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The Chiral Magnetic Effect (CME)
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Motivation

no predefined signal observed

STAR Isobar blind analysis, sy = 200 GeV' 0.1 STAR Isobar blind analysis
300" Efficiency uncorrected tracks ([n|<0.5) o o =200 GeV v v T L o T T T T T T T
250 - 008 | 1.02 |  STAR Isobar post-blind analysis, Vs = 200 GeV, Ru+Ru/Zr+Zr, 20-50% b
'y @ * » e
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Ru+Ru/Zr+Zr 1.04
112 - Ru+Ru/ Zr+Zr
o Ratio
- 108
o 102 Ratio(20-50%) = 1.0144 £0.0001 £ 0.0008  *

! C 099

womw o m s RN : 5 N3
06 06 o ] ) relative pair multiplicity
1aRu and 35Zr collisions differ in N, v2, due to nuclear structure.

Ru
Isobar blind analysis shows % below unity, contrary to initial expectation.
Ru . . . . . . ) Ru . . P . -R”
% is higher than multiplicity scaling % but lower than pair multiplicity scaling “.
- Ru
e Re-weight events according to IV, vgbs, EP resolution. e Estimate nonflow backgrounds in %
e Mitigate isobar differences e Set upper limit on CME fraction
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Re-weight events of Ru+Ru to match Zr+Zr.

fwbin :Nbin(Zr)/Nbin(Ru) For the corresponding bin:
Npin: number of events
So = Z Obin(Ru)Nbin(Ru) fW,bin .
b Sfw.bin: weight factor
Obin: observables
Sw =Y Nyin(ru)fwipin
bin
So and Sy are the sum of the
Finally observable and weight entries in
Omatched(Ru) — SO/SW total, respectively.

POI multiplicity (), observed elliptic flow (v$P*), and EP resolution are used for matching.

After matching, comparisons between two isobar collision systems in the other quantities would be
more straightforward.
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correlator after
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After matching, Ru+Ru/Zr+Zr ratio seems consistent with unity for A~y /vs.
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Signed balance function after IV, I,'Sbs, EP resolution matched

T T T T T T 3
3 | STAR Isobar analysis Tlab ] =@ [ STAR Isobar analysis R 1 By accounting momentum ordering:
] 0067 Ru+Ru(matched) a 1 1.0003— Ru+Ru(matched) B Count pair's momentum ordering in py,:
T Zr+Zr R r Zr+Zr b N4 _(Sy) — Ni4(Sy)
r ] E , Bpy(Sy) = ————————————
- —~ g 1.0002}— @ m 7 Ny
1.004 @] — C L ¥ @ 1
L m O 1 C ;I; 0 L N ] B (Sy) = N_4(Sy) — N__(Sy)
L ] F ) ] = .
[ @ ] 10001 1 v @ 4 NyiTy N_
1.002- @) — e Wy y @ I
r O O A C (R} 1 ] Count net-ordering (e.g. excess of pos. leading
[ 7 L I ‘IF ””” iT? ] neg.) for each event :
) T, . , ‘ i E , , ‘ ] 6By (Sy) = Bp,y(Sy) — BN ,y(Sy),
b r 5 F
ri:g r STAR Preliminary %:m STAR Preliminary ABy = 6By (+1) — §By(—1)
£ _1.0005F 4 g 10001} ] Ny + N_ [N N }
& L 3 L = _y — _ .
Lt : o e E Wy | { \ N_N_ y(+-) y(—=+)
1= e e 1 g B = -
L ¥ r S
r F [ ! f ! [ Look for enhanced event-by-event fluctuation
0.99951 1 0.9999 I 1 of net ordering in y direction.
] 20 0 60 80 0 20 0 60 80 po TABy g Tes
Centrality (%) Centrality (%) N Tlab

After matching, Ru+Ru/Zr+Zr ratios are consistent with unity for both 7., and Rp.
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Results from the forced match method

N
+ T T
Ry 1.02 [ STAR Isobar, 1 1.0002
/\3\ VSNN S 200 GeV, 20'500/0
o 1 —il— e = | %)
3 g
S
% 0-98 1 1 09998 £ After the match, isobar ratios in Avy/vs,
Q 0.96 - signed balance function consistent with
< : STAR Preliminary 4 0.9996 .
2 Forced match umty'
2 o094 —
~ Q,\QO AN\ Q‘%
W
N
N
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und baseline

