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Heavy lon Missions at RHIC and the LHC

Early Universe The Phases of QCD
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Relativistic Heavy lon Collisions : Excellent QCD test ground
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Heavy lon Missions at RHIC and the LHC
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QCD Vacuum Transition

Gluonic field
potential energy

*QCD vacuum transition =» nonzero topological charge =» chirality imbalance

Local violations of fundamental symmetries

of space-time in strong interaction
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The Setup of Heavy lon Collision

7(fm)

D. Kharzeey, L. McLerran and H. Warringa. Nuclear Physics A 803, 227 (2008).
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The Setup of Heavy lon Collision

Magnet Neutron star  Heavy-ion collisions
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D. Kharzeey, L. McLerran and H. Warringa. Nuclear Physics A 803, 227 (2008).
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Chiral Magnetic Effect

Positively charged particles
moving upward.
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Chiral Magnetic Effect

Negatively charged particles
moving downward.
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Chiral Magnetic Effect

Charge current

Chiral Magnetic Effect (CME)

Charge separation along B direction.
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Chiral Magnetic Effect

Charge current

Chiral Magnetic Effect (CME)

Charge separation along B direction.

Dipole effect, flips event by event.
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Chiral Magnetic Effect

}/SS < }/OS
v =(cos(@, + 95— 2v,))

ss : a and 3 has same sign
0s : a and 3 has opposite sign

Charge separation along B direction.
Dipole effect, flips event by event.
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Chiral Magnetic Effect
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“A signal consistent with several
{ VI T T | I L1 11 I E_g_ N I G P e I L1 11 I lrl /::T 11 |- eXpeCtationS from the theory iS detected.”
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% Most Central
STAR PRL103 251601 (2009)
STAR PRC 81 054908 (2010)
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Chiral Magnetic Effect
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Chiral Magnetic Effect : Backgrounds

Signal Backgrounds:

Total Momentum Conservation (TMC)
Local Charge Conservation (LCC)
Flowing cluster in plane

Global spin alignment of reso. f

Flow boost collimates pairs more strongly
in-plane than out of plane. Most background

is driven by flow (v5)

A. Bzdak, V. Koch, and J. Liao , Lect. Notes Phys. 871, 503 (2013)
S. Pratt, S. Shlichting and S. Gavin, PRC 84 024909 (2011)

S. Schlichting and S. Pratt, PRC 83 014913 (2011)

F. Wang PRC 81 064902 (2010)

A. Tang, Chin. Phys. C 44 No.5 054101 (2020)
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Chiral Magnetic Effect : Backgrounds

S. Schlichting and S. Pratt, Phys. Rev. C 83, 014913 (2011)

0.04 | —e— charge separation in Au+Au 200 GeV .
~—e— background model
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Backgrounds contributions could be comparable
in magnitude to measured correlations
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Understanding the Background

. Turn off background ( event shape engineering, Ay(Mi.,) ).

. Turn off signal ( small system ).

. Vary background only ( Ultra-central U+U vs. Au + Au ).

(

. Vary signal only ( Isobaric collisions ).

Uuu
Isobar
etc.

Play with it and learn !
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Understanding the Background : Turn off Background

Event Shape Engineering (ESE)

& T T T
8 - PbPb 5.02 TeV MS
5 [ ALICE Pb-Pb s, = 2.76 TeV [ PoPD5.02Te CMS |
3 01 02<p <50GeVic <08 + o [lANI<16 1
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<,02 L |
e
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Vs
ALICE, Phys. Lett. B 777 151 (2018) 3 ! il
<, 0.2f ue -
Ay = background (o< vo) + signal & | 1 |
0 i Cent. 50-60% T Cent. 60-70% 1
More ref. on ESE and EbyE v, method : 0 O'Q;r’z(w <021_4) 0.15) v, <°2'1_4) 0.15

J. Schukraft, A. Timmins and S. Voloshin, Phys. Lett.
B 719 394 (2013)

STAR, Phys. Rev. C 89 44908 (2014)

F. Wen, J. Bryon, L. Wen and G. Wang. Chin. Phys.
C 42 No.. 1 014001 (2018)

CMS, Phys. Rev. C 97 044912 (2018)

Caveat : long projection over empty v, space.

