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Motivation : CME-Induced Charge Separation

CME-induced charge separation shifts pos.
and neg. particles p, in opposite directions.
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Motivation : CME-Induced Charge Separation

Conventional

dN
—E <142v
dA¢

approach :

COSAP+2v, cos2AP+2v_cos3AQ +- -+ 2a,SinA¢

+-...

Noting that a+=—a_,<a+>=<a_>=0 , define a =ja | ,

2

Study of a, fluctuation <a >

1/ -

€ Looking for “clustering” of
charged particles in opposite
directions along y-axis.

(out-of-plane “v,” fluctuation) €Taking advantage of flow knowledge !

An angular correlation problem in conventional approach.
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Where are we from ?




Motivation : CME-Induced Charge Separation

Conventional approach : Separation = Rotation : rY

Shift in p, will change azimuthal angle, thus it is appropriate
and convenient to quantify such effect by writing the particle
distribution as :

dN
dT(i/; o< 1+2v, coSAP+2v,coS2AP+2v,cos3AQP+-- |+ 2a, SINAP|+- =
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Motivation : CME-Induced Charge Separation

Conventional approach : Separation = Rotation :

Shift in p, will change azimuthal angle, thus it is appropriate
and convenient to quantify such effect by writing the particle
distribution as :

dN
dA; o< 142v cosA@+2v_cos2A¢+2v,cos3AP+- -+ 2a, SinAgH-

Ap = A@

y
cause consequence

To study the separation, it is tempting to focus on Ap, itself directly instead of A¢.
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Motivation : CME-Induced Charge Separation

Conventional approach : Separation = Rotation :

Shift in p, will change azimuthal angle, thus it is appropriate
and convenient to quantify such effect by writing the particle
distribution as :

dN
dA;) o< 142v cosA@+2v_cos2A¢+2v,cos3AP+- -+ 2a, SinAgH-

Ap = AY

y
cause consequence

To study the separation, it is tempting to focus on Ap, itself directly instead of A¢.

To consolidate this point :
an event can have charge separation
while being perfectly isotropic in azimuth =
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Motivation : CME-Induced Charge Separation

A y . A y
Pg
P, R
. /7PB .
X B X
lab frame “ rest frame
Conventional view Reality
(o is leading ) (a is tailing B)

a is “leading” B if examined with the consideration of azimuthal angle only in lab frame
(a being closer to y-axis than ). But the reality is the opposite when the same pair
is viewed in the rest frame.

The rest frame holds the ultimate answer.
This is by definition.
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Signed Balance Function

B (S —N+—(Sy)_N++(Sy) . . . . .
ps(5,)= N, ’ € Counting pairs with ordering in p,.
g s NN 6S) _ _
N,y( y)— N . where for _NO(B terms, S, is labeled as +1 if p%, > pF,,
- and -1 if vice versa.
8B (+1)=B, (¥1)-B, (*1) o) X
S € Excess of pos. leading neg. P,
AB = 6By(+1)—5By (-1)= 25By (+1).
‘NoCME | gp,y t Py
»'.1, .'._: '“: N,y
I .
_ -1 +1°s, AB
Looking for enhanced event-
by-event fluctuation of AB, _
(relative to AB,) 2> f With CME H N
i SN
GABy . — - > =
r= o (>1 with CME) 1 | +1 S, AB,
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Signed Balance Function

O

r=—=. (>1 with CME)

r can be calculated in both lab. (r,,,) and pair’s rest frame (r,.), the latter has the
best sensitivity for real charge separation (but not guaranteed so for background).

A y A y
P, P, R
"""""""""""""""""""" P,
’ B x
lab frame rest frame
(no p, separation) (clear p, separation)

To study separation, the natural and best choice of frame is pair’s rest frame.
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Counts / Total Counts

Counts / Total Counts

Signed Balance Function
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Counts / Total Counts

Counts / Total Counts

Signed Balance Function

_l T T I T 1 7T I L I T 1 7T I L T 1 7T I L I T 1 7T I L I T T l_ _l T T I T 1 7T I L I T 1 7T I L I T 1 7T I L I T 1 7T I L I T T l_

- Y . n - .

