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Vorticity and Chirality helps understand nature
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Heavy ion collisions

Anomalous y Vortical effects
chiral effects B ﬁ T 1 L (e.g., Polarization)
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Big questions:

* Detail properties of emergent QCD system?
* Chiral symmetry restored ?
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Global A Polarization
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PRC 76 024915 (2007)

Global A Polarization voie sss 62 (2017)
Py ~(cos(67))
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(See T. Niida’s talk)

Global /A Polarization e cus 2 sors
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(See T. Niida’s talk) PRC 76 024915 (2007)

Global A Polarization voie sss 62 (2017)
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(See T. Niida’s talk) PRC 76 024915 (2007)

Global A Polarlzatlon Nature 548, 62 (2017)
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(See T. Niida’s talk)

PRC 76 024915 (2007)

Global A Polarizatlon Nature 548, 62 (2017)
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Hydrodynamics predicts azimuthal modulation

13



PRC 76 024915 (2007)

Global A Polarization .- 548, 62 (2017)

Py~(cos(67)) /" LHC energy?
: ® ﬁuﬁu 20-50% 4
I A J
;@ 5 * A, QM18 =5
\-:__ = * A, QM18 |
o [ i
i ¢ *i é . * + g
of # :

—h
o

N
i
)

w

10

n
Z
Z

14



PRC 76 024915 (2007)

Global A Polarization .- 548, 62 (2017)
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PRC 76 024915 (2007)

Global A Polarization .- 548, 62 (2017)
RHIC energy ] [ LHC energy ]

o

P, (%)

10 -
- ® AuAu 20 50% Pbe 15 50%
i oA OA
i oA oA
51— * A, QM18
= * A, QM18

0 **ih¢+ #

{ 10 102 103 J
VSNN

Full energy range m) Full picture

@




pOO

Global polarization via spin alighment
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(See C. Zhou’s talk)
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Global polarization via spin alighment
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Global polarization via spin alighment
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(See C. Zhou’s talk) (See R. Singh’s talk)

» Nontrivial dependence from STAR
« Acceptance could play a role for ¢p? (sees. shi’s poster)

19



Global polarization via spin alighment
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* Nontrivial dependence from STAR. Species dependence?
* Polarization at LHC energy?
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Local polarization




Local polarization

PRL 120, 012302 (2018)
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PRL 120, 012302 (2018)

Local polarization

(See T. Niida’s talk)

Y L
Elliptic flow 0001
— + = ‘
| =) Q
C = O % 0.0005
— X \8/ -
—

_0.0005|

\_

qongitudinal polarization
(z-direction) 0
(¢p-dependence) >

D - A

~0.001b+Lwi

Au+Au \'sy, = 200 GeV
10%-60%

STAR preliminary

2 3
q>-‘If2 [rad]

23




Local polarization

PRL 120, 012302 (2018)
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Qualitatively consistent with naive expectation
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py, [GeV]

Local polarization

(See I. Karpenko’s talk) (See T. Niida’s talk)
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But opposite trend with full Hydro calculation
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Local polarization

arXiv:1803.00867v1
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Local polarization

arXiv:1803.00867v1
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Local polarization

arXiv:1803.00867v1

Symmetric collisions :> Zero average X
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In asymmetric collisions: : S
circular polarization

* nonzero on average . :
. e.g., Cu+Au? (¢-direction)
« p+A, d+Au collisions? (xz-dependence)

Polarization in small systems?
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Local polarization

PRL 120, 012302 (2018) arXiv:1803.00867v1
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PRL 120, 012302 (2018)

Local polarization

Elliptic flow
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Large local polarization predicted at the LHC energy

(See predictions from Becattini’s talk)
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Chiral Magnetic Effect

Relativistic heavy ion collisions: o
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Chiral Magnetic Effect

Relativistic heavy ion collisions:

« Local strong P and CP violation
« Deconfinement, chiral symmetry restoration
'« Initial strong magnetic field
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Chiral Magnetic Effect

Relativistic heavy ion collisions:

« Local strong P and CP violation
« Deconfinement, chiral symmetry restoration
'« Initial strong magnetic field

é Charge separation relative to reaction plane
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Chiral Magnetic Effect

Relativistic heavy ion collisions:

« Local strong P and CP violation
« Deconfinement, chiral symmetry restoration
'« Initial strong magnetic field

é Charge separation relative to reaction plane

Three birds with one stone!
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Where should we look for CME?
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Where should we look for CME?

