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Note: There are many related works on this topic so that | cannot
guote them all in this lecture.
So | will keep only a few references which are essential for the
discussions.
| am sorry for not mentioning all relevant works.
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Chirality and chiral anomaly



Chirality

* A common concept

Mirror Plane

* For massless fermions
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Chiral anomaly

e Lowest Landau level of massless fermion in B
LH &EA H

TN
Helical path

EZ = pZ + 2neB »>B

Jp = Yry*prand]; = Yryhy;

Homework: Derive the Landau levels




Chiral anomaly

e Lowest Landau level of massless fermion
LH &£ 4 RH
L 2

* One conserved current

Jo =Tk + ] =dyHy

Ja =Jr —JL =r*ysy
is no longer conserved:

R/L eB

> NR/L - VpF__

2T 21
> iNA — i(NR —NL)
dt dt
PF-PFeB _ |, eE B

Zn 21 T 21

‘6”]14 =—E B

Adler 1969, Bell and Jackiw 1969
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Chiral anomaly
* Triangle diagram coupled to EM field

0 " = E-B=_F,Fw

272 g2 KV

* Triangle diagram coupled to gluon field

Oy === Tr[GwGW]

* Integrate over space and time from O to t

92 t ~
Na(t) = Na(0) = 7, /O dt’ / d*xG ., G* Ha 1




Anomalous chiral transport phenomena



Chiral magnetic effect (CME)

e Remove the E field

Jrp = eng
JL — —ény
d3NR/L B Qpﬁ/L

"RIL=qxdydz 27 27

LH &4 RH HUgr # U
M Ha =0

*
w
Y

>
Pz

» B
> Jv

e’B, .
Jv=Jr+JL = F(pF — PF)
T
e’B CME
=5z Ha current
Kharzeev et al 2004-2008,
Vilenkin 1980, ...... 10



Chiral magnetic effect (CME)

* CME: vector current induced by B in matter with (i,

J =ezﬂA
V'™ 2nm2

* Macroscopic quantum phenomenon

B

e P- and CP-odd transport
* Time-reversal even, no dissipation

* Fixed by anomaly coefficient, universal

v To realize CME, we need:

environmental parity violation (14) and
external magnetic field (B)
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Chiral separation effect (CSE)

* A dual effect to the CME: axial current induced by B in
matter with Ly

> B CME CSE
» /4 2
;o ) e‘B. .,
R = eng ]A=]R_]L=_4_n.2 (PF +PF)
N E curren
—— d’Ngj, B e 2m2 1 CF current
R/IL = dxdydz 2n 2m | Son and Zhitnitsky 2004 ......
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Chiral vortical effect (CVE)

* Charged particle in magnetic field and in rotation

In magnetic field, Lorentz force: In rotating frame, Coriolis force:

F = e(xxB) F = 2e(ixw) + 0(w?)
Larmor theorem: eB~2&w

* “Lowest Landau level” (omit centrifugal force O(wz))

Jr = eng 1 Jv= 1z (@00 = 5 pya
JL = —ény,
R/L,, R/L
; Pr’ W Pr Ja=1= ((PF)2+(PF)2) = o2 (ﬂv + p13)
R/L = 41T
2T 271 =
More rigorous calculation shows CVE currents
2 .
a (T /.6)8.(‘) term in Jrelated Erdmenger etal 2008, Banerjee etal 2008,
to gravitational anomaly or Son and Surowka 2009 ......

global anomaly. (Landsteiner
etal 2011, Glorioso etal 2017) 13



Chiral electric separation effect

e Electric field induced anomalous transport

i Gy,
L 4 ]ll
E Ja S G

\j Chiral electric separation effect (CESE)

uwyis €T

T2 ¢4 ln(l/g)E

J a4~ 145163 Trs(Q.Qa)
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S0 e awp in-pla.CSE
s AP E+in-pla.CSE) —a ]
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XGH and Liao 2013, Jiang, XGH, Liao 2015
Ma and XGH 2015 14




Collective modes: chiral magnetic waves

 Consider CME and CSE in constant magnetic field

e’ e’

B J. =
Jr = 42 — o MR L=y

e Consider the continuity equations

@J%/L + Vv 'JR/L =0

— B

 Consider small fluctuations of RH/LH densities

2
C B.wsl =0 0,670 — B-V5J) =0

4%y p X1
* These are two wave equations describing two gapless
collective modes (Chiral magnetic wave) with velocities

