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1. Introduction

D. Kharzeev, L. D. Mclerran, H. J. Warringa, NPA 803, 227 (2008)
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Strong matter produced

, , b Electroweak matter produced
in heavy ion collisions

in the early universe

induce difference between number of

_ _ induce nonzero baryon + lepton number
left- and right-handed fermions

Parity to be violated locally in Parity to be violated globally of weak
microscopic domains in QCD at finite interactions of the standard model
temperature

At high temperatures these transitions are unsuppressed (Sphalerons)
Manton ('83), Manton and Klinkhamer ('84), Mclerran and Shaposhnikov ('85)

How to observe topological charge An asymmetry between matter and
changing transitions in hot quark antimatter is observed '
matter? Kuzmin, Shaposhnikov ('85)

Kharzeev, Mclerran, Warringa, (¢08)




(Rl 4 Instantons and Sphaleron

Stable under smooth deformations

_ g; 4T R —
0, = —f d'xE, B,=0,%1, %2, .. Change topological charge vacuum

81T
energy Sphaleron
V= -3 2 1 2 3

-1 0
Instanton

Instantons: Configuration with finite action. Tunneling through barrier
Suppression of rate at T=0, 't Hooft (*76), Pisarski and Yaffe ('80)

Sphaleron: Configuration with finite energy. Go over barrier.

Only possible at finite temperature, rate not suppressed. look for it in QGP!
Manton ('83), Manton and Klinkhamer ('84), McLerran, Mottola and Shaposhnikov ('88)

d_i?\f: 5 4 a . '
t ~385 D‘S T Bddeker, Moore and Rummukainen ('00),

3 several transitions per fm~ per fm/c
d xdt P P
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The Chiral Magnetic Effect (CME)

1. Due to very large magnetic field, the up and
ﬂ ﬂ down quarks in the lowest landau level and can
_ 8 only move along the direction of the magnetic field.
Initially there are as many left-handed as right-

h ﬂ handed quarks.

2. The guarks interact with a gauge conflgura'flo'rﬁn\e/vnh non-zero Q,. Assuming Q, = -1, this will convert

a left-handed up/down quark into a right-handed up/down quark by reversing the direction of momentum.

Magnetic field
A

3. The right-handed up quarks will move upwards, the right-handed down quarks will move downwards.
A charge of g = 2e will be created between two sides of a plane perpendicular the magnetic fields

In finite volume this causes separation of positive from negative charge

In presence of magnetic field, this induces a chiral electromagnetic current

D. Kharzeev, L. D. Mclerran, H. J. Warringa, NPA 803, 227 (2008)

2019 %, HiebFEE WL BMT4, L E, November 22-25, 2019



The Chiral Magnetic Effect

Magneﬁc‘ field "J Ll Charge dlﬁerence
) ©) " @ @ .
i ) '
.:_IJ,!; .,,Ia; ) @ i‘if f‘] Same sign for
2 3 | antiparticles!
[N,—N,l_.—=[N,—N,|__.=2N,Q, o

Toplogical charge changing transitions induces chirality

In finite volume this causes separation of positive from negative charge

Reasonable polarization of quarks requires:

I

e B~—~a,T"~10°-10" MeV"

P

D. Kharzeev, L. D. Mclerran, H. J. Warringa, NPA 803, 227 (2008)
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2. Magnetic Field in HIC

20193z B E5FFFEMALEATS £, November 22-25, 2019



Consider the thickness of the Lorentz contraction of the collision nuclear in the Z directions

Au-Au /s = 200GeV b= 8fm

eB of Kharzeev's method
eB of our method

— — the difference: our < DK 1
105 = the difference: our > DK .

-1 -0.5 (0] 0.5 1

t(fm)
KMW ‘s model --pancake approximation(z — 0), we consider the thickness in the z direction

RHIC@BNL ]
eB(t=02fm)=10"~10" MeV* ~10" G

Reasonable polarization of quarks requires: eB ~ 1/p?~ 103 - 10* MeV?

