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Heavy ion collisions experiment

LHC 2.76 TeV
RHIC 200 GeVl

Quark-Gluon

- Understand the properties of quark-gluon
plasma(QGP)

- Map out QCD phase diagram

()

-

-

o

(C

-

v

Q
S
[t

- Beam energy scan program

Baryon Chemical Potential i,
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RHIC-STAR experiment

Solenoidal Tracker At RHIC (STAR)

Relativistic Heavy lon Collider (RHIC)

> Time Projection Chamber (TPC)
- Main tracking detector, |n|<1.0, full azimuth

- v/SNy = 7.7 - 200 GeV for A+A > Time-Of-Flight (TOF)
- Particle identification, |n|<0.9, full azimuth

p+p, p+Au, Au+Au, Cu+Cu,Cu+Au... . Beam-Beam Counters (BBC)
- Event plane reconstruction , 3.3<|n|<5.0

- Brookhaven National Lab. (NY)

» Zero Degree Calorimeters (ZDC)

- Event plane reconstruction using spectator neutrons,
In|>6.3
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Vorticity and magnetic field

4In non-central collisions...

> The created matter should exhibit strong vorticity.

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

>~ The strong magnetic field would appear in the initial
state.

-D. Kharzeev, L. McLerran, and H. Warring, Nucl.Phys.A803, 227 (2008)

-McLerran and Skokov, Nucl. Phys. A929, 184 (2014)
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Global polarization

antiparticle

A
\--C A0 A

> Large orbital angular momentum transfers to the spin degrees of freedom:
- Quarks and anti-quarks’ spins are aligned with the angular momentum.

> Spin alignment by magnetic field:

- Quarks and anti-quarks get aligned in the opposite direction due to the
opposite signs of their magnetic moments.
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How to measure the global polarization?

4+ Parity-violating decay of hyperon

- Daughter proton preferentially decays along
the A’s spin (opposite for anti-A).

AN — p+ 1~ (BR639I%, cr~7.90m)

 Polarization can be measured via the distribution
of the azimuthal angle of the daughter proton
(in the hyperon rest frame).

4Projection onto the transverse plane

ay : decay parameter (o, = 0.732 £ 0.014)

_ 8 (sin(¥, — ¢1§<)> ¥, : 1%-order event plane
H oy Res(W)

>
beam direction (2)

(]5; : azimuthal angle of the daughter ’1\&' y

- STAR, PRCT6, 024915(2007) proton in the A’s rest frame P.A. Zyla et al. (PDG),
Prog. Theor. Exp. Phys.2020, 083C01 (2020).
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https://pdg.lbl.gov/2020/html/authors_2020.html
https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Collision energy dependence of Py

J. Adams et al. (STAR), PRC98, 14910 (2018)

T 3
o . Nature548.62 (2017) o . _ _
st | e G » Positive polarization signals are observed.
- Becattini, Karpenko, Lisa, Upsal, and Voloshin,PRC95.054902 (2017)
I Q PRC76.024915 (2007)
+A DA P Lo, B
ANVTo T T T
this analysis
- w = (P) + P)kgT/h ~ 10*1s7!
*A YA Fa+ Poks
U, - Mmagnetic moment
ay =0.642 T : temperature at thermal equilibrium(=160 MeV)
 Polarization increases with decreasing
. A collision energy.
+
——primary” =~ pAmanHeer coun - No significant difference between A and
- AMPT, A .
L. primary primary+feed-down anti-A.
I L [ | | | N I | | ﬁ | | |
10 10°
sy [GeV]
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Collision energy dependence of Py

Global polarization of A hyperons in Pb+Pb collisions at , /syn = 2.76, 5.02 TeV.

