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Introduction: B and w in heavy-ion collisions




Vorticity and magnetic field in heavy-ion collisions

Global angular momentum Strong magnetic field

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



Initial magnetic field

Centrality dependence Energy dependence
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Vorticity by global angular momentum

Time dependence Energy dependence
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Vorticity by inhomogeneous expansion
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Effect of B and w: Spin polarization

* Acharged fermion in B and w fields: At rest

chmﬁpn H=-pg-B—-$5 w Spin polarization

* A charged fermion in B-and-ew-fietds: At motion
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The CME and isobar




Probe QCD topological sector

QCD chiral anomaly

QED chiral anomaly
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Difficulties in observing CME

Small signal versus big elliptic-flow related backgrounds

\ [ [ [ [ .
Au+Au and 'J+U collisions (20-50%) Averaged CME fraction = (8 i 4 i 8)%
STAR prelimipary
|: —e—i 1 combined

||—0—| Y2012 U+U
Zhao,OJVl | —e— Y2016 Au+Au
2019 l—e— Y2014 Au+Au

One eccentric geometry gives two outcomes,
|

P Y2011 AurAu B field and v,. Difficult to disentangle them.
h* p_:0.2-2.0 Ge%V/c TPC sub-event

[r | | | | | fEP
-20% -10% 0% 10% 20% 30% 40% CME

Isobar collisions: fix v, but vary B field
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Difficulties in observing CME

* |sobar collisions: fix v, but vary B field
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Evolution of B field




Difficulties in quantifying CME

e Quantifying CME in theory: hydrodynamic and transport models

4 Au+Au 200 GeV

) 1} STAR

10 20 30 40 50 60
Centrality

(AVFD: Liao etal 2018, 2019)

Main theoretical uncertainties:

Initial axial charges

(Early attempts: Muller- Schlichting-Sharma 2016,
Ruggieri etal 2019)
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(AMPT: Ma-Zhang 2011; Deng-XGH-Ma-Wang 2018)

Realistic evolution of B field

& ®

In vacuum: In conductor:

moving charges Faraday effect
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Realistic evolution of B field

(Deng-XGH 2012; Hattori-XGH 2016; and many others)

* If quark-gluon matter is insulating
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(Gursoy-Kharzeev-Rajagopal-Shen 2018) (Huang-Kharzeev-Liao-Shi-She 2020)
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Realistic evolution of B field

* But what is the pre-hydro evolution and the IC for hydro?
APL/ Py '

kinetic theory hydro

2nd viscous hydro

1/@8 T0 T

 We study the pre-hydro evolution for t~Q; ! — 7,
by solving coupled Maxwell and Boltzmann equations

( [puaﬂ + eQ@pﬂFuyapy]be(tv X, p) — C[fa] a=4q,q,9

{9 =

d3
. gt = €ZQFSF/ (QW)EEppM (ff — qu)

Initial condition for EM field: moving colliding nuclei in vacuum
Initial condition for g and g: CGC inspired distribution (Blaizot-Wu-Yan 2014)
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Realistic evolution of B field

* For the collision kernel: 2-2 processes
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Realistic evolution of B field

* The B field (In case of Bjorken longitudinal expansion)

RHIC AuAu 200GeV  ~~~.

. ~ vacuum ----- |
w/o initial Q —— |
el wiinitial Q —— / Ideal Bjorken MHD (Roy-Pu-Rezzola-Rischke 2015)

T ECHO-QGP (Inghirami etal 2016)

2 +—__ Coupled Maxwell-Boltzmann equation
(Yan-XGH to appear)

1

2 3 4 5 6 7 8 9 10
tQq

* Longitudinal distribution of B field

10°
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B(t,z)/Qg

()] 10-4 =
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10°®

10-3 L

‘w/o initial @ —— N\
w/ initial Q ——

vacuum

Background = B field
by moving nucleus

Yan-XGH to appear
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Realistic evolution of B field

* The induced Faraday current
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Deep-learning and CME search




Deep-learning assisted CME search

e Recall the main challenge of CME search:
Find a way to disentangle signal and elliptic-flow backgrounds

* Any designed observable is based on hadron distribution in momentum space.
Why don’t we just look at the distribution itself?

