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Outline

*» Motivation
s CME observables and their Core-components

“ Sensitivity Study with STAR'’s frozen code isobar blind-analysis,
with EBE-AVFD events.

“ Summary




STAR Heavy-lon Collisions

Nuclear collisions and the QGP expansion
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The quark-gluon plasma
(QGP) is created in heavy-ion
collisions.

According to QCD, if the
topological solutions of the SU(3)
gauge group are chiral, they can
transfer chirality to quarks via
chiral anomaly, forming local chiral
domains in QGP




Chiral Magnetic Effects (CME)

spin :
In non-central collisions a strong a4 ruLT D /I P, LJ
magnetic field is produced L to Wr NNy @
momlentum 1\6\”#0‘ 1 I ] ‘,dR
I A J ;) 151? l l
Reaction e . 1 (dg)
Plane Wg- l ﬁ 1 }
1 2 3
CME-induced charge separation shifts pos. and neg.
particles in opposite directions (along B).
NP 2(R,,) The azimuthal distribution of particles is
4 S| < Fourier-decomposed as:
dN, N,
5 ~ 5 [1 4 2v1 o cOs(¢™) + 203 o cOS(20™) +
D. Kharzeev, Phys. Lett. B 633, 260 (2006) ¢ a
D. Kharzeev and A. Zhitnitsky, Nucl. Phys. A 797, 67 (2007). 203 o €08(30) + ... + 2a; o sin(¢*) + ...]

The CME is present due to finite ns/s, measured as
finite a, in experiment.
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Experimental Observable: y-correlator

Y112 = (cos(pq + ¢ — 2¥Rp)) STAR PRL 113 (2014) 052302
(C(_)_S_{é?a) COS A¢,B) o SIH(A¢Q) Slﬂ(AQSB)) > 10'%2 76 TeV Pb;Pb " 200 GeV Au+Au T %624Gev Au+Au T I I¢A391GeVIAu+IAu I-
S~ - = @ Q... A L\ %0

iy A ec? . + 'i"'g,x-ww {. —i—e—e—w W

/ & o THx __*_*,f‘* IEZ | =

I L "'___'___"'""'"‘:i t t t H t t } H ‘ } } + }
v’[ background effeCtS z ::t ;E;%fg;g;;’eig -.19.6 GeV Au+Au | £—11.5 GeV Au+Au | 77 GeV Au+Au |

Directed flow Fluctuations of a, £ «*,
SS T e

Avyi12 = 7?12 Y1125

Centrality %

the (v1,4v1 ) terms cancel out, as well as a large portion of (Bix—Bour).

0= o= :
B (cos(ba — P35 )}3 B » Backgrouds include the effects of resonance
= ((v1,av1,8) + Biv) + ({a1,001,8) + Bour), flow, momentum conservation and local

charge conservation.
Avy112 g

K = = = a»
2 Vg - Ad Soren Schlichting, Scott Pratt, Phys. Rev. C 83 (2011) 014913.
Jie Zhao and Fugiang Wang, Prog. Part. Nucl. Phys. 107, 200 (2019).
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Experimental Observable: R-correlator

1) E-by-E a, difference between +/- charge AS.

Nreal (AS)

Phys. Rev. C 97, 061901(R) (2018)
Phys. Rev. C 98, 061902(R) (2018)

