% Au-+Au, BES-II B
cLerran and Skokov, Nucl. Phys. A929, 184 (2014) 1w B I i % 4 STAR 20-50% Au+Au, BES-T ||

NEI:’ 10 FTTT T T T T L B L O PAN Il MA. I 8; O O ALICE15—50%Pb+Pb
Z ) — | 0 : |
n ) 2 ik I I , :
0 6| - 1
0.1 P~ 1w, ,LLAB : %a 1.5
i i B 5 -
0.01 A 21, JA ’ : @ 1
I = = = . -I ! 0.5 E .
0.001 | o[ - B
Ua: A magnetic moment t ﬁéf % "6 o7 :
0.0001 I ﬁéb ......................... e T o O o= N ;
0Ff R
1073 —~ E - — H A T =
ot : B = (PA — P]\)T/(QIUA) é:/ 2 05 1]

ay i
10_7IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII N:‘-‘2><1013[T] | 157 : % :é
_1 O 1 |. 2 .-l: f AP 2 2 df O_ﬁ ........................................................ é
t/ R dPPEr Himit rrom H w10~ |
aPP e 10 m._ —021L I
19.6 27 |
for APA~0.3%, T=150 MeV i .
........................... ‘EE’_;
i _ {} ]
. : : £ : _o05 | scaled using ay=0.732 -
_ifetime of B-field would be very short (<0.5 fm/c) but could be sustained : + STAR 2050% AurAu BESII|
| | | /i 1l 4~ STAR 20-50% Au+Au, BES-T | |
o), QQP glepenglmg on |t§ electric Condulcnlwty | ! g Sral a0 At |
* Polarization splitting provides an upper limit of the late-stage B-field s T
10 107 10° 10

F. Becattini et al., PRC95.054902 (2017) e

B. Muller and A. Schafer, PRD98, 071902(R) (2018) L _ .
Y. Guo et al., PLB798(2019)134929 No significant difference in new STAR BES-II results.

An upper limit of the late-stage B-tfield is Bg1013 T

1 Niida, SPIN2023 1



A-IA_l difference ? STAR, PRC108, 014910 (2023)

12—

- - = i — | scaled using ay=0.732
Mol d Skokov, Nucl. Phys. A929, 184 (2014 mEEEsT 10 ke STAR 2050% Aut Au, BESI |
cLefran and okoroy, INUCL Fhys. . 184 (2014) 1 wo B " : % 4 STAR 20-50% AutAu, BES-1 |

AR 10 FTTT T T T T L B L O MA- I B O O ALICE 15—50% Pb—I—Pb

= Py ~ i . 31
% I 2 [ 1T . I :
[1 6 - 1
0.1 P~ 1w, ,LLAB : %a 1.5 :
— ] - - .
0.01 A 21, T ’ : @ E
= == = = = -I ! 0.5 E :
0.001 | .| - B
ua: A magnetic moment i ﬁéf % 006 o |
0.0001 ol ﬁéb ......................... e InE N
10°5 — —HHHH———HHH —
- : B = (PA — P]\)T/(Q/LA) é:/ 2 y ]
a :
10_7 IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII N :‘-‘2 >< 1013[T] I 157 : % : é
_1 O 1 |. 2 .-I:f AP 2 2 Qlf 0_: ........................................................ j

t/ R dPPEr Himit rrom H w10~ ! |
A pp 6B “O mﬂ' —0.2 L | | I
196 27 :
for APA~0.3%, T=150 MeV IR .
........................... ‘EE’—;
i _ {} ]
: : £ . _o05 | scaled using ay=0.732 -
* Lifetime of B-field would be very short (<0.5 fm/c) but could be sustained : + STAR 20507 AmrAn Bas |
o) QOGP denendina nn ite alectric condiictivity —1[ <> STAR 20-50% Au+Au, BES-T | |
o : & ALICE 15-50% Pb+Pb :
* PolarizatiCaveat: There are other mechanisms to create the polarization difference. .. s
. . ; ; . 101 102 3 4
F Becati - different emission time/position of A and Abar vk et al. PLE803(2020)135298 Rp—