8
- ﬁ STAR Au+Au 20%-50%
T T PRC76.024915 (2007)  Nature548.62 (2017)
~ D eA  OA °A oA 2.76 TeV
STAR prelim.
- Phys. Rev.CO82018)  TA en P,(%) = 0.08 + 0.10(stat.)+0.04(syst.)
oA
Al ALICE PRC101.044611 (2020) Px(%) = —0.05 = 0.10(stat.)£0.03(syst.)
: +A%A  Pb+Pb 15-50%
i AMTr-frr[}ary primary+feed-down 502 TeV
21— UrQMD+VHLLE, A
- — primary - - primary+feed-down P\(%)=—0.13+0.11(stat.)=0.04(syst.)
N T i s =S PR Px(%) = 0.14 = 0.12(stat.)*£0.03(syst.)
i o, = -0 =0.732
_2 _I L 11 | | | | I I | | | | | I I | | | | | |
10 10 10°
\/ Sy [GeV]

v Global polarization continue to decrease at higher energies.
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Vorticity at low energy

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

0.12F UrQMD model
E Au+Au -6~ b=5.0 fm _
0.1 * Angular momentum is the largest at
B ~*-pb=8.0 fm 3 GeV.
— 0.08F
E - ~*b=10.0 fm
~. 0.06F - Vorticity disappears at 2m, GeV.
3 ;
T 0.04F = Global polarization is expected to be the
0.02F - largest at 2m,, ~ 1.9 <, /sxn < 7.7 GeV.
01

2 3 4567 10 20 3040
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Global polarization in low energies

— STAR Au+Au 20%-50%
ﬂ Nature548.62 (2017) oA O

STAR preliminary ~PRC76.024915(2007) ~ ® A
PRC98.014910 (2018) ® A O
PRC104.L061901 (2021) ® A

S— STAR prelim.
AA+A oA OA

P, [%]

ALICE PRC101.044611 (2020)
+ A 7 A Pb+Pb 15-50%
HADES prelim. SQM2021

A Au+Au 10-40%
A Ag+Ag 10-40%

AMPT, A
L primary

UrQMD+VvHLLE, A
| —— primary - - primary+feed-down
] ] L1 1 111 | ] ] I I I | | ] ] L1 1 111 | ] ] L1

10 10° 10°
\/ sy [GeV]

- HADES experiment has measured in Au+Au at 2.4 GeV and Ag+Ag at 2.55 GeV.

primary+feed-down

o, =-0 =0.732

- STAR experiment has measured in Au+Au at 3.0, 7.2 GeV.

= Global polarization increases with decreasing collision energy to 2.4 GeV.

10 Kosuke Okubo



Centrality dependence of PH

3.9

Py (%)

2.5t

1.5

0.5

0

STAR Au+Au, \/3xy = 19.6 GeV
pr > 0.5 GeV/e, |yl < 1

ap = 0.732 —f—

STAR Au+Au, /syn = 27 GeV
pr > 0.5 GeV/e, |yl < 1

ap = 0.732

+

=T

¥

—0.5

arXiv : 1805.04400

0

20 40 60 80

Centrality (%)

peripheral
0.12 — . ;

@ AMPT model

Time (fm/c)
central

O Y.Jiang et al PRC94,044910(2016)

* In most central collision, no initial angular
momentum.

- The polarization decrease in more central
collisions.
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Rapidity dependence of Py

- Polarization is expected to depend on rapidity but the prediction is different

among the models.
Z.T.Liang et al,, Chin.Phys.C 45 (2021) 1, 014102

32'5 - —— 200 GeV
=, (© 62.4GeV
D.X.Wei, W.T.Deng and X.G.Huang, PRC99.014905 (2019) B el e . o6Gev
4 " STAR 200 GeV
gf -~ 196GeV o
- -.62.4 GeV |
~~ - - --200 GeV
R 2L TN
~— : ////____\‘\\
Q_>" 1 2+ i Y
gL =0 g |
" STAR (20-60%)
-1 this work (20-50%) .fg 0.06
100500 05 1.0 £
c}

Y < 002!