Signal in Ay, if exists, should be very small at LHC energies.
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Understanding the Background : Turn off Signal

Small System
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CMS, Phys. Rev. Lett. 118, 122301 (2017)
R. Belmont and J. Nagle, Phys. Rev. C 96 024901 (2017)

In small systems, B is not correlated with event plane, killing signal
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Understanding the Background : Turn off Signal

Small System
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CMS, Phys. Rev. Lett. 118, 122301 (2017)

Similarity between large and small

system at LHC suggests that
background can dominate Ay.

i V?Ml =200 GeV
[ e e Aninv{2): 0 ]
---------------------------- Anin v2{2}: 0.5 |
— —— Anin v2{2}: 1.0 |
"""""" - Anin v2{2F1.4 ]

PR

— Y — — — — — — —— —— —— ——— —]

o Au+Au (Y2004)

© Au+Au (Y2007)

10 10

dN,,/dn
STAR, Phys. Lett. B 798, 134975 (2019)

Open questions/issues remain :

Residual B field in pPb at LHC ? [PRC 97 024905]

RHIC and LHC have different An gap.

Should RP independent background the same
between small and large system ?
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Understanding the Background : Vary Background

(Ultracentral collisions, Au+Au vs U+U) @
Signal driver (B) <« Fixed at~0
Background driver (v,) <— Vary Au+Au (ultracentral)  U+U (ultracentral)
e&2~0,B~0 e,70,B~0
P. Tribedy, STAR, Nucl. Phys. A 967, 740 (2017) 5 Chatterjee, Trlbedy Phys. Rev. C92 (2015) 011902
STAR U+U 193 GeV w | [ e e o K
—=— Multiplicity binning S £ ] AL A - p
-8~ Spectator binning N = 45 | sowooecesBooooo | o I
S0/ = |5, 00° »
05  STARAu+AuU200 GeV ¥ ,\Q,°\° = 4| 40 > |
—— Year 2004 (0909.1717) 4 " e ’
—o— Year 2007 (1302. 3802) R é 005 0075 01 0125 015
—=— Year 2011 ) \grb 8 2t "2 s° U+U193GeV -
LN 2 ’ 0-10 %
A e | & 4] oo
7 prellmlnary "8 - ultiplicity binning
OfF------= > A= - - - - - - - - - - 5 0 | » Spectator binning
0 0.01 0.02 0.03 0.04 0.05 0 0.05 0.1 0.15
Vo {2} Ellipticity €,

(Vos~Vss) ~ O while v, is, 1) finite, and 2) larger in U+U than in Au+Au
(Vos-Yss) @and the effective B has similar dependency on anisotropy

Note : The analysis depends on pseudorapidity

Not consistent with the existing separation of two particles

understanding of background such as LCC
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More on U + U collisions
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P. Tribedy for STAR, WWND 2020
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[ V112= (cos(1dq + 1dpg — 2¥,))
' @* Sig + bkg.
| ¥
_ <L V123= (cos(1dy + 2g — 3¥3))
‘ Bkg. only
B
Y132= (cos(1dy + 3dg — 2¥,))
)

Bkg. dominant

Also not consistent with signal-only explanation.

Needs further investigations.

