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* Physics Motivation and Observables

e Correlation Measurements:
* v, Kk for identified particles in Au+Au
 y for charged hadrons in U+U, p+Au, d+Au

* [sobaric Collisions (Ru+Ru and Zr+Zr) Projection:
* B field difference
* Charge separation signal difference
* Significance vs background level
* A few by-products
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Non-zero topological charge induces excess of right or left handed
quarks. Under strong magnetic field (B), an electric current along B
direction is generated and leads to electric charge separation.
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Observable: y correlator

We investigate the Charge dependent two-partic]e S. Voloshin, Physical Review C. 70 (2004) 057901

correlations with respect to the reaction plane: _ z
Reaction

plane
% x 14 2a4sin(¢p* — Ugp) (¥r)

Direct measurement of
“a” would yield zero
value. So we need “thre
point-correlator”—

observable “v"!
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Background!

A. Bzdak, V. Koch and J. Liao, Lect. Notes Phys. 871, 503 (2013).

— . _ F: Flow-related backgrounds
§ =({cos(¢pr —¢2)) =F +H =k = Ay+A4 H: Charge separation signal
y = (cos(¢p; + ¢y — 2y )) = KV, F — H vo(Ad — AH) A: 0S - SS

s

KU90 — 7
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Background!

A. Bzdak, V. Koch and J. Liao, Lect. Notes Phys. 871, 503 (2013).

— . _ F: Flow-related backgrounds
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Background!

A. Bzdak, V. Koch and J. Liao, Lect. Notes Phys. 871, 503 (2013).

— . _ F: Flow-related backgrounds
§ =({cos(¢pr —¢2)) =F +H =k = Ay+A4 H: Charge separation signal
y = (cos(¢p; + ¢y — 2y )) = KV, F — H vo(AS — AH) \ :

s

KU20 — RN T an - enon - ]
H =~ il © Au+Au  30-60% :
+ K2 b B :
B —— i
AN N
Wep Correlators: k=1 ;
u ' w Yss = —1 . —x=15 1
bs=—1 Hi =0 ., BESHerrorprojection :
S 10 10? 10°
v' Flow | 2 = \'Syn (GeV)
v Momentum Conservation 1
‘\; II_)oec;IyCharge Conservation g‘(’; ;((; Hos™ =0 STAR, Phys. Rev. Lett 113 (2014) 052302
 Kisafactor near unity that can be estimated by background
models.
*  Finite Hgs — H,, signal is observed in Au+Au collisions at

\VSNN > 19.6 GeV for hihi.
IS more robust!
7
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Kg: scaled background + signal

6 =(cos(py —¢,))=F+H N

Yy = (cos(qbl + ¢, — leep)) = kv,F — H

_ KU20 — 7
1+ Kvg

K —

Ay +AH
UQ(A5 - AH) ‘
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Kg: scaled background + signal

6 =(cos(py —¢,))=F+H N

Yy = (cos(qbl + ¢, — leep)) = kv,F — H

_ KU20 — 7
1+ Kvg

K —

Ay +AH AH=0 Ay
T}Q(A5 - AH) A
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Kg: scaled background + signal

6 =(cos(¢p1 —p2))=F+H
=
Y = (COS(¢1 + ¢, — 21,bep)) = kv, F — H
KU20 — Y
1+ KRV

K —

Ay + AH AH=0
T}Q(A5 - AH)

I 200 GeV Au+Au |
B Q:Inl<1.5 )

s K™C = (27, - \:IZ’F)/VZ’Q (PHOBOS)
I — «™C = (20, - V) / v, (AMPT)

i O KAVE= Ay /(v,A8) (AMPT)
%7060 50 20 30 20 10 0
% Most Central

Assumption: k from background is beam-energy,
centrality and particle independent and between 1

to 2!

Charge may not be conserved in this
version of AMPT

Wen, Wen & Wang, arXiv: 1608.03205
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Kg: scaled background + signal

6 =(cos(¢py —p2)) =F +H N Ay +AHd AH=0
y = (cos(py + ¢y — 2y )) = KV, F —H vo (A6 — AH) ;
KU20 — 7y _ )
= 1 2, [ 7 Au + Au *~ 200 GeV
“+ KRV9 z SE s h* - h* o 39 GeV
y | | Z b © 19.6 GeV
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1 S - AMPT (200 GeV)
- K™C = (2V,, - V() /v, (PHOBOS) 1 SR S L . L .

| e _© 2 N 60 50 40 30 20 10 0
] — k™MC=(2V,, - V,p) / v, , (AMPT) | % Most Central
i O KAVE= Ay /(v,AS) (AMPT) §

v b by g |

T T T B T T * At the extreme, we introduce kg such that AH = 0. If kx>« (Hgs_os > 0),
% Most Central there could be extra physics, like CME.