Y.-J. Mo, S.-Q. FengandY. -F. Shi, Phys. Rev. C 024901 (2013);
Y. Zhong, C.-B. Yang, X. Cai and S. -Q. Feng , Adv. High Energy Phys. 2014 (2014) 193039

D. Kharzeev, L. D. Mclerran, H. J. Warringa, NPA 803, 227 (2008)
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Comparison of Magnetic fields of RHIC with LHC

Our method /s = 200 GeV vs. /s = 2760 GeV b = 8fm

16

Au-Au 200GeV
Pb-Pb 2760GeV

t(fm)

At LHC, magnetic fields falls off rapidly with time than that at RHIC, Chiral Magnetic Effect Is

early time dynamics AD M —N 296 —1N3_1N4NAsN/2_1N17T (DNNC A\ 7\
ED (Ll =VU.Ziill) =1U ~1U VItV 11U U \cUULEYV )

eBt =0.2fm) =10°~10°MeV*~10"°G (2760GeV)
Low energy quarks which are produced in early stages will be polarized in the

direction perpendicular to reaction plane

Y.-J. Mo, S.-Q.FengandY. -F. Shi, Phys. Rev. C 024901 (2013);
Y. Zhong, C. -B. Yang, X. Cai and S. -Q. Feng, Adv. High Energy Phys. 2014 (2014) 193039




Magnetic field distributes with space and time

Au-Au /s =200GeV b =8fm ¢t = 0.001 fm

Au-Au /s =200GeV b= 8fm ¢t = 0.01 fm

Au-Au /s =200GeV b=8fm t =0.1fm

x10*

eB,(MeV?)

Y. Zhong, C.-B. Yang, X. Cai and S. -Q. Feng , Adv. High Energy Phys. 2014 (2014) 193039

20198 #%. B b FEL L HMiGE, T &, November22-25 2019  «fm) 2 0s



N F Magnetic fields change with collision energy at early time
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108

) b=8 fm
10
=0.0001
=0.001
10"
3 10°
C i
E =001
10°
10° / 1=1.0
' 1=2.0 r=0.1
10° 4 1=3.0
| 1111111] | 11m_
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Van/GeV

Y. Zhong, C.-B. Yang, X. Cai and S. -Q. Feng , Adv. High Energy Phys. 2014 (2014) 193039
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Consider the response of QGP in relativistic heavy-ion collisions

108

— QGP Response
= = in the vacuum

Coupled Maxwell +hydro: W. T. Deng, and X.
G. Huang, Phys. Rev. C 85, 044907 (2012).

— /S = 200 GeV

— /S = 2760 GeV]

L .
bl
-
-
--

= =/§ =200GeV
= /S = 2760 GeV]

-._..-
-~
-~
--

t (fm)

D. She, S. -Q. Feng, et al., European Physical Journal A54: 48 (2018)
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Magnetic fields from Beam Energy Scanning (BES)

10° (¢) (d) (e) (f) (g)

Au+ Au Au + Au Au + Au Pb + Pb
5 Vs = 27GeV Vs =39GeVE s=624GeVE Vs=200GeVE s=2.76TeV
10
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in the vacuum  Centrality 10% - 30%
0 QGP Response Centrality 10% - 30%
1 0 in the vacuum  Centrality 30% - 60%
QGP Response Centrality 30% - 60%

10"
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B. X. Chen, and S. Q. Feng, arXiv:1909.10836 t (fm/c)
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http://arxiv.org/abs/arXiv:1909.10836

TIY: Comparison with other group calculation results

CHINA THREE GORGES UNIVERSITY
10° ' . :
(a) —— Our method
====Skokov: in the vaccum
104 N e Skokov: OLQCD
A Y
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1. L. McLerran, V. Skokov, Nucl. Phys. A929,
184 (2014).
2. K. Tuchin, Phys. Rev. C 93, 014905 (2016).