- Lab. frame /*\, Primordial a,=0 . c - Lab. frame o Primordial a,=2 % 1

0.006— ! 5 — 5 0.006— P -

C  Rest frame f \ ] 8 C  Rest frame VAR -

0.005F / \ - — 0.005— / B -

! (3] i A

- ! \ ] - - / \ ]

- / \ . o - / i .

0.004— / \ - = 0.004— i 7

- / \ ] ~ - / ' ’

- / \ ] 7] - f | ]

0.003— / \ — e 0.003— ; 5 —

C / \ ] 3 C / . ]

0.002F / \\ = O 0.002F / =

- / \ ABy . - \ ABy .

0.001— ,/ \.-\ — 0.001— /’;* "'\\ —

OM:I:::I:::':::I:::I:::I:::,:::_ O_Tm'ﬁ:::l::I:::',:::I:::I::W

- ™, . . . (7] - 7N . . .

n Primordial a. =0 ] b o £ % Primordial a,=2 % -

0.006 Lab- frame / Y 1 E € 006 Lab-frame /AN 1 E

- Rest frame ! \' . 8 - Rest frame v .

- Y . - { B .

0.005 / \ 3 — 0.005F ; , -

: ! b : '.g : ’ ‘g. :

0.004 / \ = b~ 0.0041 -

L /l 4 m ~ L E m

- \ ] ) - ]

0.003F / \ = £ 0.003[- \ =

u ] \ ] 3 C ]

0.002F - O 0.002F -

- vOABy S s o ABy

0.001— £ Y —] 0.001— / hY —]

OM.I...I...I...I...I.M O%T‘%.l...l...l...l...uM
-100 -80 60 40 20 0 20 40 60 80 100 -100 -80 60 40 20 0 20 40 60 80 100

AB AB
Aihong Tang 12

Chirality Workshop, Tsinghua U., April 2019



Counts / Total Counts

Counts / Total Counts

Signed Balance Function
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1.03—

1.025

1.02

rrest (lab)

1.015
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1.005

0.995

mm 1.005
1.004
1.003
1.002
1.001

0.999
0.998

Toy Model Simulation

Signal Only

T L L L B L B L ]
;_ ¥ I'rest e _;
= i
= O FMab ]
g o -
F @ =
S - E
S S
= r E
- R = rest 3
E_ B rIab _E
E | PR SN NN T TR SR NN T SN T AN S S T N S SN S NN S S g

0 0.002 0.004 0.006 0.008 0.01 0.0

0.997—

Primordial «,

324 primordial pions + 33 p (decay into *1T)

« Matches total mult. For 30-40% AuAul'l
« Matches p to neg. particle ratio ~ 17%!?]
 p=2>1"+11 decay via PYTHIAG.

Primordial pion spectra :

dN , .
x cx-,(.ng/TBE —1) , (Bose-Eistein distribution)!""*!

2
me

T . =212 MeV (for having <pT> of 400 MeV)!!.
p specta P
dN

Boce " /[T(m +T)].
dmg

T =317 MeV (for having <pT> of 830 MeV)?.