Assumption: k from background is beam-energy,

. t 7.7 GeV sh k centrality d d ith val ithin [1, 2].
centrality and particle independent and between 1 Kk eV shows weak centrality dependence with values within [1, 2]

to 2! Charge may not be conserved in this * At energies >= 19.6 GeV, kg shows higher values than 2 in mid central and
version of AMPT mid peripheral collisions.
6/18/17 * Kg is not applicable in peripheral collisions due to non-flow correlations. 11

Wen, Wen & Wang, arXiv: 1608.03205




TTTT correlation, Au+Au 200 GeV

® Ay for mm in Au+Au 200 GeV shows similar value to charged hadrons’.
® ;. for mid central and mid peripheral collisions is much larger than the
background level (1.0 to 2.0) estimated from AMPT.
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TTTT correlation, Au+Au 39 GeV

® Au+Au 39 GeV 1t pair Ay shows similar magnitude to charged hadron’s at
the same energy.
® ;. is higher than 2 except in central collisions.

x107°
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K correlation

® Ay for K pair is finite in Au+Au at both 200 GeV and 39 GeV.
® i, values are close to or below 2, making it hard to distinguish from background.

. X107 -
8 f e -
Rl tK'(mK") - 7K (n*K") " K
= Au+Au 200 GeV O = Au+Au 200 GeV
™ - Au+Au 39 GeV T &~ Au+Au 39 GeV i
STAR Preliminary STAR Preliminary
! o . Q
BERRY T
Tl et b
80 60 20 20 0 e T

0
% Most Central % Most Central

6/18/17 14



PTT correlation

® Ay for pm pair is finite in Au+Au at both 200 GeV and 39 GeV.
® i, values are close to or below 2, making it hard to distinguish from background.
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pp and PK correlation

® »p pairs in Au+Au 200 GeV show large Ay.

® Ay for pK has smaller values, but still finite in peripheral and mid central collissions.

® i, for pp is lower than 2 or even 1 in some centrality bins. This behavior might be due to
annihilation effect.

® For pK , ki fluctuates betweenl and 2.

§1q6 — - 1 r . T 1 T T r 1T T T T 7 ; ; ; | ; ; : | : : :
- Au+Au 200 GeV - ! ]
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PID Summary

* Ay for all PID pairs is finite in peripheral and mid central Au+Au collisions at
200 GeV

* K for m is higher than estimated background in mid peripheral and mid

central collisions. Other pairs are close to or within background range of 1.0 to
2.0

* pp shows large Ay, but ki is below 1.0, which is not fully understood yet.
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* Why we need U+U collisions?

* To disentangle the signal and the background by varying the background (trying to
minimize flow background by selecting the most central collisions in UU)

B
. . '// W,
Data Projected B-field ( (-
T T T T T 5 . '
STAR U+U 193 GeV 0-10% T Chatterjee, Tribec K
—~&- Multiplicity binning E 4 PRC 92, 011902 (2015) ¢
< -8~ Spectator binning e i P i
o 2 [0, ) ’
%« 05|  STAR Au+Au 200 GeV ¥ e | o o |
—_ —4— Year 2004 (0909.1717) - 5 P e
a3 ~e— Year 2007 (1302.3802) - B g N g
= —— Year 2011 (0-1%) 8 2 \ O<Wg<2n .Q U+U 193 GeV -
8 A ]}_‘ p 8 / ’ 0'10 °/o
Ko @ LORt) + L) »
preliminary Nc'qn) 1T & Multiplicity binning = |
0 . - 1 ; J s . Spectator binning #
0 001 002 003 004 005 0 0.05 0.1 015
< > Vv, {2} < > Ellipticity ¢,

6/18/17 Projected B-field vs €, can provide a natural explanation to data. 18



Y correlation in p+Au and d+Au

* Sizable Ay in p+Au and d+Au w.r.t 2" —order event plane (EP) Y, from TPC, the
magnitude is similar to or higher than Au+Au

* Ay diappears in p+Au when n gap is introduced between EP and particles of
interest: Av in TPC EP results mostlv from short range correlation.