B. Mullerl - spin interaction with meson field csemaietal.. PRC99.021901(R) (2019)

Y. Guo et . . ference in new STAR BES-II results.
- chemical potential Fangetal., PRCY4, 024904 (2016) ...etc

the late-stage B-field is B<1013 T
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Global polarization in isobar collisions

Isobar
B collisions B
Neutron : :
O @ —+ 'i o 0N a
. :;‘-g> ‘?‘;ﬁ’ S #"é;’ SR o Extra
Y o W Iaenat Proton
@5 PDED v o 08 GAED o
e an¥ae i G " & <+ o
b 2ol Eass b O by Sl N
Proton Q‘A‘.@y 7S e g‘kﬁfé‘% ot
—\ 50 \¢ B e Vo 9"‘?:“3’4‘? a
- 4 - - an
962r40+ 962r40+ 96Ru 96Ru
& &

- Smaller system, larger polarization?

Pt < PR~ PEY < POY < PY ?

S. Shi et al., PLB788(2019)409
S. Alzhrani et al., PRC106, 014905 (2022)

- Larger B-field, larger polarization splitting”

1 Niida, SPIN2023

P, [%]

Isobar vs. Au+Au for A
2 | | | I | | | | | | | | | | | |
' STAR Preliminary A |
®m Ru+Ru
I + Zr+Zr
1L O Au+Au 1 .

- Centrality
20-50%

H |:

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

A vs. antl-\ In Ru+Ru

No significant splitting nor system size dependence

2 I | I | I | | | I | I | I | | |
' STAR Preliminary i
Ru+Ru s, = 200 GeV
- .A —
s - Centrality _|
'§' L | 2050% |
I i
TR :
g *2tg L] 1%
_1 _ T N RN N NN TR NN WO N T N H I“
0O 10 20 30 40 50 60 70 80
Centrality [%]
See Xingrui Gou’s talk
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Global polarization of multistrangeness

» = and Q hyperons hyperon decaymode a9 gpin
v Different spin, decay parameter A (uds) (Bg—égg%) 0732 -0613 1/2
¢ Less feed-down o = (dSS) gnoln. 0401 06507 1/2

v Likely different freeze-out in time T
() (sss) (BR: 67 8%) 0.0157 -2.02 3/2

» Challenges: small aand low production rate

» Study = or () polarization by measuring daughter /A polarization

T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

P} = C=-zPz = 5 (1+27=) Pz, C=- = +0.944

P} = Co- P = £ (1+4y0) PY.

A Ar (L +anPy - pp) “voisunknown  dg, Bak1 = yo~+1
Polarization transfer factor: Cqa ~ +1 or — 0.6

1 Niida, SPIN2023 13



= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021) » Hint of hierarchy in Pn but not significant yet

- pj(7_7)=7.3413.02 ” STAR Au+Au 20%-50% (Ppr) = 0.24 +0.03 (stat) £ 0.03 (syst) %

Nature548.62 (2017)

3 ) oA OR (P=) = 0.47 £ 0.10 (stat) & 0.23 (syst) %

27 Gy PRC76.024915 (2007)

(STAR preliminary) AN AA <PQ> — 1.11 £ 0.87 (Stat) 1.97 (SySt) %

/ PRC98.014910 (2018)

P, [%]

mA [OA

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
/\ + A A

i [‘I }? A T STAR Au+Au 20%-80%

o

- —+

= + = (via daughter A Pp)

732 + 0.014
758 + 0.012
-0+ =-0.401+ 0.010

P—
-

B AMPT PRC99, 014905 (2019) a
B A+A =0 o
— - o
B Y

o O

mo> >

—Q

Q2

_1IIIII I IIIIIIII I [ 1 1 | 1 11 I I I

10 102 10°
\ syn [GeV]

Confirmation of global vorticity picture!