CME? /
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Deep-learning assisted CME search

We train a machine to recognize initial charge separation (mimicking CME):
Supervised learning
We use Convolutional Neural Network (CNN) : good at pattern recognition of figures.

Yy | - q@_@qﬁ —t—- car

predicted
pooling convolutional pooling  fully-connected class
input image convolutional layer layer layer layer
layer
CNN

In our case: input = 7¥ with |Y| < 1 projected on (px, Py)-plane generated by AMPT

CS (‘1)

mumn
i
| |

=== CNN

AMPT simulation (with or No CS (‘0’)
without initial charge separation)
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Deep-learning assisted CME search

* Training set: 50000 events for each centrality and energy in blue

115 145 196 27

39 624 200

0-10

10-20

20-30

30-40

40-50

50-60

f = initial charge separation (CS) fraction
f=0: No CME, Label ‘0’
f = 5% and 10%: With CME, Label ‘1’

* Test set: All centrality and energy region in the above
Robust, insensitive to centrality and energy. The machine learns key feature of

charge separation.
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Accuracy
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60%
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3
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0
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Test on different CS rate by both networks

100%
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Do L
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20%¢ —e— 0%+5%

—a— 0%+10%

0%

0

20 )
V5w (GeV)

100

200 5 10 15 20 25 30
Charge Separation rate(%)

(Zhao-Zhou-XGH to appear)



Deep-learning assisted CME search

Test: Comparing to y-correlator with 10% charge separation (CS)

0.2

]

-0.4

le—3 y with and without CS

—4— Yopp(1)
- —8#— Yopp(0)
+ Ysame(l)

| —#— Vsame(0)

0 10 20 30 40 50 60

Centrality(%)

+ +
Vsame = <COS( (E:_) + ¢[(3_) - 2cI)R)>

N _
Yopp = <cos( C([) + qbgr) — 2<I>R)>
Ay = Yopp — Vsame

Ay contrast

100%

—

.\IR.
80% T
60%! + * +
40%| +
20% —s— 0%+10% Test
+- Ry

0% 1o 20 30 40 50

Centrality(%)

- (Ay(1)) — (A)/(O))l
, =

Test Acc. v.s. Ry

(Ay (1)) + (Ay(0))

(Zhao-Zhou-XGH to appear)




Deep-learning assisted CME search

* Test: dependence of elliptic flow (Not sensitive to elliptic-flow background)

mo:za+*/++l+_+l_+_ ]|, .
Au + Au @ 200GeV
* P;=accuracy

1

—&- 0+10CS
0+10no CS

Future: Further optimize the machine.

Understand what the feature the machine learns.

Can be applied to real data?

Isobar results?
Train a machine for chiral magnetic wave search.

(Zhao-Zhou-XGH to appear)
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Spin polarization of hyperons




Spin polarization and thermal vorticity

* Early idea: Liang-Wang PRL2005; Voloshin 2004

* Vorticity interpretation (at thermal equilibrium)

111 —'fl' 1111 p_M—N w

l "N+ N, 2T

H=Hy-w-S =

AN —(Ho-ws)/T

dp
* More rigorous derivation (Becattini etal 2013; Fang etal 2016; Liu etal 2020)

B 1 Voo fdzlplf’(x:p)wpa(x)
) =, P T T )

+ 0(w?)

Valid at global equilibrium. f(x, p) is the distribution function (Fermi-Dirac)
Thermal vorticity @w,, = (60,8[, — 6p[30)/2

Spin polarization is enslaved to thermal vorticity, not dynamical

Friendly for numerical simulation (a spin Cooper-Frye type formula)
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Global A spin polarization

 The global polarization (i.e., integrated polarization over kinematics):

Experiment

] ! |
| Au+Au 20-50% 8 A Nature 548, 62-65 (2017) |
@ A Nature 548, 62-65 (2017)
FA A PRC76 024915 (2007)
© AN PRG76 024915 (2007) |
B A STAR preliminary
s A STAR preliminary

R b

I STAR
preliminary
Lol . Ly

10 102

T

STAR, Nature 548, 62—65 (2017) YSnn (GeV)

