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Chiral Magnetic Effect

1) Chirality imbalance among all light quark flavor from topological fluctuations
of gluon fields (NI{ - N};) = 2Q),, i.e. “Local Parity Violation”

2) Large magnetic field, generated mostly by spectator protons

Combine to give the CME: net electric charge flow along (or opposite to,

depending on sign of Q,, in this event) the magnetic field direction
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CME Sensitive Observables : Ay

B-field direction
(unknown)

Yy = (cos(p® + ¢pF — 21h,))

SS 2"d order event plane

Ay =y% -y

(1" order adds no more
information here)!

Reaction-plafe | arged tracks

(measured)

qul_

Key backgrounds:
* vy*(clusters, local charge conservation)
* 3-particle correlations

(%)
N

If “flowing cluster” background dominates (it

A]/ — A)/CME + k + Aynon—flow

does!), Ay is “trivially” proportional to v, and

Same-side, Opposite-side,
out-of-plane [ OUt-of-plane — | R ERE in-plane - ]/N .

Same-side, Opposite-side,

pairs pairs pairs pairs .

f

Ay : Same-sign pairs — Opposite-sign pairs Evan Finch {b}




CME Experimental “History”, 2009~2020

ALICE: PRL110,012301 (2013)

Initial CME measurements at RHIC, LHC
Significant signal in Ay, goes away at lowest RHIC energies

STAR: PRL 103, 251601 (2009), PRL 113, 052302 (2014)

Event shape engineering
ALICE: PLB777(2018)151
CMS: PRC97(2018)044912

Small systems
CMS: PRL 118 (2017) 122301
STAR: PLB 798 (2019) 134975

Higher harmonics comparisons

Theory work on “flowing clusters”

Local charge conservation backgrounds, models can

reproduce signal reasonably well

S. Pratt, S. Schlichting and S. Gavin, PRC 84, 024909
(2011)

A. Bzdak, V. Koch and J. Liao, PRC 83, 014905 (2011)

CMS: PRC 97 (2018) 044912

In Mid-central Heavy lons: Ay signal is

clusters” background, at least at ~80% level

dominated by “flowing
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Experimental Search With Isobar Collisions
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A Ru+Ru _ 'A CME | k +A non-—flow
Y Ay bRy Ty B2 is ~15%
H R R different
________I vz
AyZT+Zr — Ay CME 4 | _£ 4 Ay mon—flow
v A T

\UNO 15— " g .
- L "._projection with 1.2B events
= I A ‘.\. —:25
= E i
-~ [ —casel |
N -
a0 ~-case2 |
S 5 —15
oc i i
& i 1
< 005 110
9 [ \'syy =200 GeV 5
c i % 15
r - 20 - 60% 5

| L L
= 0o °
d)
o

STAR BUR 17-18

50 100
Backgrounf level (%)

fCME:2O%

Evan Finch ;@;

Significance



STAR Isobar measurements: Multi
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

STAR Isobar Blind Analysis Results:
rom the blind analysis

1.02 | STAR Isobarpost b//nd ana/ys:s VsNN 200 GeV Ru+Ru/Zr+Zr 20- 50% . e STAR pre-defined criteria for CME
e i ?_ ] observation: (Ay/vz)Ru> (A)//vz)Zr.
2 in mid-central collisions
S gos | === |
c * - - o~ * NOT OBSERVED (nor were any
N e I e ... R N o other pre-defined criteria.)
0.94 ™ | | | 7 Oof O Of A8 W oo Ag LQ & * Ay /v, ratios are below unity - mainl
Q«%@ O«‘?o@ G & & & RN N RS &\ i g:& Y/va 4 7
\@‘0 \\032 @ (\b@‘o (\b@% RO N driven by the multiplicity difference
N4 Q N N N N\ o) .
o \v‘*\\ \v‘*\ \y'\\ AR &\@ between the two isobars

Implies the criteria (to 15" order) would
Ay = Ay EME 4 =2 YA L 77 PO VO
© (Ay/vR)zr (1/N)zr

See also:
D Kharzeey, J Liao, S Shi arXiv:2205.00120

J Jia, G Wang, C Zhang - arXiv:2203.12654
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STAR Isobar Blind Analysis Resul’rs-

M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

)

STAR pre-defined criteria for CME
observation: (Ay /vy)gy> (Ay/V3) 77

in mid-central collisions
* NOT OBSERVED (nor were any
other pre-defined criteria.)