A~ measurement using 3p correlation

03,04,5? = <COS(¢(¥ + ¢ﬁ - 2¢(:)>7 A’Y - (CS,OS - CS,SS)/U; = 03/1};'

background decomposition

Avbkga _ Cs v3 Csp Capv3 C3p/Cap
0 T =0 ot = e (1t 3
v3 V5 Nvj N=v3 Nwvj Nwvs
over the correlated pairs  Cap = (cos(¢a + ¢g — 2¢2p))2p
over the correlated triplets C3p = (cos(¢a + P58 — 26¢))3p
R . -
Vi = (AYokga/v3)"" Ho(cgp/z\/)  Jent 1 <503p 003 SN @)
= (A’kagd/vg)zr CQI’/N 1+ ens 1+ ol N/vé Csp Cap N v%
— §X = XRu _ XZr
X w/o label is for Zr
flow-induced background: nonflow in v3: eny = vgz/vg -1
correlated pairs coupled with flow o 2p-cumulant v32 = (cos 2(da — ¢3)) 3p nonflow: correlated triplets
(e.g., resonance decay ..) contains flow and nonflow (e.g., jets, di-jets ..)
e Resonance/cluster multiplicity v32 =02+ v2 nf e HIJING simulations
not strictly proportional to N e 2D fit on (An, A¢) distribution
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Pair multiplicity ratio

Relative pair multiplicity
_ N2p _ Nos — Nss

r= =
[sTAR ‘ " LUN Nos Nos
 Isobar, |/sy, = 200 GeV i ]
[ FE. Ii<1,0.2<p <2 GeVic 1 2p nonflow (average from correlated pairs)

Cap = {cos(¢a + ¢ — 2¢2p))2p = N7 X (decay kinematics)

Ru+Ru / Zr+Zr
)

0.95 similar decay kinematics between isobars, then
§(Cap/N) _ 6r to be_ used _in
0 20 40 60 80 Cop/N 71 baseline estimate

centrality (%)
The difference between two isobar systems in relative pair

. . . Itiplicity i i he diff in 2 flow.
s dus o e ey deriie: multiplicity is used to estimate the difference in 2p nonflow
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STAR Ru+Ru, sy = 200 GeV, 30-40%

nl<1, 0.2<p <2.0 GeVlo
(acoeptance & kink corrected)

x107
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[ STAR Pr el T i nary'
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0.06 [FE, |ni<1, 0.2<p <2 GeVic

to be used in
baseline estimate

0.5 of
% 20 20 50 80 ~0.025 20
centrality (%)

- 1.1 T - )
N>N | STAR Isobar == this study: fitted flow v,
Z L (S = 200 GeV STAR v,* ,
z L PRC105(2022) i

< L £ nonflow v, ,=\v5 E
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80
centrality %

20 50 %0
centrality (%)

isobar ratio of va:
fitted flow > inclusive
measurement > 1 > nonflow

Ru has smaller nonflow due to
larger N, as nonflow ~ 1/N.
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3p nonflow estimated from HIJING

to be used in

o ; . . a . . . Lo T
&  [STAR & FIUING STAR ] & [Hane ] S§& [ HING ; ;
O frumujen=200Gey  PRCI05(2022)014901] O 0.12] tsobar, {a; = 200 Gev SRR 0T b on  baseline estimate
FE. <L, 005 o HIING. gﬂgﬂgﬂ:ggjgg [ FE, Ii<1, 0.2<p <2 Gevic Edzr+zr 28 MO FE iK1 02<p <2 Gevic
1 £0.2<p <2 GeVle —« HIJING, quenchlng oy - #an,,[>0.05 1 S} rl ian,,[>0.05
E 5 92p 3 0.1 7] [
o SUNBE 2 5 S S R R
] ool 1 09}
[Prelimnm n‘m y ‘ 1 TThPrelim mu y 4 LPrelim m‘m y ) )
0 20 40 80 0 20 20 80 0 20 40 60 80
centrallty (%) centrallty (%) centrality (%)

Since HIJING does not have flow, the inclusive C'3 in HIJING all comes from 3p nonflow correlations Csp,.

Data agree with HIJING in most peripheral collisions.

