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The Chiral Magnetic Effect (CME)

Derek B. Leinweber
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Experimental search with isobar collisions
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The Solenoidal Tracker at RHIC (STAR):




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

Details of blind analysis J. Adam et al. (STAR) Nucl. Sci. Tech. 32 (2021) 48

STEP-0
Mock Data

challenge
Test data structure
(Au+Au data)

~2 months ~1 year ~1/2 year ~2-3 months

Connections between the

Blind analyses (5 groups): methods are studied

Ay, Ad and «

s Ay, A5, Ay(An)

% Ay inPP/SP, Ay(M;,,,)
% Ay inPP/SP

% R(AS) Correlator.

Using the frozen code from STEP-1:

+* Sensitivity of observables tested using
AVFD simulation

+»*» Similar sensitivities are found in all
observables
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Multiplicity and centrality

Ratio (Noime)

Glauber
Nucleus R (fm) a (fm) B
2sRu 5.067 0.500 0
29Zr 4.965 0.556 0

M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901
Efficiency is the same between Ru+Ru and Zr+Zr

STAR Isobar blmd analysrs \/s_,\,,\, 200 GeV

om Eﬁlr.:lency uncorrected trecks Ru+Ru/ Zr+Zr |

(In|<0.5)

@ Ratio

STAR Isobar blind analysrs \/s_NN = 200 GeV.

11 ¢ Eﬁlclency uncorrected tracks 3 I
(ni<0.5 ..{|
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** The Glauber model including smaller size of Ru
and larger size of Zr provides a good fit to the
multiplicity distribution.
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s Mean raw multiplicity density is larger in Ru+Ru
than in Zr+Zr in matching centrality

Parallel Session TO1, Apr 6

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

Elliptic flow & triangular flow measurements
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poster by Chunjian Zhang
e L) @) @O © @)

* Deviations depending on the rapidity gap remind us of the non-flow effects in this analysis
* The v, ratios deviate from unity indicating differences in the shape, nuclear structure between two isobars
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

1. y measurement with full TPC (|n| < 1)

= T T T T T T T
8 05} STAR /sobar blind analysis -
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S o3im M MO oA om o -
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Data not compatible with pre-defined CME criteria




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

2. K112 measurement Wlth fU" TPC (|'ﬂ| < 1) A.M. Sirunyan et al. (CMS) Phys. Rev. C, 97 (2018) 044912
o 7ty STAR Isobar blind analysis -
Pre-defined CME criteria: - VS = 200 GeV
(Ayllz/vz)Ru+Ru (A5)RU+RU E 5| ® Ru+Ru
QY112 /0P~ @8)T O © zrezr
a4 “® Full-TPC (Inggl<1)
The background contributions due to the local charge ™ 4 ‘o sy S ZEENE
conservation (LCC) and transverse momentum * o | P ® co |
conservation (TMC) have a similar characteristic i
structure that involves the coupling between v, and §. 1_0; - T ]
So, we studied the the normalized quantity: 1 Ru+Ru/ Zr+Zr *
AYiiz e e e |
= *
K112 = i -~ *
U2A5 g 0.98 [+] + +
. . T 0.96
Pre-defined CME criterion: = Ratio(20-50%) = 0.9838 + 0.0035 + 0.0009
0.94 |
(kp1)RUHRY 0.92 |
>1 ‘
(Kllz)Zr+Zr 0.9 | | | | I | !
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Data not compatible with pre-defined CME criterion
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

3. Differential measurement vs. invariant mass J. Adam et al. (STAR), (2020), arXiv:2006.05035
X1 0:3 . ‘ . l
field 04 STAR Isobar blind analysis
ﬁ ' | \ Sy = 200 GeV (20-50%)
U, I(D 02| # Basik -+ Ru+Ru o Zr+lr | |
Event plarie O ne T
o= LA Y -,rs []
[ e ﬁ% ;
> LT ™ e I E | ﬁ_
L= 0 Ei#% 6L
-(a) 7 0.2< p,< 1.8 GeV/c -
' resonance decay daughters! ! C _ g indfER 85:06:491:00
------------------------------ : T 01 pO: -4.1546-06 +/- 1.934e-06 |
Focus on contrasting two isobar systems. Assuming the N%’ | I
background is proportional to v,, then: © +$—+ l |
AyRUFRU _ g/ Ay Zr+7r — Ay RUERU _ o1 Ay ZEdZr 2 * ’ H | t
o Hi
Where: q' = pRUtRU jpZr+Zr | i
Pre-defined CME criterion in the differential measurement: o's ; - 5 5
A)/Ru+Ru _ alAer+ZI‘>O minv (GeV/CQ)