. . . . _ Ol ..om n.o_ .., m
2) Removal of trivial contribution: C(AS) = N AS >_wi sin(-App) D w; sin(o-App)
shuffled (AS) o T 2 A 2
. CJ_(AS) nt N = :
3) Look for out-of-plane excess: R(AS) = ———= > w; > w;
C(AS) 1 1
P Gt Au 200 GoV AP A= A o e
(a) A 1.08F (@ AVED (b) : : :
| 30-40% VD v [ .05 % I m=10% 1 1* Ryyis concave with CME signal.
2 | : gmﬁ%ﬁ o 1 | |* Ryyis convex when backgrounds only.
E‘N By 7 00% g3 T b qr,;;‘{%,, ﬁ’ 1 |* Ry getting more concave when the
00 & | § .l ?@ “q,e“f ' signal is larger.
g f EIJ IIIIIIIIIII EIJ % ) Iy T g m m““m i é"w.m..@@“é ]
1.08_—(Ib) i . Low ' ] 108:_:—(@{}}}56_60%14:::'3'215/6052123
_ 1= P a,=15% As : :
- & lre 1= » However, the interpretation of the
& 104} 1 S 1< i i
el S ) i Loal % i N = shape of Ry, is complicated by
o I - 11
gl ____________%% M ___________ ) ‘I“e,,é éﬁ N\é | other effects.
! 1 ]
. . . . . LW I 1o Phys. Rev. C 97 034907(2018)
04 02 0 02 04 o beneaena b0
s - S S | R B 012 17 Phys. Rev. C 101, 024916 (2020)
AS/ OpsSh Ry, Phys. Rev. C 103, 034912 (2021)
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Experimental Observable: Signed Balance Function

A. Tang, Chinese Physics C Vol. 44, No. 5 (2020) 054101 Y. Lin, (for STAR Collaboration) QM2019

1) Count pair's momentum ordering in p,, :

pr(Sy) _ N +—(5y) - N++(5y)’ - AulAu zooe‘ev ‘AVFD (3‘0-40%) | | 7Au|Au 2ooéev AVFD (35-40%) |
N 1 01 5 | Real rrest LCC = 33%, rrest | * Real LCC = 33%
N—+(SY) B N——(SJ’) - © Realr, o 7 Ng/s=0.2, a ~2%] | O Shuffled °P ng/s=0.2, a1z2%7
BP,y (Sy) N N :<> Shuffled rrest v r]5/S=O'1’ a1z1°/°: i v n5/S=0.1 ,a ~1%|
N ml <0.5 1
2) Count net-ordering (e.g. excess of pos. - ¥ Shuffled r,, A ng/s=0, a=0 11.0005 - A\ ng/s=0, a=0 -

leading neg. ) for each event : 1011 B I

I Inl <0.5 ] ;
SBy(il) = BP,y(il) - BP,y(il); = STAR R i % ‘JT: - — )
ABy(il) = SBy(il) - 5By(i1) B \V/ preliminary | i + §
NN 1.005 5 7 7
= Ny = Ny j % °® | -
~ R h L P --égg--z; ----- R
3) Look for enhanced event-by-event fluctuation @ B - |
of net ordering in y direction. 1_‘ l%@ﬁ’@%@*‘%@?"'@k’""@?“@*'i"‘ N | STARpreliminary =~
OAB, 0 20 40 60 80 0 20 40 60 80
r = —— (>1 with CME) Centrality (%) Centrality (%)
OAB,
Trest . n iCi N i ind- i
Rp = (>1 with CME) Not.part|0|pated in isobar blind-analysis,
Tlab but included here for completeness.
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Isobaric Collision and Blind-analysis at STAR

96 96
),

Ruthenium

Ru

Ruthenium

nzr |y iz

Zirconium

Zirconium

Charge Asymmetry
Correlation Measurement

Background Signal

Background | Signal

RuRu

% The two isobaric systems: Difference in the CME signal but same flow

backgrounds.

J. Adam, et al. Nuclear Science and Techniques, 32, 48 (2021);
J. Adam, et al. arXiv:2109.00131 [nucl-ex]

Phase-| Blinding Phase-Il Blinding

Isobar-Mixed
Analysis

Test data
Structure
(27 GeV files)

Establish all procedures

Isobar-Blind
Analysis

Full analysis
(Ru and Zr
Separated)

Act "blindly” on all procedures

« The STAR has implemented a blind-analysis recipe in data analyses, and all
the analysis codes have been frozen as part of the blinding procedure. Five
institutional groups performed blind analyses of the isobar data, with various

observables.

» It's desirable to study the connection and difference between various
observables, as well as their sensitivities to the CME signals.

