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- Anomalous Transport

Two principal anomalous processes are expected in the magnetized plasma [for py, 4 # 0]

B
Chiral Separation Effect (CSE) Chiral Magnetic Effect (CME)
— (& ﬁ . — "B*
Ja = S g MV for py # 0 Y — f_—,);q. for pua # 0
7= Vector chemical potential 2m* Axial chemical potential

Derived from the induction of a
non-dissipative chiral axial current
(the lowest Landau level is chiral)

Characterized by a chiral vector current

Experimental confirmation of the CME;
v' Would be a direct observation of topological effects in QCD.
v" Would manifest the restoration of chiral symmetry in the QGP
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Anomalous Transport -Signals ‘ez Magnetized

/ conigggted pre-equilibrium plasma Hadronization E.ereeze.-oup i
¢ .
—_— , r e o, 3
B | ¥ sBass
o ﬂ 6 | CMW CSE sspd
peadtol ) The interplay between the CSE and CME can |, w>0 - -y
p-. lead to the production of a gapless collective 3
Q mode or Chiral Magnetic Wave (CMW)
yx \ v' Stems from the coupling between the density
X waves of the electric and chiral charges ffo CME vy <!
Dmitri E. Kharzeev and Ho-Ung Yee, 4
» The CME drives a dipole charge Phys. Rev. D83, 085007 (2011) 5
separation along the B-field
v’ leads to a “dipole moment” in
the azimuthal distribution of The CMW transports positive
the produced charged (negative) charges out-of-plane and
hadrons: _ negative (positive) charges in-plane
% o [1 26, sin(Ad) +..] L to form an electric quadrupole.
) :<a2>”2 . » The detection and characterization of both the dipole and quadrupole charge
1 1 5

separation is paramount
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( Prior/ongoing dipole charge separation measurements ] B
o ) \

O<Wo<2n

A well known approach is to use the gamma (y) correlator to p

. . -
measure the dipole charge separation PbPb contrality(%)
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background - mptAu e d+Au AutAu (Y2007) S 1 (0) cms collaboration arxXiv:1610.00263
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. 3

The background complicates dN,y/dn Ly Nffine w

signal extraction

Background can account for a sizeable part, if not
all, of the observed charge separation
v' Could one make more discerning
measurements with a different correlator?
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( Prior/ongoing quadrupole charge separation measurements J

A pervasive approach is to measure the elliptic flow
difference between negatively- and positively charged
particles as a function of charge asymmetry
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» Similar slope parameter for:

v vy and v3
v Small and large systems

Background can account for a part, if not all, of the observed charge
separation signal with this correlator

different correlator?

v' Could one make more discerning measurements with a
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N. Magdy, et al. N. Magdy, et al.

| () -
The Ry (ASy) Correlator - Rudiments Ecuscye. g - ) 20

» The correlator is constructed for a given event plane Wy, via a ratio of two
correlation functions

> Leverage Small systems

Cy,(AS;) quantifies charge d=1 - dipole ™ order B p+Pb, p+Au, ...
] - d=2 — quadrupole
separation of orderBd along the B-field e g separgtion St T X
LorB ﬂ O<Wo<2m
Reaction | Sj » plane
Plane s/ e &7 C,(AS,) quantifies charge B-field and ¥, ~ uncorrelated
&/ separation of order d perpendicular v R (AS,) measurements
yT YL N ——»  tothe B-field (only background) W2 e :
- X insensitive to B-field
- “no signal”
The R‘({‘,irzl (AS,) correlator measures the magnitude of charge separation v' Excellent bench mark

of order d parallel to the B-field, relative to that for charge separation
perpendicular to the B-field

Note that Rl({i) (AS,) is insensitive to the CME- and CMW-driven charge
separation (but sensitive to background)
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The Rl(ljdrzl (AS;) Correlator - Operational

B
. eac /an
IN. Magdy. et al. =1 -
PRC 97, lh’;]:)ﬂelt(;l{_i 18) (d} D (AS) = Cym(ASg) d=1 - dipole p/ane
Ci,,(AS,) | d=2 - quadrupole
N. Magdy. et al. m :
arXiv:2003.02396 A
[
N(ASg) ap =@ —¥m N(ﬂsd)“L
Cm(P3) = e \ ﬁ : G, (AS) =
N(ASy) sh Sensitive to charge separation ¥Ym N(AS)on T
(Signal and Background): =0l
N(ﬂsd) N((S‘l-'?n)d (S@m)d) N(ﬁsd)l == N( (S‘-{’m}é _(S‘I-"m)(Ji-)
. w;: charge-dependent detector 5 -
5 Y7 wysin [mT (ﬂqo)] acceptance e 3l — 2.7 WpCos lT (ﬂfp)]
(S‘-I—Im>d = Wy, WYm/id — Wy
. p/n: number of positive/negative -
2w, sin [mT (ﬂ(p)] hadrons per event . n W COS [775 (A(p)]
Swmla = (Spmdd =
Wn

