Quark Matter 2017
IR FEE

N1 ZIVEREIR. 1 ZIVRIRZEHIDIC

A48 12

(BB iTHES)



Quark Matter 2017
I8H « SEFEDOFHRE

N1 ZIVEBT IR, il

LR 7 ML

EBE < [

jx B

A48 12

(2 iTHES)



QGP LN

- OFMICE SRV, 1-/\—H)LEERETS
- YUOBILFIYREBRT BENER
 BEEOHITER ~ RONIPMOHICEE

[BS &5, A58 8, B0ERZ 2017F 7TASBETE "BOEFREMENZDDEBND, ]




XHFEDIRN &R NEF

o BHENBXIIMEDRKN

S0/ N  EZED;EIR N7 AEIRN ;B

’

o EFERICKHUMEDIEN

S70ARBHEN : nOgEER Y7 0O%3
y

~

[Adller 1969, Bell-Jackiw 1969] [Erdmenger et al. 2008, Son-Surowka 2009]




IND T 1 DIRNICHF S BiER R

‘ jJ 'f 5 } bmﬁl;\i‘,% (CM E) [Fukushima et al.2008, Vilenkin 1980]

KR 7 KL

¢ jJ ¢r ‘3}[,5%;\7]% (CV E) [Erdmenger et al. 200:8, Son-Surowka 2009]




CMERGEDISE UTDEL A ER

X (defines ¥y)

B A VERICIIBVES S/ T 1 DR 655 |
w) QGPIRN1 SILHSHRERTT BEFOE ! |




HAIN Rz D E S

., ° iﬂ!i;kd)iﬂ!mﬁ ~ 10—5 T
L - BEA, EvTZILENY ~ 100 T

- RERETCHEFRERESERE ~ 101
. EERECRET A RAERg ~ 107 T
- VI XRY—DFERM ~10%-10' T

c B/ A VERICHTIHIF ~ 10 T




DAL NEEHRREEZLPYE

N1 IR EIR(CME) 1 ZILiEZhR(CVE)
IR 7# L L -
«—
] x B

EMAVERERTOHRIE:
DhA FIVERXRIRRKRODOREE, HECIC@chZzRAWQCDDiE

@ CME/CVEE & ® @ QCDEZDEEH
SEERIIRET (27 7 LOVEB)
VY DHEYETORIEAAE ! MHEYETRETH UL

[Q. Li, Nature Phys. (2016), ...] N, EX4AVTHIEEICELW



QM2017 THER (D—3R)

1. B AVEEICHITZDHA ZIVEERROREEICH T T

- N1 ZIHBKIRZE A LRI HFEORBESTE & K78 [Talk by Hirono]
-FEME+ A TIVEERBDOY T 2 L— gy ERFHEBEDETE [Talk by Shi]

- INEWRICH T D A1 ZIVEKZNR D EERRIIREE [Talk by Sorensen, Tu, Park]

- RHICD [Rl&E{K(isobar, ZrZr/RuRu)&ZREER (C[A] 1F /=51 & [Talk by Huang, Shi]

- PHDBRICH T D HEFBEHEMICE D W h A ZIVEKRIRDETE [Talk by Mueller]
- NA ZIVBESKENRZ & ATCRENZOBERFTRE & K F1HE [Talk by Guo]

- MRS DAESmORERE E 5 L% RIFDRIE [Talk by Pang, Karpenko, Wang]

- FRFRANORERFERREE UTik-> o & EDERIEDOREFE [Talk by Peroutka]

2. h1 ZIVEIERRICET 5HUWRRDIESE

-WHBRDDIRENZICK DFEREINS LA ZILEKEIR [Talk by Hirono, Kharzeev]
- A ZIVBKUREICE T2 E— NEIT & AL EE— K [Talk by Hattori, Hirono]
-BWEHIERICH T 2010 IV T T AY DEEIRR(ER DHEZEL) [Talk by Hattori]




QM2017 THER (D—3R)

3. i HZFDIEHRIEMAICET 5 ER

- BjorkenfRZ= B =IC UTEMIEDIEREIRES T LAV I 5 1 LT )L [Talk by Akamatsu]
- R RUEFEICE T 2T RER DR RFEHIVIER [Talk by Stephanov]

- DI

ER(ARATN)ICED W oRE - BBAIREOEHIETE [Talk by Czajkal

4.% Dfth

- Lefschetz thimbleZz AW e /A= EENDED #H A (ERE & BIRE E) [Talk by Basar]