_ 4
(Yoo~ Vo) X 10

- Au+Au 30 - 60% i
3_ |

- E%;}*?j 5 i

- s '#} :
2_— _ T o

-k -
L _

i —+— Experimental data i

i BES Il error projection Z
0_

— Lol ! Lo ! Lo —

10 102 10°
\'syy (GeV)

Energy dependence?



0.5

o

(905(0,+4,20 I,

From QM 2017

PRL 118 (2017) 122301
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Background is indeed present. But what is it?
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Background is indeed present. But what is it?
Y=EV112 = K V2 0+ Veme ?
(cos(Pg +2¢g —3W3)) = Y123 = K- V3 67?

Lect.Notes Phys. 871 (2013) 503-536

Phys.Rev. C97 (2018), 044912
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w, Test the background v,

Correlate with B Decorrelate with B
Ayi12 Ay 123 v
> = =K, || kg = o
CME v, + AD V3 + A0 | Background
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w, Test the background v,

Correlate with B Decorrelate with B
Ay112 Ay 123 v
CME vy - Ad V3 - A0 | Background

Background scenario
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w, Test the background v,

Correlate with B Decorrelate with B
Ay112 Ay 123
CME vy - Ad V3 - A0 | Background

Background scenario

(See Z. Tu’s talk) i PbPb 5.02 TeV -
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w, Test the background v,

Correlate with B Decorrelate with B
AY112 Ay 123
CME vy - Ad V3 - A0 | Background
Background scenario
(See Z. Tu’s talk) i PbPb 5.02 TeV -
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Consistent with 100% background at the LHC



Extracting CME signal at the LHC

« Event Shape Engineering (v,)

QM 2017 ALICE
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Extracting CME signal at the LHC

Event Shape Engineering (v,)

(See Z. Tu’s talk)
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Glauber: M. Miller et al, ARNPS 57, 205 (2007)

44



Extracting CME signal at the LHC

« Event Shape Engineering (v,)

(See Z. Tu’s talk)
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Reach the same conclusion?
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Extracting CME signal at the LHC

« Event Shape Engineering (v,)
(See Z. Tu’s talk) QM 2017 ALICE
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How about RHIC energy?

~ AutAu  30-60%

3_
5 | %%%%4} . CME @LHC
j-:,, 2:_ paa——— =
S X 7?2
= 1:_ ~%- Experimental data _j
- BES Il error projection
0_
10 10 m1lf|)3 kel
Unlikely to be
Sy (GeV) observed
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How about RHIC energy?

[ AusAu  30-60% |
L %%%%4}% CME @LHC
j-:,, 2:_ [ — e
S X 2
= 1:_ ~#- Experimental data .
- BES Il error projection
ol | -
10 10 | u#1|(|)3 kel
Unlikely to be
Sy (GeV) observed

Magnetic field last longer at RHIC energy?



Test the background @ RHIC




y, Jestthe background @ RHIC

Correlate with B Decorrelate with B
Ayi12 Ay 123

3 e I
CME vy - AO V3 - A0 Background
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v,
Correlate with B

<
CME

Test the background @ RHIC

AY112 -
Uy e A5

= Ky

$¥‘K3

AY 123
V3 AS

Background scenario

(See Z. Tu’s talk)

Background dominated at 200 GeV?

i PbPb 5.02 TeV |
3| ANl < 1.6
L o b :
| % 1B B EEg
1+ o neo CMS 1 —
i [] n=3
| ! |
102 i 10°
otrTline
Ntrk