Do not see a significant difference between systems
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4. Extraction of CME fraction: approach |

* TPC Wgp > proxy of Wpp

e ZDCW; > proxy of Wrp

Ay w.rt. TPC Wgp and ZDC W; contain different fractions
of CME and Bkg.

sy © B
! AV(q"ZDc) _A_l;_b_(_li”_z;)_c_)_+ AyCME(qJZDC) @ dlreCtlon ,’0 2
47" (Frp0)! '51;'(113;;;')'} 3 / o
{AY5C (¥anc)i 1va(Vanc) | More , [EE
Ay TME (Wipo)! vy (Wane) | correlated orrelated
= — @ ; )
Ay (¥zpe)t 1v2(Wrec) | ‘
“““““““““““““““ /4 // >
AyCME (pop ) ® S\ /./.';g .(//‘f, . _
feme = W LIJ ‘;E';\ W= ],’
s o "', iﬁ
o ° . ‘ \
Pre-defined CME criterion: '*I‘App \ & ha ged tracks
(measured)
Ru+Ru Zr+7r - \A o
cME > feME = 1

Uncertainty dominated, no significant difference is observed
between two isobar systems

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

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

1L STAR Isobar blind analjlfsis 1 -
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4. Extraction of CME fraction: approach Il

(Ay/vz)Ru+Ru )
(Ay/vz)Zr+Zr -1+ fCZl\I/*I-EZr l(BRu+Ru/BZr+Zr) _ 1]
(Ay/v2)zpc = 14 fTEC (v%{TPC} y 1)
(Ay /v2)TeC ME\v2{zDC} B-field
direction ’¢2
Pre-defined CME criterion: R/ ¢ )
More , less
TPC correlatec orrelated
CME - )‘
4
Differences in the method of Wep PN
estimating v,{ZDC} and ‘Iﬁ &\ harged tracks
v,{TPC} compared with the ) O\ (measured)
approach-| IN G b7
)

Uncertainty dominated, no significant difference is
observed between two isobar systems

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

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

~ STAR /sobar blind analysis
| sy = 200 GeV

-»- Ru+Ru
= Zr+Zr
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CME
o
(3}

CME fraction f
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Qe ]
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5. Charge separation measurement with R,

M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901
N. Magdy et al. Phys. Rev. C, 96 (2018) 061901
S. Choudhury et al. Chin. Phys. C, 46 (2022) 014101

B-field
direction ‘Qb'z" Shuffled events STAR Isobar blind analysis, Vsyy = 200 GeV
7 >4 108 @) o400 ”‘”"f(b')‘;w'1o-30°/o' b e Ho.18
108 T+ 1r a 1016 -
N o} o -
4 ‘ . e © - ¢ 1014 €
CEE 1.02+ ) & 1T ® ® 3 ®
2] (o} o - —0.12
ogol T Bopggee® | e 1 B
- L L La \Rufl:\h.ll .\. a ‘erz‘r .? | [ |RU+RU ! ZI’:I-ZI’ ? 2 L E 01
O aose @ s || 0 ARz
. 1.05 I~
0 i + 1 -
: S e e e 1 ®
Ry (AS) = Cy. (AS)/CL (AS) Measurement of the in- =102 - . S
Ve k& V2 plane and out-of-plane | -+ B -
C. = Nreal (AS) distribution of the o5 Ru+Ru 4 Zr+Zr Ru+Ru + Zr+Zr & | | T T - '
Yz TN (AS) . . 32 4 0,1 2 3 B3 2 4 0,1 2 3 4 20 0
shutfled (AS) dipole separation AS AS Centrality (%)
AS
, event-by-event D g : :
_ Ty wi sin(A; — yiy) No significant difference is observed
Lihw . L .
¥, i sin(A®; — p) Pre-defined CME criterion: between two isobar systems
i wi
oy, is the Gaussian width 1/O'l|l};J+Ru > 1/G£;+Zr Ry, and Ay have similar sensitivities to CME