0.00* ; based on énergy flow

AAAAAAAAAAA

2 -1 o 1 2
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Rapidity dependence of Py

Py (%)

Py (%)
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STAR Au+Au, \/sny = 19.6 GeV
20-50% Centrality, pr > 0.5 GeV/c
ap = 0.732

=3 e

arXiv : 1805.04400 -

&t
i I i

STAR Au+Au, /snn = 27 GV
20-50% Centrality, pt > 0.5 GeV/c
ap = 0.732

15 -1 -05 0 05 1 1.5

- Polarization does not show significant
rapidity dependence within acceptance.

 Polarization in large rapidity region can be
explored in the future forward upgrade.
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Transverse momentum dependence of Py

One might expect...

* Decrease at low prt due to the smearing
effect caused by scattering at the later

stage of the collisions.

- Decrease at high pt due to jet
fragmentation.

No significant ptr dependence within
uncertainties.
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Global polarization of = and Q2

P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

magnetic

hyperon decay mode QK o ertl SO |

N\—p1T
Aluds) ZoP7.. 0732 0613 12

= (dSS) o aoqy -0-401 -0.6507  1/2

- Q-—A\K-
Q- (sss) N 00157 202 32
Global polarization measurement of the other particles. 6F AutAu 20-50% i
_ Y|<1 —®—A&A
« Different spin and magnetic moments . —o—E’
—~ B —%— ) 7
32
 Less feed-down in = and QQ compared to A . [ *x
al 2 .\..:~*\*\* =
» Could be different freeze-out . ""0-323:':;\*
s N
, o R g __
- Different valence s-quarks
L tatisti f=zand Q dto A h 109
. = an mpar
ess statistics of = a compared to Vs, (GeV)

W.-T. Deng and X.-G. Huang, PRC93.064907 (2016)
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= and Q polarization measurement at 200 GeV

-1

J, Adam et al. (STAR),

PRL126, 162301 (2021)

ITII[IIII[TIJIIII

E]A+A
e}

P:\—(?.?) =7.34 b 3. 02 [O/O]

AMPT PRC99, 014905 (2019)

| w0

| llillll

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

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

a, = 0.732 £ 0.014
-=-0.758 = 0.012

o =-a- =-0.401+ 0.010
= _ 4 E

1 | lllll'I | 1

+A A
T STAR AusAu 20%-80%
| * E + £ (via daughter A Py)
x ¢ E+E
CFIJ | + Q + Q (viadaughter A P,)

L

102

o 'Sy [GeV]

16

 Global polarization of = and Q in Au+Au

collisions at 200 GeV

(P,) = 0.24 + 0.03(stat)£0.03(syst.) [%)]
(Pg) = 0.47 = 0.10(stat)£0.23(syst.) [%0]
(Po) = 1.11 £ 0.87(stat.)=1.97(syst.) [%0]

- = and Q polarization could be larger

than that of A

« Consistent with AMPT model calculation

within uncertainties.

- Naive expectation

- Lighter particles could be more
polarized ( =<\ )

- Earlier freeze-out leads to larger
polarization ( =>A\)

- Feed-down effect : ~15-20% reduction
for primary A PH
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= polarization at 27 and 54.4 GeV

- Global polarization have measured in Au+Au collisions at 27 and 54.4 GeV
- Consistent with AMPT model within uncertainties

- = polarization is consistent with A polarization within uncertainties.

Global hyperon polarization s, dependence

oz- = —0.401
ag+ =0.401 Au+Au —®— = 4+ T this analysis
—e———

ap = 0.732

gEAA==—O(_>é73528 STAR Preliminary

T + = (via A daughter) this analys|s

oy - decay parameter
Cz, - transfer factor 20-50% Centrality
Pp = CgpPz ]

20-50% Centrality

||||||||m||||||ll
| | | |

1 20-80% Centrality
ed £
0 S S R R R S B S e s e S M B RS R
— —— A+ A, Nature, 2017 —+— = 4+ T, PRL 126(2021) -+ A + A, PRC 98(2018)
— —<— A + A, Quark Matter 2019, STAR Preliminar —
d | e Y —%— =", T (via A daughter), PRL 126(2021)
A + A Phys. Rev. C, 2018 -
AMPT: A + A PRC99, 014905 (2019) —%— &'+ £ ICPPA 2020 STAR Preliminary
AMPT: =° PFl{cgg, 014905 (2019) —B— 34+ E (via A daughter) ICPPA 2020 STAR Pr]aliminary
| | | | | | | | | | |
10 10°
S VS\y (GeV)
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Centrality dependence of = polarization

J, Adam et al.