2
RH wave o 2 e
------ [ == - ey sca ) e PR
\/\/\/\ ) B Vv, = VR p—

472 4772XR
o P, i A, Y A XL

LH wave Kharzeev-Yee 2011

0,6J% +
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Collective modes: chiral vortical wave

The vortical analogue of chiral magnetic wave
T2 | uf+ug 1
Jasm t =5, Jv=—= v,
@; 2 g g} J @ J
e To reveal its dispersion we use continuity eq.

onpp +V ']_)L,R =0

eSubstitute CVE currents. Obtain Burgers wave equation which is
linearized to normal wave equation(Homework)

Hw

2 2 |
_, wa 2 2wa
Onpr = £ —- Ox(nfgp) —— * 2 ngdx (1 r)
__ou . \
ad — a—.N inverse baryon susceptiblity CVW velocity
n

arXiv: 1504.03201
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Collective modes: chiral electric wave

» The complete electromagnetic response of a chiral matter:

. €

jy = oEM+ 2—7T2/LAB”>
. €

]fi — O'5E'UJ -+ ﬁILLVB’u.

» Coupled evolution of vector, axial currents and E#, B* leads to
several collective modes (XGH and Liao, PRL110(2013)232302):
» If B= Bz and E = 0: two Chiral magnetic waves along B

w = 1/ (vyk2)2 — (e00/2)? —i(eco/2)
» If B=0and E = EZz 4+ A-background: two Chiral electric waves
w = F+/(vek)? — (e00/2)2 — i(ecq/2)

» If B=0and E = FZ + V-background: one Vector density wave and
one Axial density wave along E-field

wa = vk, .



Table of anomalous chiral transports

I R R
e 2 e

Jv g 22 HA
Ohm’s law Chiral magnetic effect
o7 HvHa - ez
Ja T2 22tV
ChlraI.eIectrlc Chiral separation effect
separation effect
Wave &=aam 20 xeayay k- E E = aA\/aVaAk -B
mode Chiral electric wave Chiral magnetic wave

Reviews: Kharzeev, arXiv:1312.3348;

XGH, arXiv:1509.04073;
Kharzeev-Liao-Voloshin-Wang, arXiv:1511.04050 ;

Liu-XGH, arXiv:2003.12482;

? Uy Ua

Vector chiral vortical
effect

T2  us+us
6(6 t ‘;nzA)

Axial chiral vortical effect

e — Uy
— 2
2mexy,

Chiral vortical wave

k-w
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Anomalous chiral transports

* Universal phenomena that may happen across a very
broad hierarchy of scales.

10 10K 1-—10%K 1010K 1012K

Temperature

Supernovae

Weyl/Dirac semimetals Heavy-ion collisions

Electromagnetic force Electroweak force || Strong force

19




Anomalous chiral transports in heavy ion collisions

20



Question: Electromagnetic fields and
vorticity in heavy-ion collisions?



Time Scales of a Relativistic Heavy lon Collisions

\ Freeze-Out A t f soft physics

1 L

Hadron Gas

§

central region

e.m. probes (I*1-, 7)

1,< 1 fmlc hard (high-py) probes

|
V4

Chemical freezeout (T, < T,) : inelastic scattering stops

Kinetic freeze-out (T, < T,;,): elastic scattering stops




Highest artificial temperature

https://www.guinnessworldrecords.com/world
-records/highest-man-made-temperature

Who What
CERN, LARGE HADRON COLLIDER 5X10°12 DEGREE(S) KELVIN

Where When
SWITZERLAND () 13 AUGUST 2012

On 13 August 2012 scientists at CERN’s Large Hadron Collider, Geneva, Switzerland,
announced that they had achieved temperatures of over 5 trillion K and perhaps as
high as 5.5 trillion K. The team had been using the ALICE experiment to smash
together lead ions at 99% of the speed of light to create a quark gluon plasma - an
exotic state of matter believed to have filled the universe just after the Big Bang.
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The strongest magnet!