[1] STAR, PRC 79 034909 (2009)
[2] STAR, PRL 92, 092301 (2004)
[3] Wang & Zhao, PRC 95, 051901 (2017)
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rIab and rrest

Exaggerated views of how r, and r, respond to backgrounds, to help
navigating simulation plots in this talk:

A r AT
lab ﬁab rrest
o [ SR ZZ . A A
1
Vo 1/3 Poo
1
1
RB (= rrest/ rIab)
Vo 1/3 Poo

Aihong Tang 15
Chirality Workshop, Tsinghua U., April 2019



Toy Model Simulation

Resonance v, as fixed value
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Resonance v, Resonance v,
lest aNd Rg responds in opposite directions to the change of resonance v,

Aihong Tang
Chirality Workshop, Tsinghua U., April 2019

16



Toy Model Simulation

Resonance v, as fixed value
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Toy Model Simulation

Resonance v, as fixed value
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Toy Model Simulation

Resonance v, as fixed value
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Global Spin Alignment (p,,)

The 00-component of spin density matrix (p,,) can be measured via
angular distribution of decay daughter using :

dN
d(cos6")

=Ny X[ (1= Py )+ (3pgy —1cos’ 6" |

A deviation of p,, from 1/3 would indicate
a non-zero spin alignment.

1 1 1
poo_g p00>§ p00<§
“V2” - O “V2” < O “V2” > O

Finite spin alignment acts like “elliptic flow” in rest frame.
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Toy Model Simulation

Resonance py,
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o N expipiTe) i i e - E
L et G- 7 r &b 0 ]
L i = o .
- m o % xexp(-p:/T;‘:) n 102_— % O ]
0.98— & P " - - 0 . .
- s I expem/T,,) ] o O S e J -
0.96— v % << expl-(m -m)/T]/ [T(m +T)] _ 0.98 C A 6 ]
[ Primordial ¢,=0 1 9N .mexpem T, : 0 .
- dm? ! - - ’

PRI IS NI NN TS WO SO AN SO S S AN S SO S A T S S PRI IS NI NN S SO SR AN T SR S SO AN S SR S A S S S
L L B L L L B AL B S L B L L L L AL BRI
m E . m - _
1.003 — - -
= E 3 = 1.006— E%j 7
1.002 = B %j %3 ]
- . 1.004 —
1.001— = 004r <} %ﬂ %h ]
L R EEr e 1.002[ %& <} <} <} -
0.999F- = N % % :
- ] L Sttt bttt S Sl
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T N S B N B I R R R B B
0.996™—3 7 0.2 0.3 0.4 0.5 0.6 0.996™—3 7 0.2 0.3 0.4 0.5 0.6

Resonance Poo Resonance Poo

lest aNd Rg responds in opposite directions to p,, change.
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Global Spin Alignment (p,,)

8 1.185—
poo(a))~___ < — a 1.14:_
3 9\T) 3 S 112k
o -
g
= -
pOO(B)z © 1.08:
Q 0 ©  1.06F
1 1 1 -
——= —~2 > = for p’ meson oS 1,045 ¢
1;' : Lo : '
Yang, Fang, Wang & Wang, PRC 97 034917 (2018) 0.9 L i i

102

Implication for isobar collisions :

A stronger B in %,,Ru + %,,Ru than in %, Zr + %,,Zr may
cause artificial increase of CME observables via larger py,

We need to check p,, of resonances !
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Toy Model Simulation

prdependent v, and v, of primordial pions v2/n:a/(1+e‘“””f’"°)/”‘b]/c)—d [1112]
[ L L L L e e - L e B N S S S Sy B S
@ 1'12:_* Primordial a,=1.5% B o 0.5 Primordial p resonance ’_____;
_ 14 ¢ Primordial a,=1% 1 . - ]
“F A Primordial a,=0.5 % B 0.4 PR -
- O Primordial a,=0 % 5 - S e i
1.08— a4 — 03f o7 . E
- qp gh Iﬂj N . n // ¢/' ------------------- ]
1.06:— il E 02l ST E
S 0 0 ’ © 0f ol R
1.02- A A A T T E
- % 6 O O O 7 O e .
L ] - | | | | .
B ] = T T — T T =
- | e | | N ;— _____ —;
m i s ]
T 1.0061- E%j % - - T
1.0041 % %ﬁ E%j - - I
1.0021 % % % <} - - i
P S S S o %— é
0_998_— + ] 6 — IO.ISI — ‘Il — I1.ISI — é — 'is