D. She, S. -Q. Feng, European Physical Journal A 54 : 48 (2018)
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3. Chiral Electromagnetic Current

Based on: D. She, S. -Q. Feng, European Physical Journal A 54:48 (2018)

2019§g 4. Wb FEFad HMiIT4, K&, November 22-25, 2019



Chiral Magnetic Conductivity (CMC)

The induced vector current can be calculated using the Kubo formula. This
formula is provided by using first order in the time-dependent perturbation:

< jH(x) >= j d*x' G (x,x)A,(x")
Where j*(x) = eg:(x)y* 4 (x) , and the retarded response function is given by

15" (x, x) = i{[j*(x), j* (X))ol = 1)
Select vector field: 4.=A4_= 0, A=A,

Then:B, = 0,A,(x)

The induced vector current in the magnetic field direction:

(Jz(x)) = Gx(p)ﬁz(p)e_ipx a,(p) = %H (p) = 2ipi R (p)qu
Chiral magnetic conductivity(CMC):
1 1
0, (P) = G (p) Gh(p) = 54T @)

ip*



Retarded Correlator

Retarded correlator can be given by Euclidean correlator: us T
Gir(po, P) = Gp(@,,, P)iy —py+ie WQM
: : H v
At very high temperatures, Euclidean correlator:
Gi(P) = 3 [ L o iytsiyisie + 0
E 26 &)HI (271-)3

The bare fermion propagator as a function of Euclidean momentum Q in
the presence of a chiral chemical potential

1
S(Q) = —— : . =
iY@y —ip —ipnsy’)—y-q

From fermion propagator and chirality projection operators, the integrand function
can be written:

(Do + i€ + tq)* — (q + p)*
(po + ie + tq)* — (q — p)*?

ie* p'p*—pj

Gr(p) = — jo dqf (q) Z(Zq + tpo) x log|
=+

16m? p p? |

F@) = ) slilg — ) = (g + )]

s=+

2019 4. BB FTEH L M4, L&, November 22-25, 2019
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Real and Imaginary Part of CMC

At zero temperature:

. 2
ol(w) = ‘ wd(w)ps —

tolw/2 + 1t
X 37 Q67 Z et 2

Fi=x

For large temperature:

Y(w) = 0wy +‘:2f" 9Ll /2
X [ellT = gll/@D)]
By Kramers-Kroning realtion:
.I'F
o—'{m]——ﬂ"f o~ 40}
m
GJ{ffn)

oi(w) = —‘.'Pf dq ,p_,

20194 . BB FEF WAL HMid4, L&, November 22-25, 2019
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Frequency and momentum dependence of the chiral magnetic conductivity

(a)

u=10MeV, us = 1MeV, T = 200MeV

D. She, S. -Q. Feng, European Physical Journal A 54:48 (2018)

20198 % . H#bFES @ HMI4, T§, November 22-25,2019 19



Chiral Electromagnetic Current (CEC) In different temperatures

@ e

—T =330MeV

T =200MeV
T =250MeV

RHIC Au-Au

v/s =200GeV, b =8fm

| | ! | |
(b) """" T=200MeV
----- T =250MeV
— T =330MeV

LHC Pb-Pb

Vs =2760GeV, b =8fm

J(1)

D. She, S. -Q. Feng, European Physical Journal A 54:48 (2018)
2019 . B b FTEF AL M4, *&, November 22-25, 2019

= fmd_m[ﬂy['m}L[]H{mr} + (T”{I’_'L']
{

] frl

B(w) = fm dte' B(t).

sin(w?)]B(w).

20



Comparison by QGP response with in the vacuum

— QGP Response
= = = in the vacuum 5
RHIC Au-Au T
Vs =200GeV b =8fm 1

ej(t)/o (MeV?)

0 1 2 3 4 5
t (fm)
12 T T T T T
—QGP Response. :
S = = = in the vacuum -
—~ LHC Pb-Pb
7 6 Vs =2760GeV b =8fm |
2
EQ
S 9 -
RTH
O ' @ aaaeeeecececeacaccaccc_-m——-—— —
I I I
0 1 2 3 4 5
t (fm)
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Maximum Chiral Electromagnetic Current (CEC) on energy and impact parameter

L e e e | ' 1 1 - T ' 1 _ ' 1 T ]
— — in the vacuum = = in the vacuum 0351 ——// '
6000 |- -1 1200 - ) - - inthe vacuum m
QGP Response 0.45 T T T T QGP Response E — QGP Response
_ - Aw-Aub=8m 1 T e | - Au-Au Vs =200GeV g0%0r 17
. ZAMeVig 4| 0 g0 | T=200MeV . o
o 4000 7 & oy 11 % sl zazzis -
;./ 50,30 AN . 2 B
X - £ DR Bl ~Z
2 - 1 b 600 |-
N : ~
\_/g 2000 B 50 \/S1(0éev)150 200_ S i
- ~ =
o S~ =300
o - - .ﬂ_'? =
0 A R TR B -
0 50 100 150 200 0
Vs (GeV) 0

