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Detect QCD vacuum and symmetry with CME

Looking for QCD vacuum fluctuation CME. induces

electric dipole charge separation

3 ‘
a4 |

Topological charge: Q, # 0

> Chiral imbalance: Q, = N; — Nx #0 Qe
Chiral Magnetic Effect: ] = — usB

. . . . 2
> Local P or CP violation in strong interactions 21
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CME experimental observable: charge azimuthal correlation y

2 <COS(O 4o 2@ )> Voloshin 2004
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Non-flow/non-parity effects:
largely cancel out

P-even quantity:

Directed flow: vanishes still sensitive to charge
if measured in a symmetric rapidity range separation
%1 0—3 STAR, PRL 103, 251601 (2009)
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STAR, 200 GeV

—&— same charge, AuAu
—l— opp charge, AuAu
same charge, CuCu
ﬂh —&=— opp charge, CuCu

'‘Bubbles’ of Broken Symmetry in Quark Soup at
RHIC

Data suggest symmetry may ‘melt' along with protons and neutrons

February 15,2010

UPTON, NY — Scientists at the Relativistic Heavy lon Collider (RHIC), a 2.4-mile-circumference
particle accelerator at the U.S. Department of Energy’'s Brookhaven National Laboratory, report the

first hints of profound symmetry transformations in the hot soup of quarks, antiquarks, and gluons
produced in RHIC's most energetic collisions. In particular, the new results, reported in the journal
Physical Review Letters, suggest that "bubbles” formed within this hot soup may internally disobey

the so-called "mirror symmetry” that normally characterizes the interactions of quarks and gluons.

@ Hot Quark Soup Produced at RHIC Y ~»

Watch later Share
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% Most Central

oThe first STAR experiment result is consistent with 'Dipole
Charge Separation’ as expected by CME.

Watch on 33 Youlube
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Background vs signal
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Fugiang 2009; Bzdak, Koch, Liao 2010;

Pratt, Schlichting 2010; ---
eBackgrounds: elliptic flow, resonance, LCC etc.
eRecent STAR results indicate that the CME fraction
inside Ay is small, and the background is dominant!
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Chiral Magnetic Effect: ] = 52 usB

eWhat is a good way to reduce the influence of the
background to find the signal?
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I[sobar collisions
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96 RU = 0'15_ 1 .. projection with 400M events ;16 §
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) —case 1 449 '= WTD, XGH, GLM, GW, Phys.
Ruthenium g: B L - 12 g) Rev. C 94 (R), 041901 (2016y)S
2 M ~case2 _|i0 &
- i - 8 ¢ 400 million simulation
96 I .
Zr s i — 6  events at 2/3 background
40 o 0.05— . . .
5 . 4 scale, relative difference
Zirconium o’ - . between two isobar
| 20 -60% _ = 2 collisions reaches 5%, and
0 6 TR S — 5'0 L T 10*0— 0 the significance is 5o.

Background level (%)

Charge Asymmetry
Correlation Measurement . .
Blind analysis:

f Step-1 ) Step-2 ) f Step-3
. Step-0
Background Signal RuRu Mock Dat Isobar Mixed Isobar Blind eobar Unblind
;:lcl):llellgea > analysis > analysis . analysis
Test data structure Code freesing QA with ~ 1% data Final analysis
Background Signal ZrZr (AutAu data) (Each run is (Each run is (Ru+Ru & Zr+Zr
| ) \ Ru+Ru & Zr+7r) | L Ru+Ru or Zr+7Zr) | L separated )

* In 2018, STAR collected isobar data (1.8B _
Ru+Ru && 2.0B Zr+Zr), looking for the ~ ©ME expectation:

CME expectation. Measure(Ru + Ru)

1
Measure(Zr + Zr) ~

* Five teams conducted blind analysis.
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PHYSICAL REVIEW C 105, 014901 (2022)

First isobar results from STAR experiment

Search for the chiral magnetic effect with isobar collisions at ,/syy = 200 GeV by the STAR
Collaboration at the BNL Relativistic Heavy Ion Collider

| | | | |

1.02 - STAR Isobar post-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% .

