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Introductory Discussions



QCD & Chiral Symmetry

* Spontaneously broken chiral symmetry in the vacuum
is a fundamental property of QCD.
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* A chirally symmetric quark-gluon plasma at high temperature
is an equally fundamental property of QCD!

Could we see direct experimental evidence for that?




“Little Bang” in High Energy Nuclear Collision

CHIRAL
FERMIONS

* Quark-gluon plasma (QGP) is

creairted in such collisions. N A A p A p
*It is PRIMORDIALLY HOT ~ trillion S

degrees ~ early universe.
* Is chiral symmetlry restored?



Chiral Anomaly

Chiral anomaly is a fundamental aspect of QFT with chiral fermions.

Classical symmetry: Mirror Plane
L =iU~y49,¥
L — z'\IlLfy“ﬁu\I!L - i\ifR'y“au,\IfR
Ap: U — 00

9, JE =
Broken at QM level:

Y Oult =CaE-B

A v dQs/dt = fiCAE-B

* C_A is universal anomaly coefficient
[e.g. pi0—> 2 gamma] * Anomaly is intrinsically QUANTUM effect



The Chiral Magnetic Effect (CME)

Chirality & Anomaly & Topology

\
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J = 7T2'LL5B
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Electric Magnetic

Current < Field
Q.M. Transport




Intuitive Picture of CME
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Intuitive understanding of CME:

Magnetic polarization —> Chiral imbalance —>
correlation between micro. correlation between directions of
SPIN & EXTERNAL FORCE SPIN & MOMENTUM

sl Transport current along magnetic field
Q> 5
J=—"—us B
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CME and Beam Energy Scan
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* We’d like to see a chiral QGP above certain threshold energy via CME
* We’d like to see its turning off at low enough energy



From CME Current to Charge Separation

— —
J = oyusB
strong radial blast:

position —> momentum

y (out-of-plane)

T

Momentum space

Charge Separation or
Electric Dipole in Pt Space

(along out-of-plane)

[Kharzeev 2004; Kharzeev, McLerran, Warringa,2008;...]

% X ... + ax sin(¢p — Ugp)

do

Very difficult measurement:

<ay >~ < pus>0B

* Zero average, only nonzero variance;
* Correlation measurement with significant backgrounds;

* Signal likely very small



Experimental Observable

charge separation = charge dept. two-particle correlation

Voloshin, 2004
Y = (cos(agpi+ag;)) = (cosagp;cosap;) — (sinap;sinag;)

§ = (cos(agi—a¢;) ) = (cosap;cosap;) + (sinag;sinag;)

y=kvoF—-H F: Bulk Background
6=F+H H: Possible Pure CME Signal = (a1,cme)?
Bzdak, Koch, JL, 2012 e
- Au+Au 30 - 60%
2r ECN ]
vg d% op %3 ......................... q:;;
Hss—Hos < 2(aq)? § i T -
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. . O_A}; —— Experimental data
Many interesting proposals [

B | BES Il error projection
of new observables! 10 ppe 10°

See many other talks at this conference. Sy (GeV)




Summarizing Exp. Search Status

Main challenge: flow-driven background v.s. CME signal

Vary v2 for fixed B:
AuAu v.s. UU;
Varying event-shape;
2-component subtraction.

Vary B for fixed v2:
Isobaric collisions with
RuRu v.s. ZrZr

Our best guess for now:

LI l| 1 1 LI
. Au+Au

(H,_ - Hpg) < 10°
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.....

s Experimental data

C BES Il error projection
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Encouraging experimental evidence for CME in QGP
— can we quantitatively compute CME signal?

10°




AVED Framework



Fluid Dynamics That Knows Left & Right

conservation o JHt —0
law: H

> 9,J* = CE'B,

constituent Lo ou L
relation: J'=mnu v

Qus" > 0 v =—oTP"0,(F) + 0" Fbut + 5B,

. ﬂ

..-----’

[Son, Surowka, 2009;...] CVE CME

Microscopic quantum anomaly emerges as
macroscopic anomalous hydrodynamic currents!

It would be remarkable to actually “see” this new
hydrodynamics at work in real world materials!



The AVFD Framework




The AVFD Framework
arXiv:1611.04586

arXiv:1711.02496

(Averaged)
M. C.
Glauber
Normal &
Initial Conditions . Anomalous Hadron
) Bulk Evolution L
Bulk + EM field + Ns Current Distribution
Transport
AVFD:

Anomalous-Viscous Fluid Dynamics



The AVFD Framework

Anomalous-Viscous Fluid Dynamics
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[We now also have MUSIC-AVFD!]