(STAR), PRL126,

162301 (2021)

X, | STAR Au+Au s, = 200 GeV
o ly=l<1, p$>0.5 f
- pie Inclgfive A (PRC98.014910) _ _ _ _ _
| % E+E (viadaughter A P,) | = polarization increases in more central
Isyst.tncert collisions as well as A polarization.
2_
‘ ) *
i x‘ — [} (] [] []
I " = polarization could be larger in peripheral
o — i i collisions.
¥ Ll = L a, = 0.732  0.014
- o =-0.758 + 0.012
C., =0.944
E ] | | l 1 ] 1 I | | 1 l ] 1 | l |
0 20 40 60 80

Centrality [%]
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Global polarization in isobar collisions

Isobar  Global polarization in Zr+Zr and Ru+Ru
B collisions B
Neutron .~ . . W - The mass number is the same but the proton
o /0PN © e =:;d.§??“€?;§?<iv¢§ e Extra . .
o EPEBR D e o 4T number is different.
.{,‘ﬁ?s}'\,ﬁ:

o . + @ [ [ [ [ [ ~ 0
Toprvaaaendy 0 ek - Initial magnetic field different (~10%)
0 ® 0 ®

- Verification of the magnetic contribution

S. Shuzhe et al., Phys.Lett.B 788 (2019) 409-413
| T T | T I T 1 | I

4= 20-50% . - System size dependence of the PH
n = 4= Cu-Cu 1
sl O - =0-= Cu-Au

- AMPT model expects global polarization is
larger in Cu+Cu than Au+Au collisions.

- The timing of the A production depends on
the collision system.
(Cu+Cu < Cu+Au < Au+Au)
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Py [%]

Global polarization in isobar collisions

Global polarization of A(A) hyperons in Au+Au collisions at 200 GeV

2 ; I ) ] : I ’ l J I J J J 2 T ] T I ! ] T I ! l ! I ! l ! I 1.5 1 I ] [ 1 I 1 I 1 I T I T I 1 I
| STAR Preliminary i _ | STAR Preliminary I : | STAR Preliminary 1
| Zr+Zr sy, = 200 GeV 1 | | Ru+Ru s, =200 GeV i 1 [ ® Ru+Ru |sy, =200 GeV
| :f 1 ] | mA 1 ] 1L @ zrezr {5 =200 Gev 1 .
A LN
H - Centrality _ L - Centrality — [ il i A
I 20-50% 'o\? I | 2050% | 0 I | Centrality |
i % * l# 1 i | = 4 ¢ ] | ‘_lé 05} (# . [ | 2050% _]
o % < i I I . T )
i # T j i T & o - . : o @ : a T ]
o@- ---------------------------- [%] --------------------- e — 0..@* _____ * ______________________________________ e - - T ::: $ ‘;Z Txi I 4 1+ @&
- - : L i) | - @ [ . o 0 1 1
_ T e S . 5 et
| I ﬁ '
—1 ) N T SIS I NI ST | =4 PR N SR T SN N SO T SO NN NN | 0.5 | | | | | | ] |
0 10 20 30 40 5(1 60 70 80 0O 10 20 30 40 50 60 70 80 "0 10 20 30 40 50 60 70 80
Centrality [%] Centrality [%)] Centrality [%]

- Significant global polarization are observed, P, and Pj increase with centrality.

- No significant difference between P, and Pj3 in Ru+Ru and Zr+Zr collisions.