Cartoon from BNL




The strongest magnet!
£y |
. i

Reaction plane
» RHIC Au+Au collision, Z =79, /s = 200 GeV (= v, ~ 0.99995¢),
Impact parameter b = 5 fm
» The B field at the colliding time, ¢ = 0. Biot-Savart law

2
ey X ye—vaz 2/b)* ~ 40m> ~ 10" Gauss
4 47

1 MeV? = ¢ - 1.6904 x 10'* Gauss
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The strongest magnet!

T 7_| L B L L L L L
10 Au+Au, Vs =200GeV ol Full: Au+Au @200 GeV
~ K b=10fm :
S i ? ~ K S5F
~ 1 —Eq.13 E r
ey -B = af v
= R B -~ 4t Ry ]
S 01 B o 3l e ]
~ ' T i ~
@ 0.01; O 2f it a2 . ]
p: Mﬁﬁ
0.001 ' ; Open x 13,8: Pb+Pb @2.76 TeV :
_10 _0.5 o (A R S S N S S RS ST SN N ST ST ET Y

0 2 4 6 8 10 12 14
b(fm)
arXiv:1201.5108 arXiv:1509.04073

Strongest B fields we have known in current universe:
eB~10'3 G (RHIC)- 10%° G (LHC)

Earth Neutron star Heavy-ion collisions



http://arxiv.org/abs/arXiv:1509.04073
http://arxiv.org/abs/arXiv:1201.5108

The strongest electric field!

@ spectator proton Cu+Au b=6fm
speclator-neulron
paricipants

Charge dependence of v1

4

0.004f __ pHSD+EF = 10-40% (x0.1)

s 3 0.002} — PHSD = 10-40%
2 S
§ : < i
3 1+ ] -0002_—
"_..-l—-.--l--..-._.__.:

i ; -0004 — '

=
o



http://arxiv.org/abs/arXiv:1411.2733

How to compute the EM fields?

Consider a moving point charge (for example, a proton):

o » VUV = V€,

In the rest frame (with a prime):

2 /
ec r
eE = —
47T 13
eB' =0

In the Lab frame:
EZ — E;/ BZ — B;/

E| :'y(E’—v XB/)J_,BJ_ :’)/(B/—I—’U X E/)J_
Coordinate relation:

Z=9Z—-v(t—t)], ¥ =Xy =Y

Charge att

Rest frame at t,, Retardation effect 28



How to compute the EM fields?

Combine the equations above (Homework):

2 (R—Rv)(1—19?)
47 (R—R-v)3 '
eB(t,7) =ev x E(t,r)

2 (v x R)(1— 2
47 (R—R-v)

Extended to N particles (e.g., for Au, N=79):

eE(t,r) =

2 — 9
eE(t.r) = ~ > 7, R, = Rov, (1 —v;),

47 " (R, — Rn : V,1)3

n

2~ /4 Ri‘
eB(t,r) = 6—2 Z,—1ZT (1 =),

’3
(Rn Rn ’ vn)‘
Z,, v, = charge and velocity of the nth particle

This is the Lienard-Wiechert formula

29



How to compute the EM fields?

From HIJING or AMPT or UrQMD or other event generators, applying these formulas
give the EM fields shown before.

As an exercise, we consider continuous charge distribution as an approximation.

+

.
Z5(t,x) = 4n / dr’ 72 p(r) rt = \/(x +b/2)7 432 + P2 (z — vir)’
Jo

p(r) = Nz/{1 + exp|(r — Ra)/a)} with Ny = Z{4n [* dr'r'2p(r')}

Z =179, R4 =638 fm, and a = 0.535 fm for Au, and
Z =82, Ry = 6.62fm, and a = 0.546 fm for Pb.
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How to compute the EM fields?

Homework: using this continuous approximation, calculate the magnetic field at the
center of the collision region in Au + Au collisions at 200 GeV.

Answer:

Au+Au: ‘/s_ =200 GeV

1or b 10 fm ‘ HUING
model
T o1
A
aa)
]
\%
0.001
107

arXiv: 1609.00747

Continuous approximation

31



Some properties of EM field in HICs

Azimuthal fluctuation

2
m

e-(field)/m

|||||||||

vvvvvvvvv

0.054

0.044

0.034

0.024

0.014

0.00

00 05 1.0 1.5 20 25 30

AutAu, b=0

¥g ¥y

arXiv: 1209.6594

Well fitted by
(eBy(0))

eB,(1)) ~
(eB0) (1+ 2/3)"

Life time of B field

2mN

tp R Ral(v) = Ry

\)

05 1.0 15 20 25 3.0
¥g¥,
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https://arxiv.org/abs/1209.6594
http://arxiv.org/abs/arXiv:1509.04073