Difference at other centralities are presumably from flow.
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Measurement and background baseline for isobar ratio of Avy/vy

full-event (FE) method

subevent (SE) method

s 15 1.1 —— —T— s 15 1. —— ———
A ‘ STAR' & HIJING ] e 5 ‘ STAR' & HIJING ]
z2|12 I Isobar, |sy, = 200 GeV | z212 I Isobar, |sy, = 200 GeV |
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m 1y i n 1 i
> - E > - E
0.9 i 0.9 i
[ Isobar measurement Y i [ Isobar measurement Y i
r STAR PRC105(2022)014901 i r STAR PRC105(2022)014901 i
L F=1Background baseline Yokgd | L F=1Background baseline Yokgd |
0.8 f‘rom this wor‘k ‘ - 0.8 f‘rom this WOI"k ‘ -
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centrality (%) centrality (%)
R . -
ka 4= (A'kagd /v;) " O(CQP/N) - Senf 1 <6C3p - 602;) 67N _ @)
=T (Ayorgal/vs)” Cop/N  1ten 1 N2 \Cyp Cop N o2
C3p/Cap
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Background baseline estimates and CME upper limit

=}
N

““F STAR & HIIING
[ Isobar, \s,,, = 200 GeV, 20-50%
[ 95% confidence level

[ assuming 3B%/B?=15%

[ 11.5%

10.3% 0.8%
8.3% T
‘ M

o LN ¥
(Avllz,vz)zvc TPC (Ayuzlvz)ch TPC (AvuzN?):E TPC (Avnzlvz)sz TPC

Group-2FE  Group3FE  Group2SE  Group-4 SE

1.02 | STAR Isobarpost-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% 1
M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]

upper limit
o
&

0.
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fowe

2
S, N

ad
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5}

Rough estimate:
Data + baseline uncertainty ~ 0.7%

Data are consistent with estimated baseline. Assuming B2 difference 15%
. .. four uncertainty ~ 0.7%/15% ~ 5%
CME fraction upper limit ~ 10% at 95% CL ~s 20 upper limit ~ 10%
v (DY Jvz)R" 1 3(Cop/N)  bent 1 (503p 6Cop 6N avg)
bkgd = = - - = a7 2
€ (A’kagd/US)Zr CZP/AN 1+ ent g Nv3 CJP C2P N ’U%

C3p/C2p
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Summary

N
Y . . .
1.02 STAH Isobar sr blmdanaIyS/s szN-zoo GeV, RusRu/ZrZr, 20-50% N 1.02 | STAR Isobar, 1 1.0002
v 5. R = /Sy = 200 GeV, 20-50%
T el il Tl B I 1 |- - @ 1 »
8 — this study: baseline estimate } ; o @
& o9 T 098 { 0.9998 8
———————————————————————— 3 5
£ 096 [ srag proiminay 1 0.9996
o Forced match
2 oo — :
= & R
2
o
o
N
Blind analysis : Ru and Zr differ in N, vg;

Isobar ratios of CME observable Avy/vs below unity, contrary to initial expectations.
Forced match of N, v°bs, and EP resolution:

Isobar ratios in A+ /vy and signed balance function consistent with unity.
Background baselines accounting for pair multiplicity, v5 nonflow, 2p/3p nonflow:

Data consistent with background baseline;
Assuming 15% isobar difference in B2, CME fraction upper limit ~ 10% with 95% CL.
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Backups
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Analysis information

Dataset: Isobar collisions, Ru+Ru and Zr+Zr, at /5, = 200 GeV
Year: 2018

Production tag: production_isobar_2018

Trigger used: 600001, 600011, 600021, 600031

Selections: identical event selection and analysis cuts as used in isobar paper
standard StRefMultCorr and pileup removal
bad run removed as isobar blind analysis
—35<V, <25 cm
V. <2cm
|V, — VYPP| <5 cm
Ru+Ru ~ 1.8B, Zr+Zr ~ 2.0B
0.2 < pr < 2.0 GeV
15 < nHitsFit < 50
Inl < 1.0
DCA < 3 cm
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Matching check

