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Chirality in QCD

Topology
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Chiral Magnetic Effect
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Chiral Magnetic Effect
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Chiral Magnetic Effect 2

For right-handed particles w/ positive charge:
oS — —
T.pll S| 4

2. Enerey=—-p3-Bx—p-B

= lower energy if moving along B field direction

— —

J=o,u, B




measuring CME in isobar

expectation before the isobar collisions:

Correlator[Ru] > Correlator[Zy] e CME
Correlator[Ru] = Correlator[Zr] === no CME

1
Different __  Different
Proton # CME Signal
Same Same

Baryon # — Background




measuring CME in isobar

expectation before the isobar collisions:
Correlator[Ru] > Correlator[Zy] e CME

Correlator|Ru] = Correlator[Zy] == o CME

measurement: Correlator|Ru] < Correlator|Zr]
1.02  STAR Isobarpost-blind analysis, Vsyy = 200 GeV, Ru+Ru/ Zr+Zr, 20-50% :
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measuring CME in isobar

expectation before the isobar collisions:
Correlator[Ru] > Correlator[Zy] e CME

Correlator[Ru] = Correlator[Zr] == no CME
measurement: Correlator|Ru] < Correlator|/Zr]

1.02  STAR Isobarpost-blind analysis, Vsyy = 200 GeV, Ru+Ru/ Zr+Zr, 20-50%
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measuring CME in isobar

expectation before the isobar collisions:
Correlator[Ru] > Correlator[Zy] e CME

Correlator|Ru] = Correlator[Zy] == o CME

measurement: Correlator|Ru] < Correlator|Zr]
1.02 |  STAR Isobarpost-blind analysis, \syy = 200 GeV, Ru+Ru/Zr+Zr, 20-50%
. 1 - -Expectation of the baseline failed!!! - - - -
T . e L
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possible CME signal in isobar?

fo = 6.8% £2.6%

RuRu Background Signal [g

X(.85

VAV Background -

overall ratio
R ~0.9641

N—l magnetic field
ch (simulation)

Dmitri Kharzeey, Jinfeng Liao, SS, PhyRevC.106..051903




possible CME signal in isobar?

updates in experiment: controlling background Tang, QM2023

EPJ Web of Conferences 296, 01024 (2024)
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challenges in accurate, first-principle calculation

|—> axial charge
J =0y 1y If

magnetic field: life time ~ R/y, ..., + medium feedback

e — T
evoltuion

: e_by_e : (VISH2+1) —l—

D+n
profile *
chiral
|—> EM field transport

MC-Glauber I.C.

AVFD model: Jinfeng Liao, SS + Hou, Jiang, Lilleskov, Yin, Zhang,
ChinPhysC.42.011001, Annals Phys.394.50, PhysRevlLett.125.242301




challenges in accurate, first-principle calculation >

|—> axial charge
J =0y 1y 11’

magnetic field: life time ~ R/y,..., + medium feedback
Maxwell equation / Magnetohydrodynamics

T T T N. Benoit, TUE 12:15, Parellel IV

o=100T
iebe-Relativistic Resistive MagnetoHydrodynamics

0.8+
constant model
We present the first model of: Direct photons

4 \ -
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< Modelype ML IRSWET
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‘1_ ad - i mation Ay - '::
= N Benoit, et al, Phys. Rev. c112 9n C

°3';> " 0242711, ArXN:2502 0¢611 [ _
values With this model we can study ‘ 'A Y
0.2 4 — Ey=10fm? * Do thermal photons carry a local snapshot

e Fy = 30 f 2 of the EM fields (magnetometer)?