Some properties of EM field in HICs

Quark gluon plasma (QGP) is a very good conductor

1.0 ¥ o ‘ . :Q hcp—lut/l)703I008 1
Ny=0 71 10124963
0.9t T 11124802
X1 1604.06712
0.8}
/\5 0.7t p
E 0.6
<
© 05F 1
S
0.4F ]
0.3 E 1
0'2 _l ) 1 1 1 1 ]
1.0 1.5 2.0 2.5 3.0

/T,

Time evolution of the B field (conducting medium)

FUB )

In vacuum:

: In conductor:
moving charges

Faraday effect
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Some properties of EM field in HICs

Time evolution of the B field (conducting medium): Solving
the coupled Boltzmann and Maxwell equations

( [puau + eQap;LFuyap”]fa(ta X, p) - C[fa] a=4q,q,9

< a )l :jy .
arXiv: 2104.00831

\ J“:€ZQF5F/ )EPH (fr = 1)

Initial condition for EM field: moving colliding nuclei in vacuum
Initial condition for g and g: CGC inspired distribution

d*p’ A’k d*k’
C[j 2E Va Z cd/ 27T 32E 27T 32Ek (271')32Ek/
X (27r)45 (P+P — K —K'|M%?
< fielio(Uteafg) X+ enfy) = [ fo (1 + e i) (1 + cafio)]

M2 3 g9 < qq. 99+ 99, 97 < 7. 99 < 99

P mmm K P ot0c0co————K' P mm@m K
gk po o Plus s, u channels
P ’6666666608(55660‘0?5(5\ K" P TO00C0C00 K P = K

34


https://arxiv.org/abs/2104.00831

Some properties of EM field in HICs

Time evolution of the B field (conducting medium): Solving
the coupled Boltzmann and Maxwell equations

T T T T 1 T T T

0 vacuum — — — f Oz ——

10 - ; So) ;
ideal MHD ——— fq =1 —

RHIC AuAu 200GeV

N ~ f (0)=0
RHIC AuAu 200GeV I LHC PbPb 2.76TeV > ~ 100 f:(0)=1 -
1073 L ™~ s ™~

1 I 1 I vacuum — - - L I I
10 30 50 70 9010 30 50 70 90 1.0 3.0 90 1.0 3.0 9.0
-1 -1
Qs ) Qs )

2Q.") 2Q.")
arXiv: 2104.00831

After the kinetic evolution, the system is thermalized, and
after that the time evolution can be obtained by solving
relativistic magnetohydrodynamics.

But the full time evolution is still unknown.
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https://arxiv.org/abs/2104.00831

Angular momentum in HICs

~10°h

Global angular momentum

(RHIC Au+Au 200 GeV, b=10 fm)

36



Fluid vorticity in HICs

Global angular momentum

¢

Local fluid vorticity

—1V><
w—z v

(Angular velocity of fluid cell)

Let us estimate the vorticity:

J ~ [d*zI( )()

I[(x) ~ [2?— (z-w)?*]e(x) is the moment of inertia density

7
e — [2(1\73 —1)+ ZZN"Nf] %T‘*

37



Fluid vorticity in HICs

Let us estimate the vorticity:

J ~ [d’zI( z)w(x)

I(z) ~ [33“ (- w)= ]e(a:) is the moment of inertia density—

_ [2(1\73 _ 1)+ 2oN Nf] 4

4

Consider Au+tAu@200GeV, T = 300MeV, system
size 10 fm (Homework): w ~ 10%%s~!

Cee— Size
‘ (m)

Galaxies Water vortex Helium4  Quark-gluon plasma

102! 102 - 102 1075 -10"8 10715

Vorticity
(s™
10716 102 -102 106 1022
38



Fluid vorticity in HICs

More rigorous computation:

A
008 ¢ ’ . kinematic vorticity
s e

0% fuawp T L arXiv:1603.06117,
= ol arXiv:2001.01371,
770 AusAu =0 S HNING arXiv:2002.07549

002 b=10 fm “

0.00 - | | T

5 10 50° 100 5001000 5000

Vs (GeV)

Why decreasing with
increasing energy?

participants

before collision after collision

39


https://arxiv.org/abs/1603.06117
https://arxiv.org/abs/2001.01371
https://arxiv.org/abs/2002.07549

* Heavy-ion collisions can generate

AN

Strongest EM fields Largest local vorticity

\ l
|

Anomalous chiral transports
But where u, comes from?