- NS FERFZEHRICH T DR N1 ZILEMERDIESE [Talk by Fukushima in satellite]
- HFRIRERICE D W A~ ZIL:EEERDBEE NV [Talk by Venugopalan in satellite]



QM2017 THER (D—3R)



QM2017 THER (D—3R)

1. B AVEEICHITZDHA ZIVEERROREEICH T T

- N1 ZIHBKIRZE A LRI HFEORBESTE & K78 [Talk by Hirono]
-FEME+ A TIVEERBDOY T 2 L— gy ERFHEBEDETE [Talk by Shi]

- INEWRICH T D A1 ZIVEKZNR D EERRIIREE [Talk by Sorensen, Tu, Park]

- RHICD [Rl&E{K(isobar, ZrZr/RuRu)&ZREER (C[A] 1F /=51 & [Talk by Huang, Shi]

- PHDBRICH T D HEFBEHEMICE D W h A ZIVEKRIRDETE [Talk by Mueller]
- NA ZIVBESKENRZ & ATCRENZOBERFTRE & K F1HE [Talk by Guo]

- MRS DAESmORERE E 5 L% RIFDRIE [Talk by Pang, Karpenko, Wang]

- FRFRANORERFERREE UTik-> o & EDERIEDOREFE [Talk by Peroutka]

2. h1 ZIVEIERRICET 5HUWRRDIESE

-WHBRDDIRENZICK DFEREINS LA ZILEKEIR [Talk by Hirono, Kharzeev]
- A ZIVBKUREICE T2 E— NEIT & AL EE— K [Talk by Hattori, Hirono]
-BWEHIERICH T 2010 IV T T AY DEEIRR(ER DHEZEL) [Talk by Hattori]




QM2017 THER (D—3R)

1. EAMAVERICE TEDHA FIVEZERROREICF T T

-FEME+ A TIVEERBDOY T 2 L— gy ERFHEBEDETE [Talk by Shi]
-INSWRICEIT B 01 ZILBEK IR DEBRRITREE [Talk by Sorensen, Tu, Park]

- RHICD A& {&(isobar, ZrZr/RuRu)& 2L ER (C M |F /=518 [Talk by Huang, Shi]

- PHDBRICH T D HEFBEHEMICE D W h A ZIVEKRIRDETE [Talk by Mueller]




[STAR] PRL 103, 251601 (2009)

CME®DY 7 FIViE#E

Charge dependent correlations: (cos(¢$ + ¢5 — 2Ugp))
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Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]

(cos(¢F + py — 2Ugp))

a, 3 € {+,—}

(cos(¢] + ¢35 — 2Ugp))
= (cos(¢] — Wgp)cos(¢3 — Vrp)) — (sin(¢] — Urp)sin(p; — Yrp))

= ((v)") = ((a})7)
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Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]

VRrp

nys < 0




[QM2015 Hirono® X5+ K]

Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]
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Axial charges from color flux tubes

Ncoll (mT )
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Axial charges from color flux tubes

Ncoll (wT )
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Event- -by-event anomalous hydro
under decaying B

Yag =< €08(¢; + @ — 2YRP) >ap [Hirono-Hirano-Kharzeev 1412.0311]
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Gamma is indeed sensitive to CME
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[QM2017 ShiO X Z 4 K]
Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

How Can We Calculate CME Quantitatively?

al (& vector) Anomalous ;
aXla vVecCctor T - % | 10-30%i 1
) dens: -Viscous ol "
charge density Fluid e
— » Dynamics e T
Initial condition Y
n dynamical final particle
evolution distribution
driving force
M.Hongo, Y.Hirono, T.Hirano, 2013;

B field H.-U.Yee, Y.Yin, 2014
Y.Hirono, T.Hirano, D.Kharzeev, 2014;

Y.Yin, J.Liao, 2016;



[QM2017 ShiO X Z 1 K]
Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

Anomalous-Viscous Fluid Dynamics

N.qg? N.qg?
D, J=+— 5 E,B* D,J"=~—"E,B
JR“= ng u* + vt +
J|_“= n. u* + v *
CME

1
A* d v ¥ = | (VR - VNnsH)
FixX

on top of 2+1D VISHNew —— OSU Group
D, T"=0
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Quantifying CME from Anomalous-Viscous Fluid Dynamics

Shuzhe Shi

Effect of Viscous Transportation

-~ Au+Au 200 GeV
30 - 60%

AY dvgV = | (VR L* - VNSH)
e O vy B O
v =5 T4 9, 4 +5 q E¥

@ Viscous transportation
has sizable (~307) effect
on charge separation.