><10l_3 LI I T T T T LILEL I
- \'Syn = 200 GeV 1 : —
- 1 | Time Projection Chamber: || < 1
i p+Au ® TPC EP | | Beam-Beam Counter: 3.8 < |n| < 5.2
5 d+Au * TPC EP — | Zero Degree Calorimeter: 6 < |n|
>‘$ I Au+Au MTPC EP XBBC EP _
I8 i “% |
=~ Of—-eoeforn EE:I@ ....................................................................................
i O . . .
I BBC EP /MB OHT 1 HT (High Tower): trigger on
L ZDC EP aMB OHT =—> electromagnetic energy
5 1 STAR Prelimlinary —
6/18/17 10 10° 19
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Y correlation in p+Au and d+Au

® Ay - N/v, from AMPT (hadronic scattering turned off) does not match data in central
events, but accounts for ~2/3 of the observed signal from peripheral to mid-central

Au+Au.

® Ay - N/v, from AMPT accounts for ~1/3 of the observed signal in d+Au.
Ay/v2 N

p+Au, d+Au Au+Au Syn = 200.0 GeV |

—e— OS. - SS.
] systematic un.

ht p_:0.2-2.0 GeV/c

-

d+Au (AMPT)
"+ Au+Au (AMPT) °Au+Au C d+Au lp+Au

10 17
6/18/17 This version of AMPT turned off hadronic scattering N=|/ ((X)XN(B) 20

N*<cos(¢a+¢B-2¢c)>/v§{2} OS-SS




e What is Isobar?
e |sobars are nuclides of different chemical elements that have the same
number of nucleons.

* Examples: 3$Ru and 35Zr

* Why isobaric collisions?

* Up to 10% variation in B field
* Flow(major source of background) magnitude will stay almost the same

- %R+ 8Ru vs. 367r + 387r

~y

Flow

CME >
CMW >
CVE ~
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Wood-Saxon in MC Glauber

p(r,0) = Po
1+ exp[(r — Ry — B>RoYy (8)/a]
* Set 1: B(E2) measured in e-A scattering experiment
* Set 2: comprehensive model deduction
e Uncertainty in 5, presents an opportunity or a by-product

RO | a(d) | B2
o 507 | 048 | 006
Zr96 case 1
e 505 | 045 | 018
s 514 | 046 | 013
Ru96
i 513 | 045 | ~003'
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B Field

* B calculated at t=0, at one point (center of mass of participants)
* B field slightly affected by £,

* Relative difference in B? is 15-18% for peripheral events

* Reduces to 13% for central collisions

= g
= ®@ Ru+Ru = - (b) Rg, e
o o i " —
" N -t aq:; | TR —
= 0.1 —
& ol s ISy = 200 GeV
@ | >
Ng I E i R
L e - Q B €2
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@ o s
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A\ i -
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3 0.1 . .

B
2
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o
Nl
al
3
3

100 100
% Most central % Most central

6/18/17 W. -T. Deng, X. -G. Huang, G.-L. Ma and G. Wang, Phys. Rev. C 94, 041901 (2016). 23



 projection
67% bg

\'Syn = 200 GeV
1.2B MB events

O Ru+Ru (case 1)
® Zr+Zr (case 1)

(a)

40 60

% Most central

* Projection with 1.2B events from each collision type
* If it’s v,-driven, rel. diff. follow eccentrity (~0 for 20-60%)
* If it’s 1/3 CME-driven, the difference in Ay is 8¢ above €,

Relative difference

0

Charge Separation: Y (2/3 background)

o
=)
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1

(=]
I I I I I I

_0.05|-

017

¢ Rg (case 1)
- R (case 1)

R (case 2)
- =R, (case 2) .

40 60

% Most central




Charge Separation: Y (80% background)

* Projection with 1.2B events from each collision type
* If it’s v,-driven, rel. diff. follow eccentrity (~0 for 20-60%)
* |If it’s 20% CME-driven, the difference in Ay is 50 above €,

6/18/17
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"80% bg

 projection
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1.2B MB events
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Significance vs. Background

* Projection with 1.2 B events from each collision type

* Significance of the difference in Ay depends on bg level
e Case? is slightly better than case 1

w015 . e o § .. projection with 1.2B events s, g
L ad * . . *. H z
g B —25 8[&_ . EP{EPD}resolution=80% - &
s [ 1 €L 25 £
=~ [ —casel 4 ‘cf —case1l J ¢
o 0.1 g = 20 2
N ~—case2 I [ ~—case2 H< o
3 u | S ® .
o i a I —119
2 I ; » :
= 0.05- Ed s {10
< i — 5 i = .
2 f syw=200GeV T, X ds [ Syy=200GeV Ry, 399 1,
2 - 20 -60% | 2 20 - 60%

l 1 1 1 'l l 1 L 1 1
e 50 w0 © g5 ¢
= Background level (%) Background level (%)
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By-product I: Zr and Ru, which is more deformed?