Y. F. Lin
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EBE-AVFD Beta1.0 with Isobars

EBE-AVFD: event-by-event anomalous-viscous fluid dynamics, Phys. Rev. C 97, 061901(R) (2018)
Phys. Rev. C 98, 061902(R) (2018)

________________

I .
o L
'Ir_> hydro E.J,-J v AVFD 30-40% (a)
evoltuion < () Ru+Ru
[ ] Zr+zZr

(VISH2+1) .  »

i ‘ + 0.05- @
i chiral .

|—> EM field [ , o transport

I 0

MC-Glauber I.C. E s (b)
E_‘ 1.01—
. . . LL B
a, is obtained with RP B g
Y. Jiang, S. Shi, Y. Yin and J. Liao, Chin. ng /s =L+ (%) ai,— (%) S 0%
Phys. C 42 No. 1 011001 (2018) Ru+Ru Zr+Zr|Ru+Ru Zr+Zr & 0 _ _
S. Shi, Y. Jiang, E. Lilleskov and J. Liao. 0 0 0 0 0 = ' “ngs
Annals of Physics 394 50-72 (2018) 0.05 037 035 | 035 0.33
S. Shi, H. Zhang, D. Hou, and J. Liao. Phys.  0.10 | 0.74  0.69 | 0.71  0.66 _
Rev. Lett. 125, 242301 (2020) 020 148 1.38 | 142  1.32 « The major background (vs)
. a, (Ru) > a, (Zr) IS identical.
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Connection of CME methods

The relation between experimental observables via analytical derivation:

128 M2 4
SBF: ASBF — 0'2(ABy) _— 0'2(ABm) ~ 71_4 (A’7112 = g’UgA(s)
Aps ~ 2(1 < A~y
R2 ~2(1 - H) Y112

R-correlator:

SCOIIC"L\ ity S —
avity concavity 2 | |
- 2 <(ASQ,shufﬁcd) > ~ —A[A’)'IIQ-

)
T Ror T Ro

In following slides, we will study core-components Aggr and Ay,

S. Choudhury, et al. arXiv:2109.00131

Y. F. Lin ATHIC 2021, InCheon, South Korea 10



Core-Component Comparisons of CME Observables

2Av112, ARz and Agpp = ( = ASBF +_%fv2A5) 4

0.2

0.1

64 M2
-3 -3
><1|0‘ | 1.5 3519 ‘ =
- w/ resonance ] 2Ay .
2AY - A
Ay O Ay M
O A ] O Agge |
1 r AVFD model -
— 4q2 I
- 1 . 0.5 - & -
w/0 resonance | i
] 2Ay 1 I @
O Ay 1 i i
A O Abge * (8 |
[ [ [ [ X1O ! | ! ‘ ! ! | !
0 0.02 0.04 0.06 0 0.1 0.2
az ng/s

When comparing core components, all three observables
have very similar responses to the signal and background.

Y. F. Lin
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y Correlator with Frozen code

0.2<p;<2.0

laal < 1 N
o e * mi<+10
@’ 06 AVFD 30-40% (a) g6 AVFD 30-40% (b) 8 7F AVFD 30-40% ()
= " (O Ru+Ru Z 055; () Ru+Ru = b () Ru+Ru = Av112
gy [ Zrezr b [ zZrze O - [ Zr+zr O vy - Ad
TR 0.5 s []
= : [] 51
MR = 0.45F -
1 . C 41—
i - 0.4 -
& O O dJ - -
+ - 0.35[ . 3t O
=5 02 - @ e @,
5 o3 J S,
n L . o 2
S opposite charge - L L C . L
~ i N C N E
: i T s (c) &8 115 %(f)
PO ‘ SIRRIE <o e
I 2 = 105 oo 1051 S
. same charge d S S e S S
0.2 PAY PAe
Il | Il Il Il Il l Il Il Il Il | Il Il L 1 1 1 1
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
ng/s n./s n./s

Ay11, and k41, show a finite background contribution at ns/s=0, and increase with the CME signal.
The ratio(Ru/Zr) is consistent with or below unity at ns/s =0, and increases with ng/s. and the ratio
of k11, shows more sensitivity.