PA[%]

—_
T

Fu-Xu-XGH-Song 2020

* A, STAR preliminary Au+Au @ 27 GeV|
= A, AMPT + MUSIC nj<1

MUSIC hydro I J(

Centrality [%]

Theory

6,
[ ® ASTAR

——  CKT
5 ——  AMPT

- O NSTAR ——  PICR
4 ——  UrQMD+VHLLE

10 20 50 100 200

Sun-Ko PRC2017; Wei-Deng-XGH PRC2019; Xie-Wang-
Csernai PRC2017; Karpenko-Becattini EPJC2016

(Many similar results in literature)

Vorticity interpretation of global A
polarization works well!
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* The global polarization:

Global A spin polarization

6

| \ ® ASTAR KT

5 ——  AWPT

} © NSTAR ——  PICR

4 ——  UrQMD+vHLLE
3

2

1‘

0

10 20 50 100 200
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Need to study polarization at
very low /s : NICA, FAIR, HIAF,
BES II@RHIC?

Need an out-of-equilibrium
theory to calculate.

Experiment = Theory
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AAAAAAA
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Global = and Q spin polarization

* The global = and Q polarization are measured through their A decay

Lt
(a4

Experiment
(Niida, talk at RHIC-AGS meeting 2020)

STAR Preliminary  sTAR Au+Au 20%-50%

(Wei-Deng-XGH PRC99,014905(2019))

I:a[t\ureSéBXGZ(ZOW) AMPT ——T ———rr —

PFX:76.22%915(2007) 6 L Au +AU 20'500/0—
Yj<1 o
—— ED

P(7.7)=7.343.02 [%]
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3

"

N
T T 1 ‘ T T 1 ‘ T T 1 ‘ T
by tema 3
' . 7
’ B
L g negtes
f = o s
Lot heplms 4
1 L 7
[
7 K -
e J
; 1

PRC98.014910 (2018)
mA OA

ALICE Pb+Pb 15-50%
. PRC101.044611 (2020)
. A oA

—~
4_
=

S

>

STAR Au+Au 20%-80% 0 2t
* Z + Z (via daughter A)

il :\’7.: = ~+ ¢ =+ i §k§§'g:=:g-_'\\_
T + Q +Q (viadaughter A) -
] (20-50% for 27 GeV) é, B 0 \

—

0 S . - R
AMPT PRC99, 014905 (2019) @, = 07820014 ¢
NN __=0 o =-0.758 = 0.012

o - o =-0_=-0.401=0.010

1
_1\\\\‘ I !

11 \‘ Il Il Il L1
10 10? 10°
\'syn [GeV]

* Feed-down contribution to = and Q polarization

Theory

(Fu-Xu-XGH-Song 2011.03740)

STAR: AMPT + MUSIC:
o =+ = ——
B =+ Z', viadaughter A —

L & Q + QF via daughter A —_— )

Au+Au, 20-50% [Y| <1

10 100
Vs [GeV]

AMPT + Hydro

* For =, main decay channel £(1530) — Z + m contributes about 40% of = yield and 30% of = polarization
(Xia-Li-XGH-Huang PRC2019)

* For Q, very small feed-down contribution

Vorticity interpretation of global to = and Q polarization works.
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The global A polarization reflects the total amount of angular momentum retained in the (-1,1)

Differential A spin polarization

rapidity region. How is it distributed in e.g. p, 17, and ¢?

2.0

1.5+

P., [%]

0.5r

0.0r

1.0+

2.0 . . .
AU+AU@200 GeV  Au+Au@27 GeV AurAu@200 GeV Aurhu@27 GeV
m A STAR = A STAR [ = ASTAR " ASTAR
o X STAR A, AMPT + MUSIC ] imﬁ wse AMPT + MUSIC
_ - .
A, AMPT + MUSIC _ : 0.4 <p < 3.0 Gev
MUSIC hydro nf =<1 _ MUSIC hydro !
with AMPT IC £ 10 with AMPT IC T
) . I
0.5 T 1
Lt ¥ Py
: T 0.0 F 1
1 2 3 1 0
p; [GeV/c] (Fu-Xu-XGH-Song 2011.03740) n

Would be
interesting to
look at very
large rapidity?