Ay /v, ratios are below unity - mainly
driven by the multiplicity difference
between the two isobars

AN Av%
— 57| =1.012 + .003+.005
N V3
Contribution of direct 3-particle

correlations.
Estimation from HIJING gives

—(0.85+% 0.26+0.44)%

1.02 | STAR /sobarpost plind analySIs M 200 GeV, Ru+Ru/Zr+Zr, 20-50% .
1 _____________________________ -]
o " <+
S o098 =+
= = -
0.96 ___:"}f___;ﬁz_[f]_ﬂi_%j ________________________________________________ .
0.94 : — = s ' e N 5 o
’\Qg * ’\Qcc:‘°°Q Qg ) Q,Qccj@g Q,Qg ! Q/’&QE:@QQ ‘32\"& ’}Q% : \\ZQQ \bg:"g &% QQ\@\&@ s O\K\:\e )
\AQQ? N \‘5(’20 \43% \4%% @% A %(go ) ’\\%\
Sy \‘?Q/ \(\sm i N S \\(\b (\j
\v“\ \?,\\\ \vﬁ\\ \v‘\ \v‘\ \v“\ vf\ b,\\‘b
v, , Implies the criteria (to 15" order) would
Ay = AyEME 4 k—r+ AymonTIiow L ber LY/PRY S /MRy
_ © (Ay/vR)zr (1/N)zy
Correction: 7% ~1+ 1 1 N —
(PRELIMINARY) (NA~y/v3)r & ltef 1+e/e/(Nvj)| e €
_ NopVazp €, = v2 . Jv2
€2 = <COS(¢a + (»bb 2¢cluster)) Nv n]_c . 2,nf/ 2,true .
. . 2 , Estimation by 2-D decomposition of 2-
Flowing cluster background scales with No,/N particle correlations gives
—Ae
Estimated by measuring directly in data 1+—nf = (0.65+ 0.11 =+ 0.22)%.

A€,
— = (1.45+.08)%
€2
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STAR Preliminary Isobar Background Estimate (Post-Blinding)

1.02  STAR Isobar, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% .
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]
1————————————————————————;—————
_g STAR preliminary: DATA @ HIJING background estimate i
] 0.98 - Full-event Sub-event =" d‘:] A i
m -
= = + |_T_!:| E+:] = - //STAR preliminary:
0-96 B E+:I + - I . I h. o b
© | multiply this point by
) 1.0125 to give center
0-94 1 ] 1 1 1 1 1 ] 1 1 1 1 - @I f “f ” ” BG
O OF OF O O OF QO O Qe g N of “full event
W @@ g W W W o N
»\\\% @ »\‘}/ ~\<\q’ \\’\q’ ~\\’\q’ ~\<\q’ D
AU S A VA A A
Ay results consistent with STAR preliminary background
STAR preliminary ' . i .
NA /’U*)R” estimate within current uncertainty.
background  (NAY/U) 4 105 1 0034005
. 7 ~1. A . 1.
estimate: (N A~y /v3)4r : : : :
2 Crucial to nail down this background estimate to make

full use of isobar precision!
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200 GeV Au-Au Data, Using Participant and Spectator Planes

Ay{PP} = Aycme{PP}+ Aygks{PP}
Ay{5"} = Aycme{PP}/a+ Aygkg{PP}a

a = (cos 2(Wpp — Wsp))

Ay
———/a—1
(PP _ AY{PP}/
CME 1/(12 -1

PP

PP(TPC) : maximum background

H-J. Xu, et al, CPC 42 (2018) 084103; S. A. Voloshin, Phys. Rev. C 98 (2018) 054911

non-flow background.

0.3
“Tu 0.1
=
O
G
N

0.1}

As with isobar result, we're at the level where quantitative progress comes from understandin
q prog d

| STAR Au+Au |s,, = 200 GeV
: ~- 20-50%
i -6~ 50-80%

* If we takes this as fcye ® 10% can we reconcile this fcye in Au-Au with isobar results? In isobar
system, smaller B-field (~A1/3), larger Ay “flowing clusters” background ( ~ 1/A) , would argue

for a smaller fcpe in isobar compared to Au-Au.

* This method is an important target for future high-statistics AuAu RHIC runs.

(a)
. F, Sk \YS
50,37 - 477Q0'7 dn 0.3
c Ve
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Mid-Talk Summary: Current Experimental Status of CME

1.02 + STAR Isobar, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50%
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]

STAR preliminary: DATA ® HIJING background estimate
Full-event Sub-event o ¢|

T S #Eﬁ‘##
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NN
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| STAR Au+Au |s,, = 200 GeV
' e~ 20-50%

0.2 F
i $ -6~ 50-80%

Isobar post-blinding: Ay results consistent with
STAR preliminary background estimate within
current uncertainty.

In 200GeV Au+Au datq, spectator versus
participant plane analysis shows signal 1-30
above zero, fCME = 10%

In both of these cases, crucial to understand
non-flow effects.

Ideas for further analysis of isobars:
D Kharzeey, J Liao, S Shi arXiv:2205.00120

J Jia, G Wang, C Zhang - arXiv:2203.12654
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jﬂ.“l—L?l' —111+Au ":}{I Lu,\.