Measure(Ru + Ru)

CME expectation:

Measure(Zr + Zr)

Ratio
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e The five experimental analysis groups agreed that "The ratios are generally less
than 1, and no obvious CME signal is found.”
e How to understand these results?
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Why ditferent backgrounds between isobar collisions

STAR, Phys.Rev.C 105 (2022) 1, 014901

E%ﬁc'ien: :unico:rrec::te:d t;'ac'ks:l . - . l . . . 0.08 ‘ T ' ' ' J T
102  m1<0.5) ) STAR Isobar blind analysis, \em = 200 GeV . STAR Isobar blind analysis
f 300 1 Efficiency uncorrected tracks (|n|<0.5) a_J EF _ Vs = 200 GeV
250 | ] -0 g T g g
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— Glauber Case-2 (xi/ndf=2.22) 50 L # Ru+Ru V,{EP} Vo{EP} g
108 — Glauber Case-3 (x“/ndf=2.19) m = Zr+Zr B Vo{2} W V,{2}
T A 0F 4 0027 A Vp{SP}(ANg;=0.2) A Vo{SP}(Ang,;=0.2) |
1.1 | Efficiency U(Tclir(;esc;ed tracks l 112 | Ru+Ru/Zr+Zr & Vp{2} (An>1) ¢ Vo{2}(An>1)
MI<®- ; -®- Ratio © V,{SP}(TPC-EPD) @ V,{SP}(TPC-EPD)
1.05 M}} 11 F . ol | | | | | | |
ot l 1.08 - 1 11k Ru+Ru / Zr+Zr |
S o [, | 2 106 - TPC (ni<1)
s ot | I S ° EPD (2.1<[n|<5.1)
005 |r  Ru+RwZr+Zr "y 04y . 18 %7 1
+ — Data 1.02 o - é o B OB @ ° &
-+ Glauber Case-3 ® I e U P S - S
0.9 - | L T T LT - 1 8---2
T e e 0'9880 9:0 2'0 0 80 7[o éo 5|o :;o 2'0 1lo 0
0 100 200 300 400 -
NOffline Centrality (%) Centrality (%)
tr
o Differences in multiplicity distribution, <Nch> and v2 between two isobar systems.
Case-1 [83] Case-2 [83] Case-3 [113] Other cases?
Nucleus R (fm) a (fm) B> R (fm) B R (fm) a (fm) B>
%Ru 5.085 0.46 0.158 5.085 0.053 5.067 0.500 0
;’ng 5.02 0.46 0.08 5.02 0.217 4.965 0.556 0
e Related to nuclear deformation/structure.
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Nuclear structure in relativistic heavy-ion collisions

5 21 0.2%
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' H. Li et al., Phys.Rev.C 98 (2018) 5, 054907
» The ratios of observables between systems are AR L B
sensitive to nuclear deformation/structure. J. Jia, arXiv:2109.00604

J. Jia, Phys.Rev.C 105, 014905 (2022)

: C. Zhang and J. Jia, Phys.Rev.Lett. 128 (2022), 022301
* When GOd ClOSCS a dOOl", hG opens a WlﬂdOW. IS the G. Giacalone et al., Phys.Rev.Lett. 127 (2021), 242301

dOOl“ Closed tlghtp J. Jia and C. Zhang, arXiv:2111.15559
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Filtering CME and BG by the two-plane method

Haojie Xu, Fugiang Wang, et al., CPC 42 (2018) 084103

INTRA-EVENT “CME-v, FILTER” Av{¢} = Ayprg {¢} + Aveme{y}

BKG BKGxa A
Y cME PP}
A}/{SP} = + aA]/ {PP}

CME a Bkg
BKG / BKG Ay ey = Ay 2P} + A}/Bkg (PP}

CMExa

IN THE SAME EVENT f  Ayeeery  Ala-1
CME —

Ay pp) 1/a2 -1
A=Aysey/ Aypry, a=v,spy/ v, @p

1—STAR Isobar blind ana/}llsis - 03
05 | S =200GeV il | + [ STAR Au+Au |'s,, = 200 GeV
' i T ® O ! - 20-50%
d + -4 +L o ~  02r
2 Oy & T [ i -=- 50-80%
05" ht 0.2<p.<2.0GeVic 2 o1t - i
i >Isobar data: CME - I
-1-(a) TPCfullevent - ] _ . _ ‘ ol — r L 1 |
I g signal is consistent with 1 . T i
*Ru+Ru = Zr+Zr o o : . &L *
05| g | zero in isobar collisions. o1
L Pl : . IS 1 R, S, S,
= o —'—#o —8 oo, "Coo Eape,  “C s
WO B . ! 2Gey,, 27 Gey, 0 0.3
-05 | h,0.2<p <20GeVic ] ~ L. -
Lo 7RG subeven _ > Au+Au data:a limited CME signal
W ey ° but with less significance
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Are the transmittances for CME and BG same?

b=a,CME x a

Av{PP} = Avpxe{PP} + Aycme{PP}

aE<COSZ(l//pp_'/’RP))

Av{SP} = aAypk{PP} + A’YCME{PP}/@
AvBrg{SP} = aAypig {PP}
Aveme{PP} =@Avome{SP}

a = vo{SP} /v {PP}
A = Ay{SP}/A~{PP}

f L A’)/CME{PP} o A/a, —1
CMET U AN{PP} T 1/@d-1

e The transmittance for CME b is not experimentally measurable,

but can be calculated using a theoretical model.

e In fact, since the CME signal depends on both initial and final
states, b could be time-dependent, and b # a.

