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The Chiral Magnetic Effect (CME)

Derek B. Leinweber

Topological transitions in the QCD
plasma are allowed to change the
chirality of the quarks. The electric
dipole can be used to observe
such chirality-changing transitions
With the strongest magnetic field
that can be produced in
experiment, heavy ion collision,
the chiral magnetic effect is one
of the most attractive phenomena
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Imbalance of left-handed & right-handed quarks + B-field = electric current
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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

I
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Flow

STAR lsobar blmd analysrs @ 200 GeV

measurements

112
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Ratio

0.98

EﬁlClency uncorrected tracks Ru+Ru/ Zr+Zr
(In|<0.5) -® Ratio
®

** Mean raw multiplicity density is larger in
Ru+Ru than in Zr+Zr in matching centrality
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

e

* v, changes 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

STAR Isolbar blrlnd an«la'lys:s
& Vs = 200 GeV
225
22338,
. S P
= 2
< e
Zr+Zr Ru+Ru a
vo{EP} vo{EP}
= vof2} | vo{2}
A Vo{SP}(Ang,,=0.2) A Vo{SP}(Ang,,=0.2) |
& vo{2} (An>1) + Vo{2}(An>1)
© Vo{SP}(TPC-EPD) @ v,{SP}TPC-EPD)
Ru+Ru / Zr+Zr |
TPC (In|<1)
EPD (2.1<[n|<5.1)
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STAR /sobar blind analysis
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‘ 0.2<pr<2GeVic
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+H
m Zr+Zr Ru+Ru
A vai2} A va{2}
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v3{SP}TPC-EPD) ¢ v3{SP}(TPC-EPD)
Ru+Ru/ Zr+Zr -
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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
53 05 STAR Isobar blind analysis
§ 0.4 | VSN = 200 GeV ]
S o3im M A OB A om o -
= 0.2 |
S 01| Ful-TPC (mggel<t)  # Avyy/Vp, Ru+Ru |
o | 02<pr<2Gevic 8 Ayy10/Vo, Zr+Zr
% 0-5 i I 1 1 I I 1 1 ]
o
Z 04} " B P e oo |
X S
i <
Y112 = <C05 ((D1(T]1) + ®;(n2) — 2¢£n|<1)> \>i° 03 @
& 0.2 f |
Y123 = <cos (<151(T]1) +20,(n,) — 3¢én|<1)> E 0.1 éH ® Ayyp3/vg, Ru+Ru
< ) < A’Y1 23/V3, Zr+Zr
d = (cos(P, — P,)) 0 L I I I I } I I 1
Pre-defined CME criteria: 1.05 | Ru+Ru / Zr+Zr (20-50%) -
(Ayq12/vx)RUFRY S 1 ie) L s )
(Y]
(B 122/ V)5 ‘ & 05| :
Ru+R Ru+R
(Ay112/v2) ™Y (Ayqa3/v3) "R 0.9 | (48)=0.9849 +0.0004 + 0.0005 |
(AV112 /vz)Zr+Zr (AY123 /v3)Zr+Zr | (Ar1p/v2)=0966+0.005 0 (AY125/v3)=0.97 £0.02:+0
(AV112/U2)RU+RU (A5)Ru+Ru 80 70 60 50 40 30 20 10 O
> Centrality (%)
(Ayllz/vz)Zr+Zr (AS)Zr+Zr Yy
Data not compatible with pre-defined CME criteria
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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 |
= by
K112 = i -~ Ll
v, A8 o 0.98 [+1 + rs
. . 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 | !
80 70 60 50 40 30 20 10 O

Centrality (%)

e © @
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Data not compatible with pre-defined CME criterion




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
el 04 STAR Isobar blind analysis
ﬁ ' | \ Sy = 200 GeV (20-50%)
7} I(D 0.2 L o dastk - Ru+Ru o Zr+Zr | |
Event plane o " "‘ﬁ""i ¢
>~ LA Y -,rs []
1 t#fd §2$ ¢ o/
>  gl___ _T ® e I E | ﬁ_
g 0 gi#% (1|
-(a) 7 0.2< p,< 1.8 GeV/c -
' resonance decay daughtersi ' . ' y/ndf- 193.08/61.00
------------------------------ ' T 0.1F pO: -4.154e-06 +/- 1.934e-06 |
Focus on contrasting two isobar systems. Assuming the N%’ | I
background is proportional to v,, then: © +$—+ l |
AyRUHRU _ 1 Ay Zr+20 — Ay RUIRU _ 1 7 Zr4Zr 2 * ’ H | t
o i
Where: q' = pRUtRU jpZr+Zr | i
Pre-defined CME criterion in the differential measurement: e : - : i
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.