Initial vorticity by HIJING

— 200GeV

008 Au+tAu /| \ aaeeo 546GeV
‘r 0.06 170=0.4 fm /| \ - 900GeV ]
E ™ ‘ ,
=004/
3
~ 0.02- /J \ ]
0.001* based on|energy flow ®
-2 “-1””0””1” 2

n
Deng-XGH PRC2016

Py(=Py) [%]

Final polarization by hydro

0.0

o thermal vorticity
« kinematic vorticity

Wu etal PRR2019

Final polarization by chiral kinetic theory

A and A polarization

Aut+Au @ 7.7 GeV, 20-50%

05 0.0 0.5 1.0
y
Sun-Ko PRC2017



Differential A spin polarization

The global A polarization reflects the total amount of angular momentum retained in the (-1,1)
rapidity region. How is it distributed in e.g. pr, 17, and ¢?

dP

. . . v,Z .
* Spin harmonic flow: « Py, + 2f2y,,Sin(2) + 295, ,c0s(2¢) + -
1) longitudinal polarization vs ¢ 2) Transverse polarization vs ¢
(Wei-Deng-XGH PRC(2019))
(Becattini-Karpenko PRL2018) 0.001 b
P*, J/sxw =200 GeV RHIC = [ Au+Au sy = 200 GeV AutAu 2050 % = S0CR 200 OV
ot s Je 0016 S _ 10%-60% 3l MI<1 ___e24cev
o012 § 0.0005/ | ) _-‘—\—zoosev |
0.008 e § 2 ,”, - )
= 0.004 of . T
8 0.000 VS o et )
< ~0.004 ~0.0005 0 i{”:':_ S e TN
:ngz A ST%?AZF?%raeliminary r STAR2018
~0.016 B R N I 105 10 15 20 25
¢-1112 [rad] o
ther exp ther exp
2z <0 fy, >0 g2y <0,9,,°>0

We have a spin “sign problem”!
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Differential A spin polarization

Efforts to resolve the puzzles from theory side:
* Understand the vorticity (©)

 Effect of feed-down decays (@) (Xia-Li-XGH-Huang PRC2019, Becattini-Cao-Speranza EPJC2019)
(Measured A may from decays of heavier particles)
* Go beyond equilibrium treatment (spin as a dynamic d.o.f)
spin hydrodynamics (Florkowski-Friman-Jaiswal-Speranza PRC2017, Hattori etal PLB2019, ...)
spin kinetic theory (Gao-Liang 2019, Weickgenannt etal PRD2019, Hattori etal PRD2019, Wang etal PRD2019, Liu etal CPC2020, ...)
* |Initial condition
(Initial polarization, initial flow, ... ... )
* Other possibilities
(chiral vortical effect (Liu-Sun-Ko 2019), mesonic mean-field(Csernai-Kapusta-welle PRC2019), other spin chemical
potential (Wu etal PRR2019, Florkowski etal2019), contribution from gluons, ... ... )
* Other observables for vorticity and spin polarization
Vector meson spin alignment (Liang-Wang 2005, STAR and ALICE 2019)
Vorticity dependent hadron yield (ExHIC-P Collaboration PRC2020)

Spin “sign problem”, though unsolved, inspires many theoretical developments about spin dynamics
in and out of equilibrium!



Spin alignment of vector mesons




Global ¢-spin alighnment

 Vorticity can also polarize spin of vector mesons, e.g. ¢

* Consider recombination g + g — ¢, the density matrix of g:

q L L+ P 0
pr =75 -
2 0 1-F,

* The density matrix of ¢ is obtained from p9®p? in basis of [11), | TL)- |11), and
[ 44)

(1+Pg)(1+Pg)

y 3+ P, P, 1_2 " 0
P = 0 TP, P, 0
0 e T
* Suppose F, = Py,
pree) L= 1D |
Poo — 31 Pq? Liang-Wang 2005

Because P is small, pgo should be slightly smaller than 1/3 !