6/18/17

%Zr 5.06
9%Ru SRIES
%Zr 5.06
9%Ru 5=
S 0.1 =
N - Snn = 200 GeV
Q
=
5 0.05
S
E 0 N EE TR
] "’
o ,;
-0.05 .
; - R, (case 1)
e ---Rc’(‘caSGZ)
0 20 40 60 80

% Most central

0.46 0.06 case 1
0.46 0.13
0.46 0.18 case 2
0.46 0.03

V, measurements in central
collisions will tell us which
Is more deformed.



By-product II: A global polarization
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this study
PRC76 024915 (2007)

Au+Au 20-50%
STAR Preliminary

[ syst. uncert.

this study
PRC76 024915 (2007)

/’
//
—

L. Expect 10% difference

between Zr+Zr and Ru+Ru, if
it is due to magnetic field.

Need beam energy scan.

10°

ISny (GeV)
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By-product I1I: di-lepton at very low pr

i > : e 60-80%
- Au+ Au @ 200 GeV * 40-60% x 10*

- ¢ 10-40% x 10™

p'r>0.2 GeV/e, nfl<l, Iy«I<l

M., (GeV/c?)

Scenario 1: photonuclear interaction

D S Y T

U+ U @ 193 GeV 0< P, <0.15 GeV/e
STAR preliminary
' —— g
- "
—— f
v Ry
‘ M
—_—
.*.
.
gy ;
L
05 1 13 2 23 3 33
M., (GeV/c?)

Scenario 2: two-photon process




e Search for Chiral Magnetic Effect in Au+Au:
* kx for hth* and m in Au+Au 200 GeV is larger than AMPT background.
* ki of other identified pairs, K, pm, pK, is hard to distinguish from background.
* kg for pp needs further investigation.

* Search for Chiral Magnetic Effect in p+Au/d+Au:

Ay for hThT in p+Au and d+Au 200 GeV shows sizable magnitude using TPC event plane.

* Ay disappears when introducing n gap (>2) between particles of interest and event plane
in p+Au 200 GeV.

* |sobaric Collisions:

* With 1.2B MB events, significance of the difference in Ay between Ru+Ru and Zr+Zr can
reach at least 50 if background level is as high as 80%.
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Back up slides

RHIC & AGS Users
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What is collectivity?
A working definition:
multiple particles
correlated across
rapidity due to a
common source

STAR, Phys. Rev. C 72 (2005) 14904
0

» Note 1: collectivity
does not imply a
specific physical
interpretation (i.e.

-o)

( 2cos (2(0,

0.1

collectivity # hydro)

Collectivity v.s. non-flow

| P L

I

LA

/

® wAu+Au 100%-80%

O mAu+Au 60%-20%

53 T E g,

= Au+Au top 5%

| | - E

1 lllllll

L

4 4 d+Au Minbias +©  ad+Au Minbias s d+Au Minbias —
@ ©p+p Minbias o ©Op+p Minbias O p+p Minbias -
fQ l l QlllllIlllllllllllllllll:4

lllllllll L
2 4 6 8 10 120

020 2
p, (GeVic)

4 6 8

» Note 2: correlations between
particles which do not have a
“collective” origin (jets, resonance
decays, momentum conservation)
are commonly called “non-flow”...

10 12
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Isobaric Collision Projection with the Most Likely Case

6/18/17

* Most likely values of 5, for Ru and Zr:
 https://arxiv.org/pdf/1606.09056.pdf (Zr)

<(eB/m?)’cos[2(¥5-¥p)]>

- -
(=) 1
I I I I

()]
I I

\'Syn = 200 GeV

Bqq

& I I I
N

o

] ] |
40 60 80 100
% Most central

 PRC92,064317(2015) (Ru)
e Relative difference in B? is ~14% across centrality bins

* Relative difference in eccentricity is close to zero

Relative difference
©

(=]
I I I I I
N

-0.1

\'Syn = 200 GeV

] ]
40 60 80 100
% Most central
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Isobaric Collision Projection with the Most Likely Case

* If it’'s 20% CME-driven, the difference in Ay is >> 50 above ¢,

% [projection 8
% o, 80% b o Sy = 200 GeV
~0.021 1 5§ 1 -
W 5
; ' CEER alale plat
» |'syy = 200 GeV g Jf + + %

© - l

T 1-28 MB events - &, -W

O Ru+Ru I Y _
® Zr+Zr - S
I ' L ca)- | lllFa%l |
% 20 20 60 80 20 40 60 80
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Isobaric Collision Projection with the Most Likely Case

* 1B trigger events / 1.2B MB events can provide 7.9/ 5.60
significance, given the background level is 80%
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