[
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= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021) » Hint of hierarchy in Pn but not significant yet

- pj(7_7)=7.3413.02 ” STAR Au+Au 20%-50% (Ppr) = 0.24 +0.03 (stat) £ 0.03 (syst) %

Nature548.62 (2017)

3 ) oA OR (P=) = 0.47 £ 0.10 (stat) & 0.23 (syst) %

97 eV PRC76.024915 (2007)

(STAR preliminary) AN AA <PQ> — 1.11 £ 0.87 (Stat) 1.97 (SySt) %

/ PRC98.014910 (2018)

P, [%]

mA [OA

o

ALICE Pb+Pb 15-50% - —P—— *
o DEPh 1550 » Thermal model: PA=P==3/5"Pq

ax +A A

(| —t

Z + Z (via daughter A P,)

A P_<S>N(S—|—1)w
I‘II.I }? T STAR Au+Au 20%-80% o S ™ 3 T F. Becattini et al., PRC95.054902 (2017)

732 + 0.014
758 + 0.012
-0+ =-0.401+ 0.010

P—
-

~ AMPT PRC99, 014905 (2019) o
~ A+A = o
— - Qo
i Y

o O

mo> >

—Q

Q2

_1IIIII I IIIIIIII I [ 1 1 | 1 11 I I I

10 102 10°
\' Sy [GEV]

Confirmation of global vorticity picture!

[
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= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021)

T

P, [%]

o

pK(7_7)=7.3413.02 [9%]

= at 27 GeV

(STAR preliminary)

/

N
IIII|IIII|IIII|II

B A+A
: Q
_1 L 1 11 | |

H

AMPT PRC99, 014905 (2019)

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
A A

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A A

STAR Au+Au 20%-80%

H

* = + E (via daughter A P,)
¢ =
+ Q

o, = 0.732 + 0.014 '*'
ocX =-0.758 + 0.012

Ol = -0+ = =-0.401+ 0.010

v, =1 -

10

10°

10° \/7 [GeV]

Confirmation of global vorticity picture!

1 Niida, SPIN2023

» Hint of hierarchy in Py but not significant yet
(Ppn) = 0.24 £+ 0.03 (stat) +0.03 (syst) %
(P=) = 0.47 £+ 0.10 (stat) +0.23 (syst) %
(Pa) = 1.11 £ 0.87 (stat) + 1.97 (syst) %

» Thermal model: PA=P==3/5"Pq

b (4w
s T T 3 7 F. Becattini et al., PRC95.054902 (2017)

» Earlier freeze-out leads to larger PH
O.Vitiuk, L.V.Bravina, and E.E.Zabrodin, PLB803(2020)135298

» Feed-down contribution

10-15% reduction of primary A P4 F Becattini, PRC95, 054902 (2017)
~25% increase of primary = PH  H. Liet al., PLB827(2022)136971
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= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021) » Hint of hierarchy in Pn but not significant yet

< 7 STAR Au+Au 20%-50% _ i
,o\_:,l: 3—_PX(7.7)=7.3413.02 [%] _ Natur95u4-|é-3._6uZ (2017) <PA> - 024 - 003 (Stat) 003 (SySt) %
o L eA oA (P=) = 0.47 £ 0.10 (stat) £ 0.23 (syst) %
i ot 27 GV PRC76.024915 (2007)
| (STAR preliminary) AN AA <PQ> = 1.11 £+ 0.87 (Stat) 1.97 (SySt) %
B / PR098.01i91O (2018)
A OA
2 ®) *
- ALICE Pb+Pb 15-50% - Pa=P==
0 A D s » Thermal model: PA=P==3/5"Pq
I | thoet p_8 (+Dw
1— [‘]H T STAR Au+Au 20%-80% - ? ~ 3 T F. Becattini et al., PRC95.054902 (2017)
- * o A x = +E (via daughter A P,
- | ¢ E+E mpt _
i . ol 3 e n S wia daughter A Py » Earlier freeze-out leads to larger PH
0 B . | g :¢, O.Vitiuk, L.V.Bravina, and E.E.Zabrodin, PLB803(2020)135298
Y . S ) . .
i AMPT PRC99, 014905 (2019) | = _8-;2% : 8'3113 \ » Feed-down contribution
B gH\ = - <y1A-: b =-0.401+0.010 - 10-15% reduction of primary A PH  F Becattini, PRC95, 054902 (2017)
Al L] B - ~25% Increase of primary = P4 H. Liet al., PLB827(2022)136971
10 10° 10° "7[GeV]
» Explore O)/antiQ) difference in the coming data
Confirmation of global vorticity picture! for B-tield effect po ~ 3pA
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Local vorticity