of the respective R(AS"")

signal and background; 1/0,%lIJZ ~ NAy

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

From the blind analysis

Summary on the isobar blind analysis

.02 + STAR Isobarpost-blind analysis, Vsyn = 200 GeV, Ru+Ru/Zr+Zr, 20-50% g . epe . .
102 postol VSIS TN * No significant difference is observed
o T - — = = = = - = = = = - - - — = - - - - - EYy - for all the CME observables between
[—| = ED | two isobar systems
- a3 * Ay/v, ratios are below unity -
Sl LR e it 4
0.96 1 . + & mainly driven by the multiplicity
094 L . . . J J . . 1 . . . Ly difference between the two isobars
&ng"é\ &ng‘ﬁw §ng°& ,$ng‘}§% ,\\ng&b ,‘gng‘gb‘ ng"qm ,ﬂ@g@ﬁ(b ~é;\'\rc::o"q\ \l‘g:o&w \J“g&& gQ\&wdo*"i \(\3 do\’q% c“)"\\:i
I SR SN N S T ° < N

M R I OO
SOV fi\b
NAACAE AN
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

Non-flow studies (new since isobar paper)

. . | | | From the blind analysis

1.02 | STAR Isobar, Vs =200 GeV, Ru+Ru/Zr+Zr, 20-50% _ v . .
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901] y NO Slgnlflca’nt dlfference IS Observed
o e == o0 c c 0 00022 = = == = = ¢ B - T for all the CME observables between
— STAR preliminary: DATA @ HIJING background estimate T = :
EE-.E 0.98 - Full-event Sub-event == ] VN i tWO ISObaI" systems
[ -
* 4 a3 :+: ] & :+: o & Ay(vz rat.|os are below ur?lt)./ .
0.96 & ] mainly driven by the multiplicity
094 L . L . . . I . N difference between the two isobars
- 2
,(Q do“g «Qcc;o‘g /\Qcc;o‘g «Qcc;o‘g /\ng&% /\QS;Q"Q ((? pee R E '\’\l.t'oé2 Ay 5 NS ‘;\Q\«R l30‘j d-\\\(\ G%OoQ §f_
& & N A & 9 < R
&:w g@‘b \\@ $% AT A \4.:1) \\\\’5 E
N Q% N N N & %
Q;‘\ \b’\\\ @\\ \X;\.\ \X;\\ Q;\'\ ‘:;\\" \?H\,\‘r,

Non-flow study to understand

NAy /v, measurements in isobar

** Non-flow contribution will cause extra deviations
¢ The deviation can be understood by non-flow in the measured v, (estimated with data), the flow-induced CME

background (estimated with data), and 3-particle non-flow contributions (estimated with HIJING)
¢ The isobar data are consistent with the current estimate of non-flow background within error

Poster Session 1 TO2

STAR poster by Yicheng Feng
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CME measurements at lower energies

The STAR collaboration has measured charge separation over a wide range of collision energies

(COS(qbl + qbg — 2‘1’2)) X 104

L. Adamczyk et al. (STAR), Phys. Rev. Lett., 113 (2014) 052302
B. Abelev et al. (ALICE), Phys. Rev. Lett., 110 (2013) 012301

40
O opposite charge
* same charge

30

20

10

101 %_2.76 TeV Pb+Pb T 200 GeV Au+Au T (})62.4 GeV Au+Au T cb’-._‘39 GeV Au+Au
‘.l.l Q‘ .‘. '..

St T = T MEVSIM T \o i

0 N S - |\ © RN O L\ %6

—Q—wejgfw& —-0—0—0—0 Q%] —G—G—W ‘ —Qﬂﬁ%
P A e L kT

‘.g(-ﬁ" ﬁ’* +{( * ﬂ(’*,

5 T .k T T T .
27 GeV Au+Au 19.6 GeV Au+Au | % 11.5 GeV Au+Au | 77 GeV Au+Au

60

Centrality %

A more definitive result may be
obtained in the future if we can
increase the statistics by a factor

of ten for the low energies...
Adamczyk, L. (STAR), Phys. Rev. Lett., 113 (2014) 052302

With the BES-Il data

+* New capabilities

the new installed Event Plane
Detectors
s ~10 times statistics

the Event Shape Engineering
technique

e
o lQUARKMATTER - ML/
O
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Approach-l: measurement with the Event Plane Detector (EPD)