40



QED vacuum

In 3+1 dimension, QED Hamiltonian

1
thoton — E /dBX(EZ T Bz)

QED vacuum
EFE=B=0

Thus QED vacuum is described by pure gauge A, = d, f

Consider the Chern-Simons term (magnetic helicity) which counts the winding
number of magnetic lines (and thus is topological)

h = /dBXGi]'kAia]'Ak

It is zero in (3+1)-D QED vacuum. So QED vacuum is topologically trivial.

*Note: in (1+1)-D, QED vacuum is topologically nontrivial.

_ i 1
Neg = 2n/d9u U, U € U(1)

41



QCD vacuum

In 3+1 dimension, QCD Hamiltonian

H gluon —

Z/dS (E? + B?)

I\JIP—‘

QCD vacuum
E,=B,=0

Thus QCD vacuum is described by pure gauge A:x) =ig 'U '(x)d,U(x)
Ux)eSUQ3)
Consider the Chern-Simons term (the coupling constant is absorbed into gauge field)

2
h = /dgxeijkTr [A@'(?jflk — gl.AZ.Aj.Ak
1
=3 / d*xe;;xTr [UTO,UU ' 0;UU 10U
— 872 Ncg

N¢s = f d3x ek tr[(U~10,U)(U0;U)(U0,U)], U € SU(3)

2412
It is non-zero! So in (3+1)-D QCD vacuum is topologically non-trivial!

*Homework: Show that N_CS is an integer and counting the winding number from S*3 to SA3
42



QCD vacuum

QCD topologically nontrivial vacuum: The theta vacuum
Gluonic field energy

Instanton Sphaleron
tunneling explosion

v

1 y
a2 f d3x eVtr|(U1o,U)(Uo;U) (U0, U)|, U € SU(3)

Ncs =
Transition between 2 vacua is topological (e.g., Instanton,
sphaleron)

1
32m?

Q= fd“x G%,G, = N¢s(t = ) — Neg(t = —o0)
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Topological fluctuation of QCD vacuum

Derek Leinweber

44
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Anomalous transports in HICs

QCD triangle anomaly

0000, G1

<

%
Ha

Y

YWWW\ Ji, > | CME/CVE
QED triangle anomaly @

015~ N o 2
E + T T T T T T
E = = 1 = -
3 =t S L | Initial state
E E HIJING = v, ]
F st — S oozt My g LorB
- E o \ o ) -
+ £ r ¥ 0§ 8 ¥ = 24 - v C
% -00sf ° I e o o o O I a
% -0.0055 S i » 1
8 F ¢ _ ~ 02fs- » 1 +
0t © A-pand A5 x 1 I
"’-"'59% * A and Aep VAL e . = [ fI uctuatlons
Bl it ¥ Blue: opp charge | ] | Ia)
80 70 60 50 40 ; -0.6|, 1 L L L L N o B
Most centra 70 50 40 30 20 10 ‘ \ H
% Most central i - j !
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How to detect CME, CMW, etc?



Experimental test of CME

Event-by-event charge separation wrt. reaction plane

We investigate the charge dependent two-particle
correlations with respect to the reaction plane:

2
dN:t . + LorB
—— x 14 2a,sin(¢p™ — Ugp)

| /
| Direct measurement of
“ »”

a” would yield zero

8 e
value. So we need “three }A
point-correlator”— ’

observable “y”!

S. Voloshin, Physical Review C. 70 (2004) 057901

PR

N

PHYSICAL REVIEW C 81, 054908 (2010)

= X1'°.3 T T I I T
;& 1‘5:_ = ~ opposite charge |
— — 8 & WY, Y7 ;
7 (cos(¢a + ¢,B 2¢RP)> 4 : s A . w;u
05
_ | N\ STAR
— K,Ul [0 vl ’ﬁ J+ - [(aa aB + ] o oE.., ....... ‘ ...... - 2. ..... g ...... ' gt‘
: g 1 o5 g 2 same charge i
I Directed flow: v Background effects: co p Yeven quantlty st111 | ab v, Y7
expected to be same | cancel out, but flow-related|  sesitive to separation effecl, : . xr i
for “same sign” and | background may still exist. } ' e different for “same sign” EE) ~ 4
“opposite sign” ] |

| i) | | 1 |
and “opposite sign” ‘ 80 70 60 5 40 30 20 10
i i Centrality (%)