A2

(Chirality workshop)

Decorrelate with B

-

Background

~\ISTAR *

i T 200 GeV Au+Au * K12

~ & - K123
4— 1

B ¥

- ? i

IR « SR ¥ _ & B S
2_ [ i ¥ ¥ 4 i

e — ) S
O_ RHIC runl1l data

g An,, > 0.15, ApT,12 T 0.15 ]

10 10

Npart



Extracting CME signal at RHIC

* i.e., Ay correlator vs inv mass (and there are more)
« Same source of background, different technique
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Extracting CME signal at RHIC

i.e., Ay correlator vs inv mass (and there are more)
Same source of background, different technique

run1l Au+Au |sy,

=200 GeV

nt T:O.2-1 .8 GeV/c

| p
0.01f — (N -N N
: k\- r=(Nys~Ngg) /Ny

—

—r(
2/n

| STAR preliminary

p2 5.
t
J¢ﬁﬁL

0]+[1]"m)+[2]
df 124

o: W% WWJ

[0]+[1]*m

1.5 2

m,,, (GeV/c?)

AuAu 20-50%: CME fraction is small

0.001

—-0.001
8

(See J. Zhao’s talk)

|t pT:O.2|-1 8 G|eV/cI

runii Au+Au |'s,, =200 GeV
—— all pairs
——m,_ < 1.5 GeV/c®

——m,, >15 GeV/c?

STAR preliminary

20 0
% Most Central

60 40

53



Extracting CME signal at RHIC

(See Z. Ye’s STAR overview talk)
Au+Au |s, =200 GeV (20-50%)

STAR preliminary

C —e— ] ¥ o/ ¥ (TPC full)
[ —e— ] ¥/ Pop (TPC sub-evt)
[e—i] m._ > 1.5 GeV/c? (TPC full)

[ H-e— ] Lowm _ + ESE (TPC sub-evt)

L o+ Aym ESE (Ay123 similar)

. | . | L | N | . | N
—0.1 0 0.1 0.2 0.3 0.4 0.5
Possible CME Ay / inclusive Ay

AuAu 20-50%: CME fraction: < 5~20%

Consistent with LHC energy




A different approach: R-correlator

(See N. Abdelrahman’s poster)

» A new correlator, different [ AutAu 200 GeV

30-40% AMPT +&+ |

“shape” to signal and i
background |
%
2 09
r:? I
1.08_

1.04:—
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A different approach: R-correlator

» A new correlator, different
“shape” to signal and
background

U )
S
E:\l
a7

 Known backgrounds are
convex?
 e.g.,flowv,+LCC?

o Alternatives are available
(Phys. Rev. C97, 034907 (2018), arXiv:1803.02860)

1.04:—

1

(See N. Abdelrahman’s poster)

L (a) Au+Au 200 GeV ]
30-40% AMPT ro+4 ]
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A different approach: R-correlator

» A new correlator, different
“shape” to signal and
background

4

 Known backgrounds are
convex?
 e.g.,flowv,+LCC?

o Alternatives are available
(Phys. Rev. C97, 034907 (2018), arXiv:1803.02860)

Ry (AS)

1.08

1.04:—

(See N. Abdelrahman’s poster)

L@ £ 'AﬂA'u 'zdo.v' '

1 ===

5040 AMPT +or
AVFD

/'\\BKG
B0 21=00% g _

Nature knows how to make us happy? _



Ry (AS)

A different approach: R-correlator

(See N. Abdelrahman’s poster)