Rll!z correlator

N. Magdy et al. Phys. Rev. (a)
C, 97 (2018) 061901 : LCE = 33 1.nqx-—u | u-u
X .12 LCC = 33%. ng/s = 0.0 ]
Ry, (85) = Cy, (AS)/CE,(A5) 6 040 ¢
2 | DR ,"'”‘ -]-” (i
C — Nreal(AS) ,_H.:;I
Y27 Nghutriea (AS) T 1.04F . o -
e Measurement of the in- | + e e * ]
AS= {Zi:l e ) lane and out-of-plane | .-.- ||
Y wi P s P T L N B B B
= T sin(di-vs) distributions of the T
S wi dipole separation event- 3 -2 -1 0 1 2 3
by-event AS

Iy, is the Gaussian width of

the respective R(AS"")
In studies with STAR frozen code for blind analysis, Ry, and Ay

have similar sensitivities to CME signal and background.

Also determined algebraically: 1/0‘,%¢ ~ NAy
2
S. Choudhury et al. Chin. Phys. C, 46 (2022) 014101
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STAR: Ry, isobar measurement, how to interpret?

1.02

™
R 1
N — — — R —
E X2
= 098 F---cm -
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.2 096 | |
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Q\& & \ QQ c‘){\\\
6% d 6\ ,\\é\&
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" * Ru+Ru
0.08~ o Zrs2zr -
0.06- . "o N
004 ) ]
0.02- .
- F chg, arxiv 2204.08450
0 ' 5y

o 0005 001 0015 002 0025

1N,

1/O.L|f};1+Ru > 1/0'1|Z;;+Zr

i 20'50°@> Pre-defined CME criterion in blind analysis:

Not observed

1st order correction to background estimate for trivial v, and N dependence ?

S. Choudhury et al. Chin. Phys. C, 46 (2022) 014101:

1/01%1112 ~ NAy —-

1/0,%Lllz a v, —— "background level” = 1.02

“Correct” 1s-order background estimate. Can we determine non-flow contribution?

R. deey e’r ql quw 2203.10029 :

[a\

@)
T~
Ao

0.04

N |
> |
<

=]

02

I Au+Au -]
Ru+Ru -~
AVFD LCC=33% nsg/s =0.0

<1/0R¢2a 1/N —> "background level” = 0.98
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STAR lIsobar: K112 and Y453

M. S. Abdallah et al. (S

TAR) Phys. Rev. C,

105 (2022) 014901

. . 102 | STAR Isobar, Vs = 200 GeV, Ru+Ru/Zr+Zr, 20-50% |
Pre-defined CME criteria: [M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]
1 b - - - - - - - - - - - - - - - - - - - _-_ -
(Ayq12/ vz)Ru+Ru (A§)Ru+Ru 2 STAR preliminary: DATA ® HIJING background estimate *
> © 0.98 - Full-event Sub-event == i‘ i
(Ay112/v2)E¥2r © (AS)Zr+Zr o - 4 3 3 + &
096 " - .
A 0.94 1 1 1 1 1 1 1 1 1 1 = - 1 1 1 - Qi
K E ]/1 1 2 $QE:@°Q JSQE:\OOQ "\ngoq “\ngoq «QQ}O\)Q?) :\ng\ﬁ Q/ng\)q. ,\Q ’\? R \{‘2:65\"/ \L\f gq\\\{lé&Qg \({‘\@\ O\\Q'A" o‘{\\i
112 AS &g g S T & “‘
V2 W G @Y T T W WP
h) U U U U i
vc\\\q’ '\\\'\1' b\\\q/ VN\\\ V'\\\ v«\\\ v-4\'\" KU
\ VAN \ \ \ \ A

Pre-defined CME criterion:

(Kllz)Ru+Ru

(Kllz)Zr+Zr > 1

Pre-defined CME criterion:

(Ay112/v)RUTRY — (Ay, 4 /vy )RUFRY
(Ay112/v2) 2020 = (Ayqp3/v3)20t2r

IN both cases: Data not compatible with pre-defined CME criterion

No 1st-order corrections for multiplicity difference
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New Work: Measurement with STAR EPD @ 27 GeV

We measure the elliptic flow and the charge separation, using Ay w.r.t. EPD-
inner first harmonic plane and the EPD-outer second harmonic plane.