P
BKG ’/ BKG
\\/IZME f) v m

INTRA-EVENT “CME-v, FILTER”

// \‘
/BKG /BKGxa
CME CME

b#a,CME x b

IN THE SAME EVENT

Av{PP} = Aypkg{PP} + Avome{PP}
A~v{SP} = aAypig{PP} + Aycme{PP} /D)

AvBkg{SP} = aAvpig {PP}

A’)’CME{PP} :@A'VCME{SP}

a = vo{SP} /v {PP}

A = Ay{SP}/Ay{PP}

QCME{PP

A’)’CME{SP

A’)’CME{PP} _ A/a —1

Av{PP} 1/ab)—1

fome{b} =

In AMPT model :

p— D1emelPP}  Ay{PP}(p #0) — Ay{PP}(p = 0)
Avceme{SP}  AY{SP}(p # 0) — Ay{SP}(p = 0)
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Survival of CME in relativistic heavy-ion collisions

Pre- Hadron
collision

Detector

105 . P~
b=4fm —— o N STAR, 200 GeV _
b= \ . =eeseenes B“m 1 —— same charge, AuAu
b=12fm wemwwun N —i— opp charge, AuAu
' -~ i l:j =— same charge, CuCu |
< [ £y —=— opp charge, CuCu i
final state £, 050 i
< X [ e s
c ° ° w ~_ D i & e
= lnteractlon Y T —— g TR
B [ o ! °
ff —
C eCtS 0.5 ¢ '1 © STAR,PRL 103,251601 (2009) ]
B Q
DE Kharzeev N
A ]
100 T RET R PP P T R PN TA L

0 0.5 1 1.5 2 2.5

7(fm)

% Most Central

eCan the initial CME survive final-state interactions (FSI) in relativistic
heavy-ion collisions?
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AMPT model with CME-type charge separation

Qe A+B _
Chiral Magnetic Effect: ] — ﬁuSB H Z.W. Lin, C. M. Ko et al. PRC 72, 064901 (2005)
HLJING energy in nucleon
/ excited strings and minijet pa -

ragment into partons

- dipole charge separation

ZPC (Zhang's Parton Cascade)

till parton freezeout

Quark Coalescence
ART (A Relativistic Transport model for hadrons)
CME percentage:

— 20 e—=
f%)_(N+upward'N+downward)/ (N+upward+N+downward) et AL
15
®Introducing initial dipole charge separation (CME): 101
Baryons(394)
We switch the momentum of f% of the downward moving u quarks - ) il
with those of the upward moving u-bar quarks, and likewise for d-bar % ° e
-5 4 uarks
(lﬂd d quarks. Antiquarks(0)
®Study the FSI effect on charge separation, including parton cascades, .
hadronization, and resonance decays, assuming that the electromagnetic o | w0emc
. . -20 -15 -10 -5 0 5 10 15 20
field vanishes rapidly. z (fm)
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AMPT results on the observable y

x 10°
03 ! | ! | ! | ! | | |
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e/ = background + CME signal
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Charge seperation pecentage
o
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NN

0.02
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GLM && B. Zhang, Phys. Lett. B 700 (2011) 39

I 2 | L | 2 | . I

I

312
i
1]
i3
i1
il
|
8

O u+d in initial state
A pion after hadronization

Ou+d after parton cascade

M pion after resonance decay
. B
a2, 0 0]
= o oF
& e °
& & = = v. ol
& = "
™ . "
| | | | | |
10 20 30 40 50 60

% Most Central

*An initial charge separation ~10% is needed to describe Au+Au data

e Nonlinear sensitivity: y can not respond to a CME strength of {<=5%

o 'Sl effect : Only a small faction of CME can survive

70
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Parton cascade etfect on the CME signal

Au+Au 200 GeV (b=8fm), AMPT+CME(10%)

0 mb

Spatial Evolution of Particles (|n]| < 1)

20
Charge of Particles
- e Non-CME
v Negative (CME)
A Positive (CME)
10 -
A
5 -
E o
> 2
._5 .
_10 -
_15 -
_20 T T T T T T t=o.l2fm/c
-20 -15 -10 -5 0 5 10 15 20

y (fm)