Wn

Shuftling of charges within an event breaks the charge separation sensitivity:

N(AS)sh = NUSEmda — (Sem)d)sh

N(ASD* = N({SEmda —(Som)d) ¢,

» The correlator employs a common operational framework for both the
dipole and quadrupole charge separation measurements
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Models used to “calibrate” the correlators

» The response and the sensitivity of the correlators were studied with several models;

v' AMPT with varying degrees of proxy CME- and CMW-driven charge separation + background
v" AVFD with varying degrees of CME-driven charge separation + background

v" Hydro events with only background background = well known backgrounds
G.-L. Ma,
Guo-Li M. d Bin Zh -
AVFED - CME AMPT - CME P,;';S_ l’_ae';f B?O?)? 3 9_':3 (23'1’% AM PT- CMW  Phys. Lett. B 735, 383 (2014)
The AVFD model, simulates the CMW-induced quadrupole charge

CME-induced charge separation generated
By switching the p, values of a fraction of

the downward moving u (“d) quarks with
those of the upward moving “u(d) quarks

separation generated by interchanging
the position coordinates (x, y, z) for a

fraction (fs) of the in-plane light quarks
(u, d and s) carrying positive (negative)

evolution of fermion currents in the
QGP on top VISHNU bulk
hydrodynamic flow

Yin Jiang, Shuzhe Shi, Yi Yin, and to produce a net charge-dipole separation charges with out-of-plane quarks
Ji;fenghuao in the initial-state — 3 carrying negative (positive) charges, at
c ’”_-P .ys.C42 (2018) 1, 011001 Signal strength o= \_[[“_] p \l<i] Jo==a the start of the partonic stage.
e-Print: 1611.04586 d_NOC[1+2a sin(A¢)+ ] p =<a2>1/2 v 1B t4) 1) S/gna/ Strength fq
Y, £ 20 1 1 5
> Note::

v' The input and output signals should not be the same, due to signal loss

v' The magnitude of the AVFD output signal should be larger than the AMPT
output signal
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Piotr Bozek
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(AS)) T T i e
N. Magdy, et al. spd=1 m=3 o]
(D) ‘P _ (x—b)? ., e e Eae ~2r Ev-by-Ev Hydro + LCC =
R v (AS)) = Cl (AS) =2,3 Fit(x) = ae 202 PRC 97,061901 (2018) = : . = 0.0% :
o e T S 8 b -
. : 40-50% —~ [ ?b dg ]
Correlation funct/ons are constructed - N(AS) m NASy)  pm SEN! L & o
from Gaussian shaped distributions 0.8 d & d % ] = Sapes? ]
[ Y 3 09 1
] g i C ]
C (AS): Nreal(AS) 0'4__ .,-;. -;'_‘ .:' ﬁ““ ] '|%....|_I..”|]....r|]....|]....l'.. .|;
" Nipinea (AS) | LY PR RN
Op= eaaeﬂd BB bR eaﬂﬁ BEEEE-- . . .
b ettt ! ] At . — 5 AVED Au+Au 200 GeV Cy,
12F @© (d) 1 M 40-50% ch, o |
ﬂ 1 S NashH Nash) 1 8 8
Reactlon i s % 1 8 ®
Plane W, 08 i ﬁ q ,:F H
i . i3 | :
‘: AS) | 04f A ]
" uffle [ ] K o L
Shuffled QO = ‘l..ﬂaauﬁ | E‘Baggl--- ---E-EEE‘BT H:’ngggl..u 07+ g g
‘Pm—>‘1’m+” /m 04 02 0 02 04 04 02 0 02 04 ' ' ' ' '
AS AS 03 -02 -0.1 0 0.1 0.2 0.3
AS
C, (AS), C, (AS)and R",, (AS) are Gaussian
(AS) depends on the relative widths
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The RL(I}; (AS;) [dipole correlator] - Operational

» The charge separation magnitude is reflected in the width of

the R&l (AS,)distribution which is affected by:

v Number fluctuations

v' Event plane resolution

Straightforward to mitigate

I __ »
AS" = AS /0 \gsn AS = AS'S..,,
L N LN L RS S y n y ' ' ' ' ' '
) 100% 1 (b) 1 ©
P AMlijui(/)SuGeV 0 o T 30-50% T
It R g L T
2 i & P 3]
S 098_— q’q]% Iﬁbﬂ? T $9 @$ T
S b ¢ 1 7 $ $ I
i <l> i i <l> T i
0.96[ EIJ EIJ T T
03 01 0 01 02 3 2 1 0 1 2 3 3 2 1 0
AS AS AS'

