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Important features in non-central heavy-ion collisions

Strong magnetic field

B~ 10" T
(eB ~ MeV* (1 =0.2 fm))

—Chira
Chira

D. Kharzeey, L. MclLerran, and H. Warringa,
Nucl.Phys.A803, 227 (2008)
MclLerran and Skokov, Nucl. Phys. A929, 184 (2014)

magnetic effect
magnetic wave

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

participants

— Chiral vortical effect
Particle polarization
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Chiral Magnetic Effect (CME)

D. Kharzeev, R. Pisarski, M. Tytgat, PRL81, 512 (1998)
D. Kharzeev, PPNP75(2014)133-15"1
Magnetic field + massless quarks + chirality imbalance
(:5 ; g;;,’: ig d’;:;’;?:n spin and momentum in (anti-)parallel
for opposite sign) for right(left)-handed quarks

right-handed quarks = left-handed quarks

WJ\\(

J o (Qe)usB /

A\

Induction of electric current along the magnetic field
is called Chiral Magnetic Effect (CME)

\]
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Experimental observable of CME

“‘Gamma correlator” sensitive to the charge separation

A Yiab S.Voloshin PRC70, 057901 (2004)
E YaB — <COS(¢a - ¢6 — 2q]RP)>
B .
! Py Ay =4 —7
“" s be
. _
:' ' TI/RP
: TTTTorTTmTTRTRes . T T e.g. extreme case of charge separation
(ead\o(\ - R lab t
SR S 2
— > RP 7. = (cos(r/2 —7/2)) = 1
o - | \ Y44 = (cos(w /2 +7m/2)) = —1
Magnetic tield direction is perpendicular | Ay =2

to the reaction plane in heavy-ion collisions
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vy correlator in anomalous h

ydrodynamics

Y. Hirono, T. Hirano, and D. Kharzeev, arXiv:1412.0311

0.0006 . . . .
?%\ I:I Non-anomalous same sign
A)/Q{/B p— <COS (¢Oé ¢/B — 2\:[]RP )> 0.0004 L - Non-anomalous op|.oosue sign |
U‘J\ O Anomalous same sign
A . L O @ Anomalous opposite sign )
Y= V- Y & 0.0002 | : . _
@
® ‘
N . 4
o - .
e ° with CME
-0.0002 - X > -
&

-0.0004 .

O3

?
-0.0006 O STAR data same sign -
‘ STAR data opposite sign
-0.0008 ' ' ' '
0 20 40 60 30 100

Centrality (%)

v correlator is indeed sensitive to CME!
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v-correlator at RHIC and the LHC

D. Kharzeey, J. Liao, S. Voloshin, and G. Wang, PPNP88(2016)1-28
STAR, PRL113, 052302 (2014)
ALICE, PRL110, 021301 (2013)

10 % 2.76 TeV Pb+Pb T 200 GeV Au+Au T % 62.4 GeV Au+Au T ¢ 39 GeV Au+Au 7
Q “‘ .
+ O IRE T - MEVSIM T
= ‘ 3 Q.
Z. 0 ®—@—WQ@ - GG—W
~ ' K
o oK '
;_n: R : _‘}, .*
N 5 X + 1 T -+
e‘@- | | | | Ll | | | Ll | | | ar
+t5 ] | | | 11 | | | 11 | | I 11
% a0l 27 GeV Au+Au 1 19.6 GeV Au+Au | $ 11.5 GeV Au+Au
\l? O opposite charge !
= 39 % same charge 1 T 1

20 T L + i T
x
10} Q + %

O,
O R0 Y SRR R RS

Q DD D
] ] T 'A‘ : | ] 111 ] ] ] ‘ ] 3 ]
80 60 40 20 080 60 40 20 080 60 40 20 08 60 40 20 0

% Most central

Charge separation was observed at RHIC and the LHC!
The difference between charge combinations (Ay) decreases in lower energies.

1. Niida, HI Tutorial workshop, Riken



S.Voloshin PRC70, 057901 (2004)

KnO win baCkgl‘ound S. Schlichting and S. Pratt, PRC83, 014913 (2011)

A. Bzdak, V. Koch, and J. Liao, PRC83, 014905 (2011)

"Flowing clusters

, e.g. resonance contributes to Ay, stronger collimation in in-plane
(Local charge conservation + vo)

RP-independent background| e.g. back-to-back jets, important at low multiplicity, n gap wouldn't help

Yo = (COS(¢a + P — 2WRp))

particle a, B S. Schlichting and S. Pratt, Phys. Rev. C 83, 014913 (2011)
S
~ oy 0.04 —e— charge separation in Au+Au 200 GeV
N 1 —e— background model

a > ) « ‘ L:[JR':) 0.03
o b A.‘._..:. O rfr‘_ »__ve" I /E))
‘ o e ‘? o o \ ‘\ ‘ T. 0.02
o 3 T )
J 4 W, K
= 0.01 } i
o N g *blastwave based model can’t
v explain and separatel
cartoon: P. Tribedy, QM2017 | 0 , , piain Yos Yss S€parately
an E’ particle c 0 10 20 30 40 50 60 70
. ° )
© back-to-back jet /o centrality
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At Small system

N-gap

Idea: Event plane (

1. Niida, HI Tutorial workshop, Riken

Wep) and B-field (Ws) orientations are uncorrelated
- R. Belmont and J. Nagle, PRC96, 024901 (2017)

Yap = (COS(¢a + 3 — 2¥Rp))
AY =Yg =7

PbPb centrality(%)