INT "Critically and Chirality”,
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Understanding the Background : Vary signal

(Isobar collisions) midcentral
Signal driver (B) <— Vary '

Background driver (v,) <— Fixed %,,RuU+%,,Ru : 96,,Zr+%,,7r
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Isobar Data Taking at RHIC

-
g 450 1 8 e /Achieved
~ 913 ™ projection with 1.2B events ! £
— N _ .
4 18 o
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STAR BUR 17-18

: : : : Took more than requested.
50 difference in Ay if bkg. is at ~80% level (3B each)
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Isobar Data Taking at RHIC
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Event Plane Detector

Event Plane Detector

(West)
Event Plane Detector / (2.1<n<5.1)
(East) (0<p<2n)
(-5.1<n<-2.1)
(0<p<2m) Time
Projection
Chamber
(-1<n<1)
(O<dp<2m)

Fig : P. Tribedy, WWND 2020

Full azimuthal coverage
Large separation in n between TPC and EPD

J. Adams et al. Nucl. Instrum. Meth. A 968 (2020)
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Isobar Blind Analysis : Procedure

Isobar-Blind
Analysis

Mock data Isobar-Mixed
challenge Analysis

Isobar-Unblind
Analysis

Establish all procedures Act "blindly” on all procedures
STAR, arXiv:1911.00596 (2019)

Cartoon : P. Tribedy, WWND 2020 We are here

The most Fall
difficult step (projected)

Program Advisory Committee Recommendation:

— The PAC strongly recommends that any STAR publication regarding CME observables should contain
the result after unblinding and without any additional corrections applied after unblinding that are
deemed necessary by STAR. If such additional corrections are needed, then a paper containing both the

unblinded and post-unblinded results should be published for reference in papers reporting the isobar
data.
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Isobar Analyses (5+1) in STAR

BI|nd analyses (5 groups):
Ay, A8, and k.
Ay, 48, Ay(An).

Ay in PP/SP, Ay(Mi,,).
Ay in PP/SP.
R(4S) Correlator.

analyzers

No-Blind analysis (1 group):
« Signed Balance Function.

A Blinding
Committee

Challenges :

« Coordination and synchronization.
(among groups, as well as between groups
and committees).

« Unify procedures in common.

BNL, CCNU, Fudan, Huzhou, « Identify run-by-run abnormalities before

Purdue, SINAP, Stony Brook, hand without actual seeing them.
Tsukuba, UCLA, UIC, Wayne State @ ......
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Isobar Analysis (Grp 1) : Ay and Aéd

y = (cos(dpy + P —2%rp))  When there is Ay ~ A8 -v,,
§ = (cos(cl)a _ ¢B)) pure background,
N - ] I motivates | = Ay
l-\JL; 1.1 200 GeV | — As v,
~ [T Noft actual data I |
E i |
o ; _
Y105 L .
i l 7L e Case for CME :
I S SR
: ] ] ‘ : K (Ru/zr)> 1
1_._._._._._._._._.| ___________________ l._._._._._._._._._.l_ ................ —
80 60 40 20 0

Centrality (%)

S. Voloshin, Phys. Rev. C 70 057901

A. Bzdak, V. Koch, J. Liao Lect. Notes Phys. 871 503 (2013)
S. Shi, H. Zhang, D. Hou, and J. Liao arXiv : 1910.1401

+ many others

Test isobar systems with pure
background assumption.
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Isobar Analysis (Grp 1) :

Ay and Aé

When there is

Ay ~ 2(af cos(2¥g — 2Wgp))

y = (cos(dq + dg — 2Wrp)) _

5 = (cos( — ) pure sigal. 45 ~ —2(a?)

~ o7 ' :
g - v motivates , Ay{Ru—Zr}
i 200 GeV : EHEER )
¢ T,  Notactualdatal J4 7 aymru-zn
éoo i 7L 1 A8{Ru—Z7r} ‘7 (cos(2¥p — 2W¥gp))
4 2

=T % i( sL | B
Yo | o e ‘ ‘ - Case for CME :

= o6l _ K (Ru/zr)> 1
o | <(eBYcos(2¥4-2¥,)> / <(eBY> 1
L T B B C heck isobar systems with
J 8o 60 40 20 a relatively clean ratio

Centrality (%

S. Voloshin, Phys. Rev. C 70 057901

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

S. Shi, H. Zhang, D. Hou, and J. Liao arXiv : 1910.14010
+ many others

VO

[JAssume same v,, which can be attempted

by event shape selection.