» Corrections for the effects of both number fluctuations

and EP-resolution are necessary, but straightforward
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Sensitivity to signal - R&,}n (ASy) [dipole] N. Magdy et al, 2rXiv:2002 0755

The sensitivity of RY (AS,) to different (8 AMPTAwtAu RP & { (b) S
] ] Ym 1 - 10-50% Sp e 1 a, =2.0% 1 a,=2.5%
signal inputs + background, measured L1l a, = 0.0% PP & ] 1 g
relative to several event planes, studied g ' | [ . m|¢ '
- |
v, = {cos(¢p — 2 XX =RP,SPand PP 5 bin wd | iy 1‘
2 < (qb Yxx)) an | = 1r B mm@m-ﬂqmm & 7 08 s 4@ 0 1 D@ g g 0T :
0.15+ A"vIPT A11+A11 "'D{l Ge“» 1 [ EP ¢1 ¢ “
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MM _ {Icl] I 1 1 1 *ul I | 'e’ I 1 I I 1 | ] -3 -2 -1 ﬂ l 2 3
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0.1 W I B o f . %0103
g = [ o ¢ | 1"
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SP &+ 1 e - AL _ A A 1 q 8 o
005 PP _ - dmmmm I QEE‘E - :_ ‘.m ~~~~~ uﬂm _:{].1
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R A A T SR 3 2 -1 9,1 2 3 3 -2 <1 0,1 2 3 0 1 2 .3 4 3
05 1 15 2 AS AS a,%
(GeV/e) .
. Pr Characteristic response of the correlator i =<a12>”2 oc 1B
» S'?'Iar(\’?()p;? f:or RP &bS’:D RP and PP v R‘(I};)(x is essentially event plane independent
Y ifference between an : :
2PT v Correction factors for number fluctuations & event plane

inline with fluctuations expectation

resolution under control
v" The inverse widths are proportional to a4

Very good sensitivity down to small signals
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i Sensitivity to signal - R‘({}l (ASy) [dipole]

Comparison of the correlator response for AMPT and AVFD events

[T ¥ T T T | T L LI | T L Boog gl ¥ LN | T TL T L ] L J T J L L] L T
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[ Nm‘,
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The inverse widths are proportional to the input a;
v Different slopes as expected

AMPT AVFD
a, ~4a
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i Sensitivity to signal - R‘({}l (ASy) [dipole]

Comparison of the correlator response for AMPT and AVFD events

xzn_;—l A " i e I
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&
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a

The inverse widths are proportional to the input a?
v’ Different slopes as expected

AMPT AVFED
a,  ~4a

over range of interest
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- R‘Eli»)n (AS,) [quadrupole]

The sensitivity of R(Z) (ASZ) to different signal inputs + background,
measured relative to several event planes

'[Elfli rEHLI"FI'I:"-I' 'iu+3m 1'-51 = "' * | | I[l‘J] = f— 1 DC TR {L;I' IIIIII f=llﬂ'5|'r IIIIIIIIIIIIIIIII
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Characteristic response of the Rfﬁzl (AS;) correlator

v Rt(xi) (AS,) shows little, if any, sensitivity to background

N. Magdy, et al
r2003.02396

Slope vs mput s:gnal f

0l ¢ AMPT Au+Au 200 GeV PP &+
10-30%
i Al \\
0.08 ‘%ﬁx\
- \*ﬂ\\ i
® iy
& ;i'a‘ 0.06 \ﬁ\tﬁﬁm
v 0.04 ¢+ \.i%ﬁ‘i‘-{\*'
G
0.02 AW
_\.g;ﬁﬁ@
0 j'::}‘-:&w

'XX=RP W

£%

v' The extracted slopes are
event-plane independent

v' The extracted slopes are
proportional to the input
signals

v" Very good sensitivity down to small input signals
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ESens/t/v/ty of the R(ZTZL (AS,) correlator
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Validation of the expected sensitivity to charge asymmetry
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Sensitivity of the Ry’ (ASy) and Ay correlators

/ A

J

Calibrations for the prlz) (AS,) and Ay correlators performed with the same events
-4
x10 Ay correlator 2
R$3(A51) correlator gL T+ T F T - GOQHEdIon S s prz)(ASZ) correlator

- AMPT Au+Au 200 GeV 5 vor T i T T Tt
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_ | 1.5 . .:3,‘_ i 0.08 | \\M

: e & vi\\\“
=021 o = ié ---- - £006 S
S " | = _+*§ S ¢ q w \\\\F
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The inverse widths are & =(a) o uB The extracted slopes are

> Ay is proportional a3
v' event plane dependence
v' sizeable intercept
v Ay # 2aZ (due to losses)

feme ~ 15% (for PP)

proportional to a;

v' good sensitivity
in the presence
of background

the background is significant

Roy A. Lacey, Stony Brook University, August 26th, 2020

proportional to the input signals

v' good sensitivity
in the presence
of background

> f.me is NOT a good estimator of the magnitude of the CME signal when
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Piotr Bozek
PRC 97, 034907 (2018)