-3
£ . v . G. Wang (STAR), RHIC&AGS2018
= T 0.5 \Syy=05.02TeV — - %10
1o - SS 0S S [ oTPCEP N 200 GeV
i o [ ° ® pPoo(Pbgong | % 20T . BBCEP ° 5
: O ‘# = O O PbPb —~ i l 7
o P D m 7 o o ‘ *
: ﬁo 0 . .f’_ﬁ_+j Oog o ©§ O o - ET 150 | | i‘l
_5} 'n O 2 i :fL? l
AR e e O O s I
: E4 0 1T & 10 0 |
-10 3 O B 9] -
B 3_ ® / J
q5li L] | | N 2 i "D+A
ST B \% _05L +o o © _ An>6__‘|p u
i é 2) AnQ-C B-C>2 : E + ;’;;
proton size fluctuations gives finite correlation btw Wep and Ws, 0 1 .
but much smaller CME signal in p-Pb than in Pb-Pb Tt CMS, PRL118, 122301 (2017) - 7£ ] S —
- D. Kharzeev, Z. Tu, A, Zhang, and W. Li, PRC97, 024905 (2018) — 10 10 N
10° offline 10° AI’]>28 part
Ntrk
CME Is not expected in p(d)+A collisions.
Background (back-to-back jets) would be dominant in low multiplicity events.
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USing event Snape engineering ALICE, PLB777(2018)151

—vent shape engineering (ESE) J. Schukraft, A. Timmins, and S. Voloshin, PLB719 (2013) 394
Select larger/smaller vo events, likely selecting initial eccentricity

. . CME 2
- Data MC simulations A7 " x (B cos(2¥p — 2W¥3))
X
@ 0 B
§ ~ L] 50-60% *"é 0 50-60% % 10-20% ALICE Pb—Pb |/s, =2.76 TeV
= . 40-50% -10%
- 06¢ 40509 + ) o | odos0% o510 Glauber MC
Q ) [# 8 4| *3040% © 0-5% S oooO0no
> - B 30-40% %] ~ | 0 20-30% —linear fit DE,E—E*E’E'B JHo
-30° Loel N i O A
04l [0120-30% - ]4] = a0
| o7 10-20% 2", | DDD W**ﬁ**%%*ﬁﬁ
- o QN o
i [] 5'10/0 \8"05_ L] ****"
o | H ., * o 0 ¢
02— [© 0-5% kK- o 0% % e e a0 00000000
' FpR TR m _ - % o 0 0T
—  ----linear fit BRI 5. = a¥ 009" .
. @-0-@0’0‘(}9- v - By 0 Wdﬂﬂﬂﬂ}#d}d} o
i W% *%4}4}4}4}4}%% soEeE0000000000 40
N etz iy S o kB35S paerEEEREEgaR8°000" Rl
O S | I S S SO | A SO S | ENS SN SO SN | IS SO S | N S SR S | R— coro o by by v b b b oy
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Vs £

Estimate the CME contribution comparing the slopes with models
- assuming the background is linearly proportional to v»
- model-dependent estimate of magnetic field at 1=0.2 fm/c

1. Niida, HI Tutorial workshop, Riken



CMS, PRC97, 044912 (2018)

Possible CME contributio

STAR, QM2018
PbPb centrality(%)

LIJ2 08 6-5 5'5 4'5 3'5 1T T 7 T 1T T
kCEJ — o MC-Glauber ALICE Pb-Pb VTW =2.76 TeV . N |An| < 16 CMS 1 Comé)ined _
B 5l o MC-KLN CGC 0.2 < p < 5.0 GeV/c m|<0.8 - —_ T limits -
i i —— 95% CL Interval PbPb 5.02 TeV | i}
I d}‘EKRTAUCE 0.6 T —95% CL Interval pPb 8.16 TeV, | -
1 — bl . ¢_(Pb-going) ; _
) e | 1 |
1) H; 50.4 _ ,
" % %%; %}% 1 =T Only consider vo-independent component
A 1 T 1 GUURUTT Y SRS - i
I ] o 02 B T pr _
I L - T PbPb
—1 T T e T e E O_l \I Iu I | J.—.—.ww __|| |||I||—
0 10 20 30 40 50 60 , | 3
| | | | | | | | | Centra“ty (o/o) 10 N’?rﬁlme 10
Au+Au \s =200 GeV (20-50%)
STAR preliminary
Fooe 3 Tel M (TPORD ALICE : <30% in Pb+Pb 2.76 TeV
[ —e— 1 WV, (TPC sub-ewt) CMS : <7% in Pb+Pb 5 TeV and <13% in p-Pb 8.16 TeV
, STAR : <20% in Au+Au 200 GeV
[o—] m. > 1.5 GeV/c® (TPC full)
L pe— 1 Lowm,, +ESE (TPC sub-evi) Good progress to quantify possible CME contribution.
| | | | | | | | | | | .
% 0 5%10%  20% 30%  40% Need to be careful what assumptions are there.
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Current observables at a glance

Slide from S. Voloshin @chirality workshop 2019

Observable (Just a few) names Problems/questions My opinion

Ay  [ese

ESE “CMS” Dependence of the signal on v2?