The dotted lines are polynomial fit.

Y. F. Lin
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R(AS) -correlator with Frozen code

0.35< py < 2.0

u+Ru

R

r+Zr

Ry

N

1.04

1.02

1.04

1.02

AVFD 30-40%
[ ng/s = 0.

(a)
W
{ ng/s =0.05 z

D

i
e

LE)Ng

D >
D >

W W

Pegge®

T I T T T ‘ T T T ‘

O ng/s = 0.10 ©)
- é ¥¢ ng/s = 0.20

0.16

0.14

AVFD 30-40% (c)
O Ru+Ru
[ ] Zr+Zr

1O

0 o1 oz
ng/s

In| < 1.0

o As ng/s increases, the Ry,

distribution becomes more
concave.
o The GR_wlz value are increasing

with ns/s.

o Ry, (Ru/Zr) shows no visible
response to signal increase.

(However, if studied with true RP
and same kinematic cuts, it shows
similar sensitivity as Ayq1,).

Y. F. Lin
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Signed Balance Function

0.2< pr < 2.0

————— ,
2 " AVFD (30-40%) (@)
- -~ O Ru+Ru O -

1.006 | 1 —
- L] Zr+2zr -
1.004 | -
1.002 0 O _
1= | _

![\hj T T + ]

SR (b) -

271.0005 i -

+ L

- A

1._. - %-:r:'ff:*, . —_—
0 0.1 02
Ng/s

1.0002

Zr+Zr
B

RSLH-RU/R

1.0001

—
T T T

| AIVED ('30'-40'%)‘ (é),
B O Ru+Ru 7
; [ ] Zr+2Zr ;
L @ |
i @ Q = ]

(d) -
H%* ,,,,, SR * N

0 o1 = oz
ng/s

Im| < 0.5

Na Shows compatible sensitivity
to Ay

Rg (Ru/Zr) shows little sensitivity,
due to worsen EP resolution and
lower multiplicity (relative to AuAu).

No hope using Rg for isobar
collisions due to its nature of
statistics hungry.

Y. F. Lin
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Significance Study for Isobaric Collisions

Nn5/S| Nevent Aviiz Ad  Kiiz Tiab 01521 A~vi112{RP} UE;{RP}
0 |[2x10%® -1.50 -2.89 -1.21 -0.77 1.33 0.67 0.56
0.05|4 x 10° 0.62 -6.16 1.37 0.47 0.29 2.84 3.33
0.10 (4 x 10® 1.91 -16.81 3.43 3.11 0.62 11.78 10.85
0.20 12 x 10° 7.73 -42.96 14.07 5.96 1.84 37.48 27.90

* The ratios of two isobars, Ay and r,, show compatible
and decent sensitivity
* Ry, and Rg show flat response to signal increase.

The observablegp: True RP and same kinematic cuts
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Summary

» The relations among experimental observables have been established via
analytical derivation, and the equivalence between the core-components of these
observables have been verified.

» With EBE-AVFD events and STAR'’s frozen codes, we have studied 4y, R,
correlator, and SBF’s (not in frozen codes) response to same ns/s for two isobars
separately.

« The results show that all three methods are sensitive to CME signal for each
iIndividual isobar species.

« When studied as the ratio of two isobars, Ay and r_, show compatible and
decent sensitivity, while R,,, and Rg shows flat response to signal increase.

» This study provides a reference point to gauge the STAR isobaric-collision data.