Vortex induced by jet or in asymmetric collisions

: flow velocity e (GeV/fmS)

r (fm)

Y. Tachibana and T. Hirano, NPA904-905 (2013) 1023
B. Betz et al., PRC76.044901 (2007)

1 Niida, SPIN2023

< { Vortical
structure

Unquenched jet Hard
interaction

B

Partially
quenched jet

S. Voloshin, EPJ Web Conf.171, 07002 (2018)
W. M. Serenone et al., PLB820 (2021) 136500
M. Lisa et al., PRC104, L0O11901 (2021)

Local vorticity induced by collective expansion

with density fluctuations

wn (GeV)
1.0
X 1072

10

Pl

AN
*x X
oy
i 1
1
3
7/
2/
S/
7/
/

NN
S,

—0.5

"
4‘
-7
4
K

—1.0

-G. Pang et al., PRL117, 192301 (2016)
L Xi

L.
X.-L. Xia et al., PRC98.024905 (2018)

Complex vortical structures might be created
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Polarization along the beam direction: P:

- Polarization along the beam direction expected

“ ' ' 7 F. Becattini and |. Karpenko, PRL120.012302 (2018)
frOm the elllptIC ﬂOW S. Voloshin, EPJ Web Conf.171, 07002 (2018)

1 Niida, SPIN2023
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Polarization along the bea
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- Polarization along the beam direction expected -0.0005["
“ ' ' 7 F. Becattiniand |. K ko, PRL120.012302 (2018 i
from the “elliptic flow S Voloshin. EPJ Web Conf 171, 07002 (2018)( ) -

- Data indeed show a quadrupole pattern; -0.001~ 5«
| | | | | |
the sign of P; depends on azimuthal angle (~sine function) 0

Anisotropic-tlow-driven polarization!

1 Niida, SPIN2023

m direction: P-

STAR, PRL123.13201 (2019)
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Even due to higher harmonic flow

STAR, arXiv:2303.09074
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*Not accounted for EP resolution and decay parameter

153’/\ 0.001™  Ru+Ru&Zr+Zr \/Spy = 200 GeV ?;/\ 0.007"  RuU+RU&Zr+Zr \/Spy = 200 GeV
gﬂ . Centrality: 20%-60% g‘l . Centrality: 20%-60%
@ D 0.0005
8 8
,?: /-3:
) 3 o
- -
@) @)
0] %)
~0.0005
fit: po+2p1sin(2(]> - 2‘112) fit: p0+2p1sin(3q) - 3‘P3)
- *A  p, =0.020+0.002 [%] - *A  p, =0.006+0.002 [%]
0.001|- %A P, =0.021£0.002 [%] -0.001}- %A P, =0.010+0.002 [%]
N B B (l)éié
0 2 4 6
2(0 - ¥) [rad] 3(¢ - ¥) [rad]

Recent isobar data (

RU+

olane (Ws) dependence of the polarization

Ru&Zr+/r) even show triangular flow

- Indicating triangular-tlow-driven sextupole pattern of vorticity

See Xingrui Gou’s talk
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P. sine modulation
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 Similar pr dependence as vn, further supporting flow-driven polarization

0.5 Hydro (@, +SIP

| STAR |/s,,, = 200 GeV
| 20-60% centrality, A+A |y |<1

o Au+Au, n=2
® Ru+Ru&Zr+Zr,n=2
¢ Ru+Ru&Zr+Zr,n=3

BBP)

n=2 Ru+Ru
—— n=3 Ru+Ru

ocA=-(xK=O.732iO.O14

1 2

3

P, [GeV/c]

(P, sin[2(0-% )]} [%]