3 mb

Spatial Evolution of Particles (|n| < 1)

20
Charge of Particles
s o Non-CME
v Negative (CME)
A Positive (CME)
10 A
5 -
0 -
o
._5 —
—-10 1
_15 —
50 t=0.2fm/c
=20 -15 -10 -5 0 5 10 15 20
x (fm)
BEH R, HETFE—— K2

The soldiers have been through hundreds of battles. Some died and only a

few returned victorious after many years.
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Simulating isobar collisions using AMPT

Initialization of isobar A+B

HLJING energy in nucleon

excited strings and minijet partons spectators

fragment into partons

Zgzr + Zgzr dipole charge separation

ZZRu + ZZRu

Quark Coalescence

ART (A Relativistic Transport model for hadrons)

ZPC (Zhang's Parton Cascade)
till parton freezeout
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Initialization of isobar nuclei with geometry

Woods-Saxon form of spatial distribution of nucleons:

1
. .p (7,0, 0) o 1 1 o[r-Ro(1+B2Y2(0,6)+3YY(0,6))]/a

old Case2

Casel

Case2

Case3

asel
B2

Ry a pf2

Ry a fo

Ry

a f2 | Ro

a [

2aRu o0.15 v.46 0.13
287Zr 5.06 0.46 0.06

5.13 0.46 0.03
5.06 0.46 0.18

5.085 0.46 0.158
5.02 0.46 0.080

5.085
5.02

0.46 0.053
0.46 0.217

5.067 0.500 0O
4.965 0.556 0

Cased

Caseb

Caseb

Case7

Ry a p2

Bs

Ry a B2 Bs

Ry a B2 PBs

Ry a B2

Case8
Ry a [

2°Ru 5.09 0.46 0.162 0

28Zr 5.09 0.52 0.060 0.2

5.09 0.46 0.162 O
5.02 0.46 0.060 0.2

5.09 0.52 0.154 O
5.09 0.52 0.060 0.2

0.065 0.485 0.16
4.961 0.544 0.16

5.085 0.523 O
5.021 0.523 O

Case9

Casel0

Casell

skin-type

halo-type

Ry

B2| Ro a [

Ry a [

Ry a o

Ry

a [

25Ru n 5.075 0.505 0
2SRu p 5.060 0.493 0
10Zr n 5.015 0.574 0
25Zr p 4.915 0.521 0

5.073 0.490 0.16
5.053 0.480 0.16
5.007 0.564 0.16
4.912 0.508 0.16

5.085 0.46 0.158 5.
5.085 0.46 0.158 5.
5.080 0.46 0 |5.
5.080 0.34 0 |5.

085 0.523 0
085 0.523 0
194 0.523 0O
021 0.523 0O

5.085 0.523 0
5.085 0.523 0
5.021 0.592 0
5.021 0.523 0O

* 1 M events for each case are used to test if it can pass the criterion test.

A+B

nucleon
ons spectators

HLJING

energy in
excited strings and minijet pa

ragment into partons

ZPC (Zhang's Parton Cascade)

e Which is better or

worser?

e Three ratios are our

judging criteria:

1) Mult. dist. ratio
2) <Nh> ratio vs centrality

3) varatio vs centrality

Intersection of nuclear structure and high - energy nuclear collisions, 2023.1.23-2.24, INT Program (INT-23-1A)
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Champion player: Halo-type

Ru Solid: Ru+Ru, Dash: Zr+Zr Zr

halo-type Red: neutron. Blue: proton
Ry a [ T
2°Ru n 5.085 0.523 0
23Ru p 5.085 0.523 0

SoZr n 5.021 0.592 0 /

%7r p 5.021 0.523 0 -

H.j. Xu, H. Li, X. Wang, C. Shen and F. Wang, Phys. Lett. B 819, 136453 (2021)
1 .1 0 T T T T I T T T T I T T T T I T T

(@) Ratio of N, distribution

halo-type

(c) Ratio of v,{2,IAn|>1}

—
o
()]
1 1 1 1 I 1 1 1 1

/;}r'{]\ A

S
-
s
-
g Ul

~+ STAR -
PR RPN SRR S ISP NS S RS RS S R R
0 100 200 300 20 40 60 20 40 60
N,(l<0.5) Centrality(%) Centrality(%)
XZ lﬂdeX : old Case 1 old Case 2 Case 1 Case 2 Case 3 Case 4

(x*) 0.204 0.682 0.255 0.400 0.097 0.053
Case 5 Case 6 Case 7 Case 8 Case 9 Case 10