BackUp: Model Descriptions

m Conditions references

A simplified Monte Carlo calculations, in STAR, PRC 79 034909 (2009)
Toy model  which the signals and backgrounds can be STAR, PRL 92, 092301 (2004)
controlled F.Q. Wang , PRC 95, 051901 (2017)
Version v2.25t4cu with string melting and gr;ngéAI,_si)’o%h(zr(])% g‘) Pal, Phys. Rev.
AMPT charge conservation assured. No CME. ’

and private communication with
ZW.Linand G.L. Ma

Y. Jiang, S. Shi, Y. Yin and J. Liao,

Chin. Phys. C 42 No. 1 011001

(2018)

S. Shi, Y. Jiang, E. Lilleskov and J.
Signals and backgounds are both taken into  Liao. Annals of Physics 394 50-72
account in more realistic way. (2018)

S. Shi, H. Zhang, D. Hou, and J.

Liao. Phys. Rev. Lett. 125, 242301

(2020)

EBE-AVFD
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BackUp: y Correlator with Frozen code

0.2<p;<2.0

laal == 141 N
|||| ~ 1.V

L _ a o) B N
AVFD 30-40% ( ) < B AVFD 30-40% (b) = o | AVED 3 o
N S SO 0-40% (c)
O Ru+Ru - (O Ru+Ru <
[ Zr+zr 0.003~ 001 () Ru+Ru
0.0031— C L] Zr+Zr S zeeze 8
- ] 0.0025— o008l
i ) B . 008~
” B ) B
I . 0.002{— - ! =)
0.002j 002 0,006 .
B opposite charge B @ - o
i 0.0015— ey L
- | | L N r
| ? (C) 'i.\ 1.15F (d)
0.001— same charge "o I =CRRE
L < > [>
B S 1| i% Preesssaggiyr s < i'\(
@ oc - - ik < 1.051
L _ % L i N *
i 3 ‘ @ < - B | Sk S O —
0 2 B c‘ccg C *
L | 0-951 < 5P 0 0.1 0.2
0 0.1 0.2 ) 07 55 — ng/s
n./s ng/s
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Core-Component Comparisons of CME Observables

2A7112, ARz and Agpp = ( T ASBF +_§P2A5) 4

64112
x107°
o |
O(ns/s) —O(0) = a3 | +af _ — 2a1 a1 . Q4L 2y -
2 | O
S O Aser
0.5 - =
oL (b)
| | | | | ‘ | | | | | x10_3
0 0.5 1

(a8, +df -2a,,a,)
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BackUp: Study Related the R-correlator

Studies | RysShape T —r—

Roy/Niseem’s PRC, PLB
AMPT with resonance decay, No
LCC

Huang/Nie/Ma. PRC 101, 024916

(2020)
AMPT

P. Bozek, PRC 97 034907(2018)

Aihong Tang, STAR Collab. Mtg
AVED version beta1.0

Yicheng Feng PRC 103, 034912
(2021)
AMPT

Gang Wang,
Mtg 09/20/19
AMPT

CME focus group

Convex. 30-50%
centrality

Flat. 30-50% centrality

Concave. All centralities

Concave. 30-40%
centrality

Concave in 30-50%
centrality. Other centrality
may be flat or convex
depending on viewing range

Concave in 30-50%
centrality.

Other centrality may be flat or
convex depending on viewing
range

Ry, and Ry5 Shape similar. Both convex
Ry is slightly concave (may also consistent
with being depending on viewing range)
Both concave (after EO resolusion
correction, based on private comm.

Between Roy/Niseem and Bozek)

n/a

Ry, and Ry5 Shape not similar, although
both are concave.

Ry, and Ry5 Shape similar flat.

Ry (AS)

@  AutAu200GeV
30-40% AMPT o
1 f@gwﬂ% """"""" 7
é@ a,=0.0% ﬁ
0.9 § L
N i ¢
108 (b) o=
1.04F Li; ,{J 1
1_@@@ @@@ ............ -
'fﬂmm'm/
04 02 0 02 o4
AS
@ AMl;I;rui(I)SuG'eV ' m=2 g
1 OED,
of o)
UL
ossl ¢ & & ¢
0.96] :[: :I:

02 01 0 01 02
AS

No clear conclusion
about the Shape of
R’s observerbales.

Y. F. Lin
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