“g20bs"ESE F. Wang, G. Wang ||| “Play” on stat. fluctuations, Not-interpretable?

small systems CMS, F. Wang, Strong RP independent background, - A lot of Idea./Observab.eS but need

others nothing/little to say about CME to make their assumpt ons clear

Mixed harmonics Voloshin, CMS, Requires detailed knowledge about the

many others Kinematic of the cluster decays (as e.g. pT) _Results of isobaric collisions will

invariant mass F. Wang, J. Zhao Requires knowledge of the inv. mass :
Spentrum of “sphaloron” decays come soon (see outlook slide)
/Sp[;ertci:éei\;c;rnt EP . Wang, J. zhao Promising with careful treatment of
S Voloshin contributions to v2 and gamma

A}/, Ao, H,F, k 15 HELD; (€ Ul No strict justification => imprecise

et al
“Balance function” A. Tang “General” questions from previous page ?
AS R. Lacey “General” questions from previous page

page 2 , 5-th Chirality wovkshop... Tsinghua U., April 9, 2019 S.A. Voloshin %I:’R’/Ee%ﬁ? 11



Chiral Vortical Effect (CVE) FAIEILES A OBASR

0

Similar to CME,
system rotation leads to vector and axial current along w

D. Kharzeev and D. Son, PRL106.062301 (2011)
D. Kharzeev et al., PPNP88(2016)1-28

— -

—2 4
W ©D_

Sa 4D 3 D Sp_AD
2 B

JPME~2(N; =3) or 3(N;=2)
JPME=0N;=3) or ~4N;=2).

S| Sp__4P -
@& @ &
Sh_ 4P b w70
-5 ® 5 a0

= do:h Jg'E=0(N;=3) or ~i(N;=2);
- @% ' JgVE ~1(N; =3) or ~2%N;=2).
' — %
Ct ;D- 0
. ads Q(u, d, s)=(+2/3, -1/3, -1/3)
. 1 B(u, d, 8)=(1/3, 1/3, 1/3)
JV — —Z,u,u5u7
T
O 1 - Spin polarization by vorticity is “charge-blind”.
J5 = 2—7T2(u2 + pz) + ETQ W CVE mostly contributes to baryon current.

(analogous to CSE)

1. Niida, HI Tutorial workshop, Riken 12



Baryon-baryon (hadron) c

0.015

0.01

o
o
o
G

-0.005

(cos(o + (I)B -2 Ypp) )
o

-0.01

-0.015

(o)

F. Zhao (STAR), NPA931.746 (2014)

Vos>Yss and hierarchy of p-hadron y correlator, consistent with CV
although there would be

1. Niida, HI Tutorial workshop, Riken

% Most central

- Au+Au 200 GeV

- opposite baryon number

B -
B O

a 5 "™\ same baryon number

;_ O A-p and A-p

— A * A-p and A-p

B III|IIIII|IIIII|IIIII|IIIII|IIIII|IIIII|IIIII
0 70 60 50 40 30 20 10 O

3G effects.

orrelations

L. Wen (STAR), QM2015
————

C ] i

200 GeV Au+Au
—— p-p(CME and CVE)

—+= p-A(CVE)
—A— p-n*(CME)

OITTTI IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

—— p-K’(no chiral effects)
S

|

11 1
20 10 0

% Most Central

- expectation,
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Vorticity in HIC

impact parameter

beam direction

.l.

L. >
N £ y 4

o UrQMD

In non-central collisions,
the initial collective longitudinal flow velocity depends on x.

1 Owv,
2 Ox

1
wy:§(V><v)yz

1. Niida, HI Tutorial workshop, Riken
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Global polarization

- Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)
- S. Voloshin, nucl-th/0410089 (2004)

oNon-zero angular momentum transters

antiparticle .
x to the spin degrees of freedom

particle

oParticles’ and anti-particles’ spins are aligned
with angular momentum, L

L |

Reaction Plane

aMagnetic field align particle’s spin

o Particles’ and antiparticles’ spins are aligned
oppositely along B due to the opposite sign of
magnetic moment

1. Niida, HI Tutorial workshop, Riken 15



Rotation vs. Polarization

Barnett effect: Einstein-de-Haas effect:
rotation—polarization polarization—rotation

Magnetization of an uncharged body

| | % “the only experiment by Einstein”
when spun on Its axis g parnett, Phys. Rev. 6, 239 (1915) A o
|
o € it Rotation of a ferromagnet under
A | 1“?1 | " < Change In the direction/strength
x Lo b0 &
a0 \ Ltk | c J of magnetic-field to conserve the
g™ R ! g
5, O iy ' » total angular momentum.
;1 ]'/_i’_f \1 8 ”I.'] ' lﬁ
- ' b \ ] ? ‘ I'sl i’? I I — — —
J=L+S5
figure: M. Matsuo et al., Front. Phys., 30 (2015) A.Einstein, W. J. de Haas,
B.Koninklijke Akademie van Wetenschappen te Amsterdam,
Xw C.Proceedings, 18 [, 696-711 (191b)
7\1 — X : magnetic susceptibility
/y Y . gyromagnetic ratio

1. Niida, HI Tutorial workshop, Riken 16



How to measure the global polarization?