“Canonic” parameters
are employed.
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Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

Comparison with Experimental Data

B e
| Au+Au 200 GeV -
4 £ STAR B Implementing with best
:|8 3 7 =0.6 fmlc * estimated ny & 73
:g)) I - ]
£ Good agreement for
i magnitude & centrality trend

Y.Jiang, SS, Y.Yin & J.Liao,
arXiv:1611.04586

Centrality



[QM2017 ShiO X Z 4 K]
Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

CME from event-by-event simulation

' 0.01+28.7 x v | 014 +30.2 x v, | - 0.82+30.7 x v |

8 : 8 - 8 :
o | 1y | 1, | |
O gl 10 6l |0 gl ]
& | L | ld | |
. || O | |
q_)( 4t _vx 4} _vx 4t e 1
=3 | © | | © | |
2| 1l | _'




AES : BLEDOYFYARELGW
Ul)yy xU(1)a ICEATBHA SILEEIFEAZE UTIEER
U(L)v : Oujy =0 — LY

U(1)a: 0,j" = C4*’E* - B+ C'e’E - B9 [LA

SU12)a 2 0,AH = C'e’E - B = ey [l A 5

HAsICBEY 5CME/CVEB R Z MIENFETHRANS I &EIETESDH
BA1AVERICEBITAA77LAOVERZ
AR EDTe A JIVRIBENETIRANDDIIIEF CEIE




[STAR] PRL 103, 251601 (2009)

CME®DY 7 FIViE#E

Charge dependent correlations: (cos(¢$ + ¢5 — 2Ugp))
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y’jwvw

KR Z S ATCREAZDEIEETE & AF18E [Talk by Hirono]

Y+ A SIVBRERAED Y S 2 L— 3y tﬂ‘i?@l@a@ﬁﬁ Talk by Shi
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[QM2017 Sorensen® XA >4 N

'Potential Backgrounds

Backgrounds unrelated to the chiral magnetic effect may be able to
explain the observed charge separation®

S. Schlichting and S. Pratt, Phys. Rev. C 83, 014913 (2011)

p. (GeV/c)
0.04 —e— charge separation in Au+Au 200 GeV
—e— background model
0.03 |
i
T 002}
»n
=
QA 0.01 F *blastwave based model can’t explain]
= Vos and v, separately
. . 0 : - : - - :
Flow boost collimates pairs more 0o 10 20 30 4 5 60 70
strongly in-plane than out of plane 7 centrality
known backgrounds are expected to

go as v,

Difficult to draw definitive conclusions without better models, and an
independent lever arm for magnetic field and v,
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[QM2017 SorensenM A7 A K]

Disentangling the Entangled

CME should follow projected Signal and background have
magnetic field <Bzcos(2(w3—w2))> similar centrality dependence
Prithwish Tribedy: Parallel Session 4.2
6/7 e ‘5 _ | Y=+ Bécos(2(‘{|'B - lPg))l> O |
~ | | Y=V2{2} cl
~ ’/ AOL PP N - o~ - S
\/;é'f:b",.'.;'. 50.8 L U+U 193 GeV
N E
t.."/ "~ y \lpz Z_/
U /4 ) ; 0.4 _
“ GB 0 n l 1 I L n

0 100 200 300 400
Npart
Background mimics the signal. We need ways to break the degeneracy.
Several attempts were shown at this Quark Matter
— Ultra central U+U and Au+Au (e tribedy)
- Event-shape engineering (a. pobrin)
— p+A, d+A (x.-G.Huang, S. Park, P. Tribedy, Z. Tu, L. Wen)

In the future, isobar collisions %°Ru,, and °°Zr,, appear very promising
45



[QM2017 TUO X Z 1 K]

How can we turn it off?

arXiv:1607.04697
. . 2
o Charge separation signal: Ay ~ B

How does the B-field in pPb compare to PbPb?

» B (PbPb) > B (pPb) for the magnitude

p P b -----
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[QM2017 TUO X Z 1 K]

How can we turn it off?

arXiv:1607.04697

o Charge separation signal: Ay ~ B*

How does the B-field in pPb compare to PbPb?