L LA B LA IR LR B T ' T ' ' 1]\+AI'B‘
_ 200 Gev ™MZ2 &7 11} (Ng ) ~30 piAu B |
1.05F 30-50% r,, =775 =034 STAR Preliminary drhAu e
[ : 1 Res(p + Au) \
STAR Prehmmary R %3;; ResCau + )~ 045 ,\:iii
: 05 () 3 105 Res(d + Aw)
i Fit(x) =ae " \o ~a N es(d+Au) N
1.02 0 %‘ ( ) :é ] Q? E@ Res(Au + Au) 085
‘ . & T
7o ;M@"s.- uf:‘ﬁﬁ - * m\\ . \\;\;:\*m + *
0.99 Beo . me* ] 1 "+ *"*I'"E’*sitg;!\t\m!*‘l"'ﬁ""g -----------
3 2 -1 0 1 2 3 3 2 1 0 1 2 3
AS AS ,

Smiley face:

» Harmonic order > AA but not small
on 2 but not 3 systems (p+Au, d+Au)
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Ry (AS)

A different approach: R-correlator

(See N. Abdelrahman’s poster)

""""""""""""" I|n=2|'_E_'| T T T ' ' Au+AuI'E*
- 200GeV .3 o | 11} (Ngy ) ~30 prAu B
1.05 30-50% ©r,,=775%034 - STAR Preliminary
: .. 1 \ Res(p + Au) 3
- STAR Prehmma;yx . : %\ [&\ os (:u+ Ty = 045 | §+
1.02:_ % Fit(x) =a e ( ) ¥ _ ;BN 105+ Riis(fuiiu:)=0-85 \\\
... i’ eIa';’ D--D- % (ﬁ \ R \
099 ‘@. *? 1 {*.}‘*P\'itg(t;u“?ﬂ{' -----------
B R
AS ,
Smiley face:
» Harmonic order » AA but not small
on 2 but not 3 systems (p+Au, d+Au)

Where is the background?

If a; ~1% from Ry (AS), incompatible to y; 1,7



Isobaric collisions
10% difference expected in magnetic field

96 96
& Zr + i Zr

What shall we look at?
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Isobaric collisions
10% difference expected in magnetic field

96 96
& Zr + i Zr

What shall we look at?

CME

Ko ruru = K2 zrzr !

K3 ruru =~ K3 zrzr ?

* Ry correlator, another
smiley face?
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Isobaric collisions
10% difference expected in magnetic field

. Zr96+ . Zr96
What shall we look at?

CME B-field
K2,Ruru = K2,2rzr ! $ « Charge-dependent

K3 ruru = K3 7071 ° directed flow?

Ry correlator, another - A A Polarization?
smiley face?
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Charge-Dependent Directed Flow

LHC energy charged pion
theoretical prediction
Vi

0.00004

Phys. Rev. C 89, 054905 (2014)
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Charge-Dependent Directed Flow

LHC energy charged pion
theoretical prediction
Vi

0.00004 -

AN

N00002 -

Phys. Rev. C 89, 054905 (2014)

B-field can separate v, with different charge sign
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Charge-Dependent Directed Flow

LHC energy charged pion LHC energy D, D meson
theoretical prediction theoretical prediction
VI ' | ' | ' | ' — 7 | ' ! | !
0.00004 0.041 Dleql, t=t;, _

— — Dcql, t=t,_

- == D [cq], t=2 fm/c. //“<
N -—--D[cq],t=5fm/c//

Y >
0.02
0.04 -
| 1 L] | | [
2 1.5 1 0.5 0 0.5 1 1.5 2
y
Phys. Rev. C 89, 054905 (2014) Phys.Lett. B768 (2017) 260

B-field can separate v, with different charge sign
 Heavy quarks probe early time, e.g., charm
* Constrain lifetime of B-field?
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Charge-Dependent Directed Flow

LHC energy charged particle

N

data
.l'q_|3"'|"'|

1
©
w

vOdd g L VOdd -
o
N

1

ALICE Preliminary
Pb-Pb \s,, = 5.02 TeV 5-40% 8 pb"

[ p,>02 GeVic +

+

& Vi-V,

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

fit function: k - n
k = 1.68 + 0.49 (stat) + 0.41 (syst) - 10°*

bars: stat. err.
boxes (filled/empty): syst. err. (corr./uncorr.)