- P, 3 are consistent between Ru+Ru and Zr+Zr collisions.
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Comparison with isobar and Au+Au collisions

] L L I e ] L L A B B
' STAR Preliminary A 1 | ' STAR Preliminary A
| m Ru+Ru 1 | | m Ru+Ru
+ Zr+Zr 1 | [+ Zr+Zr
O Au+Au 1 | e Au+Au 1
1- T - 1- H = -

-} Centrality _| L - Centrality |
20-50% ) 20-50%
ol | ] .é. i 1 ]
=1 . |< - 1 -
@ 1 @ | o ol |

- (S = 200 GeV {k T - Sy = 200 GeV 1 1
_1 1 | 1 | | | ] | ] | ] | | | | _1 | | | | | I | | | | | I | I |
0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Centrality [%] Centrality [%]

> >

- Global polarization of A and A are consistent between isobar and Au+Au collision
system, no collision system dependence is observed.
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Polarization along the beam direction : P:

 Stronger flow in in-plane than in out-of-plane
cloud make local polarization along beam axis (a)

 Longitudinal component, Pz, can be expressed @
Z

with (cos 6) 4

(= =\

dN 1
dS)* 47T

(cos ) / (%Vcoq(-) dQ)”* “‘- ; _( 2
UUE

= apP, (( cos();) )

+ QHPH pp)

D

*o

Cp_ (cosB)

* % * ) 2
OéH((COSHp) ) arXiv:2303.09074
3(cos6?)

= P (if perfect detector)
(YH

@y :decay parameter
07 6 of daughter proton in A rest frame
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Centrality dependence of P:

J, Adam et al. (STAR), PRL123, 132301 (2019)

— ] %10~ ALICE SQM2021
X | STAR = = = & =
=, Au+Au \'s,, =200 GeV cB\; | ALICE Preliminary
CE\] i L [@]ALICE (Pb-Pb |5, = 5.02 TeV) #
L | XJA+A I 9 [%]STAR (Au-Au {5, = 200 GeV)x(0.856)
% S R AMPT (x 0.2) ﬂ l '<7>N 4| =BW (Pb-Pb sy =2.76 TeV) o
= ~ —— BW (spectra+v 2) ‘ o A+ A
" B BW (spectra+v_+HBT) L i
= | 2 a, =0.750
i aA =O642 * 2 L $
-\l\-\“-%\“‘\‘\ﬁ .'.'.E =
o B N - TS ———
STAR, PRL 123, 132301 (2019)
0 10 20 30 40 50 60 70 80

Centrality(%)

Centrality [%)]
- Local polarization is larger in peripheral collisions.

- v2 is large in peripheral collisions

- v2 has finite values due to the initial density fluctuations in most central collisions
but Pz is zero within the uncertainty.

- Consistent with BW model but AMPT model predicts opposite trend
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Centrality dependence of P:

z

(P, sin[n(¢-¥ ) [%]

arxiv:2303.09074

1 —
x
| Ru+Ru&Zr+Zr, A+A -~
B * n=2 AN
= ¢ n=3 9"‘
-
"
B Hydro(mm+SIPBBp), nT/(e+P)=0.08 A
0.5 n=2 Ru+Ru = %
= i
L & =3 Ru+Ru } N
Q.
= ~N

- STAR VSNN =200 GeV

- 0.5<p_<6 GeVic, |y I<1 a,=-0.=0.732+0.014
| 1 1 | | | 1 | |

0o 20 40 80

Centrality [%)]

| STAR s, = 200 GeV
05
05— |
0

1

" 0.5<p_<6 GeVic, |y <1
|

| 1

|

* Ru+Ru&Zr+Zr, A+A
e Au+Au, A+A
Pb+Pb 5.02 TeV, A+A

| | | I

| ! |

0

20

40

50 80
Centrality [%)]

- Hydrodynamic model with shear-induced contribution can describe the result

1

2

vorticity @ wyo

(Osup — Opus)

shear :