Parity-violating decay of hyperons Projection onto the transverse plane

Angular momentum direction can be determined by

spectator deflection (spectators deflect outwards)
- S. Voloshin and TN, PRC94.021901(R)(2016)

[‘ Detector
A ST L
~ 4 ¢ o
o » '\ 1 "T‘A"d"*‘ 'Q.“
o ( SR ——— - ;B ik
H K 4
» % It
Fs Y - v

Daughter baryon is preferentially emitted in the direction
of hyperon’s spin (opposite for anti-particle)

dN_ 1(
A 4r

1+ auPy - py)

Pu: A polarization
Pp . proton momentum in the A rest frame

aH. /\ decay parameter

= —ar=0642+0.013 ~%p
(an=-an ) s beam direction (2)

A — p+m 5Q®6\ y Py = : <Sin(\1}1 _ ¢p)>
(BR: 63.9%. c T~7.9 cm) N mag  Res(¥)

Wi1: azimuthal angle of b

C. Patrignani et al. (PDG), Chin. Phys. C 40, 100001 (2016) dp: ¢ of daughter proton in A rest frame

STAR, PRC76, 024915 (2007)

1. Niida, HI Tutorial workshop, Riken 17




‘\

I ': ] ' l I I e First observation of
fluid vortices formed by HIC

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

Discover Magazine, 2017/

\ £ 77277 4 =.
7 o BEST NEW IDEAS & INSIGHTS
First observation TS DT | a . ‘ _——
= of fluid vortices —— "» —=> '-‘:_’/‘ = . SUIENCE FOR THE CURNIOUS
e ion collisions == NN\ b
/{‘ y z / 7 ////// RN ~ N \\ NN N Z R /=
A AN
L 7oA AN N\
7/ - ’17 . " ",/ /,/J/ h 1 - " ® ,‘ . N
Mg f/’g 7}% fﬂ» '; 4,/‘ | Evolution’s x
< i / /,/7"4 ‘ Al /l\ _ N rge . ’
WUVWMAN L limeline
R A /A ‘ 1 7 \ i ‘ 1,
Nl vy, \ »

o —

‘ ja]
The Fastest Fluid
by Sylvia Morrow

CLIMATE CHANGE §> Ai:?;%:mmmmne Sup erhot material spins
PARIS SUMMER YOUTHFUL Vol. 548, No. 7665 < - -
AGREEMENT SELECTION  SECRETS at an incredible rate.
Time for nations tomatch Recommended reading for How the hypothalamus helps

words with deeds the holiday season ~ tocontrol the ageing process
PAGE 28 PAGE 52

. -



First observation of fluid vortices in HIC

S
— 8
T
S
6

STAR, Nature 548, 62 (2017)

I

Au+Au 20-50%
% A this study

@ A this study

# A PRC76 024915 (2007)
O A PRC76 024915 (2007)

- Hi

'Sy (GeV)

1. Niida, HI Tutorial workshop, Riken

Positive polarization signal at lower energies!

-- The most vortical fluid!
w= (Px + Px)kgT/h

—1 ua: A magnetic moment
~ 0.02-0.09 fm T: temperature at thermal equilibrium

~ 0.6-2.7 x 10%%s™ 1 (1=160 MeV)

- Py looks to increase in lower energies

Nt of the difference in Py between A and anti-A
-- Effect of the initial magnetic field? = BESI|
PA N 1 w: I /LAB :
27 T
P~ lw, pab :

Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (201 7)
19



Vorticity we know

Ocean surface vorticity N
~ 1 0_5 8_1 https://sos.noaa.gov/datasets/ocean-surface-vorticity/

Ocean surface vorticity
Jupiter’s great red spot ~104 51
Core of supercell tornado ~101 s-1
Rotating, heated soap bubbles ~10% s
Superfluid helium nano droplet ~106 s-7

Great red spot of Jupiter

: DA
vortex of soap bubble (from wikipedia)

T. Muel et al., Scientific Report 3, 3455 (2013)

Pho :goraphy" i _ a;i-‘.i-:‘{i' R A\ ¥ 0
t/’ / K A "','/“ : i

[t

. P vortex aligned to x-ray beam in He droplets
Supercell in Oklahoma (2016) T. Muel et al., Scientific Report 3, 3455 (2013)
http://www.silverliningtours.com/tag/tornado/page/3/

1. Niida, HI Tutorial workshop, Riken



The most vortical fluid!

Ocean surface vorticity

Ocean Surface VOftICIty ~10_5 8_1 https://sos.noaa.gov/datasets/ocean-surface-vorticity/
Jupiter’s great red spot ~10-4 s°7 B~

Core of supercell tornado ~101 s-1
Rotating, heated soap bubbles ~107 s
Superfluid helium nano droplet ~106 s-7

Matter in heavy ion collisions ~1022 s-1

t of Jupiter
E)

vortex of soap bubble
T. Muel et al., Scientific Report 3

e = @

Photography " Al 5 | gig" bl ‘\‘ 4 \i( jr\\/ |
S s gl L RS R Y
Supercell in Oklahoma (2016) vortex aligned to x-ray beam in He droplets

T. Muel et al., Scientific Report 3, 3455 (2013)
http://www.silverliningtours.com/tag/tornado/page/3/

1. Niida, HI Tutorial workshop, Riken



Feed-down effect

o Only ~25% of measured A and anti-/A are primary, while ~60% are feed-down
from 2*=>Am, 20=>ANy, Z=—Amn

o Polarization of parent particle R Is transferred to i1ts daughter A

x k S(S+1) L CAaR : coefficient of spin transfer from parent R to A
SA - CSR (Sy) 3 (w + EB) Sr : parent particle’s spin
far : fraction of A originating from parent R
Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017) UR : magnetic moment of particle R
_ _—1
[ we \ : % (farCAr — 35fs0r Csor) Sr(SR+1) 2 % (fARCar — 5 fxor Csor) (Sr+1) g [ PRe
\ B./T 52 (5rCxr — 307 C0r) Se(Sr+1) 32 (fxrCrr — 3/507Cxor) S+ Dig \ PEE )
o/ L R R -
Decay C
Parity conserving: /2t — 127 0~ —1/3
Parity conserving: /2= — 127 0~ 1 _ _ _ . .
party conmerving: 127~ 20 s 15%-20% dilution of primary A polarization
20 > A+ 7Y 0.900
SOWE ryse (model-dependent)
05 A4y —1/3