» De-correlation between W; and W,
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[QM2017 TUO X Z 1 K]

How can we turn it off?

arXiv:1607.04697

o Charge separation signal: Ay ~ B*

How does the B-field in pPb compare to PbPb?

» De-correlation between W; and W,

CMSPoPo L GCMSpPb
8F o © S -
6F : E 6F E
41 = 45 E
. 2F 4 2 :
€ of 1 £o —;
T2 a 2 -
i3 ERS E
6F 0> 4 -6 | .
-8 €, =0.6 Npart=29- -8/ b=3.33 Npart = 16
_10_llllIIllllllIllllllllllllllll— _10—llllllIllllllllllllllllllllllllllllll_
-15 -10 -5 0 5 10 15 -10-8-6 4-20 2 4 6 8 10
x (fm) x (fm)
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[QM2017 TUO X Z 1 K]

How can we turn it off?

arXiv:1607.04697

o Charge separation signal: Ay ~ B*

How does the B-field in pPb compare to PbPb?

» De-correlation between W; and W,

jocMS POl —————— MR
8 1 s :
6 1 e :
4 E 4r E
_ 2FY S 2 :
% 0FO G %0;— :
2 5 4 et :
“E O 4 :
6 1 s :
8 b=1241 ( €,=087 Npart=297 -8} b=3 .
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[QM2017 TUO X Z 1 K]

How can we turn it off?

arXiv:1607.04697
o Charge separation signal: Ay ~ B* <COS(2‘PB -2Y¥ )>

» B (PbPb) > B (pPb) for the magnitude
» De-correlation between g (“Prp) and Yep (“Ppp)

03 |||||||||||||||| 03 |||||||| T r T 1 1 1 T 11
| EPOS LHC <b> 3394003 | | MC Glauber MinBias 1

<b> =12.29 + 0.00" "~ (COS(2(W ~Wep))) , = 0.001 + 0.002
I (cos(Z(TRP—‘PPP)»Pbe = 0.530 + 0.002

| [ pPb, 185 < NI 220(0006006/) B I (2)
(1) 0'2 I PbPb, Ce 1, 60-70% (100 < N&™ < 300)| 0.2

: <cos(2‘PB—2‘PEP)>pr o
: <Cos(2‘PB—2‘PEP)>Pbe

0.1 0_1_— —— |
ﬂ E 2) A:l

Impact Parameter b (fm

O—1 -0.5 0 0.5 1

cos(2(¥ro—¥pp))

» Ay(PbPb) >> Ay (pPb) =» support CME in AA
» Ay(PbPb) = Ay (pPb) = challenge to CME

24



TUDRXZ 1 K]

‘ y as function of multiplicity

PbPb centrality(%)

-3
o Integrated results as x10 65 55 5 35
CMS _

function of multiplicity 0.5 ﬁ= 5.02 TeV

in pPb and PbPb b S.S O_S oPb, ¢ (Pb-going) -
collisions. S ; E] 5 O PbPb -
o ol L o
o Almost identical for ‘il ’l Bl LLL R ; . -
both SS and 0OS from90 ¥, | - :
to 300 (N, ) btw two % _ - _
systems. S-0.5 1L -
: i g & |An < 1.6] |
o It does’t seem like a N . arIXiV=1|6|1(|’-00263 -

coincidence = e e

Noffline

challenge to CME trk
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Ay (y® - y*)

arXiv:1610.00263 PbPb centrality(%)

CMS 1073 65 55 45 35
1 1 1 1 1

\'Syy = 5.02 TeV CMS -

185 < N/ < 220 7
\'Syy = 5-02 TeV
® pPb, ¢ (Pb-going) |

W pPb, ¢ _(p-going)

;!’i £ PbPb

® pPb, ¢ (Pb-going)
W pPb, ¢_(p-going)

<COS((|)0L+(|)|3-2¢C)>/V2,C (OS - SS)

&5 PbPb |
5] 1 &osl ; :
I % - ?‘4}‘4}: 1
i | o )
SMUSEAEEE § g
qp
- (a) f © (b) ©
I T Cl O . |
0 1 2 3 4 10? | 10°
|AT1| N?::Ime

o All Ay (OS-SS) agree with each other in both An and multiplicity.

o The charge separation signal seems not related to B-field.
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[STAR] PRL 103, 251601 (2009)