Lo |

—

* No strong collision system and energy dependence

2

(Osup + Opus)

- v2in 5.02 TeV Pb+Pb is ~60% larger than that in 200 GeV isobar
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Summary and outlook

Summary

- Global and local polarization of hyperons has been observed in heavy-ion
collisions

- Most vortical fluid created in heavy-ion collisions (@ ~ 10%'s~1)

- Differential dependence of global/local polarization has been measured

- = and Q global polarization

BUR2020, STAR Note SNO755

Outlook —
- STAR Au+Au \s =200 GeV Projection (run2023)
| 20-60% (40-80% for 2.5<n<4) o A+A,
. . + Z+E,
- High statistics data ob BES-I1 7.7 - 19.6 GeV '~ ... __ ; Y a1o
and FXT 3 - 7.7 GeV ! e ﬁ; CRmyaro O Data _
o ----E,AMPT * A A
s, L wimim @, AMPT
g Gl | (TTmEmmm |
- Polarization in large rapidity region can be ) /mm\m M%_l,ﬁ\ﬁ e
explored in the future forward upgrade f AL \\ o3 ‘ ===k
OF—--®---0---0---0fpke---0--0---@--------ooonnm- *++ --------
| [iiee |1
0 2 4
n
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Back up

yds) Kosuke Okubo



Feed-down effect

VERIE NS ARLIF DS EH60%HNE WK FDERICK > TERE NS,

v BT DRI ISIBALF (A RLTF) IC S S DN Do

Cap : RIFADSBAD R EVRERE

S* _ Cs* Sg I HATFDRAEY
AT R fig: TLATHTFDSERFROFEICK > TEREIND T LT RTFDEE
pr P RIFROB[E—A Y b
—1

W, " 22 (fARCar — 3fs0rCsor) SrR(SrR+1) 53 (faARCar — 5fs0rCsor) (Sr+1) g ] Ppoeas
R R
B./T 52 (farCsr — 3f5°m Cxor) Se(Sr+1) 32 (farCir — 3f5°m Crr) S+ iz poeas
¢ - R R -
Decay C
parity-conserving: /2" — 1% 07| —1/3
_ . . . o/ 30 parity-conserving: 12~ — 12" 0 1
v I LYRFDI O—/INIUREIRIETS - 20 BIEE parity-conserving: 3/2" — 12" 0 1/3
. . I -
=¥ 3 parity-conserving: 3/2° — 12" 0| —1/5
) ° =0 5 A+ +0.900
= A+ +0.927
¥ 5 A+~ -1/3
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Time dependence of vorticity

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

(a1) Au+Au,b=5.0 fm

—.— VSNN=2.0 GeV
—— VSNN=5.O GeV

—— VsNN=10.0 GeV

VSNN=30.0 GeV

(a2) Au+Au,b=8.0 fm

—— VSNN=2.0 GeV
—— VSNN=5.0 GeV

—_—— VSNN=1O.O GeV

\5,,=30.0 GeV

o I e . e I,
v X

-

t (fm)

P P PR PRI T R R
8 10 12 14 16 18
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Vorticity and directed flow

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

— 3 G 51 Neey : L LT ; B wne WESE S Relz) ; L
.o\_ol [ STAR, Nature, 548, 62 (2017)-
T =~ * A E X ol
o - STAR, PRC76.024915 (2007) |
2 '__ * A oA —_
- STAR prelim. (20-60%) -
™ ¢ A o A §i
. ALICE prelim. (15-50%) |
1 » ¢ A o A "
0 L, e b i
- Karpenko, Becattini, EPJ C77(2017)213 t -~
- —— primary A - -0.7*dv}/dn .
~ - - A including feed-down -
Tyl Lol Yl PP .

10 10? 10°

/sy [GeV]

v'The slope of the directed flow at mid-rapidity is likely correlated with the
vorticity.

- Global polarization and the negative slope of directed flow of pions have a similar
collision energy dependence.
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