47




Experimental test of CME

Event-by-event charge separation wrt. reaction plane

1 <107
o WLMBARE BESRS RASSS nasss nasLs sasL
2 & o0af wSman 05V
- | O HIJING 4
N | % A MIJING*-V2 8|
‘W =020 D e 4 STAR 2010
x E - ]
- 0.4 e —
' : Y Red : same charge :
o r ]
\ BRE W e by v s et
3 . 70 60 50 40 30 20 10
) '*2, % Most central
STAR 20 14
- ALICE 2013
0.6 . . : : " : : : T : : : : :
same opp. | 1 1 i ¢ i
® O ALICEPb-Pb @5, =276 TeV | w %276 TeV Pb+Pb G)200 GeV Au+Au %62.4 GeV Au+Au 39 GeV Au+Au
. 0417 % % STARAWAU@|5y=02TeV i x 8 T T mevsm T\
- (ALICE) same-+opp. mean + = @ = é
arr 0.2 " }& Soogge T e :; 9-gaT— —e—w
U *
ls-ﬂ 0 : A ot At O{‘r O* (\,lﬂ 51 +’I"'* + *.*/*’ + % * o - g
¥ : 3* o, 4 | + ! t H t } : HH f } H—— } . }
.00k ., &5 a0 27 GeV Au+Au | 19.6 GeV Au+Au | $11.5 GeV Aut+Au | 7.7 GeV Au+Au |
F] o, & o opposite charge t | B
S o4l ® 8 3+ same charge 1%
7 (cos(@, + 0~ 20 )y e Val2) * +* \Iﬁ 200 T ,},
Q 1
-0.6 - — CME exp:ectation (lsame chalrge [13]) | | & :"."0,
O —H—2-R:0-0-0-00
0 10 20 30 40 50 60 70 S L

centrality, % % Most central




Back-ground contributions to CME

Back-ground contributions to gamma correlator

Transverse momentum conservation(Pratt 2010; Liao, Bzdak,Koch 2011):

Py| / ‘ Yap
| * Charge blind

‘ centrality= * Y KX —UQ/N

\ 2 \ * Can be subtracted in
/. | Ay =~0s — ¥ss

‘ same- and opposite-sign

e TMC <zi¢,~cos<¢i+¢j—2\1/@)>

Tss = Jos T

Ziij
_ [ [Zicos(o; — Wrp)]* — [X;sin(¢; — Wrp)]* — 3, cos(2¢; — 2Wgp)
Zi:ﬁj
| V2

cos(2¢p, — 2V N ——,
~(cos(20; — 2Wpp)) &~
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Back-ground contributions to CME

Back-ground contributions to gamma correlator

Local charge conservation(Pratt, Schlichting 2011) or
neutral resonance decay (Wang 2010) :

Y1 opposite-sign

‘ / | Y((ﬂ
neutral .
- ' centralltz

X
same-sign

LCC
Voo

2 i g= +qu__COS(¢ + & —Z‘PRP)>

&Q

< Zc i€c,q= -I—Z]Ecq— COS(¢ + ¢ - 2\:[jRP) >
NN Main challenge: how to

Mzzccos(2¢ — 2Ugp) separate the background
< > elliptic flow effects?

Q

M
N
50



Experimental methods

Fix the flow, but vary the magnetic field: isobar collisions

Vs

96 96 96 96
il FRCAs T =

At same energy, same centrality, they would have equal
elliptic flow but 10% difference in magnetic field.
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Isobar collisions

Deng, XGH, Ma,
and Wang, 2016

O [
I (a) e | (b) Rg, ...oomseeimo
Qo e em====tT —
- e ()] _'-:"’\./."—
i £ 0.1
10l T ISan = 200 GeV
- 2
©
©
12

\/sNN =200 GeV

(3)]
[ T T T
.

B, = <(eBIm1f)2cos[2(‘PB-‘PRP)]>

- —case 1 [ .." —case 1
N ----case2 0.1 :’ - Casez
| | | 1 e ) | I |
00 20 40 60 80 100 0 20 40 60 80 100
% Most central % Most central

Centrality 20-60%: sizable difference in B (RBSq~10 —20%) but
small difference in eccentricity (R., < 2%)

First run: 2018 @ RHIC has done!
Results published in 2021.
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Ratio