CME®DY 7 FIViE#E

Charge dependent correlations: (cos(¢$ + ¢5 — 2Ugp))
a, 5 S {_|_7 _}
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[STAR] PRL 114, 252302 (2015)

CME®DY 77 IViEt2

Charge dependent elliptic flow: Avy = vo(77) — va(n™)

34 """"""" L L L L L
- Au+Au 200 GeV: 30- 40% - 31985 +0.2903 I
O15<p < 0.5 GeV/c —_
- _ {1 2 01F -
3.3F ST oTr" 5] —~ 1
g | | & =
o) ~— Ir
~ é Q Lol
> 5 ¥ I 7 o ¥
3.2} 1 = -
: ol L :
- (a) : ~0.1F (b)-
31 PR S R I S T TR T N RN TR ST TR NN SR S T I TR SR NN SN TN TN N SN SR SR SN S SR S
-0.05 0 0.05 -0.04 -002 0 0.02 0.04
Observed A, A,
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N1 7 IVERE(CMW)

N1 Z IR N1 JIVERIIR
- N_ e \ - N.e =
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—} Chiral Magnetic Wave (knareev, vee, 20111
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[Burnier et al, 2012]
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TanII

— EERFER from STAR

Charge dependent v:

\ﬁ@xﬁ/b\fd AV %

B AT
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Charge dependent v: :

3.75—— A
S B
3.7
I § 0
3.55:—
- n
3.6_— +
- STAR Preliminary o
B B YT | Y I
Observed A,

il

—f—

B D

ml

=N TR AN s R =

|_Luu|

Vo) - v, ) (%)

-0.1—

0.1

" Au + Au 200 GeV: 30-40%
L 0.15< P, < 0.5 GeV/c

/ STAR Preliminary

-0.04 -002 0 0.02 0.04
(arXiv:1210.5498)

r, ~ 1072 > 0

N1 ZIEKED T FIL?
[Burnier et al, 2012]




Previous Measurements
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What’s new about
CMS measurement?
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arXiv:1610.00263
ZTu’s talk at 3pm |

cmMs PoPb CMS pPb
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What’s new about

CMS measurement?

2. Third Order Harmonics

" CMW mechanism predicts the
slope of the third harmonic to be
EP Zero

\

ﬁ,sEP

1 QOrientation of the triangular flow
has no correlation with RP

" Measurement of v3 slope in PbPb
- crucial in testing CMW
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1. CMW in pPb and PbPb

CMS Preliminary pPb 5.02 TeV CMS Preliminary pPb 5.02 TeV
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 ]
[ 185 < Nj'™ <220 o hs ] - 185 < Nfne < 220 ]
L 0.3< p, < 3.0 GeV/c m h- § - 0.3 < p, < 3.0 GeV/c +',¢
D Pb 0.072 - |Anl > 1 + = 0017 |Ani > 1 ]
[ ¢ - : e :
----------------------- . ] [ % ]
_ —_— ______Q_______ h________ N i ¢ i 0 e
0071 — — - ’ _
_ . g _ : rs -
- [ ] - ] o .° i
u B ¢* T
| ‘ - ’ Q i _0-01 —_ '+’¢¢ —-
0.07|- — a— .
[ ¢ [ "™(y ) = 0.149 +0.008 ]
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 T
-0.05 0 0.05 -0.05 0 0.05
Corrected A, Corrected A,
CMS Preliminary PbPb 5.02 TeV CMS Preliminary PbPb 5.02 TeV
- 1 1 1 l 1 1 1 1 | 1 1 1 1 l 1 1 1 - 1 1 1 l 1 1 1 1 | 1 1 1 1 l 1 1 1
185 < NCIne < 220 ® hi 1 [ 185 < Npy'™ <220 1
Pb | 0.3<p_<3.0GeVic mh- 1 0.01-0.3 <p_<3.0GeVic '1:,_'
0.098 - |An| > 1 u " ANl > 1 7
Pb [ ¢ : I :
b | + | B +"¢' |
(qV] v
_ . 0 >
2 > 0.007F ¢ = " - I ¥ ]
i . . h B . ’o+' .
i . 1 . ]
Ly ) : oot + _
0.096 - ¢ o ~ el ]
- - | r"™(v ) = 0.108 + 0.005 1
B 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 7] 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1
-0.05 0 0.05 -0.05 0 0.05
Corrected A, Corrected A,

Significant nonzero slope observed in pPb : Challenges CMW!
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Local Charge Conservation
Mechanism

A. Bzdak, P. Bozek
Phys.Lett. B726 (2013) 239-243

Detector

Ach created!