1. Niida, HI Tutorial workshop, Riken 22



More precise measurement at

P, [%]

STAR, P

RC98, 014910 (2018)

+A

OA

Nature548.62 (2017)
oA

PRC76.024915 (2007)
A

i \ " this analysis
i o\ * A A
AN E] +
- STAR Au+Au 20%-50% \.Fﬁ’ﬂ’
- UrQMD+vHLLE, A || ONC
—— primary - - - primary+feed-down
- AMPT, A
= primary primary+feed-down
R BN ﬁ L
10 10°
sy [GeV]

1. Niida, HI Tutorial workshop, Riken

because of baryon stopping

|. Karpenko and F. Becattini, ERPJC(2017)77:213, UrQMD+vHLLE

Vsny = 200 GeV

- Confirmed energy dependence of Py with new results for 200 GeV
- >50 significance utilizing 1.5B events (2010+2011+2014)
- partly due to stronger shear flow structure in lower ~/snn

- Theoretical models can describe the data well

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

D.-X. Wel et al.,, PRC99, 014905 (2019), AMPT

o
%

- 0.039

- ().O40(stat) —

—0.049
- 0.061

- 0.045(Stat) —

—0.045

(sys)
(sys)



How about at higher/lower energy?

o - P STAR Au+Au 20%-50%
— 8 || Nature548.62 (2017)
0 - ® A oA ALICE prelim. Pb+Pb 15-50% - ALICE preliminary Pb+Pb at v/snn = 2.76 TeV
— PRC76.024915 (2007) +A ir A
i *A T A HADES prelim. Au+Au 10-40% nos —
61— PRC98.014910 (2018) A o o P (A)[7%] = —0.08 £ 0.10 (stat) £ 0.04 (syst)
- *A A P (A)[%] = 0.05+0.10 (stat) &= 0.03 (syst)
— UrQMDTI-vHLLE, A |
- oAyt primary +feed-down M. Konyushikhin, QCD Chirality Workshop 2017
4 __ r;rimary primary+feed-down
- Il - HADES preliminary Au+Au at v/snn = 2.4 GeV
2_
i
I N i 4 Py (AN)[%] = 3.672 4 0.699 (stat.)
PES[%] = 3.689 + 1.133 (stat.)
B | | o L F. Kornas, SQM2019

1 10 10°

10°
\/ syy [GeV]

1. Niida, HI Tutorial workshop, Riken 24



Centrality dependence

@ AMPT model,

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

o 2 4 & 8
central Time (fm/c)

O

In most central collision = no Initial angular momentum

of Py

2
— 1
T
al
0.5
0

STAR, PRC98, 014910 (2018)

STAR Au+Au \[s , = 200 GeV

Inl<1, O.5<pT<6 GeV/c

* A

80

Centrality [%]

As expected, the polarization decreases iIn more central collisions

1. Niida, HI Tutorial workshop, Riken



A polarization vs. charge a

Chiral Separation Effect

Y B_, _,5
Or ) S;{ : :%3
Sa 4P ) b
(R ﬁﬁ’f-: ) . SAU Y4
Sy vp
() u#0

Js ox eu,B

P, [%]

B-field + massless quarks + non-zero py — axial current Js

(Ny = N_)
vy /T o N, TN = Acn

B-field P

P

U w0 l

spin  Js

o |
 t

a Slopes of A and anti-/\ seem to be different (~2 o level)

a Possible contribution to the pola

current Js induced by B-field (Chi

S. Shlichting and S. Voloshin

1. Niida, HI Tutorial workshop, Riken

rization T

ral Sepa

rom the axial

ration Effect)

symmetry

STAR, PRC98, 014910 (2018)

0.5

STAR Au+Au |[s, = 200 GeV 20%-60%

Inl<1, O.5<pT<6 GeV/c *A YA

slope =+ stat.uncert. + syst.uncert.

A: 0.097 = 0.041 = 0.043 [%]
A: -0.112 + 0.045 = 0.102 [%]

~1 0 1

observed A . / o
ch

2

Ach
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Local vorticity

vortex induced by et local vorticity induced by collective tlow
. flow velocity e (GeV /fm3) 10 @ = (0%, ®Y) " gQSV)
X 1072
0.45 s
0.4
0.0
0.35
0.3 —0.5
0.25 ~-1.0

L.-G. Pang, H. Peterson, Q. Wang, and X.-N. Wang, PRL117, 192301 (2016)
F. Becattini and |. Karpenko, PRL120.012302 (2018)
S. Voloshin, EPJ Web Conf.171, 07002 (2018)

Y. Tachibana and T. Hirano, NPA904-905 (2013) 1023
B. Betz, M. Gyulassy, and G. Torrieri, PRC76.044901 (2007)
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Polarization along the beam direction

S. Voloshin, SQM2017
F. Becattini and I. Karpenko, PRL120.012302 (2018)

L IN 1
g Oy .. i~ ap T onPE Py
:‘. ................ ‘. dN
(cos ) = / —r 008 0,d<Y”
1) + _ = ag P, {(cos (9;;)2>
ZE» : beam direction (z) e (cos 9;>
. z ¢
X ag((cosb?)?)
e 3(cos ")
> y — P° (if perfect detector)
aH. hyperon decay parameter
6. 6 of daughter proton in A rest frame
Stronger flow in in-plane than in out-of-plane Longitudinal component, Pz, can be expressed with <cos 6 p™>.
could make local polarization along beam axis! <(cos B ")2> accounts for an acceptance effect
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Polarization along the beam direction