dR™ / A5 X o8 N 1) Fluctuating EM-

d*-.E Sad fields + MC-Glauber

T (fm) ) 0 2 4 6 {;—I “"”lb
Huang, She, SS, Huang, Liao, |
PhysRevC.107.034901 K. Kushwah, TUE 11:35, Parellel IV




challenges in accurate, first-principle calculation

axial charge
- —

J = UAﬂAIf

magnetic field: life time ~ R/y,..., + medium feedback

Maxwell equation / Magnetohydrodynamics

g=100T

o T | ~ N. Benolt, TUE 12:15, Parellel IV

=> Nnon- equ:llbr/um magnetohydro k,

Direct phoc'_ons
4 Y
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Huang, She, SS, Huang, Liao,
PhysRevC.107.034901 K. Kushwah, TUE 11:35, Parellel IV



iIndependent probes of magnetic field

Effect on pair py spectrum

~ 40, ~ 50 . —~ 50 ,
%4 fbrange: 12.0- 14.0 fm, |y| < 1.0 +t=0fm/c L = centrality: 20 - 40%, |y| <1.0 —+t=0fmlc & F centrality: 40 - 0%, [y| < 1.0 + t=0fmic
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' pT broadening by B field **
e magnetic ieldals (1] pHOtoNuclear process)

* Some methods for extracting nuclear shape parameters are highly sensitive to the peak position

in the pt spectrum, so this broadening effect may also need to be taken into account.,

24/03/2026 SQM2026, ZHAN ZHANG 12

Zhan Zhang, TUE 11:15, Parellel IV
can independent probes nail + K. Kushwah, TUE 11:35, Parellel IV
down uncertainties in B field? + N. Benoit, TUE 12:15, Parellel IV




lower beam energy — long lifetime /

112 (132)

o 0.04
STAR, 2506.00265+PhysRevC.113.014912 = F STAR Au+Au (20%-50%) # (' -
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STAR: ~ 30 significance @ 11.5-19.6 GeV



lower beam energy — long lifetime

background subtraction methods in experiment: shape engineering

Event shape variable Elliptic flow variable
(a)
(|) single g2 (POIl)~ _ - =) single v2 (POI)
pair @2(PPOI) -~ = — -~ —(d) pair vz (PPOI)

(b)

(1) Event Plane vs Spectator Plane comparison

Test background in no-CME experiments? e.q. 5.02 TeV PbPb




lower beam energy — long lifetime

A machine-learning extraction — 2l
S L
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14
Jinfeng Liao, TUE 15:15, Parellel IV

Alex Akridge, Yu Guo, J. Liao, SS, Hongxi Xing, Hui Zhang, in prep.




lower beam energy — long lifetime

A machine-learning extraction

Ay, A0 = frccs T, s
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- Alex Akridge, Yu Guo, J. Liao, SS, Hongxi Xing, Hui Zhang, in prep.




more opportunities from machine learning

signal extraction w/ Transformer

Per-Particle :
Self-Attention
Input Data: Embedding Training &
. : : Transformer Event Poolin ‘4 as
Simulated Events with shared Multi- ( & Validation
Layer Perceptron Encoder)
Event
En
Particle-level MLP ‘ a
inputs — | 256-d & °
o
qz ! \ E’ - ®
™ Event- attn
E2 Convert each particle to 256-d 256-d level il
p2 a 256-dim embedding , S —# Y
= Inputs
n Automatically extract
= higher-level particle A True a,
features
si 256-d
c2 Regression Head Training is repeated for
52 (pooled particle summary many epochs
- Attention-weighted + evt-level embedding)
particle representations
Learn nonlinear compare prEdicted =1
combinations and Learn carrelations . to true value,
: Predict a . .
Events labeled with interactions of the raw between particles 1 Update training
CME strength (a,) parameters

inputs for one particle

Aihong Tang, TUE 14:35, Parellel IV



more opportunities from machine learning

signal extraction w/ Transformer

Training Result
Input Data
Simulated Eve

Particl - <
article P
inpu C_) 0.08 I ’
n?z . c_) o’ /} }
0O 0.06-
v @
Pt
1 ~ ‘
cl L g
1 ___ 0.04- o 3
z; q) By n ’ i for
© ) s
O o002 - /; ¢
Events label E s . Y |
CME strength (a, ) o
0.00 0.02 0.04 0.06 0.08 0.10
INput