rCl) =0y e iy M )| D Bfield
: AV(q"ZDc) _A_l;_b_(_li”_z;)_c_)_+ AyCME(qJZDC) @ dlreCtlon ,’0 2
47" (Frp0)! '5;;'(113;;;')": 3 ) o
A PC (Panc)i 1va (Wanc) | More less
Ay TME (Wipo)! vy (Wane) | correlated orrelated
= — @ ; )
Ay (Yzpe): 1vz(Wrec) | ‘
""""""""""""""" L /A // >
AyCME (pop ) ® S\ /./.';g .(//‘f, . _
Jee =y o) Y et
S L ', N ;_r
o ° . ‘ \
Pre-defined CME criterion: '*I‘App \ & ha ged tracks
(measured)
Ru+Ru Zr+7r \A o
cME > fémE s 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 -
S, = 200 GeV

0.5 —\ NN + IL N
O—F ﬁ—g— —$ a4 ]
055 02<p <2.0Gevic 1
-1-(a) TPC full-event -
e Ru+Ru e Zr+Zr } j
05t |-

PLNENY

O F
—-0.5| h*, 0.2< p,<20 GeV/c B

TPC sub-event i
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

4. Extraction of CME fraction: approach Il

(A]//UZ)RUH'RH

2
— 1 4 fZr+Zr [ BRu+Ru /pZr+7Zr)* _ 1] :

(Ay Jv,)ir+ir feMmE ( / ) - STAR /sobar blind analysis 1
| s = 200 GeV ]
(Ay/va)zpe 1 4 £IEC (V%{TPC} 1) [ L Ee ]
= CME\ 277 oWos- o Zr+Zr |
(Ay/v2)Tec v3{ZDC} B-field x5 L ! ]
direction %2 - - i
. . . . y , + -9 L i
Pre-defined CME criterion: F =l /4 |
More ' . ® less ©  o—t------ . |
TPC >0 correlatec | orrelated HU] i :
CME )‘ = L ol |
Y i 7% " O : :
: : Psp —— —0.5— _
Dlﬁferen.ces in the method of ~‘\\ < "~ 02<p, <26Gevic :

estimating v,{ZDC} and m W&\ NChged tracks R N B B N
v,{TPC} compared with the "~ 8\ (measured) T 300 20 10 0

approach-| NG oo Centrality (%)
—

e © @

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

5. Charge separation measurement with R,

B-field
direction ‘Qb'z" Shuffled events STAR Isobar blind analysis, Vsyy = 200 GeV
7 >4 108 @) o400 H‘H;jﬁjélu‘ROBO%l b e Ho.18
108 T+ 1r a 1016 -
:U) 0] (0] - ]
2 ¥ W ® o} - ¢ -0.14 &
CEE 1.02+ ) & 1T ® ® 3 ®
-] (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 aosen @ 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 | -+ BN -
C Nreal (AS) distributions of the o5 Ru+Ru 4 Zr+Zr Ru+Ru + Zr+Zr & | | T T - '
Yz TN (AS) : . 52 1 0,1 2 3 3 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

1021 STAR ISObéI"p ost-biid éna/y Sié’ VS_NNI:QOO GoV. Rusfu 2112, 2050% | * No pre-defined criterion is satisfied
o T —— = = = = - == = = - - - — = - — - - - I 5 Tt for the observation of CME
E e | [ ke | . Pre:cision of 0.4% is reached in the
& g =i 1 :+: o & ratio of observables between two
0.96 1 . + & systems
094 L. . . J — S . S * Ay/v, ratios are below unity -
Q§?3°°°' 0§Q20§w o’«\QE:‘&Q% @s‘?iio*"%(fi@‘? @§Q§i°°°' Qﬁ&ﬁ'” Q/;zfjio@% NG Qw'”@oi S g’ii mainly driven by the multiplicity
W & @ (\L@% (\L@% (\,@% 5@6 & S difference between the two isobars
\V'\\\ \v"\& \V'\\\% \vu\\'\ \v.\\\ \va\\\ \V'\\\ \6\,@?’
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