Event Plane Detector

. 9nd_
Event Plane Detector (West) Py (n > Ybeam.)- 2"-order event plane
(East) - L eplayl (2.1<n<5.1) enriched with spectator protons
(-5.1<n<-2.1) X © s fawstar:2r! gov/~dmit = (0<d <2m)

(0< <2nm)

| ! The inner region of EPD detects spectator
Ve , protons, whose directed flow signal has an
Projection | " opposite direction compared to the outer sectors
Chamber \ B = that are dominated by the participants
(1<n<1) N yelf = (COS (‘l’g o, - Z.ﬂJRP)) |
\ -
(0<¢ <2m) S S Y, M < Ypeam): 2"-order event plane

for particles going in forward direction

We measure charge-dependent azimuthal correlator using TPC and EPD
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KOW

YuHu @ “e2e72




Approach-l: measurement with EPD @ 27 GeV

Yap = cos(®% + &F —2v)
A]/ — A]/BG + A]/CME
If AyPé=buv,

- RP. PP, SP...
N (Ay) _{cos(a+ B —2'#))7

Uy (cos(2a — Z‘z”)“f

Under the background scenario, all these ratios
equal one to another. If two different
measurements yield different ratios, this would
indicate the CME signal.

In a short word, under the flow driven background
scenario, we should have:

&y _ 4y -4y = ...
L (W)= (¥g)= L (W)=

Where the ¥, Y5, P,... are different planes at
same/similar rapidities

We measure the elliptic flow and the charge separation, using y
correlator (Ay=y(0S)-y(SS)), w..t. TPC-EPD-inner first harmonic
planes and the TPC-EPD-outer second harmonic plane.

'1 S
STAR Preliminary
0.8 Au+Au 27 GeV
5
S 06t m B
Z
; g ;
o4y 8
P- -s
< 02}
® Avq1,11V2,11 (N>Ypeqm)
ol @ Avq12V2 (INI<Ypeam)
147 & MI>Yyeu/MI<Ypoum
1.2
0 \ + I
5 1 HE
i + ¢ + ¢
0.8
06 | |

0 50 100 150 200 250 300 350 400
N

t
' ® O O
The ratio of Ay/v, between spectator proton rich EPD ¥, plane

and participant dominated W, plane is presented — CME driven
correlations will make this ratio >1.

o | QUARKMATTER
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Approach-ll: Event Shape Engineering

Ay = AyBCG + AyCMS
A]/BGlz b vzl

By looking at the events in different shapes
with the flow vectors (corresponding to

different v,). Then try to estimate the Ay “M% S | N .
level - vo,
) Y% = (cos(p® + ¢pF — 21h,))
.3 ) WP NS Vi i , Wil WA Wy
- II ° | We use |n| < 0.5 to select the event shape; |
direction { | ¢ | Use the flow vector to control the event shape; I
/ A I YR
:_ We use |n| < 0.5 as ¢%and ¢# sources; |
¥ - _______________\_____ |
Event plarfe ged tracks I Weusethe0.55<n<land—-1<n<-055t0 ,
(measured) :_ determine our event plane {s,; I

L. Adamczyk et al. (STAR), Phys. Rev. Lett., 113 (2014) 052302 £ —
R. Milton et al. Phys. Rev. C, 104 (2021) 064906 YuHu @ “¢2072"



Approach-ll: Event Shape Engineering technique @ 27 GeV

Assumption:

A]/ — A]/BG + A]/CME

|

AyP¢=bwv, . D

27 GeV Au+Au (run18)
' STAR preliminary
o nr, Centrality: 30 - 40%
3 | intercept = (1.8 + 0.3) x 10
& 0.001- H% hf
Pt
’ ':Y}g\%r%% f{f
| | | | |
207 0.05 0.1 0.15
)

*¢ The measured Ay,,, decreases linearly with v,

** The

SE

intercept (AyE>E) maximized the possible

CME signal fraction

L. Adamczyk et al. (STAR), Phys. Rew. Lett., 113 (2014) 052302 Qf]@uwmmgp *@W
R. Milton et al. Phys. Rev. C, 104 (2021) 064906 VuHu @ 2oer; = ave