Aihong Tang, TUE 14:35, Parellel IV



more opportunities from machine learning 8

sighal extraction w/ Transformer “optimal” obs. trained w/ exp.
ArRIningG Rasts: ' harmonic coefficients
Eve 0] 1 O =L, Czi+Bi,j Ci ¢
C
"ot O oos- ¢ param. to be trained
e
a O »
r'% -5 0.06 : O
n %)_ : - 0Pb+Pb@5.02TeV —
s; — 0.04- ; ¢
: q) for " " —
S g maximize ORuRu OZrZr
Events label E 1 e ’
| 0.00 0.2)2 O.E)d 0.66 0.2)8 0.10 CheCk: ORuRu RJJ 1.2 OZrZr?
iInput

Hirono, lkeda, Kharzeeyv, Ziyi Liu, SS,
Aihong Tang, TUE 14:35, Parellel IV PhyRevC.112.L051904



more physics opportunities?

Cll X Us

correlation between a;” and A helicity?




spin polarization

10

Angular Velocity: o ~ 1021 Hz

rotation ‘ ‘sp‘in‘ ‘

Zuo-Tang Liang, Xin-Nian Wang, PhysRevLett.94.102301

quark-gluon ’
plasma /

A

-
| < 2
PR »

/

forward-going
beam fragment

STAR, Nature 548 (2017) 62-65




spin polarization

10

T |
‘ E

Angular Velocity: o ~ 1021 Hz

rotation spin i

Au+Au 20-50%
Y% A this study

@ A this study

4 A PRC76 024915 (2007)
O A PRC76 024915 (2007)

‘YXXX
> P Teee

Zuo-Tang Liang, Xin-Nian Wang, PhysRevLett.94.102301

10°

ISy (GeV)

STAR, Nature 548 (2017) 62-65




polarization along out-of-plane direction I
(Karpenko-Becattini EPJC2016) (Wei-Deng-XGH PRC2019) (Li-Pang-Wang-Xia PRC2017)
Z:: . Au-lAu. 20-5(;% central I 8 _' k- Au+Au 20_50% - 5_[ 11 e AMPT primary '
00144+ |Y| <1 O A STAR 2017 | = AMPT primary + feed-down
o SN . =
0.010 —_ AMPT * A STAR2018 $ ¢ ASTAR
A 1 Q\i 4 —®— A & A this work
0.008 Q.>~ - I '
2t -»l” '
0.004 . ﬁ:&s X
uissisting l ol T
Vo [GeV 30 o0 |
\/SNN (GeV) v san (GeV)
(Shi-Li-Liao PL82018)
28 o 1 (Xie-Wang-Csernai PRC2017) ' (Sun <o PRC2017)
2- | 20-90 /° ¢ STAR A 504 W ST Auvhu, 20.50%
10} 4.5.: ”:‘S{C:: 'S“::: —a—Aand A
a— 1l + STARA E - 4.0 w & inSTAR 4r i %g:z
g 5 AMPTAR | L o . e |
Q- _ Ag 2:5: \’ v E;Z {\\
‘ % 2.0 . _ v !'.' et | | ﬂ
a :g A .\: : 1l + . :\T\f\{
- | | 2o o- K
10 20 S0 100 200
Jow (GoV) |S||de from Xu-Guang Huang's QM19 Plenary Talk
Assuming equilibrium of the spin degrees of freedom, S N TH w,
o = Z (0, s
2 A A

global polarization rate can be well understood by theo. models.




polarization along beam direction 12
Local longitudinal polarization P, vény =200 GeV RHIC . P-¥2
due to collective flow 7,
0.001
T Au+AU \'s,,, = 200 GeV 0.008
< 10%-60% 0.004
S 0.0005 I
N2 _
l -o 004
V ~0.008
~0.012
~0.0005 ~0.016

-0.001" !