}
]
— Not Detected!

Neutral cluster decays locally into charged pairs with a
certain M separation
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Local Charge Conservation

Mechanism

A. Bzdak, P. Bozek
Phys.Lett. B726 (2013) 239-243

Detector o

b J

Large Pt &) Neutral Cluster

Small Pt
- = \

Primary Vertex i;:%

Ach created!

N\
A

}
]
— Not Detected!

Clusters with small Pr-> More likely to contribute to A
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rhys.Lett. 8724 | When Pt is small, V2 is proportional to Pr
(2013) 213-240

03k 1 ! I ' I I 1 AN I | _
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1. Clusters with small Pr= More likely to contribute to A
2. When Pris small, V2 is proportional to P+

More h+ Smaller V2
with small PT for h+

Larger Ach

Less h- with Larger V2 for
small PT h-

c
N
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Charge dependent correlations

PbPb centrality(%)

%10~ 6|5 :

— \Syy = 5.02 TeV
i SS 0OS
B ® n

0O
)

0.5

45 35
I I
CMS _

pPb, ¢_(Pb-going)
PbPb

(0,40, 20 0V,

(cos

|An < 1.6] |

arXiv:1610.00263 -
L

trk

Nofflme

10°

Charge dependent elliptic flow
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[QM2017 ShiO X Z 4 K]
Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

Test of CME — Isobaric Collisions @ RHIC

"Ruthenium 7 Zirconium
44 40

Same Baryon# —— Similar Bulk Background
Different Proton# —» Different CME!



[QM2017 ShiO X Z 4 K]
Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

How Can We Calculate CME Quantitatively?

al (& vector) Anomalous ;
aXla vVecCctor T - % | 10-30%i 1
) dens: -Viscous ol "
charge density Fluid e
— » Dynamics e T
Initial condition Y
n dynamical final particle
evolution distribution
driving force
M.Hongo, Y.Hirono, T.Hirano, 2013;

B field H.-U.Yee, Y.Yin, 2014
Y.Hirono, T.Hirano, D.Kharzeev, 2014;

Y.Yin, J.Liao, 2016;



[QM2017 ShiO X Z 1 K]
Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

Anomalous-Viscous Fluid Dynamics

N.qg? N.qg?
D, J=+— 5 E,B* D,J"=~—"E,B
JR“= ng u* + vt +
J|_“= n. u* + v *
CME

1
A* d v ¥ = | (VR - VNnsH)
FixX

on top of 2+1D VISHNew —— OSU Group
D, T"=0



[QM2017 ShiO X Z 1 K]
Quantifying CME from Anomalous-Viscous Fluid Dynamics Shuzhe Shi

Test of CME — Isobaric Collisions @ RHIC

20t
e | Ru
a
< |
3‘5 1.5/
-O| j Zr
| 3
| o |
: O '
| =10
| X
AN
ot o
| 0.51
*06 100 200 300 400 500 600 700 1020 30 40 50 60 70
Multiplicity Centrality (%)

collaborating with E.Lilleskov, Y.Jiang & J. Liao



[QM2017 Huang®D A Z 1 K]

Isobaric collisions

Nucleus shape, Wood-Saxon distribution

PO
1 -+ exp [(7’ — Ro — /BQROYQO(H))/G,]

p(r,0) =

Current experimental data for the parameters:

Case 1: e-A scattering experiments (nucl. Data tab. 2001)
Case 2: comprehensive model deductions (nucl. Data tab. 2001)

Case 1 Ru 5.085 0.46 0.158
Zr 5.02 0.46 0.08
Case 2 Ru 5.085 0.46 0.053

Zr 5.02 0.46 0.217

10



[QM2017 Huang®D A Z 1 K]

Isobaric collisions

Initial magnetic field and initial eccentricity

£ 15 S [ (b) R PTG

2 | (@) s | By, S —

= 1 e § [

> | S0 S = 200 GeV

& 10 o | NN

2 £ |

©

:‘;«g [ V?W =200 GeV E’ o*ﬂo—

= 5 " Deng, XGH,
v o I ; e ; Ma, and

HIU' I | | | | _0.1_:: | | | | wang, 2016
o 00 20 40 60 80 100 0 20 40 60 80 100

% Most central % Most central

B,,quantifies magnetic-field fluctuation (Blozynski, XGH, Zhang,
and Liao, 2013)
R is the relative difference: 2(RuRu-ZrZr)/(RuRu+2ZrZr)