Global ¢-spin alighnment

* Experimental results

0.401~ STAR Preliminary TPC-EP Q.S 038 r AutAu 200 GeV )
AutAu,1.0<p_<15GeVic  * 54.4 GeV " 12<p, <54 GeVie
! ® 200 GeV ¢ meson (1st order EP)
0.35*i

o

o.as:— ;&{hmﬂ

A mw i

% % 0.32 HZhou, Quark matter 2018

0.3 STAR Preliminary
- @ I PN WA AT ST A N
0'280 10 20 30 40 50 60 70 80

Centrality (%)

0.25- &
o 00 200 300
part

(ALICE 2019)

Event plane ALICE
+ -0.5
¢ ¥l <05

Event plane

0.5F
K°e0.8 < p,.<1.2(GeV/c)

0.4F »3.0< p_<5.0 (GeVie)[| + ,ﬂu ﬂ, 404
C 0.3'_ """""" E}' """""" ﬂ’ -------- TR -_0_3 <

0.2F * - H —40.2
H 00.5=< P, < 0.7 (GeV/c)
0.1F " ©3.0<p <50 (Gevic) O

0 100 200 300 0 100 200 300
(N (N

pan> p.'alrt>

Puzzle 1: for most centrality, pgg
is far from 1/3.

Magnetic field contribution?
Mesonic mean-field ?

Gluon contribution?

Mesonic strangeness field (Sheng-Oliva-Wang 2019)
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Local ¢-spin alignment

Kjk)u 2 ' T W)
rj <4 P
K)Qm

Local polarization

Global polarization
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3 4+ P2 Xia-Li-XGH-Huang 2020
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Local ¢-spin alignment

* |n central collisions, we can model quark polarization as

PEY(AY) = F o sin(Ay)

1 — F2 cos(2Ay)

Xia-Li-XGH-Huang 2020



Spin dependent hadron yields

Vorticity is the “spin chemical potential” (ExHIC-P Collaboration 2002.10082)
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Naively, it is the same order as py(, could be cross-check of vector
spin alignment
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Summary

Very interesting physics of chirality, vorticity, magnetic fields, and spin polarization!

We study the pre-hydro evolution of B field, see the Faraday retaining effect for B field.
This result may used as initial condition of hydro computation of B field.

We train a CNN that can recognize the initial charge separation pattern (mimicking CME).
The machine behaves robust against centrality, energy, and colliding systemes.

The global polarization of hyperons are well understood by global angular momentum
through thermal vorticity. Local polarization is still a puzzle.

Vector meson global spin alignment is too big to be understood via vorticity picture. But
in central collisions, the local spin alignment could explain the smaller-than-1/3 spin
alignment.

Thank you!



Chiral anomalies

Quantumly, in external U (1) gauge field and background geometry

2 2
e A
uo_ uw Buv Qv [y
VH]A — 87T2 FHVF 19272 ,BMVR 167‘[2 (ZR T/l r HV)
ABJ anomaly Gravitational anomaly Nieh-Yan anomaly

Macroscopic anomalous chiral transport phenomena

Chiral magnetic effect (CME): Axial imbalance + B field = vector current
(Kharzeev 2004; Kharzeev-Fukushima-McLerran-Warringa 2007; ...)

Chiral separation effect (CSE): vector imbalance + B field = axial current
(Son-Zhitnitsky 2004; ...)

Chiral vortical effect (CVE): Temperature + vorticity = vector/axial current
(Erdmenger etal 2008; Banerjee etal 2008; Torabian-Yee 2009; ...)

Chiral torsional effect (CTE): Temperature + torsion = vector/axial current
(Khaidukov-Zubkov 2018; Imaki-Yamamoto 2019; Nissinen-Volovik 2019; ...)
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Chiral anomalies

* Quantumly, in external U(1) gauge field and background geometry

2 2
e A
— uv __ IBHV uv Hv g2
V”]A 812 F”VF 19272 B’“’R 167T2 (ZR T’l ! “V)
ABJ anomaly Gravitational anomaly Nieh-Yan anomaly

* Macroscopic anomalous chiral transport phenomena

10 10k 1—10%2K 1010k 1012k

Temperature

Weyl/Dirac semimetals Heavy-ion collisions
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