Illlllllllllllll

:1 IS 51 v B | 2o o4 o i i [ B F e [ 2 e B ot B 1.5 e ot i l:
-06-04-02 0 02 04 0.6
n

(Initial Stage 2017)

RHIC energy D,D meson

data

0.05

~0.05H D’ A v,-slope=-0.041 + 0.041 (stat.) + 0.020 (syst.)

p,> 1.5 GeV/c

A v -slope from linear fit, x2/ndf=0.12

—— EM (Das et. al.)
— - Hydro+EM (Chatterjee, Bozek)

|

Au+Au |5, =200 GeV, 10-80%
@ D° (Tc) - D° (ud)
T 0K (@s) - K* (uS)

- N SN - Y SR E3---
: \

STAR Preliminary

1

0
Rapidity (y)

(See S. Singha’s talk)

Hint of B-field? At both LHC and RHIC energy?




A, A Global Polarization

(See T. Niida’s Talk)

LI I | I T T I L | I ] T _
@ P — n | STAR Au+Au |5, = 200 GeV
— 8 ¥ A this study — - Inl<1, 20%-60% *A A
aw @ A this study |
& ¥ A PRC76 024915 (2007) 0.005 —._
e O A PRC76 024915 (2007) | I | SO H ﬂ/
4+ = -
— — B / h \\“\\
O - m ool -
2 - c+5 — STAR preliminary
:t E*] i slope = stat.uncert. + syst.uncert.
i [# i i A: 0.0010 = 0.0004 = 0.0004
S EE. L ~ - A: -0.0011x 0.0005 = 0.0010
| 1 1 1 1 | | | | 1 l | | | | | 1 | | | |
. | | i -2 -1 0 1 2
L1 11 | | | | | | |
10 10° observed Ach/ Op,

A aligns with B <j D J5 current from CSE
A anti-aligns with B B A., dependence?
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10

eB/m72t

0.1
0.01
0.001
0.0001
1073
1076

1077

Magnetic field

Nucl. Phys. A 929 (2014) 184

—lIIIIIIIIIIlIlIIIIIIIIIIIIIIllll—

- ~ —
_____ =0 T~
— OLQCD T
............... 102 6LQCD
| e 10” orqep N
| I T T T I O O I | I | I N A | | | N T T T T T I I | | 111
-1 0 1 2
t/Ray
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ar 10

eB/m

0.1

0.01

0.001

0.0001

Magnetic field

Nucl. Phys. A 929 (2014) 184

= 1T T T T T T T T 17T T 1T 1T T T T1TTT1 I |||||||||||| —
_———— =0 T~

— OLQCD T
............... 102 6LQCD

| e 10” orqep N

| I T T T I O O I | I ||||||||| | ||||||||| | 111
-1 0 1 2
t/Ray

<j Independent observables
sensitive to B-field constrains

« CME?
 Polarization?

« Electrical conductivity of
the QGP medium?
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Magnetic field

Nucl. Phys. A 929 (2014) 184

Nat: IOFTTT T T T T T[T T TTTTTTT LI —
5
0.1
0.01
0.001 H
0.0001 S~ _
————— c=0 \\\\\
1075 6LQCD =~
I 102 6LQCD
- 10 o100 —
1077 L0 b0 b0 [ 1110
-1 0 1 2
t/Ray
@ RHIC
;' Izs7ogar;ldata Detector
+
' © upgrade
3. BES 2

4] Independent observables

sensitive to B-field constrains

« CME?
 Polarization?

« Electrical conductivity of
the QGP medium?
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Magnetic field

Nucl. Phys. A 929 (2014) 184

Nelz' 10 TT T T T T T T T T T T T T 1T [TTrrrrrrrrrd —
"
0.1
0.01
0.001 H
0.0001 [~ - _
_____ G=0 \\\\\
107 |- OLQCD T
I 102 6LQCD
R 10° orqep ]
1077 L0 NI A A A NI A A A [0
-1 0 2
t/ Ry,
@ RHIC
1. Isobar data Detector
2. 27 GeV upgrade

3.