- ] p, (GeVic)

006 01 015 03 055 " os [1] Dong et. Al., PLB 597, 328 (2004)

[2] a-d param. from Wang & Zhao, PRC 95, 051901 (2017)

a-parameter of v (p,) for primordial pions v, set to be 1/5 of v,. Shou, NPA 931, 758 (2014).
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rrest
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Toy Model Simulation

v, of primordial pions

[ I T I T T I T I T T I T I T T I T I T T I T T l_
- <+ Primordial a,=1.5% ]
- 0 Primordial a,=1% B
~— A Primordial a,=0.5% -
- O Primordial a,=0 % :
o & & G L
O 0 0 0 o
- A A A =
rO O 6 O 6 N
:I I 111 | I 11 1 | I 111 | I 11 1 | I 111 | I 11 1 | I 111 | I 11 1 | I 11 | I:
_l I T I T I T I T I T I T I T I T I T

e

o
e
o

W
e
s
e
o

0 01 02 03 04 05 06 07 08 09
v,/v, of primordial pions

Keep v,(pr) unchanged,
change v; so that v; / v, changes.

No noticeable v, effect.

Aihong Tang

24

Chirality Workshop, Tsinghua U., April 2019



Toy Model Simulation

~[(m,—m,)/n-b
prdependent v, and v, of resonance v, /n=a/(l+e (Omy=my)/n-bl/ey _ 4 (112
L B B A R L RN
v 112 Primordial a,=1.5% ] i L R
2 C & Primordial a,=1% . =¥ 05 Primordial p resonance J——
115 4 Primordial o, = 0.5 % E - - -
108 O Primordial a,=0% E 0.4 ///
- . 0.3 -
06— — C et e 4
106: ] - St et .
1.04 . o 0 N = 021 .. . =
Y A o ] : \ ]
1.02- A O - = — e eeeeemeneeeeee T
F 4 6 © 1
1T__Q __________________________________ T
e e e
o 1.006?— —f > -
1.004[— 4 M T e
1.0021— <} <} % — =
F%é """""""" e N
0.998] é& % $ = D O
0.996 - E
- N N R R R
006 01 015 02 03 03 0 0.5 1 15 2 25
a-parameter of v (p ) for p resonances p, (GeV/c)
: : [1] Dong et. Al., PLB 597, 328 (2004)
lest aNd Rg responds in opposite [2] a-d param. from Wang & Zhao, PRC 95, 051901 (2017)
directions to resonance V2 Change. v; set to be 1/5 of v,. Shou, NPA 931, 758 (2014).
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rrest

1.1
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1.02

1.006

1.004

1.002

0.998

0.996

Toy Model Simulation

v, of resonance

Primordial a,=1.5 %
Primordial a,=1 %
Primordial a,=0.5 %
Primordial a,=0 %

OD> < g

ot

h

<
<

ot aF ot

0 01 02

03 04 05 06 07 08 09
v,/v, of p resonances

Keep v,(pr) unchanged,
change v; so that v; / v, changes.

No noticeable
resonance v, effect.
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Toy Model Simulation

L T Lae ] Resonance p, together with p; dependent
» - a, = 1. (-] — . . .
& 1 primordial ;= 1% 7 Vv, & v; of primordial pions and p resonances
1.08 2 Primordial a,=0.5 % S
- O Primordial a,=0 % v -
1.06:— o o —:
C G 0 ]
1.04: o 6 .
- % I
1.02E , A S E
R Bl E
0.98— © —
:. Ly | | | .:
[T | I I I ]
D:m1.006:— %1: %1: —
1.004| <} %}3 %J}j -
1.002— <} <} %33 -
1:————% ------ é_______é ______ % ______ 1}____:
0.998 $ % —
0.996 = lest aNd Rg responds in opposite
e directions to p,, change.
0.994™—3 3 0.2 0.3 0.4 0.5 0.6