D. She, S. -Q. Feng, European Physical Journal A 54:48 (2018)

2019 . BB FTEF ML HMG4L, X &, November 22-25, 2019



eQ/ay (MeV)

Chiral electromagnetic charge with different centrality

30__ | - inthel‘ufacuum ]
B — QGP Response
20 10-30% — <
[ T = 200 MeV %
10 — it
: ] >
[ I a
D_ -_Lr_-_-_-_-_-_-_-_-_-_-_—-_'!h..__ @
[ Au + Au Pb + Pb
10k o ] -
10’ 10° 10°
vV Sy (GeV) Q — f]dt

~10k

20

10

=== in the Yacuum

[ —_— CGF Hespnnse__
30-60% -
a T = 200 MeV _|
Au + Au Pb + Pb
L T T e
10" 10° 10°
v Syn (GeV)
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4. Charge Separation features in Relativistic HIC

Based on: S.-Q. Feng, X. Al et al., Chinese Physics C 42 054102 (2018)

2019% 7. Wb FEF WL HMi4L, L&, November 22-25, 2019



CME Signal From Exp.

(cos(q, + ¢, - 2¥;) )
S

S

<10~ %10 x10 Zssssuss mey wes s ummsmeg swss _mmsaces
i ALICE Praiminary e TR
2 Pb-Pb ; —=— same charge, AuAu | g 2 i ALICE Peiliminary
: Tl b s |[TEmEmaL ] e [ xexefma- STy
Rl L R e G : T et % | 02<p,<60GeVIC hi<0B 1
- e o ] S [
: ok : e 8T v g +
.4 same opp. sign o+ o5 ezl " 4 : » u &
- 4§ (5n=502Tev : ° ] B l
- % % (5= 276ToV [PRL 110, 012301(2013)] 2l . T el B S gy + .
B0 G v G S G e i s s 70 60 50 40 30 20 10 0 | @ Opp. charge
0 10 20 30 40 50 60 % Most Central T TUIIITY DR DTN NOEIN eI e
Centrality (%) 0 10 20 30 4 60 6 70

— improving methods for background removal/suppression

— crucial to understand/reconcile different observables

— current RHIC results are hard to explain as pure background
— RHIC vs LHC important test for theoretical interpretations

— system scan would be useful too

— putting upper limit with confidence level would be very useful

2019 #%. b FEF L HMIG4L, T §, November 22-25, 2019



Calculate the charge separations between both sides of reaction plane

2
(A%) = 2kag

2.

jdle l(f—(xl))z + (f+(xl))2]jdﬂf dr r[eB(t,n,x,)]”
f i

Vi

2.
7

Ex(x1) =exp(—|y+(x) — y|/A)

2 iy
(4,4.) = —4xa; j d2x,E (x,)E, (x1) j dn j dr tleB(z, 7, x )]

Vi

JR2—(x=b/2)> —R+b/2<x<0, .
JR2—(x+b/2)2 0<x<R-b)2,

pe() ==y (1) =

The Chiral Magnetic Effect is

reaction l X
a near the surface effect plane &w
+

20194 4. B b T HF L B M4, L&, November 22-25, 2019




Calculate the charge separations between both sides of reaction plane

1 72 .
pr— .r__ p— - —_— &3 n
A+ =4 NZ 16 (A%)

1 T
= = ALA_
%, A T el

¥

/q ¢ : angle between
| I P particle and reaction plane
N

dN N

+ =+

d¢p 2w
Average over many equivalent events
(to cancel statistical fluctuations) can give us

+a.sm¢p+v,cos2p+....