STAR, arXiv:2303.09074

STAR VSNN =200 GeV

* Ru+Ru&Zr+Zr, A+A

o Au+Au, A+A
i O.5<pT<6 GeV/e, |y |<1

Pb+Pb 5.02 TeV, A+A

0

20 40

Hydrodynamic model with shear-induced polarization shows a bit different trend

* No significant collision system nor energy dependence

60 80
Centrality [%]

See Xingrui Gou's talk

Scaling better with Npart, suggesting the importance of system size in addition to the geometry?

e Sensitivity to specific shear and bulk viscosities, and the initial state

S. Alzharani et al., PRC106.014905 (2022)
A. Palermo et al., EPJ Web Conf. 276 (2023) 01026 18
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Spin sign puzzle still remains?

P*(¢ — Urp)

. 1
vorticity: wee = 5 (Osttp — 9ptio)
e 1

S. Liu, Y. Yin, JHEPO7(2021)188

B. Fu et al., PRL127, 142301 (2021)

F. Becattini et al., PLB820(2021)136519
F. Becattini et al., PRL127, 272302 (2021)
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- --=- D+a"
S. Alzharani et al., PRC106.0149056 (2022)  eeeeeee glag
W. Florkowski et al., PRC105, 064901 (2022) C
Y. Sun et al., PRC105, 034911 (2022) Lt
C. Yietal., PRC104, 064901 (2021) e — el
0008 e T B A (STAR, ¥ syy =200 GeV, 20%-60%)
- w -
(| wlhu + SIP(BBP) nT/(e+ P)=0.08 1 ® A (STAR, V sy =200 GeV, 20%-60%)
0.002 - thy w = 0.8 fm _ 0.0006I" - - - . .
| T wyy, + SIP(LY) esw = 0.5 GeV/fm? ] -
i wh + SIP(LY) + uplP ! 0.0004/
=~ O0p i 0.0002}
= ~
0,000 === ————A T
I SN a—— -~ ] ~0.0002}
I | : ~0.0004}
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 The sign of P is not reproduced by models based on thermal vorticity,
referred to as “spin sign puzzle”

- Spin may not be in equilibrium?
* “Shear tensor” seems to be needed to explain the data but the sign changes

depending on the implementation detalil

- Large cancellation of the thermal vorticity and shear contributions
19



Outlook

HADES, PLB835(2022)137506

32 8 _ PRC103 (2021) 3, L031903, HADES p_€[0.2,1.5] GeV/c yg-0.5,0.3]
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7 s CTOSSOVET EOS O 20-40% O 20-40%
e 1PT E0S

STAR 20-50% p_€0.5,6.0] GeV/c hi<1
A PRC76 024915 (2007)

1
|-

PRC104 L041902 (2021),
Au+Au, b=5fm, lyl<1, pTE[O.4,2.O]
AMPT model % Nature548 62 (2017)

* Global polarization ;

g_ ] Y PRC98 014910 (2018)
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B> i ' — _ = PRC101 044611 (2020
» Complete the energy dependence filling in snn = 3-7.7 GeV o e ) e
. . o + PRC104 6, L061901 (2021)
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2z More precise measurements of = and () polarization needed f_ T L ‘
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> ¢-polarization (toroidal vortex)

S. Voloshin, EPJ Web Conf.171, 07002 (2018)
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Summary

* (Observation of the hyperon polarization open new directions in the study of
QCD matter and spin dynamics in heavy-ion collisions

e A lot of progress in the measurements but still some open questions remain

» Global polarization: energy dependence from a few GeV to TeV, differential
measurements, multi-strangeness hyperons

»  Polarizatio

N along tr

shear term

e beam direction: exter

to explal

N the data but how to I

ded to 3rd-order, importance of the
plement it?