BES 2

43 Independent observables

sensitive to B-field constrains

« CME?
 Polarization?

« Electrical conductivity of
the QGP medium?

@ LHC
1. Detector upgrade
2. 5 TeV PbPb data
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Magnetic field

Nucl. Phys. A 929 (2014) 184
10FTT T T T T T T T T T T T T T T T BN B =

eB/m72t

4] Independent observables
sensitive to B-field constrains

0.1

0.01

0.001 H « CME?
00001 o \\\\\\ .  Polarization?
T E— T « Electrical conductivity of
T Lo | the QGP medium?
-1 0 t/RAul 2
@ RHIC @ LHC
1. Isobar data Detector 1. Detector upgrade
2. 27 GeV upgrade 2. 5TeV PbPb data
3. BES 2

Rich insights into B-field in energy and time dependence



>

P, (%)

Summary

From the discovery of A, A Global Polarization at RHIC,
it’s just the beginning!
Can hydrodynamics describe both polarization and v,?

10 L LR T T T T T T T T T T >N008—
- AuAu 20-50% PbPb 15-50% POy .
- ° A O A = 0.06— & °
i oA oA i 004 ok % e ALICE
L .i> % STAR
5 * é QM18 _| 0.02 & & PHOBOS
- * A, QM18 s 1 R RRGEEEEEEEEEES 0 PHENIX -
L i _ 0.02 v m NA49
| * | —U.Ue™ O CERES
i * * ¢ + 1 004l | + E877
- % EOS
0 * & ~0.061- ¥, A E895
L i v FOPI
| ! R | R A | 1 TR R -0.08- Dol C ol L | L

10° 10*

2 3 1 10 ;o?
10 10 10 5. (GeV)

VSin
More Global/Local polarization to come:
 Measurements across a wide range of energy
* Precise and differential measurements

 LHC experiments

73



Summary

» CME implies rich physics in QCD and QGP:

« Backgrounds are more understood. Similar between

RHIC and LHC!
* Unlikely to see a signal @ LHC, upper limits are derived

and systematics dominated.
 Methods are gradually converging, but not yet conclusive.



Summary

» CME implies rich physics in QCD and QGP:

RHIC and LHC!

and systematics dominated.

IAu+Au \'Snn = 200 GeV (20-50%)
| STAR preliminary

L —e— 1 Wao/% (TPCfull

|IZ|—0—|:I

| ¥/ ¥, (TPC sub-evt)

|CHe—1 m._, > 1.5 GeV/c? (TPC full)

C |J|—o—| 1 Low m_ + ESE (TPC sub-evt)

| L Ay, , ESE (A, similar)
01 c|> 01 02 03 04 0.
Possibl E Ay /inclusive Ay

)

*
-
oL

sq

~ (1-bg)(R

N

R - R.

o
-

0.05

Backgrounds are more understood. Similar between

\'Snn = 200 GeV

20 - 60%

3B

.. projection with-460M-events

—case 1

2
3

---case 2

N
.
A .
.
N
' .
N
N

'
' v,

lllllllll

llllllllllllllllllllll

O N ~» O O

0

1 |
50

Background |

b

100
(%)

16
14
12
10

Unlikely to see a signal @ LHC, upper limits are derived

Methods are gradually converging, but not yet conclusive.

Significance

3-40

?



Summary

» CME implies rich physics in QCD and QGP:

« Backgrounds are more understood. Similar between

RHIC and LHC!
* Unlikely to see a signal @ LHC, upper limits are derived

and systematics dominated.
 Methods are gradually converging, but not yet conclusive.

 New Insights into B-field with independent
observables are essential to the search for the CME.

* Isobar has a potential of discovery of CME, but...

Extraordinary discovery requires extraordinary evidence
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“... Every genuine test of a theory is an
attempt to falsify it, or refute it. ”

- Karl Popper

Thank you!