STAR, arXiv:1905.11917

Au+Au \/s . =200 GeV
20%-60%

I
AL
I

)

fit: po+2p1sin(2¢-2‘PZ)
P, =0.016+0.003 [%)]
P, =0.015+0.003 [%)]

. 0.001f
2 = STAR
Pl i
?Q I
<~ 0.0005
@ R
o I i
O
~~—" B
or
~0.0005-
- KA
~0.001- A
I | I I
0

- Effect of W2 resolution is not corrected here

1. Niida, HI Tutorial workshop, Riken

1 2 3

<|>-‘P2 [rad]

S. Voloshin, SQM2017

F. Becattini and |. Karpenkao,
PRL.120.012302 (2018)

Pz, v/ syny =200 GeV RHIC

0.016
0.012
0.008
| [Ho0.004 Out-of-plane

4 [{0.000
4 —0.004 _
‘ IOIOOS L> IN-plane

—0.012
—0.016

-3 -2 -1 2 3

ox [GeV/c]

o Sine structure as expected from the elliptic flow!

o Qpposite sign to the hydrodynamic model and

transport model (AMPT)

- F. Becattini and |. Karpenko, PRL.120.012302 (2018)
- X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018)

o Chiral kinetic and
- Y. Sun and C.-M. Ko,

PICR models predict the same sign

PRC99, OT11903(R) (2019)

- Y. Xie, D. Wang, and L. P. Csernai, arXiv:1907.00773
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Other related observables

N alignment of vecto

~Meson

ALICE, STAR, QM18

Spi

L I L | LI I LI I | | | _

Jo V1, sensitive to the initial tilt and

-M-field

=~ .| ALICE Preliminary N _
08| ALCEPrdiminary : STAR, arXiv:1905.02052
- BK*°, Pb-Pb \/s = 2.76 TeV (10-50%) -
- ®K*°, Pb-Pb |5, = 5.02 TeV (10-50%) n o . . . . AU+A =200 GeV, 10-80%
0.6 7K, Pb-PD /s, = 2.76 TeV (20-40%) 7 deviation from 1/3 indicates spin alignment L+AU Sy ° ——
vl <05 | Sl B Q...
i _ 2 a) E S ol @ o
- poo = 1/[3+ (w/T)"] 0 osl N
_ . o
S. Voloshin, SQM18 proc. '
Production plane B . . . . .
Uncertainties: stat. (bars), sys. (boxes) : IﬂCOﬂSISteﬂt W|th /\ pO|ar|Zat|On? STARDO F @ 5 E
] | | | | | | | | | | | ‘ + UC +UC
05~ 2' 4|]. é 2'3 1'0 ~0.05F 0 K +K*(Us + )
p. (GeV/c) Model:(D° + D°)
—— Hydro+EM (Chatterjee et.al.) — — AMPT |
STAR __
o~ . . . . : Co b) D° - D° (Tc - )
Cu+Au vi: EM-tield lifetime, quark density evolution, conductivity 0,05 r K- K" (Os -u5)
o oo cwmsem STAR, PRL118.012301 (2017) L
erticipants I (b) Iél : O:j;ﬁ::r:::&:ﬁwwﬂ """ A;_ A A,
__________ G 0.005 - o Cu+Au . J T T
o % - O Au+AU I -0.05— Model:(D° - D)
‘E ki _ B m W W e EM (Das et. al.)

Q kp‘g\ - 3 ol ~ @ o £ — % T | o Hydlro+EM (Chattlerjee et.al) | |
Q%) %3) \ : % T -1 -0.5 0 0.5 1
Cu C}QJ - I PHSD+EF 7 (x0.1) || Rapidity (y)

@ _0'005 _| 1 1 1 Plu_ISID /Jut 1 1 1 | 1 1 1 1 | 1 1 1 1 m 1 cf
0 1 2 3 4
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P [GeV/c]
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Outlook

gRuthenium  9Zirconium

o Isobaric collision data (Ru+Ru, Zr+Zr)
o Same mass number but different number of protons s O %
—~10% difference in B-field
o Test for CME as well as Pn splitting
o New data of 27 GeV and BESII for 7.7-19.6 GeV (collider) and 3-7.7 GeV (fixed target)

with iITPC and EPD (x10 events, x1.5 better EP)

0 Global polarization of multi-strangeness (= and Q)
D.-X. Wei et al.,, PRC99.014905 (2019)

- 0
W.-T. Deng et al., PRC94.041901 6r  AWAu20-50%

A - Y|<1 —m—A&A
= 15 015 16 8 ' =2

T (a) "L .. projection with 400M events | < —0— =

i ' - ©

BI.‘ Y . S~ a B R __14 _9 — 4 —*— Q
=+ S T c” —case1l 1, ¢ 2 N

~ N 4 _ (@)} ~ ~

o, 101 > 01— --case2 10 M > *‘*-*

o : - O of m-g T

o [ = — 8 0o W g Xy
:Alz‘. \/ SNN — 200 Gev U 7 ® .-. =:'\ \

£ 5 o 005 R \'