.::f_ai ; ~ ’ﬂi} Pref. emission positive on one side
2\ A2 . . .
(a” ) ™~ {.ﬂ_) Pref. emission negative on one side
‘a,a ) ~ (A, A ) Correlations between positive on

one and negative on other side

2019 4. BB FEF WML B M4, L&, November 22-25, 2019



week endin

PRL 113, 052302 (2014) PHYSICAL REVIEW LETTERS | AUGUST 2014

Beam-Energy Dependence of Charge Separation along the Magnetic Field
in Au + Au Collisions at RHIC

three particle correlator y, two particle correlator a9 ,

y = (cos(¢p, + ¢, — 2Wgp)) = kv, F — H,

6 = (cos(¢p; —¢p,)) = F+ H,

where, H and F represent signal from CME and
background, F mainly comes from elliptic flow.

e — m.-';gﬁ—':r.
1+ kv,

Star's (14) used: H . ,H

can subtract non-flow background

,!,:_ =1 _:

: I uramD (x=1) uEl .

10 . -

e ’ ' ’ L

3 E e 30 - 60% ]

- B S .

] '":— ]

. .L . .

x of— gy -

e [ V .

I Au+JJlu -

L = 10 - 30% i

DS L =
I

1o mw

VS (GeV)

A. Bzdak, V. Koch, and J. Liao, Phys. Rev. C 83, 014905 (2011).
A. Bzdak, V. Koch, and J. Liao, Lect. Notes Phys. 871, 503 (2013)

201943 . BB FEFENNEHMTEL,, TS,
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Fit with BES experimental data

6 (a)Au+Au (b)Au+Au (C)AU"':AU (d)Au+:Au
Vs = 11.5GeV. L s =19.6GeV Vs=27GeV | | Vs = 39GeV
4}

(e)AutAu  (DAutAu (g)Pb+Pb
I Vs=624Gev L s=200GeV Vs =2.76TeV

4
10" x (Hgg - Hpg )

our model
o experiment

1 1 1 1
1 1 1 1
1 i 1 i 1 1

i i L i L L i L i L i 1 P | L i
0 10 20 30 40 50 60 O 10 20 30 40 50 60 O 10 20 30 40 50 60 0O 10 20 30 40 50 60 70

1 1 [ I 1
1 1 1 I 1
' i i i i i

Collision centrality (% Maost Central)

B. X. Chen, and S. Q. Feng, arXiv:1909.10836

2019 9. b FEE L HMT4L, ©§, November 22-25, 2019


http://arxiv.org/abs/arXiv:1909.10836

Fit with experimental data

]_""l ' ' v L ' _|
(a) ®  experiment

[ our model ]
0.5 ;

e :

o
I —=—

I Lh
L |

1“4 X(Hss-Hos)
=)

)

Au-Au 30% -60%

10 20 100 200
VS, (GeV)

20194 4. B b FHF AL M4, L&, November 22-25, 2019



5. Magnetic field induced polarization difference between A and A

Based on: Y. Guo, S. Shi, S.-Q. Feng, J. Liao, Physics Letters B 798, (2019) 134929

201982, BB FEHad HMT4, K&, November 22-25, 2019



y (fm)

Extreme Vorticity & Magnetic Field
7oA X

254 —— r=(0,0,0)

—e—r=(3fm, 0,0)

204 —4—r=(0, 3 fm, 0)
—»—r=(3 fm, 3 fm, 0)

Bloczynski, et al, arXiv:1209. 6594I'PLBI

9 2 & B8 10 A2 18
b (fm)

20194 . B b FTHEF ML HME4, X &, November 22-25, 2019



Magnetic field limits in polarization of A and /1

The recent discovery of a substantial global transverse polarization of A and A produced in
peripheral heavy ion collisions has led to the conclusion that the quark gluon plasma is the “most
vortical fluid” ever observed.

For this interpretation, it is of key importance that the polarization of A and A
is the same within experimental errors, ruling out the presence of any sizeable
magnetic field effect during the emission of the hyperons. This observation can be
turned into an upper bound for the magnetic field strength at the time of hadronization of the quark-

gluon plasma.

N! - N}
AP =Px—Pxi PN

where i denotes A and A and 1, | denotes particles with spin orientation parallel or anti-parallel
to the global angular momentum vector of the colliding nuclear system.