Centrality 20-60%0: sizable difference in B (Rp,,~10 — 20%) but
small difference in eccentricity (R, <2%)
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Yjv 1 ZIWHRNRE 2 ATSREIZOEEETE & KF1HE [Talk by Hirono]
Y?hﬁ M+ H A ZIVEEREDY I 2 L —Y 3> ENFHEEDEE [Talk by Shi
y//J\‘c‘f WRICER T B 1 Z VKRN R D RERIIRELE [Talk by Sorensen, Tu, Park]
YRHIC D EE{&(isobar, ZrZr/RuRu)EZ2EER (T [A1F 1= 5HE [Talk by Huang, Shi]




[QM2017 Mueller® X Z 1 K]

1. Anomalous Phenomena ‘ngi%ENEF%Eé‘E
In Heavy lon Collisions SEIT 1386
CGC flux tubes over-occupied kinetic regime hydrodynamic
colliding nuclei plasma regime
- J~ K L X
o - smels Y.
# M ¥ . '
| fellee 879
p
R -

v ( 9.
Iw\“ S. Schlichting 2016



[QM2017 Mueller® XA Z 1 K]

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

1. Anomalous Phenomena
in Heavy lon Collisions

L L R RN

£ flux tubes over-occupied kineti€ regime hydrodynamic
= regime

CGC
colliding nuclei . plasma

'Y
e

%

-
“
TRRRRRRRRRR RN

. g . e
\ S. Schiichting 2016 . Bn

ning

.
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIQIIII‘IﬁIIIIIIIIIIII
L 4
.
o

Subsequent inteeactions in the fire ball,
axial transport aéd relaxation
weak to strong ceupling

N
Thermalization / Freezout

- >
_ o - E - > >
Theoryv: classical statistical chiral kinetig theory anomalous
simulations + fermions = hydrodynamics 5
S e e i




[QM2017 Mueller® X Z 1 K]
UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

2. Real-time simulations

Anomalous fermion dynamics induced by a topologicial transition
— Classical statistical simulations

simplified situation: setting up an isolated sphaleron transition in background abelian magnetic fields

z [rsph] 0l

i
v'/‘“ “‘I
4444_?‘__)4'

-1}

als S o g 9(;7‘/\, 6 7
X[rsph]

Mace et al 2016 (;ée poster)
- consistent treatment of axial charge production, non-abelian gauge fields as

dynamical degrees of freedom.

1;

Fermions: Challenging!
Solving Dirac operator equation . 1 . . ot .,
In mode-function expansion Ux(t) = —= Z (b,\(O) ,\(t> x) + d/\(O)qﬁ/\(t,x))

— extremely costly (~N°)
— big obstacle so far and many attempts at reducing price (e.g. 'low-cost' techniques, Borsanyi and Hindmarsh 2009)



[QM2017 Mueller® X Z 1 K]

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

2. Real-time simulations

Chiral Magnetic and Chiral Separation Effect

NM, Schlichting, Sharma, PRL 117 (2016) 142301; Mace, NM, Schlichting, Sharma, arXiv:1612.02477

: 2 74
//// / / y, /I

L) ()
& -

\

Axial charge ;Y

A
4
™

I T LT

Vector charge 7 . =
Initially: Vacuum (no fermions, no axial charge)
Chiral Magnetic Effect: Electric current generated due to axial
charge produced
Chiral Separation Effect: Axial current generated due L T
to electric charge abelian magnetic
field along z

-~ Emergence of the Chiral Magnetic Wave 5



[QM2017 Mueller® X Z 1 K]

2. Real-time simulations

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Magnetic Field Dependence

Vector density
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o O
_(C‘B 04 ®
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S 02| ® ——
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O. 1 | 1 ] ] ] ]
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2

Magnetic field: qBrSph

finite magnetic field:
— important deviations from 'ideal’
picture of CME



[QM2017 Mueller® X Z 1 K]

2.

Real-time simulations

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Finite quark mass
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Quark mass: mrg,
finite quark mass effects
— anomalous transport
suppressed for heavy quarks
7
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