- 27 GeV Au+A -
[ 2TGeVAUrAU ey o
g . STAR preliminary (1t )

E}izg 0.05_ }

M —

<>l~ 5 |
BN I I _
- @ -
0
] N T T T N T SO S S T N R SO S BN ' %1_
0 100 200 300

N

part

The measured Ay£>E in different centralities scaled by Npart

e A promising approach towards the CME signal

* The background is significantly reduced with this approach

Ayt with finite numbers are observed in this approach. A
guantitative investigation of the remaining background is

needed for this measurement




Summary

= \
( 1 l 1.02 b 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
cttﬂ 0.98 Full-event Sub-event = &
@
= L
0.96 r o
0-94 1 1 1 1 1 %
O O O O < O & a Q N SR
G QT T G G Y S T N exllate” &
\(g S 032(" \,;o ~ ~ L \coq L & \\‘\x\
&\w RO A ‘}?w (}:\fb
AR R Al AN AR S
VAN A C A4 B Nl
e
\ / STAR Preliminary R
~ Z - 27 GeV Au+Au 1
Au+Au 27 GeV 112
t 0.8 u+Au 27 Ge ﬁ | o ¢ Ay '“TPC (mm) |
g o STAR preliminary
Zz 06 B g 0 a 1 4 r
2 |
< 02}
' @ Avy1,11/V2,11 (M1>Ypeam) I é
ot @ Ayqq/Vo (Ml<Ypeam) r i @ {)
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+* Based on the assumption in the isobar
blind analysis, a CME-related signal
fraction which is larger than 20% is ruled
out

L)

* The going-on non-flow effects studies

L)

show the isobar data are consistent with
the current estimate of non-flow
background within the error

L)

L)

* Different techniques are used to search
for the CME signal at 27 GeV. The BES-II
data and EPDs bring a new opportunity
for the CME search at lower energies in
the future
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Backup-1: details in the isobar blind analysis

{pr)[GeV] {pr)[GeV]

(pr) [GeV]

0.556
0.554
0.552

0.55
0.548

0.572

0.564

0.556

0.548

0.54

0.556

0.552

0.548

Mixed'blind I-@‘b .‘;‘\I\@ @L‘l’\g @:‘Lb‘p é\lﬁb |
- T s 6

T —e— Mixed-blind —— Mean - — Meant5c 1

Unmixed-blind IR

IR S " S E

. _ - _ Y _ - - ____

—6— Unmixed-blind —— Mean — — Meant5c
= :0 :q? :<\ :“3\
________ii"__q,_________
[ . . .. - _9%__v.
[ —&— Un-blind —— Mean — — Meantbc |
0 1 2 3 4 5 6 7
Run-Index

( RefMult )

Fully automated algorithm developed for blind QA

How do we define the stable run period before we have the data?

An automated Run- Quantity lst: T
(example) '8

by-Run QA 1 slmue | 1

- . <tofmult> |
Algorithm! 3 <P &

4. <dca> :n_:'

...... '3

'O

( RefMult )

Is this the last quantity on the list? 2

Stable results

| Check the next quantity

¥

Global badrun rejection (5-RMS)
(Calculate the RMS f[um the whole range)

v

Check the next quantity

STEP-1: Precheck the jumps without any bad run limitcut
STEP-2: 1st round bad runs check (10-RMS as the default)
STEP-3: Reject the 1st round bad runs and check the jumps (5-
weighted-error & 1% different as default)

STEP-4: Recheck every region gotten in the prev step to avoid
missingjumps

STEP-5: Do the strict bad runs check (5-RMS as default)

!

|s this the last quantity on the list?

Yes

Final bad run list
Final run regions
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Backup-2: equations in the non-flow studies

(NA)//VZ)RUH'R“ 3 (NC3/U2)Ru+Ru

(NA)//VZ)RUH'RU — (NCB/UZ)Zr+Zr

- , Ru+Ru
3
Ru+Ru (1 + Enon—flow)Ru+Ru [1 + €5 /(sz—measured)]

€2
~ TT7T Zr+7Zr
c (1 + €non—fiow) €3
5 non-flo [1 + Ez /(szz—measured)]

Zr+7Zr

€3 2
~ 1+ A62 AEnon—flow 6/(Nv2—measured)

_ &
€2 1+ €non—flow 1+ 6 /(Nv%—measured)

sl
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