2 — case 1 ' [ \'syy =200 GeV 5¢ 74 OfF-----------------%-- -
v o : S

I ---- case 2 - 20 -60% . 2 ~ oTT

o 0 l L L L L l ! ] 0

o O 20 a0 60 80 100 0 50 100

o
% Most central Background level (%) Vs

GeV
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Summary

a CME/CV

O

O

O

A lot of studies with various observables are ongoing but no definitive conclusion so far
Good progress to quantify possible CME contributions to the measurements

Stay tuned for isobaric data

a A\ global polarization

O

O

O

Experimental evidence of the most vortical fluid

Polarization increases in lower energies within vsnn = 7.7-200 GeV, consistent with theoretical models

HADES result indicates the polarization decreases around vysnn= 2.4 - 7.7 GeV
— BES Il STAR-FXT Jsnn= 3-7.7 GeV

o First study of A polarization along the beam direction at vsnn= 200 GeV

O

Quadrupole structure of the polarization relative to the 2nd-order event plane
— consistent with a picture of the elliptic flow but agree/disagree among the data and theoretical

calculations In the sign

1. Niida, HI Tutorial workshop, Riken

32



1. Niida, HI Tutorial workshop, Riken

33



Signal extraction with A hyperons

«10° «10° STAR, PRC98, 014910 (2018)
: A STAR 10%-80% 405_ K AU+AU 200 GeV
40__ —real 30:‘
| _BG (fit :
| - BG (mix) 20
ook [real-BG (fit)
: 102— (b)
- L o 44----""'_IJ iLL"‘-L-.\L . : 4 J—___-_--—-"'; -LL"‘--.\L !
11 111 112 11 111 112
M_ [GeV/c?] M. [GeV/c?]
*QQ _ B —zero BG
T 0'001__ A i A - -BG of a+pM_
2_‘/ ] - nv
s | + 1t
0 L :L ________ By S A
' ' negative for anti-/A\
0-90T STAR 10%-80% @ | - O? — -
T I R T R I B 1 EE T — H — H
M. [GeV/c?] M. [GeV/c?]

SN \Ifl — ¢;;
Res(W; (sin(Wy — @) = (1 — fPE(Min)){sin(¥) — ¢75))
T fBg(MianSin(\Ijl — qb;x;))Bg,
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Effect of non-zero chemical potential

R. Fang, L. Pang, Q. Wang, and X. Wang,
PRC94, 024904 (2016) Y. Karpenko, sQM201 7
L A and A: UrQMD+vHLLE vs experiment
8 | ' I ' T [
-L|  Au-Au, 20-50% central — A, model |
Feed-down contributions incl. --- A, model
i * * ASTAR []
a4 51 $ § ASTAR L
PA i~ 3 i
R=— ) ]
Pj_\ *
1 _
—qLL . R N R
pm =m/T 7.7 19.6 39.0 624 200
G
- 1.1GeV/(160-200)MeV FaREIeer
-~ 5568 only us effect in model

Non-zero chemical potential makes polarization splitting between A and anti-A,
but the effect seems to be small.
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Vorticity in HIC

1. Niida, HI Tutorial workshop, Riken

impact parameter

XA

Becattini et al.,
PRC77, 024906 (2008)

“Y4
-
Ve

i“f

)

5 fa
» %

8

.

#

In non-central collisions,
the initial collective longitudinal flow velocity depends on x.

1 Owv,
2 Ox

1
Wy = §(V X U)y
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Possible probe of magne

tic field

QM17, I. Upsal (STAR)

—15 McLerran and Skokov, Nucl. Phys. A929, 184 (2014)
IE"E. ) AR
| ¥ this study Becattini, Karpenko, Lisa, Upsal, and Voloshin, E N
" R JA PRC76 024915 (2007) | PRC95.054902 (2017) =N
— | u I I = = =
5 10 Au+Au 20-50% lwr upB : o
£ | PA ~ > Tl | 7 . 0.01
]
i ! 0.001
5 — lw, upDb
@¥ 2 A P]\ ~ . I 0.0001
I A 2 % 21, A : o5
1 e CEITTIERRres # ua: /A magnetic moment 107¢
Il B B B . I-I -I Iq Il B I- [ I- -I -I -I I-I-Il- Il N l B
13 . 10 7_1
: =~ | PR o this siuc I b = (PA — P/‘\)kBT/MN t/Ray
— is study . o .
: fmw B O PRC76 024915 (2007) | | ~ 5.0 x 10" Tesla conduc(trlw\giyr%r;c;rnei?jgg)ln‘etlme
[1
p O Toat _
- 5 STAR preliminary : nuclear magneton pn = -0.613pA B 103 T
: B
I : (eB ~ MeV? (7 = 0.2 fm))
i I L #
C 0 —-eeee = N i E+1 #m ---------------- DL : Extracted B-tield is close to our expectation.
: _ A : Need more data with better precision
] : C
l 10 10° : —BES-II and Isobaric collisions
i SNN {GEV}
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Contributions to Pz in hydro

|. Karpenko, QM2018

1 1
SH o< eMPOT @, 5 pr = EMPOT (D, By ) pr = E*POT p10), (-) U + Tz (0" (u-p)—uH(@-p)] + €*P°prAsu,

T —
W . . M
“NR vovrt|C|ty” acceleration

gradT
temperature gradient kinematic vorticity relativistic term

Longitudinal quadrupole f>:

201€2 | |
oo JEny = 200 GeV , . N

=, gcr:?:eleration 20-50% AuAu P, dominated by temperature gradient and relativistic term,
- 1.0+ T °7° . . . .
> vorticity out not by kinematic vorticity based on the hydro model.
’g 1.0
= Can we get such a small kinetic vorticity in the blast-wave
|95 model?
-~ | S "

O'%.O 0.5 1.0 1.5 2.0

1. Niida, HI Tutorial workshop, Riken

33



Variations of model parameters for Py

|. Karpenko, QM2017

Initial state:
R : transverse granularity
Ry : longitudinal granularity

Fluid phase:
n/s: shear viscosity of fluid

Particlization criterion:
Ew = 0.5 GeV/fm?’