Summary on the isobar blind analysis

‘ . . . ‘ ‘ , , | . | | From the blind analysis

5 -bli is. Vsyn = 200 GeV, Ru+Ru/Zr+Zr, 20-50% d . . . 5 9
IR S LRI ReR R EHE ) VST e « No pre-defined criterion is satisfied
1 R N e R R -2 - === for the observation of CME
o * - . .
T o8 FE- S * Precision of 0.4% is reached in the
o i |

* Ay/v, ratios are below unity -

L= i & ratio of observables between two
&
0.(_ * E+3 @ ) | & systems

0.94 ! L ! L 1 I L L |
Q O (1/ O-_)\) o \ 7‘) Q . ] o . o
Q«%@‘* & «%@Q @’\Q<°‘°°Q «%@Q G Q«Q o e W B e & mainly driven by the multiplicity
R SO N A N Q N . .
DRI O I I \@‘b difference between the two isobars
N N N N N N N q,
N R A\ SRS
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Non-flow studies (new since isobar paper)

Y. Feng (STAR). Poster in QM 2022

1.02 - STAR /sobar, Vsyy =200 GeV, Ru+Ru/Zr+Zr, 20-50% ]
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]
1 e e A I N e — — — — — - ; —————
_g STAR preliminary: DATA @ HIJING background estimate T =
é:‘d 0.98 - Full-event Sub-event e yi N i
il + @ E+:| mEim -
0.96 | 2 - .
0-94 Ol\ 1 C)IQ‘ c)l“‘{ Olp, OIQ qu' 1 1 \kﬂ,l \l\_gl n rlll 1 \\{\QL
Qo R R Qe Qe Qe Qo QT B T RVF@T S
D R S N - N N ¢ i
QAT BE o AVT QAT QY AR N
O v 3 3
AN x A AT A A N AR
NN AR A AN\ SRS

s Non-flow contribution will cause extra deviations

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

From the blind analysis

* No pre-defined criterion is satisfied
for the observation of CME

* Precision of 0.4% is reached in the
ratio of observables between two
systems

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

Non-flow study to understand

NAy /v, measurements in isobar

¢ 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 uncertainties
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Summary and new oppotunities 1> Tocopahfieorder Guent plane

Lower energies enriched with spectator protons

with Event Plane Detectors

¢ No pre-defined criterion is
satisfied for the observation of

CME Event shape selection

L)

* Precision of 0.4% is reached in

L)

Y5 (M < Ypeam): 2"%-order event plane

the ratio of observables between for particles going in forward direction

two systems

L)

* The ongoing non-flow effect studies

L)

[ Ru+Ru 200GeV, 20~50%, SS pair |
(acceptance corrected) e »

show the isobar data are consistent §fAHpreliminary

with the current estimate of non- 2

flow background within the

uncertainties

Y. Hu (STAR) Talk in QM 2022
Y. Feng (STAR). Poster in QM 2022
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Approach-l: measurement with the Event Plane Detector (EPD)

Event Plane Detector

.« qst_
Event Plane Detector (West) Py (n > Ybean?)- 1%*-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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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.
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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 ‘ S .‘;‘\"@ @"lf\g @"'&b (,3\'1"“:'b
® v % v ® o
T —e— Mixed-blind —— Mean - — Meant5c

Unmixed-blind @:w"?

= E =
& & &

- = < :q,"" X = -

________'_':-i“__q, _____ - - = d

- . - _ _ _ _ __ D B

[ —&— Un-blind —— Mean — — Meantbc |

0 1 2 & 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 list: H
(example) i

by-Run QA L i |
Algorithm! . e i

( RefMult )

QNP 2022 Sep 5 - Sep 9, 2022 Online

| Check the next quantity
)

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

v

Is this the last quantity on the list? 2

Stable results

Global R-by-R Check

Check the next quantity

> STEP-1: Precheck the jumps without any bad run limitcut

> STEP-2: 1stround bad runs check (10-RMS as the default)

> STEP-3: Rejectthe 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)

!

No
|s this the last quantity on the list?

Yes

Final bad run list
Final run regions

Yu Hu @
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Equations in the non-flow studies

(NA)//VZ)Ru+Ru 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
A€, AEnon—flow €y /(sz—measured)

~ 14 _
€
€2 1+ €non—flow 1+ 6_3/(Nv%—measured)
2
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