Berndt Muler, Andreas Sché&ter, PRD, 98: 071902 (2018)



Magnetic field limits in polarization of A and /1

The relative yield of thermally emitted hyperons with spin s is given by

N;(5) x exp (5-@/T, + 2u;5 - B/T,),

where ® denotes the vorticity of the matter, p, the magnetic moment of the (anti-)hyperon, B the magnetic field
present at the moment of particle emission, and T is the temperature of the emitting source. Since the exponent is

small compared to unity, it is sufficient to keep the linear term in the expansion of the exponentials

@  upxB
2T, * T, '

@  uxB
Pi~ — ,
AT T,

Pa

X

where we used the fact that py = —p, and © and B denote the magnitude of the vorticity and magnetic

field, respectively. Thus,

o QﬂAB

AP
T,

| Berndt MUler, Andreas Sch&8er. PRD. 98: 071902 (2018) |



Magnetic field limits in polarization of A and /1

Px = (0.277 £ 0.040) x 1072,
Px = (0.240 £ 0.045) x 1072,

AP = (0.37 £ 0.60) x 1073

J. Adam et al. (STAR Collaboration), PRC, 98, 014910 (2018)
It is useful to consider the implications of the bound on the late-time magnetic field on the time integrated
magnetic field zzeB which governs the observable size of the chiral magnetic effect. Assumed an exponential
decay of the magnetic field B(t)= B, exp(-t/rg) with eB, = 0.5m%. The lifetime of the quark-gluon plasma in a

200 GeV Au - Au collision is t, = 5 fm/c. Using the just derived limit eB(t,) < 0.0027 m% on the magnetic field

at hadronization, we then obtain

r5 = 1,(Bo/B(t,)" ~ 1 fm/c]

resulting in the estimate

— f.i'
TgeB = / eB(t)dt = tgeB)
0

< 0.25 fm~! ~ 50 MeV.

| Berndt MUler, Andreas Sch&8er. PRD. 98: 071902 (2018) |



Polarization from Vorticity and Magnetic Field

In local equilibrium system, the ensemble-averaged spin polarization vector of the produced A and A, with the

existence of vorticity and magnetic field

1 _
St = — o~ €Pp, @y, F 2(eFpo)ua/T, ]

“_”for A, “+” for A.
Polarization from vorticity

The vorticity is @,y = 5 (3yB, — 0,By). v

Polarization from magnetic field

0.613
ZmN .

The absolute value of the A(A) magnetic moment is p, =
The local temperature upon the particle’s formation is € < T*.

Follow the same step as in [1], after a Lorentz boost and average over all A/A produced at the hadronization

stage of AMPT, we finally get the formula that can working on computer.
[1] H. Li, L. Pang, Q. Wang, and X. Xia, Phys. Rev. C 96, 054908 (2017).

2019 . B b FTHEF L HMi4, X &, November 22-25, 2019



Py (%)

Comparing with RHIC/STAR experimental results

10!

=== Lambda
=== ant-Lamipda

'\‘ Sun (GeV)

M B .
20 50 100 200

Polarization from vorticity only

Pr n (%)

Polarization from both vorticity and magnetic field

L. Adamczyk, et al., STAR Collaboration, Nature 548 (2017) 62

. | A | |

.5..

10 20 50 100 20

vV snn (GeV)



How to Choose Magnetic Field Life Time Parameter t;

H — A, blue solid curves with filled symbols

H — A, red dashed curves with open symbols

Py (%)

At beam energy 19.6GeV (square), 27GeV (diamond), 39 GeV(circle).

, The difference AP = Px — P versus collision beam energy, for
7] the typel (square), type2 (diamond), type3 (circle) time
' dependence. The red solid curves are for tg = 1 fm while the
blue dashed curves are for tg = 4 fm. The black circles with
error bars are STAR experimental data from [1, 2].

'S
— T
|

1
Type 11 Fy(ty, ) = o~

10 2I0 5I0 100 260 : T 5 F (t t) 1
€ Z: yU) =
Vsnn (GeV) yp B{p 1+ (—to)2 /3]

Type 3: Fg(ty, t) = e It-tol/ts

[1] L. Adamczyk, et al., STAR Collaboration, Nature 548 (2017) 62
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Time Evolution of B-Field

Use phenomenology to constrain B-field lifetime:
t_B about 0.5~1 fm/c at RHIC
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Summary and Conclusions
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Thank your attentions
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