STAR Preliminary

2 3

STAR

- (Hydro) F. Becattini & I. Karpenko, PRL 2018
Similarly in other models




transport of spin dof: macroscopic

13

macroscopic approach: conservation law + second law of thermodynamics

Fate of spin polarization in a relativistic fluid: An entropy-current analysis
Koichi Hattori, M.Hongo, Xu-Guang Huang, M.Matsuo, H.Taya, Phys.Lett.B 795 (2019) 100-106

Spin hydrodynamics and symmetric energy-momentum tensors — A current induced by the spin vorticity
Kenji Fukushima, Shi Pu, Phys.Lett.B 817 (2021) 136346

Cross effects in spin hydrodynamics: Entropy analysis and statistical operator
Jin Hu, PhysRevC.107.024915

Relativistic viscous hydrodynamics with angular momentum
Duan She, Anping Huang, Defu Hou, Jinfneg Liao, Sci.Bull. 67 (2022) 2265

Transport coefficients are sensitive to microscopic details




transport of spin dof

14

Microscopic: Macroscopic:

distribution function J

W, p) = ([d“yei%bu%)wa(x—%)), JH(),

L Vortical+Magnetic Effect J

Non-Equilibrium Effect

17 (x),

II: conserved (hydrodynamic)

p currents

SHEA(x)




transport of spin dof: microscopic

15

Wigner Function
_ ([ dtyea x Lo e = 2
Wap(x,p) = <Jd ye (X + Z)llfa(x 2)>,
a 4x4 matrix, decomposed in Clifford basis

1 , 1 ’
W:Z<9‘7——l@y5 a Qfﬂ}’s}’” 23/”0” >’




transport of spin dof: microscopic 1>

Wigner Function

W, (x,p) = <Jd4y el l//b(x + )l/fa(x — _)> Boltzmann equation

a 4x4 matrix, decomposed in Clifford basis Lorentz force

chiral vortical effect + spin polarization

1 I . 1
Wz—(P/T 1Py >+ 7 yH+ A vy A 0””),

A " " o chiral magnetic effect
/= e A | eﬂyﬂppyn op— T
Jh = = |p*s(pP)£1s(p?) “V =105 (p*) Fp, |f-
2 - 2p - n -
Dirac Equation l[: NV B a o ey n :
y*(ino, — QA ) w(x) =0 - <p+ Qp-n>p° — 0P Fuop® ( 2p - n ) P
e"E n p, O —
Th Y (a Fﬂ”>naﬂ »
+ Q 2(pn)2 p zpnp/l O 1% p]f_

Huang, SS, Jiang, Liao, and Zhuang, PhysRevD.98.036010



transport of spin dof: macroscopic

16

Wigner Function Hydrodynamic Quantities:
4 d4P
Worp) = ( [ dy e T+ Dyx = 3) ). T = () = J 3
(2m)*
a 4x4 matrix, decomposed in Clifford basis I%I> | d4p
T = (y(iy"d")y) = J 7,
i . : 1 (27)
W= Z(PZ L Py +7 Ak 23MU0””>, . ) o [ dhp
§H = —<l/f{7/ , 0" Yy) = 5

A ;s
2m)* °




transport of spin dof: macroscopic

16

Wigner Function Hydrodynamic Quantities:
4. 22 d4p
Worp) = ( [ dy e T+ Dyx = 3) ). T = () = J 3
(2m)*
a 4x4 matrix, decomposed in Clifford basis |:> | d*p
T = (y(iy"d")y) = J 7,
i . : 1 (27)
W = Z(PZ L Py +7 Ak 23/”0””), . ) o [ dhp
§H = —<l/f{7/ , 0" Yy) = 5