Representative results from data - Ry (AS,) [dipole] 1

. . @) m=2 &
> Ry, (AS") and Ry, (AS'") measurements for 0-20% central collisions 12971 by by Hydro + L m=3 g_;
for different collision systems {él? E § w=00% &
R e = | B B
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: 0-20% i m=3 e { o o
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It maEmgy ;]
> The Ry, (AS") correlators are concave-shaped while the Ry, (AS™) 4 . "8

correlators are convex-shaped. D A 30%

v' This stark difference is incompatible with a purely _ 14p :
background-driven charge separation 4 &l £
nﬁ-‘;‘r L2F Fﬁmm mmm 7]
The experimental patterns for Ry, ,(AS") are consistent S b
' l:_ EEEEEE

with CME-driven charge separation in these collisions
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Representative results from data - Ry (AS,) [dipole] 1

» Ry, for Aut+Au collisions is
concave-shaped
(Ry3 is convex-shaped)

v’ Significant difference between RSZ) (AS,)
& R (ASD)

v’ consistent with the expectation for CME-
driven charge separation.

> R (AS,) for p/d+Au
collisions consistent with the
expected pattern of
background-driven charge
separation

v’ Similar toRL(}}S) (AS;) for

Au+Au

B-field and ¥,
~ uncorrelated
for p/d+Au
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Piotr Bozek
PRC 97, 034907 (2018)
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Representative results from data - RL(JT)n (ASy) [dipole] 1

» Event shape selection

LN LN B s B N B S B N B S R EN S A B B N

; (1) :‘ ) AMPT Au+Au 200 GeV
Comparison of the Ry, (ASy) correlators for q, selected lz;f" LA 00 O |
« . s =4.0% 4
events for 30—50% central, Au+Au collisions at 200 GeV 4} o ({5
_ At
wn
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2 1 0, 1 2 0 20 40 60 80 . . ,
AS 0,% insensitive to q, selection

» The q,-selected R&}; (AS,) correlators are not strongly influenced by the

q,-dependent v, -driven background.
v’ consistent with the absence of strong v,-driven background influence.
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Representative results from data - R(” - (ASy) [dipole] |

> Rt(p)(ASl) and Rl(P)(ASl) measurements vs. centmlu:y forAu+Au Collisions at 200 GeV

L (8) AusAu 200 GeV )
1%,1- 1'12- STAR[f"-rze{l:lz?ginary {: + ! 0.2 ;
105} EJi ol L[ =g
-
¢
1—--%1-'? ; .
A3 Centrality %

> 01{;2 indicates a sizable centrality dependence,

v' Recall that RK(I}Z) (AS,) is essentially independent of q, selection

» The data trends are in line with the expected increase in the magnitude of CME-driven charge
separation (from central to peripheral collisions) resulting from:

v’ an increase in theB—field

v’ stronger correlation between the B—field and the event plane
v’ enhanced axial charge per entropy
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{ CME signal quantification / Representative calibration curves used to

estlmatea
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STAR Collaboration,
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)
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(from Ay correlator for Mid-central collisions)
v Consistent with current estimates
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» No glaring inconsistency with current f.,,, measurements
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Ongoing Rl(pz; (AS,) expertmental measurement

AMPT Aut+Au 200 GeV (10-50 %)
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Ay
Measurements are complete

v Will be reported shortly

v' The observed patterns and trends are suggestive
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The Rl(l}i (AS,)Correlator - Isobars

AVFD predictions for the Ru+Ru and Zr+Zr isobaric systems

N. Magdy, Phys.Rev.C 98 (2018) 6, 061902
I 1 1 1 1 I 1 L 1 1 I 1 L 1 1 I 1 1 L 1 I 1 1
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CME-driven charge separation
input in AVFD events.
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Onogoing R‘Y (AS ;) experimental measurements for Isobars
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Measurements are underway

Roy A. Lacey, Stony Brook University, August 26th, 2020




Summary

» A correlator bei)l (AS;), has been developed to enable identification and
characterization of both CME- and CMW-driven charge separation

v’ The correlator suppresses, as well as measures the well known background
contributions to the CME- and CMW-driven charge separation signal

» Validation tests, performed with several models, indicate that the correlators can

give;
v' discernible responses for background- and CME/CMW:-driven charge
separation which allows unambiguous identification and characterization of the

respective signals

» The experimentally measured correlators (to date) suggests the presence

of a CME-driven charge separation in A+A collisions.
v' Experimental CMW measurements are complete and results will

be released soon

» The experimental measurements for isobars are in progress with
great anticipation
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