Resonance Poo
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rrest

Toy Model Simulation

Resonance p+ (as fixed value) Resonance temperature

1. 12— T T T T T L o e B L L B B
C Primordial a,=1.5% ] ;‘”: Z_ Primordial a,=1.5 % _Z
11= ¢ Primordial a,=1% — £ 11200 primordial 4,=1% .
C A Primordial a,=0.5% N 1.4 4 Primordial a,=0.5% ;
1.08 5 Pprimordial a,=0 % E - O Primordial a,=0 % ]
- N 1.08]- -
C . 1.06— —
1.04f - - ]
- o o o o ¢ . 1.04:— o o 0 —:
1.02[ - - ]
- A A A A A 1.021— A A A A % —]
. ... 9.0 _ .0 _______....9_ 1 £ ° O O © ]
:\ | | | | [ | | | | \: - | | | | | | | .
[T I I I I [ I I I I ] | I I I [ I I [ ]
B ] @ B i
1.006]- . T 1.0061- .
1.0041 - 1.0041 -
1.002 <} <} . 1.002( <} <} <} <} % -
T M% """""""" E 5 S S S
0.998— <1> ié %} - 0.9981 —
Gt b b b b b b b b 1] Lo b b b e b e ]
0 02 04 06 08 1 12 1.4 16 1.8 2 2.2 0.24 026 028 03 0.32 034 0.36 038 O.

p resonance p_ (GeV/c) p temperature (GeV)

Noticeable effect due to resonance p;. Similar to [PRC 98 034904].
However, a realistic change in spectra slope (T) causes no visible effect.
Not a new effect -- already taken into account in simulations with realistic p; spectra.
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1.004

1.002

0.998

0.996

AMPT and AVFD Models

AMPTI version v2.25t4cu

[1] Lin, Ko, Li, Zhang & Pal, Phys. Rev. C 72 064901 (2005),
and private communication with Z.W.Lin and G.L. Ma

- % AVFD n,/s = 0.2 (observed a,~2 %) -

- ¢ AVFD n /s =0.1 (observed a,~1 %) . : : :

" % AVFD n,/s=0. (observed a, =0 %) 1 With St”ng_meltmg and charge

- O AMPT primordial a,=0 % - conservation assured. No CME.

- * —

‘ 7  AVFDI2 (anomalous viscous fluid dynamics)
B 1 With CME implemented.

- 0 1 (See S. Shi’s talk on Monday:.)

[ . 0.0--Q_._.0... B8 .. 0._0...0_-.0]

_::::|::::I::::I::::|::::I::::I::::I::::I::::_

- B lest aNd Rg behave as expected in

ol N realistic models.

- % % %} %Z % %1 J{ %_; Even r, by itself is a sensitive probe.

10 20 30 40 50 60 70 80 [2] Jiang, Shi, Yin & Liao, Chin. Phys. C 42 n0. 1 011001 (2018)
Centrality (%) Shi, Jiang, Lilleskov & Liao, Annals.Phys. 394, 50 (2018)
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Recap: r_,andr

rest

Exaggerated views of how r_, and r. respond to backgrounds, to help

navigating simulation plots in this talk:

A

r

Nab

rIab

rest

1/3 Poo

RB (= rrest/ rIab)

[
»

1/3 Poo

if pgg > 1/3 and both r.., and Rz > 1, then a strong case supporting CME

Aihong Tang
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Summary

Proposed a pair of observables, r,., and Rg, to probe CME effect. Verified
with toy model as well as realistic models.

Finite spin alignment can cause an effect resembling CME.

The difference in B between isobars can cause fake CME signal via the change
in spin alignment. We need to address it !

lest aNd Ry respond in opposite directions to identifiable backgrounds
from resonance flow and spin alignment. Useful for CME study (e.g., if pyq > 1/3
and both r,., and Rg > 1, then a strong case supporting CME)

res
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