Isobar collisions

Experimental result

First run: 2018 @ RHIC

3.1B events for each type of collision

1.02  STAR Isobarpost-blind analysis, Vsyn = 200 GeV, Ru+Ru/Zr+Zr, 20-50% -
1 If bg=90%, theory
- -+ prediction is here
0.98 | " e |
= & L3 e
N
0.94 |\ 1 1 1 1 |"I 1 /"IV |\ |q/ |7 1 |rb QI.
Q§Q30°Q' ,\\Qﬁo"qm 6‘2%;0&% @iﬁeﬂw §ng&s .ngo"q QQ??,@QQJ‘L '/\’Q\) ) 4,\\20& \bgo\)cz‘ \J‘\{b > gq\&q’écii;\-\(\}@o"q g\\::i
& Q Q S S S S 2 \
‘}@ KOS, ) (\;@ (\;@ {\;@ W N
N O Q N N N S oD
\v'“\’\ \v«\\" \v'\\" \v"\\ \v"\\ \V'\\ \v"\\ \$‘\\‘
How to understand the
(STAR 2021) data?
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Isobar collisions

- A failed assumption. Nuclear structure may play an essential

role!

T T T L
0l @ (b) 1.1 | STARsobar blind analysis
e— s i, Vs = 200 GeV :
i \ fu Y , 1.05 - 3
: % . K
I \ /K % 9 b 48 § ’fit[ﬁ[1l |
£ \ 4 T et PR
< o.0sf \ . | £ ’ !
. . \ 0.95 - Ru+Ru/Zr+Zr
— -=-Lc20 — ==ilc20 « Data
- ll:g% = I[Z:; '~._. -~ Glauber Case-2
SLy4 N stys kN 09 1 “
N\ \N
1 1 1 = 1 P PPN oY
% 2 4 6 4 6 8

r (fm)

(Li-Xu-Zhou-Wang-Zhao-Chen-Wang, PRL2020)

Our parameters:
W/o neutron skin

« Experimental result

1.02

1

0.98

Ratio

STAR /sobar post-blind analysis, Vsyn = 200 GeV, Ru+Ru/Zr+Zr, 20-50%

&

Ratio

The baseline

006

094 L 1 1 L L 1 L 1 L
should be here P g E N VY PV
rather than 1. R T SN

R e e (STAR 2021)
\% A\

1.05 -

0.95

1
, |
[ Ru+Ru/Zr+Zr

09 [

Efficiency uncorrected tracks N
(Inl<0.5)

4 ot

+ Data
-~ Glauber Case-3

100 300 400

0 200
N?rfglme
NDF:W/ neutron
skin

1) Room for CME
appears.

2) Need calculation
with neutron skin.
3) Use heavy ion
collisions to study
nuclear structure.
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e Chiral fermions in 3D semimetals

Weyl semimetal
(non-degenerated bands)

e
“ 7 /\( -

NbP

/ TaP

Dirac semimetal
(doubly degenerated bands)

¢
X ZrTe;
Na,Bi,
4 Cd;As,

CME on desktop

Pumping

k
JCME — UCME E

e 3e2 v 1y

- B2
" 7h She 7 T2_|_“

Li et al 2015, ... ...
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p (M cm)

Dirac semimetals

Weyl semimetals
TaAs

24
20p

04 .
02 o ]
B
16§ ;03 \ ° J
402 v
<p L s

1.2
§ 08 »\ \qm :g‘;;gu)v:?/‘ /x\n
04p "w ‘\-v v 28 8
0.0 PV\’MV‘\K‘}Q

D4p 2 R . R J
108 64-202 462810
B(T)

CME on desktop

. : IrTes - Q.Li, D. Kharzeey, et al (BNL and Stony Brook Univ.)

arXiv:1412.6543; doi:10.1038/NPHY S3648

Na;Bi - J. Xiong, N. P. Ong et al (Princeton Univ.)
arxiv:1503.08179; Science 350:413,2015

Cd,As,- C. Lietal (Peking Univ. China)
arxiv:1504.07398; Nature Commun. 6, 10137 (2015).

TaAs - X.Huang etal (IOP, China)
arxiv:1503.01304; Phys. Rev. X 3, 031023

NbAs - X.Yang et al (Zhejiang Univ. China)
arxiv:1506.02283

NbP - Z. Wang et al (Zhejiang Univ. China)
arxiv:1504.07398

TaP - Shekhar, C. Felser, B. Yang et al (MPIl-Dresden)
arxiv:1506.06577
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CME on desktop

e Spin-orbit couplmg (SOC) in cold atomic gases

’ The Weyl SOC may also be
realized (Spielman 2012; Andersen
--- etal 2013; ... ... )
Rb 87, F=1 :" -------
Two-photo Raman process S—
2