»  Other predicted phenomena to be explored: vortex ring and spin Hall effect

1 Niida, SPIN2023
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Spin Hall effect

S. Meyer et al., Nat. Mater.16, 977 (2017)

1 Niida, SPIN2023

Spin Hall effect, (1972) 2004

S. Liuand Y. Yin, PRD104, 054043 (2021)

Q. Hu(STAR), SQM2022 5" ot 21 arXivi2201.12970

1.5
~  STAR preliminary Model predictions
1 & Au+Au (BES-I) P,-P_ P.-P,
- — with SHE -~ with SHE
— 0.5 -~ wlo SHE -~ wio SHE
,.q_; N“ 0__ ................ — ——_‘—__—___a_-swl-“‘""mLL ........... e P ——
Cn-N : = + H Baochi Fu et al., arXiv:2201.12970
_0.5 :_
1~ Centrality:20~50%
- y|<1.5 @ 19.6 GeV
1 - | y|<1.0 @ 27 GeV |
_ .5 L1 1 I ! ! 1 I T B 1
2
10 10
\'Syy (GeV)

A hint of A-Abar difference but in the opposite sign to SHE
Study with BES-II data (lower energies) is ongoing at STAR

23



Phase diagram of rotating nuclear matter

1 Niida, SPIN2023
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Energy dependence of global polarization

|. Karpenko, F. Becattini, EPJ(2017)77.213

STAR. Nature 548. 62 (201 7) Y. Xie, D. Wang, L. P. Csernai, PRC95, 031901(R) (2017)
) )
STAR PRCQO 01 491 O (201 8) @:62.4 GeV, 20-50% central Au-Au, averaged IC
y y I I I I I I I
. = | I 3.5
9 L STAR Au+Au 20%-50% L e | He 3.0 . 2Tocey
- | Nature548.62 (2017) ”E —4—62.4GeV
T a, = 0.732 + 0.014 oA OA 2 1T S
0 6 o._=-0.758 = 0.012 PRC76.024915 (2007) E o 1 207
u AA AR < 1. g 15
i PRC98.014910 (2018) Nl _ 1.0-
EA OA _al _ s _
B - 0.5
4" UrQMD-IC+VHLLE, A :8_ o _ : 00T 4 6 8 10— 12
B “‘ AMPT, A -4 -3 -2 -1 7(; 1 2 3 4
‘ t (fm/c)

- = = = Chiral kinetic, A+A
- YangMills-IC+PICR, A
------ 3FD model, A

» Stronger shear tlow in forward (backward) regions
+ baryon stopping with finite acceptance

» Also related to unknown rapidity dependence
» Longer lifetime of system may dilute the polarization

1 Niida, SPIN2023 29



Feed-down effect

0 ~60% of measured A are feed-down from 2*—=>Am, 20>Ay, =— AT

o Polarization of parent particle R is transferred to its daughter A

(

Polarization transfer could be negativel)
Sy = CSk (Sy) X S(S; 1)(w+
(@ \ [3%(/arCar— 3foorCoor) S(SR+1) 3

52 (farCxr — 357 Oxon) SeSr+1) 32X (farCrr — 3f505Cxor) (S + D g | P
R R

\ Be/T /

Decay C
Parity conserving: /2t — 12 0~ —1/3
Parity conserving: /2= — 12 0~ 1
Parity conserving: 3/2t — 127 0~ 1/3
Parity-conserving: 3/2= — 12t 0~ —1/5
B > A+ 7n? +0.900
E —> A+7m” +0.927
05> A4y —1/3

1 Niida, SPIN2023

Primary A\ po
(model-depe

CaRr : coefficient of spin transfer from parent R to A
SR : parent particle’s spin

EB) far : fraction of A originating from parent R

S UR : magnetic moment of particle R

_—1
% (fAR CAR — %fEOR CEOR) (SR -+ 1) UR / P/r\neas \

Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)

arization will be diluted by 15%-20%

ndent)

This also suggests that the polarization of daughter particles

can be used

to measure their parent polarization! e.g. =, O
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Polarization along the beam direction

F. Becattini and I. Karpenko, PRL120.012302 (2018)
S. Voloshin, SQM2017
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aH. hyperon decay parameter
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6. 6 of daughter proton in A rest frame

Stronger flow In in-plane than in out-of-p
makes local vorticity (thus polarization)

1 Niida, SPIN2023

ane, known as elliptic flow,

along beam axis.
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