Ybeam = 3.4

SPECTATOR PROTOR

STAR Preliminary

08 + A Au+Au 27 GeV 1 Yu Hu (STAR)
b
Zg 06 L m ‘ i % | Quark Matter 2022
X 1
g 0.4 s
>—
< 02l M
' @ A11,11/V2,11 (N>Ypeam)
O L @ A’Y1172/V2 (IT]I<Ybeam)
1.4 | ' ‘ ' ' '

@ |T]|>Ybeam/h’]|<Ybeam

Ay = AyBG 4+ AyCME 12 | '
1 - l |
If A)/BG: b v, 08 | + + * + 4 |
- RP. PP, SP... 0 | |
— (A_V ) _{cos(a+ B — 2_‘1”‘7/ 0 50 100 150 200 250 300 350 400

Ratio

Uy (cos(2a — 2'1”)‘)/ e N&% @
Under a ‘pure background’ scenario, all these The ratio of Ay /v, between spectator-proton rich EPD W,
ratios are equal. If different measurements yield plane and participant-dominated W, plane. CME-driven

different ratios, this would indicate a CME signal. correlations will make this ratio >1.

Evan Finch ;b} 15



New Work: Correlations with Other Parity-Odd Signals (A helicity)

Another observable sensitive to Local Parity Violation is
net helicity of As in each event.

In each event, sign of charge separation dipole and net helicity are both determined by same Q,, ! (N}j — Né) = 2Qw

—2In events where positive charges flow in B-field direction, expect NLA — Né\ >0

Q<0 Q,>0

B, B Can look for a correlation between sign of CME in
each event and net handedness of A in that event.
Two parity-odd observables with very different
background sources (can also observe A as further
systematics check and /or to increase statistical power)

Need 15" order
event plane (STAR EPD

or ZDC/SMD)

N2 > N§ Ng > Np

NP > NA NA > N
Evan Finch  <(O: 16



New Work: Correlations with Other Parity-Odd Signals (A helicity)

0.001

' : ; o B d | ' ! |
- STAR preliminary d
s | Runi18, Au+Au, s, =27GeV -
< B &
132 0.0005 - —
<] @ B o =
b b B I -
S5 of &L 8 :
S ol B o - - -
z|< .
<1|g -
g2 [ ]
='|-0.0005— | I —
(@) L centrality range: 10~50% 0~80% | =
O - — 88— on-peaksignal: (2.845.6+4.3)x10°, (4.0+5.2+3.8)x10" C 1.
[ —— gglfgea;fgﬁg:(o.3¢1e.1«_~11.l1]x1o", (-2.6i13.9i8.1)><l106 ]
_0'001 1 1 L 1 1 1 1 L 1 I

0 20 40 60 80

Yicheng Feng (STAR) Centrality %
DNP 2020

af =(sin(¢p+ — Urp)) AN = N> Np

Ny . N_.  _

Agy = — 2+ b N
NEN TN TN N

In 27GeV Au+Au data, we use EPD for 14

Measure covariance between
af—ay and NP> NG

“positive charge “Excess of left-
flow along B-field” helicity A”

Positive covariance (blue points above zero, 20-
60% centrality) would indicate presence of two
parity-odd effects tied to local parity violation

In 27GeV run 18 data, signal consistent with
zero within uncertainty

2022 STAR BUR: This method will be target for
future high-statistics Au-Au runs.

(S
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Summary: Current Experimental Status of CME

1.02 + STAR /sobar, Vsyn = 200 GeV, Ru+Ru/Zr+Zr, 20-50% 4
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]
1______________________;,; ______
-_g STAR preliminary: DATA ® HIJING background estimate ‘ ;
CCCU 0.98 - Full-event Sub-event == ¢| ;i, |
oos |+ o B ! N
0‘94 |\ 1 |‘ |‘ 1 Ib. |. ’|‘ |kv |Q 1 - I..f‘ Ql}
Q‘ngO\Q O@ng‘)qm ,‘&ng‘)qﬂ) ,.\QE;O"Q(L ,SQS:@\Q% '.\QE«‘)@\\Q. Q(OQS@"Q'L /\Q\jj {-\,\2;# *igt;;‘ f;\Q‘\i’p‘ﬁ\\\{Q\(\}?(\\ §i
§ * A Q A\
T L s 3
'\\\q, \é/ ,\r\;, AR AN AN h\\’\q’ &
N AN A AR AN
0.3
- STAR Au+Au \'Syn = 200 GeV
- 8- 20-50%
0.2F
' $ -o- 50-80%
RS m
w O0.1F
=
O m
G
~~
of—f———————— §———§—'
F, F, S, S,
EO,2 50,2 5477\ 5477\
2 Ge ‘7Ge \0,7 ‘0,3
7 Ve

Isobar post-blinding: Ay results consistent with
preliminary background estimate within
current uncertainty.

In 200GeV Au+Au datq, spectator versus
participant plane analysis shows signal 1-30
above zero, fcpye = 10%

In both of these cases, crucial to continue
working on non-flow effects.

New methods in progress, including
correlations with other local parity violation
signals (net hyperon helicity)
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