Aihong Tang
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Isobar Analysis (Grp 2) : Ay and Ad

Avyp3/Vg x Npat  Avq92/Vp x Npayt

Av132/V5 x Npan

06 F ' ' ' ; ]
=~ (a) _B>
) |/ =— s ] = 1 + 1 — 2%
04 Be oz o o) E; @ . <COS( (I)a (I)B 2))
02 | | :
STAR Preliminary s, v, Sig + bkg.
M5 uiutescev . _X_ S
© Au+,|‘\u 200 G?V
06 Ty
0.4 +$¢ﬁ O B &\ B,
m
02 Hl "« @ V123= (cos(1dg + 2¢0p — 3¥;))
Dl == @w—@— N s

& ‘.* Bkg. only
O'&I U+U Hydro+Max LCC I (c) | 5

o4 L= — AusAuHydro +Max LCC | B
o @. pr= eos(1 + 30 = 207)
R e Bkg. dominant
o 100 262\1 pansbo 400 500 In. addition the 4n dependence of Ay
P. Tribedy for STAR, WwND 2020 Will be explored.

Case for CME :
A)/112/V2 (Ru/zr)> 1

A)/112/V2 (Ru/Zr) > A]/123/V3 (Ru / Zr)
AY112/Vo (Ru/Zr)> AS (Ru/ Zr)
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Isobar Analysis (Grp 3) : Ay(M;,,)

[i(a)

r=(N,,~Ngg) /N_,

n+ p_:0.2-1.8 GeV/c Ay (My,) = r(myy,){cos(dg +

-t A@@% -50% /s,y = 200 GeV
§© (as placeholder for isobar) |

WWW bt

[ (b)

****ﬁ RN by

(I)B - 2¢reso.)) V3 reso. + A]/ CME

W\.

Placeholder, not isobar data AyRY — g

WWWMWWWMHH+H+}

| (©)

Case for CME :
'r'Ay%t > 0

a'= voUNg r =

0.5

1 15 2 25
Mass (GeV/c?)

Different shape from inclusive 4y

Aihong Tang
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Isobar Analysis (Grp 3) : Participant Plane (PP) / Spectator Plane (SP)

PP

SP

4'\(‘1
"10‘0?‘

Ay{SP}|,
Avippy/ @~ 1
feme = 1/a2 — 1

ZDC
a = (cos2(Wpp — ¥sp)) = TPC <1

H-J. Xu et al., Chin. Phys. C 42 084103 (2018)

Ay = AyS'8 + AyP8

PP : maximum background

AyP8{SP
aybe(ppy = Y {SP}
SP : maximum signal .

SIgnat sigeppy

AyS'8{SP} = ————
I I | | I T
Au+Au and |J+U collisions (20-50%)

STAR prelimipary

b e 2 combined

—e—d Y2012 U+U

|

| —e—i Y2016 Au+Au
:.—.—. Y2014 Au+Au
t

- i Y2011 Au+Au

h’p 0.2- 2oeeiwc TP(I: sub-leventl
-20% 10% 0% 10% 20% 30% 40%
CME

0lv60-200¢-AlX1e

6102 WD "YVLS Jojoeyz r

Flow bkg is usually positively correlated with signal = Difficult to disentangle.

This troublesome pattern can be broken by switching between PP and SP.

Aihong Tang
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Isobar Analysis (Grp 3) : Participant Plane (PP) / Spectator Plane (SP)

By B diff. between
04 isobars (theory input)

- . y
%"'z" | Isobar 200 GeV (20-50%) .«
CE-O | 95% C.L
0.3 ™7 ay 4 — By Ay and v, ratio
- between isobars.
0'2_ .......
N By SP/PP measurements,
0 1'3 L nnyy . Ry ree-zoc separately for isobars
d Not actual data [
MAITTIHITHaaly s oy, oo Case for CME :
0 0.1 0.2 0.3 0.4 T o
er+Zr
CME
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Isobar Analysis (Grp 3) : Participant Plane (PP) / Spectator Plane (SP)

By B diff. between
04 isobars (theory input)

u+Ru

L
=
qif) | 95% C.L

0.3 &7 " By Ay and v, ratio

between isobars.