(x*) 0.049 0.224 0.051 0.227 0.057 0.048
Case 11 skin-type halo —type Case 1 w/ B3  Case 2 w/ (33 Case 3 w/ f3

(xz) 0.430 0.177 0.047 0.247 0.506 0.166

Intersection of nuclear structure and high - energy nuclear collisions, 2023.1.23-2.24 INT Program (INT-23-1A) Guo-Liang Ma (Fudan Univ.) 18



Simulating CME in isobar collisions using AMPT

Initialization of halo-type isobar

f:(N+upward'N+downward)/ (N+upward+N+downward)

» f(RutRu)/f(Zr+Zr)~(44/40)2
 CME current || B field

A+B

HLJING energy in nucleon

excited strings and minijet partons spectators

fragment into partons

dipole charge separation

ZPC (Zhang's Parton Cascade)

till parton freeceout

Quark Coalescence

ART (A Relativistic Transport model for hadrons)
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CME observable: Ay/v2 ratio

Xin-Li Zhao and GLM, Phys. Rev. C 106, 034909 (2022)

0.003— —T — T |
B Ru+Ru Zr+Zr halo-type “
i 4+ o f=10% 2l
R vov {=7.5% /% -
0.002~ ., A f=5% L
_ i . o f=2% ,»;/( |
< - = -8 f=0 S
0.001—  * STAR =
- %’%j % (@) -
0}:" .." i : : —d ——
145 Ru+Ru/Zr+Zr 1 Ratio of Ay _
: = T f
o 1.2+ N
g | \ :
_— N s \ -1
10__* ~—¥ ,Egﬁ‘:: ______ .;:;-.;-_-'E&tt::::=uz_:;_\;_';;\ .
I b) -
0.8 1 L L l( -

0 20 40 60

Centrality(%)
0-20% 20-50% 50-80%

> f < 5%is close to the experimental
result.

> f=2% and f = 5% look consistent
with f=0.

> (Consistent with the latest results
from AVFD.

fS ~ (6 8+/-2.6) %
RuRu Background Slgnal
overall ratio
x1.0508 x0.085 R~ 09641
Zr7r Background Signal

Dmitri E. Kharzeey, Jinfeng Liao, Shuzhe Shi, Phys.Rev.C 106 (2022) 5, L051903
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FSI effects in isobar collisions

Xin-Li Zhao and GLM, Phys. Rev. C 106, 034909 (2022)
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>FSI greatly reduce the CME
signal.

>The f ratios between two
isobar collisions are consistent
in the initial and final states.

>[sobar difference in the CME
signal is preserved up to the
final state. However, the signal
is too small to be observed due
to nonlinear sensitivity.

>>]s there a good way to extract
the CME signal?
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Two-plane method: Comparing a and b

INTRA-EVENT “CME-v, FILTER"

Bang-Xiang Chen, Xin-Li Zhao and GLM,
arXiv:2301.12076
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a: BKG transmittance

b: CME transmittance
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e b is smaller than a, about 1/2 of a in isobar collisions(20-50%).
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What is the impact of b on fcm
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Bang-Xiang Chen, Xin-Li Zhao and GLM, arXiv:2301.12076

Avome{PP} B Ala—1

(1) feME = A~{PP7 = 1/a? -1 open symbols
Ayeme{PP} Aja—1 .
(2) feme{b} = AY(PPY ~ 1/ab—1 solid symbols

e After including b, fcme will be
decreased.

e« Which one is closer to the real
oner
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Which fcMmEe 1s more real

Bang-Xiang Chen, Xin-Li Zhao and GLM, arXiv:2301.12076
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e fcme {b} with b will be closer to the real value fome {p}than feme
without b.
e The current experimental way (without b) may overestimate fcumE.
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Why a and b are different

v9{SP A PP
Bang-Xiang Chen, Xin-Li Zhao and GLM, arXiv:2301.12076 a = 2<{[PP§ b= AIYCMEE SP]}>
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e Final-state interactions greatly reduce the CME signal

e Non-linear sensitivity of CME observations to the CME signal
e Very low strength of CME signals in isobar collisions.

@ T'he b correction to the two-plane method will lead to a reduction in the CME
fraction

@ More accurate search for CME in higher statistical Aut+Au data in the future
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Thank you!
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Stage evolution of CME background in AMPT
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Casel
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Case3

Solid: Ru+Ru, Dash: Zr+Zr

Case3
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H.j. Xu, H. Li, X. Wang, C. Shen and F. Wang, Phys. Lett. B 819, 136453 (2021).
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