Demonstrating the AVFD
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Demonstrating the AVFD
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The Charge Separatlon from AVFD

N L [ * -
AuAu 200GeV

e 50-60 %

- 40-50 %
s 30-40 %
e 20-30 % ]
— 10-20 %
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dN
EdT(fU“ pt) =

'O'Mf(x,p)

B field ® ys = current = dipole (charge separation)

dN./d¢ oc 1 + 2 aq.sin(¢p — Pre) +
Hss—Hos < 2(aq)?



AVFD Results for AuAu Collisions
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The Influence of the Magnetic Field
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Strong influence by B field evolution;
Significant theoretical uncertainty!



The Axial Charge Initial Condition

100 Aut+Au 200 GeV
: 30-60%
05}
s |
e 09
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~1o0l
15 -10 -5 0 5 10 15
ns/s (%)

Very sensitive to initial axial charge;
Significant theoretical uncertainty!



a3 (%)

The Influence of the Viscous Transport

Au+Au 200 GeV
30 - 60%
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First calibration for the influence of the viscous
transport on charge separation signal!




AVFD Predictions v.s Experlmental Data

||||||||||||||||||||||||||||

By
_ B(r) =
- Au+Au 200 GeV 1+ (7 /TB)2
-+ / Q4 (WptubeT 0) VNeoul.
% 1672 A overlap
T 2
X
<
=
| Nice agreement;
But read them in
X perspective!
0 l [ —— I I I I I
10 20 30 40 50 60
Centrality
centrality bin  10-20% 20-30% 30-40% 40-50% 50-60%
eBo(m2) 2.34 3.10 3.62 4.01 4.19
ny/s 0.065 0.078 0.095 0.119 0.155

Table 1. Centrality dependence of magnetic field peak strength and the initial chirality imbalance.
The ns/s shown here is obtained with a saturation scale Q2 = 1.25GeV?2.



Event-By-Event AVFD

EM field computed from
proton configuration

Include EBE fluctuations:

» Initial Conditions

» Statistic @ Freeze-out

» Hadron Cascade

ns computed from
initial binary collisions

Important for better understanding:
* Interplay between signal and BKG;
* Experimental analysis methods



EBE-AVFD for Event-Shape Engineering

A
12f

u-Au @ 200GeV 50-60%

10

._0-1. e

The intercept is very
sensitive to the
CME contribution!

Slope depends on
CME too:
naive subtraction
may not be good.



R(AS)

EBE-AVFD for R-Correlator

108 40-50% AVFD

- aS=10% &1

a’=15% B2 |

| STAR Preliminary Data &
1.04

- A A

1 A 3
| a5

Magdy, Lacey, et al,
arXiv:1710.01717;
arXiv:1803.02416

R-correlator sensitively responds to CME contribution.



Searching for CME in
Isobaric Collisions
(Newest results!)



Using Isobaric Collisions for CME Search

96 # 96

<+ Key idea: contrasting
Ruthenium Ruthenium tWO Systems With

” - _ identical b_ulk_,
—5_ varied magnetic fields.

Zirconium Zirconium

Charge Asymmetry
Correlation Measurement

Background Signal Ru Ru

Background Signal




How to Choose Identical Systems?

2500~ ~ .

'

20000 WsS2 -

15000~ -

10919 Nch

10000
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Insight from initial conditions:
joint cut on Multiplicity-Eccentricity



How to Choose Identical Systems?

statistic
20000

15000
10000
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0

15 2.0 2.5 3.0 35
log1g Nen

Insight from initial conditions:
joint cut on Multiplicity-Eccentricity



Ne)™ (%)

Eccentricity is guaranteed the same!

How to Choose Identical Systems?

B field differs by 12~20% !
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After joint-cut:

Vanishing difference in eccentricity,
Sizable difference in magnetic fields!!!



Analyzing actual EBE-AVFD for Isobars

100M EBE-AVFD events:
Subject to joint-cut

32 < Nch, ly|<0.5 < 48

0.1<g2<0.3




Analyzing actual EBE-AVFD for Isobars

Post-selection
double-check:
Identical v2 !

Getting two identical
sample of isobar
events for contrast

0.00 0.05 010 0.15 020 025 0.30
Vo



Correlations of Isobars

Points: EBE-AVFD simulation events after cut (~6M events each);
Curve: quadratic fitting, a + b * (n_5)*2 (as expected from CME)
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Clear difference in correlations!
Very sensitive to CME contribution!



Absolute Difference between Isobars

x [6°5SS(Ru) - 6°5-55(zr)]
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The absolute difference between isobars,
after identical multiplicity+elliptic flow cuts,
will provide the most sensitive and clean probe of CME signal.
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Summary & Outlook



Summary

AVFD:
A versatile tool for an era of 39
quantitative study of I'gz_
CME signals in <

heavy ion collisions ! il

Au+Au 200 GeV

% STAR

10

20 30 40 50
Centrality

60

EBE-AVFD for
the Isobars:
1) Event selection for
truly identical bulk;
2) Absolute difference
in correlations very
sensitive to CME!
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