Spielman et al 2011: Equal Rashba-
Dresselhaus SOC Bose gas; MIT H=— — Ao P
2012, Shanxi U. 2012, for Fermi gas 2m

* A rotating Weyl SOC atomic gas will show CME:

Z 4z 2
o $ m
v
, RIR VY 0
k ‘;L : . -3
L X X

~ -

B B =20 =10 0 10 20 -20 -10 0 10 20 =20 -10 0 10 20

arXiv: 1506.03590 -



Experimental test of CVE

Event-by-event baryon separation wrt. reaction plane

'
\
v2' -0.015 * A=p and A=p

—O0—

IETEN T B RN T TR AN TR TS TR N T TR SR TR
50 40 30 20 10 0

% Most central

vortlclty The vortical gamma correlator
0.015F
= [ Au+Au 200 GeV
~  0.01 -
= F I STAR 2014
Barlvon o s -
~ 0 005:— STAR preliminary
/antl-Balrvon 25@ of N - - . & oo
e: = & O
K ; % -0.005
}A : g - Q
~0.01 O A-p and Ap
(_).

®
N
o
of
°..

- Positive opposite-sign correlation, negative same-sign
correlation

« Increase with centrality = vorticity increases with
centrality
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Experimental test of CMW

Phenomenology of CMW in heavy-ion collisions:
Elliptic flow splitting of charged pions (Burnier, Kharzeev,

Liao, Yee 2011)

Intuitive picture

L

) # va(

3.3 | 0.15< p, < 0.5 GeV/c

v, (%)

3.2 —_Tt- 2 é

2a. STAR 2015

LI

[ &

005 0

Observed Ach

~0.05

): vo(m™
approx. in net charge asymmetry A

Au+Au 200 GeV: 30-40%

o

H—v

0

Slope parameter r (%)
& o

- ()2

(Ny = N-)/(N++ N-)

Nar Ai linear

. STAR 2015 |

Au + Au 200 GeV

i1 1 3 1 P i3 1 1 PR

20 40 60
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Potential experimental test of CESE (1)

» Possible implication: Recall that in-plane E-field in AuCu collisions.
y

4r , .
—T—u [ Cu+Au

F Vs =200GeV

2
n
W

<e-field>/m
N~

b b(fm)

» In-plane dipole due to usual Ohm conduction + out-of-plane dipole
due to CME + quadrupole due to CESE and CME in Cu 4+ Au

collisions.

filg,¢) o< 14 20)cos(¢ — 1) + 2qdE cos(¢p — ¥r) + 2xqds cos(¢p — Vi)

—|—2’Ug cos[2(¢p — ¥2)] + 2xqh B cos[2(¢ — )] + higher harmonics
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Potential experimental test of CESE (2)

» Signals for CESE in Cu + Au: (up = (cos[2(¢q + ¢5 — 2¢rp)]) and
Ul (the event-plane for hadrons of charge q).
B

Au Cu E - =T
) ‘ L i
E e

+0+

» =

+
-

» AC = Copp — Csame and AV = (|UF — W |) sensitive to CESE,
survive final interaction(Ma and XGH, PRC 91(2015)054901)

0 4><103
a4 T ) S I L LI IR [ ER RN AR O R O O
& —— AMPT (Normal) B = zmgﬁg;\nﬂrgal) ]
gl —r AMETICME) . ] SN0k AMPT (in-pla.CSE) -
- —=— AMPT (CESE+CME-+in-pla.CSE) ] £a [ —=— AMPT (CESE+CME-+in-pla.CSE) —a—]
© Cu+Au 200 GeV . % [ —a— AMPT (CESE+2xCME+in-pla.CSE) — 4
(

02 - [ —a— AMPT (CESE+CME+2xin-pla.CSE)

- Cu+Au 200 GeV

—_——

0.1F + # =
0—_.# ......... # ......... ﬁ ......... ﬁ ........ i ......... + .......... ﬁ .._—
_01'....|....|....|..‘.|....|....|....' B | 7]
Y 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

% Most Central % Most Central

» Possible backgrounds for A( = (opp — Csame: local charge
conservation, chiral magnetic wave. Need more studies. 61



Potential experimental test of CVW

Experimental implication: baryon charge quadrupole

oncyw Quadrupole
eMore baryon charges at the tips

of the fireball, more antibaryon
charges at the center

arXiv: 1504.03201

eStronger in-plane radial
expansion lets antibaryons
get larger elliptic flow than

baryons




Thank you!
huangxuguang@fudan.edu.cn