[ ] . 4h ,

A ;s
2m)* °

Substituting the distribution function in the definitions MA o oy v
(13)-(15), we find the RH and LH particle currents and +—(8w W +Ie" "ws)
energy-momentum stress ensor, . _ e —
*Chlral -viscous hydrodynamlc equatlonsfw) g
“PThy 1 Oy (v, —v,)
o G\ € U U e (v — v,
+—e"P7"u,0, 4_& Vs ;. 2
2 D3 1 A uvpo
_EG Up(O51t )(v) —V,)
imzlz (€***u,0, e — T ;) 2h
47, i * +— M, (9 )V — v, )
= neu* + VY + A unum, 1 (67) SS, Gale, and Jeon, PhysRevC.103.044906




transport of spin dof: macroscopic

16

Wigner Function Hydrodynamic Quantities:
DY _ y y d*
Wab(xap) = <Jd4y€l h l//b(x + _)Wa(x T _)> ’ J’u = (wv* — J P %'M
o o (wytw) 27) :
a 4x4 matrix, decomposed in Clifford basis |:> d*p
T" = (w(iy"o")y) = [ 7,
i . : 1 (27)
W = Z(Jf L Py +7 Ak 23/”0” >, R o [ dhp
S = Z(W{V , 0" Yy) = i

[ ] - 4h ,
Sill, GALE, AND JEON TH = eufu’ — PAMY 4+ g + ?(z)“ (vi —vl)

Substituting the distribution function in the definitions MA o v I
(13)—(15), we find the RH and LH particle currents and +T(8w u +Te Wo).)
energy-momentum stress (ensor, L C L g —
[~ e o . — EREN

many other references:

Cracow, Florence, Frankfurt, Fudan,
Shandong Univ., SYSU, Tsinghua, USTC, ...

(2m)* o




transport of spin dof: macroscopic

16

\\') . | . = ~
» changing onshell condition : ¢ =0 — ¢° =2¢- X =m},

| RO A

a ! e
» KB equation: (11— m)s< +~#

X g4 x e*
Z h < Y < ? h < S > <
?V,,S‘—I-Z*;S‘ZE(E‘*S’ — X *S)

m QKT with the self-energy corrections : N Yamamoto, DY,PRD 109, 056010 (2024)

S. Fang, S. Pu, DY, PRD 109, 034034 (2024)
WL ~ eff . _ a %
<+ For X\, #0 = o I, = 0[,_,2‘;,,@

effective background EM fields

= Spin polarization Di-Lun Yang, TUE 11:55, Parellel IV

IAI ° | ° | | |

many other references:

Cracow, Florence, Frankfurt, Fudan,
Shandong Univ., SYSU, Tsinghua, USTC, ...




a possible explanation: shear-induced polarization

17

B
Agip =

o NN A

Nl

P, (1/1000) _ 7
' Ahyperon <~ T
_' , N
w
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coherent gluons in local spin polarization? 18

Haesom Sung, Berndt Muller,
Di-Lun Yang, arXiv:2507.23210v3

3. QGP
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+Hydrodynamic contribution
In small system, N;; > N,;p, s0 we can expect the |  (vorticity+shear)
. . : . F. Becattini et al., PRL. 127,272302 (2021)
Sinusoidal structure in azimuthal angle Baochi Fu et al., PRL. 127 (2021) 14,

142301

color-glasma field polarize the quark spin with sinusoidal structure

Haesom Sung, TUE 10:05, Parellel IV



connection with polarization in pA? 19

A Polarization Puzzle: Transverse Polarization
® Unpolarized proton beam and Beryllium target.
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Feng Liu, TUE 10:05, Parellel IV



vector meson spin alignment
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weak decay (A\)
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strong/EM decay (¢, p, K*, J/y)




vector meson spin alignment/polarization
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shear-induced moditfication of polarization tensor:

color field correlators:
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- non-equilibrium magnetohydrodynamics
- background models of CME can/shall be tested

- systematic understanding vector meson spin alignment
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