é r O STAR lIsobar analysis | c 08— STAR lIsobar analysis—| - N STAR lIsobar analysis |
3 = Ru+Ru(matched) - 2 r Ru+Ru(matched) - 2 0.04— Ru+Ru(matched) |
= r ~ ~ q 2 L ~~ 1 g L N 4
= 150 @] ) Ru+Ru | E] ) Ru+Ru 2 N Ru+Ru ]
S r Zr+2Zr 1 2 [ Zr+2r ] ) L Zr+Zr i
2 ° ) ] 06— - > 1
5 C Q ] r 7N 1 0.03 N Al —
¥ 100 » N he | ] C - J ]
L @) : 04 L~ e ] F @] R
L . ] Fo . 1 0.02 _
50— D — F @) 1 F o © -
F D ] r ~ 1 F 1
r D o~ ] 0'2__ =~ s __ L © i
0=, . ' A by . , . 0'01__ ' ' , . -
[ Ru+Ru)/(Zr+Zi C Ru+Ru)/(ZrsZ: C Ru+Ru)/(Zr+Zr
° F { u‘wfl\‘)rr:mrz:h ) STAR Preliminary e i ‘ "'w:)r:a:h ) STAR Pretminary | e i ( “‘w;":a:h ) STAR Preiminary ]
5 140 5 = 11 ; = 11 v
o F 2.\ wio mateh o C 2. L wio match o C 2\ wio match
F Mo 105 1 Ay b 1.05f
1.05F z ] 3 3
F s 1
1 = [ [
L 0 20 40 60 80 0 20 40 60 80
0 20 40 60 80 Centrality (%) Centrality (%)

The isobar difference in Neoi, v2(observed), and resolution are removed with match.

A~y correlator: Nypo; only as the matching dimension.

Balance function: Npoi, v2(observed), and resolution all as the matching dimensions.
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Signed balance function

By accounting momentum ordering:

- L . Lo
Count pair's momentum ordering in py: Toy model: py, + v, + CME 3 T AVFD (30-40%) - (a)
Ny_(Sy) — Ny (Sy) — : ‘ . : 3 = O Ru+Ru 2 -
Bp,,(Sy) = g g, w 112-. primordial 3, =15% E 1006 — + 0 —
Ny B 1y« Primordial 4,=1% 3 U O zeezr .
F a Primordial a,=0.5% 3 L -
By o (Sy) = N_4(Sy) = N__(Sy) L08- o Primordial 2,=0% E L B
Noyiow) = N_ ' Lo6- . 1.004 -
104 ¢ El [ B
102 ¢ ' s y E L B
Count net-ordering (e.g. excess of pos. leading ]7””’ 777777 *‘ 7777777777777777 E 1.002 — O —
neg.) for each event : F 4 3 r = -
0.98— - L -
8By (Sy) = Bp,y(Sy) = BN,y(Sy), — 1 1 : SRRRS , -

ABy = §By(+1) — 6By (—1) o 1.006[- 3 e e |

Ny +N_ [N ~ } 1004 3 N8 T
=T ~ - — . { El
NLN_ y(+-) y(=+) 10028 | t ; E Z71.0005
Vﬁi 77777 # 777777 I ) A 1.4 3o r -
3 ? &r M s [ N
Look for enhanced event-by-event fluctuation 0.998( T # 4 Uy pS ~
of net ordering in y direction. 099 3 E E
OAB Trest ol ] L L L
r=—2%L Rp=—. 09945362 03 04 05 06 0 0.1 02
TABg Tlab Resonance p n5/s
00

With CME signal, both » and Rp would be larger than 1.
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Algebra from ()V - §I)kgd,> to f(‘l\ll-?

f‘ _ A’YCME _ A’YCME
oM A’Y A’)’CME + A'kagd
A *\Ru A * 1 — forr Ru
Y;ignal =Y — YI)kgd — % Y. _ [ ’kagd/vz/( fLM]:)} 7 kagd

(Av/v3)% T [ Aryga/v3 /(1 — fou)] &
[1/(1 = foue)]R" 8 fonr
( [1/(1— four) ST
G _ A& AR oz et (BR)P wst
fih‘; A'V(I}}JE A,er/U;Zr ,U;Zr (B2)Ru ’U;ZT

5f — Ru‘ _ Zr — Ru‘ 1— (BQ)Zr Y’U;Ru
CME CME CME CME (BQ)RH ’U;ZY

Ru __ }/signal 1 Y: (B2/U;)Ru
CME — Y — Ibkgd W

N}/signal 51}; 5B2
~y /{1 Ybkgd <1+ - 52

2
More roughly [ & Yeignal /(63%)
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Isobar background baseline

A~ measurement using 3p correlation
C3,05 = (cos(¢a + 0F — 2¢c)),

elliptic flow measurement using 2p

Cs55 = (cos(pa + &5 — 2¢c)),

correlation
v; — <COSQ(¢a _ ¢5)> A’Y = Yos — Vss = (Cs,os - 03,93)/11; = CB/”;
decomposition v§2 =024 U% o background components

va: true elliptic flow
: P Cap,os = (cos(a + 65 — 202p))
Nap,
Nos

V2 nf: nonflow backgrounds

2p
(resonance decay pairs, jets, ..