1. Niida, HI Tutorial workshop, Riken

0.020

0.015

*S | _
A 0.010
0.005} —
1
L. ) . I N B |
0.000 7.7 19.6 39.0 62.4 200
vV SNN [GGV]
@ Collision

@ There is no big difference between event-by-event and single shot hydrodynamic description.

variation of model parameters

Pr Vs v/ snN
-I-I | \ ' [ ' 1 I
20-50% central |t ¢ 7/s £ 100%
} § R, + 40%
i $ ¢ R, +40% [
$ ¢ e £ 40%

0.020

0.015

ﬁ 0.010

0.005

0.000

event-by-event vs. averaged

—a— averaged IC
—e— event-by-event IC

- *-- ebe |C + EP resolution L

Au-Au, 20-50% central

77

19.6 39.0 624

vV SNN [GGW

energy dependence is robust with respect to variation of the parameters of the model.



Estimate kinematic vorticity with the blast-wave model

S. Voloshin, SQM2017
EPJ Web Conf. 171, 07002 (2018)

Fmax = R[1 — aCOS(2¢S)]7

pt — pt,max[r/rmax(¢s)][1 + b COS(2¢S)] ~ pt,max(r/R)[l + (Cl + b) COS(2¢S)]'

Approximation of the kinetic vorticity in the blast-wave model:

W; = I/Z(V X V)Z ~ (pt,nmax/R) Sln(n¢s)[bn — a,].

an: spatial anisotropy  R: reference source radius
bn: flow anisotropy ot. transverse flow velocity

Sine modulation of wzIs expected with the factor [bn-an].
The sign could be negative depending on the relation of flow and spatial anisotropy.
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Blast-wave model parameterization

 Hydro-inspired model parameterized with freeze-out condition
assuming the longitudinal boost invariance

- Freeze-out temperature Ts

- Radial flow rapidity po and its modulation p2
- Source size Rx and Ry

F. Retiere and M. Lisa, PRC70.044907 (2004)

O

p(r, &s) = Tpo + p2 cos(2¢y)] /F
. . 7 o, 7 event
7 (r, ps) = \/(7“ cos ¢, )*/ Rz + (rsin ¢5)?/ R2 < > plane
» (Calculate vorticity at the freeze-out using the parameters
extracted from spectra, vo, and HBT fit
. FIG. 2. Schematic illus.tration of an elliptical subsh.ell of the
(. sin(2g)) = 490 T 2 (0e) K1 (5w sin(2¢) e e st i Song st o e o
f d¢3 f rdr I() (Oét)Kl (Bt) boost. In this example, p, >0 [see Eq. (4)].
1 (Ou, Ouy ds: azimuthal angle of the source element
2\ Ox Oy )’ bp: boost angle perpendicular to the elliptical

subshell
u: local flow velocity, In, Kn: modified Bessel functions
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Disagreement in P; sign

Opposite sign
- UrQMD (or Glau

oer) IC + hydrodynamic model

V SNN =

200 GeV RHIC

I—ydrodynamic model

AR

0.016
0.012
0.008

AMPT, Au+Au 200 GeV 20-50%

(P2)

= 0.004 0-02r
F. Becattini and I. Karpenko, PRL.120.012302 (2018) & o000 00 N
- Assuming a local thermal equilibrium 5 ‘ g oon ooa]
- AMPT L - | ool 0 /2 d:;p 31/2 2n
X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018) . [GeV/
Chiral kinetic approach PICR model

Same sign

Au+Au @ 200 GeV, 30-40 / [, (p,.p,)

- Chiral kinetic approach 8 . it - %/ J/ M\Lﬂ!
Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019) ~a e AR
-~ Assuming non-equilibrium of spin degree of freedom £ opt’ ':' 0 > 5/ 057%

- PICR hydrodynamic model S ﬂﬁ/
Y. Xie, D. Wang, and L. P. Csernai, arXiv:1907.00773 '860 10 mzb — . : @1 1l 1@
- Yang-Mills flux tube IC o, X

Incomplete thermal equilibrium of spin degree of freedom?
In hydrodynamic model, importance of relativistic contribution (from expansion and

7" Niida, HI Tutorial workshop, Riken temporal term) in addition to kinematic vorticity. 45



P> modulation from the BW

BW parameters obtained with HBT: STAR, PRC71.044906 (2005)

1

0.5 gw (spectra+v )
" - BW (spectra+v_+HBT)

X | STAR

;:N  Au+Au VSNN = 200 GeV
N B —_—

& X A+A

N AMPT (x 0.2)

c

[

g-/N

Centrality [%]

model

STAR, arXiv:1905.11917

STAR Au+Au VSNN =200 GeV
20%-60%

* | A+A

---hydro (x 0.2) 20%-50%

— BW (spectra+v2) 20%-60%
--.BW (spectra+v2+HBT) 20%-80%

p_ [GeV/c]

o Simple estimate for kinematic vorticity contribution with BW model
T. Niida, S. Voloshin, A. Dobrin, and R. Bertens, in preparation

* Similar magnitude to the data
* Inclusion of HBT in the fit affects the sign in peripheral collisions
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