N

) 0S — SS excess, Cap,0s

nonflow fraction e, = 1;22/1)2 1
C3p,0s = (cos(¢a + ¢g — 2¢¢))3p,o0s,

CBp . NSp,os

2p nonflow: correlated pairs coupled with flow (e.g.,

v2,2p
Vo

3p nonflow: correlated triplets (e.g., jets ...)

resonance decays ...)

b5

_ b) V2.2 /
v ¢2p_4,-p——>

\%

CBp 8§ = <COS(¢O¢ + ¢B — 2¢c)>3p,ss

N multiplicity 08 — 88 excess, * = —==C3p 05 — NP = C3p,ss
0S opposite-sign, SS same-sign pair 2
. - Avpkgd _ v Csp _ Capvi CSp/CZP
%21[) corre:atej pa.lrI numbel:> decomposition v = Cap Nos? + NZus? Nog? 1+ Nu2
3p correlated triplet number Ny
Cgfffi = g;; Fssv2 + Fo o P Cop 0sv2,2pv2 + NOSJ{\); C3p,0s, C-’;fff = Yssv2 L P 5 C3p,ss
A e 5 5 5 5 SN 602
Yiod = ( 'kagd/UQ) (CQp/N) €nf 1 CBp CQp N C5)
g = Zr 7 e N - N 72
A /v CZI)/Z\ 1+ ent U2 CSp CQp N 5
(AYbrgd /v3) 1+ oo
2p nonflow nonflow in v3 3p nonflow

pair multiplicity (An, A¢) fit HIJING
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2p nonflow estimated from pair multiplicity

— NZp _ Nos — Nas

00sf 1 STARF Ty T T ol Nos Nos N [sTaR ‘ TN
3 r Isobar, \[Syy = 200 GeV, 30-40% B +  Isobar, \s, = 200 GeV d
z E FE, 1l<L, 0.2<p, <2 GeVic —Zr+Zr . N | FE i<l 0.2<p <2 GeVic Mo ]
=, 0.02f | pionpar, an, 005 E r as a function of min, of the = g
L ] . . 3 L 4
Z E pion pair X [ N 1
2 0.01 B i
> ] H Ru = [ 1
= ] the ratio between " (Miny) & sl 1
1 0 g
E ‘ ‘ 1 and 77" (Miny ), whose average I 1
1.2F—ave. 0.9693+0.0005 E gives 1 + o7 /7. I ‘ ‘ ‘ ]
LqfPretimnar E o ] ) 0 20 40 60 80
& E ] similar decay kinematics centrality (%)
=4 ] -
g . between isobars assumed, then
0.9F H
08 3(C2p/N) _ or wiggles due to centrality defi-
0.5 1 1.5 . Al
e (GVIC?) Cop/N r nition feature
Vi _ (A'kagd/v;) ~ 1+(5(CQD/N) (56“f 1 <(5C3p 5021) ON 50%
bked = I~ - - - -3
(A'kagd /’U;) r 021)/N 1 + €nf 1+ NUQ CBp CQp N vy
CSp/CZp
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estimated from

11

R | STAR Isobar Fegthis study: fitted ﬂowv | 0-5% centrality STAR Preliminary
Z i F 200GeV = STARV,* 1
EN -= Group-2 FE PRC105(2022) 0-5% vy vy Vg nf
> = Group-3 FE E=5nonflow vy = vz £ Ru |3.18% | 2.54% | 1.92%
1.05f = Group- 2 :
- Group-4 SE g Zr 3.11% | 2.43% | 1.94%
S | Ru/Zr | 1.025 | 1.046 | 0.990
& Ru 3.01% | 2.54% | 1.62%
s Zr 2.93% | 2.42% | 1.64%
1 S | 'Ru/Zr | 1.028 | 1.046 | 0.986
0
centrality %
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Upper |

imits of the CME signal

o
[N}

upper limit
o
&

[ STAR & HIJING
L Isobar, |s, = 200 GeV, 20-50%
[ 95% confidence level

I assuming 3B%/B*=15%

I 11.5% 0 ]
¥ 10.3% 0.8% 1
w 01 8.3% T
s = s :

o O I ' ' ]
G - ' ! b
0.05F : b
L | : ]
L ‘ ‘ Y ‘ L 1
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Previous Au-+Au results
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