02k

By SP/PP measurements,
.| TPC-ZDC separately for isobars

SN g TRC-TRC

fid

o1

LBt , L Case for CME :
0 0.1 0.2 0.3 04 fRU+RU < (Zr+Zr o

.I:ZI'+ZI' CME CME
CME
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Isobar Analysis (Grp 4) : Participant Plane (PP) / Spectator Plane (SP)

(Ay/v3)
B By vy = L f(Bra/Bz)? = 1
r
fis the fraction of CME signal
OO O QO Q ;P PP : maximum background
(@ N
O SP : maximum signal
CD SP
Co N oY

Case for CME : A4y/v, (Ru/Zr)>1

Flow bkg is usually positively correlated with signal = Difficult to disentangle.

This troublesome pattern can be broken by switching between PP and SP.

S. Voloshin, Phys. Rev. C 98 054911 (2018)
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Isobar Analysis (Grp 5) : R(4S) Correlator

1) EbyE out-of-plane v, difference between +/- charge AS.

2) Removal of trivial contribution C(AS) =

3) Look for out-of-plane excess R(AS) =

Nreal (AS)

Nshufrled (AS)
CL(AS)

C(AS)

L B L D L AL 4) Repeat with W5 EP for baseline.
© AutAu m=2 & ) Rep >
0200 M=3 <
—
2 1.05+ Signal,
~e -, With acceptance weighting U-shape
- o, correction o
Q?A s m%.. ““m
1 FEEEEEEEEEEEEEER : b '.. [ 1 1] :‘l‘l ‘: llllllllllllll -
I BRI ' E— Background
STAR Preliminary T
I_ 11 I 11 1 l L1 1 I L1 1 I L1 1 l 11 1 I L1 1 I 1 1
3 -2-1 0,1 2 3 N. Magdy, S. Shi, J. Liao, N.
AS Ajitanand and R. Lacey Phys.
N. Magdy for STAR, WWND 2019 Rev. C 97 061901 (2018)
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Cy, 4 ((Ru+Ru / Zr+Zr)

Isobar Analysis (Grp 5) : R(4S) Correlator

1) EbyE out-of-plane v, difference between +/- charge AS.

. . . Nreal(AS)
2) Removal of trivial contribution C(AS) =
Nshuffled (AS)
CL(AS
3) Look for out-of-plane excess R(AS) = ¢ (25
C(AS)
IZO-A}O% . ‘ s |40-6‘0%‘ N S .20'6.0%. S

06F(a m=2 ‘= Iy k(e B R .
Ny “’=3§+_(é E]](é i 4) Repeat with ¥, EP for baseline.
e ) N I

It ?P & ® & o o 1
098] <l>q>® %c}) | +¢® % , < Intend to measure :

g IN[AE | ) Sig. & bkg from each isobar.
2 -04-4] @t.. @ﬁﬂﬂ@ﬂ dc?l Jiﬁigé s +N Difference in sig. & bkg between isobars.

02¢ 1 1 40100% i N

lfﬂlﬂﬁmﬁﬂiﬂ_ . MU I~

(b@m ED@CI) CD[]] DJ@CI) o @
0.98F 1 I+ 1
(),‘1); e fﬁ# ({D ot *¢= R R e T Case for CME :
1.15F8 k=0 = + ] AS
Ll LN g R (Ru / Zr) concave shape
rosp ® LA L i rrrree _;O'i;
telannaded | delaanater b, e N. Magdy, S. Shi, J. Liao, N
0.95F 1 1f ZraZr o ] N T L
e P T M B S P R R T e Ajitanand and R. Lacey Phys.
aS aS %@ % Rev. C 97 061901 (2018)
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Isobar Analysis (Grp 6) : Signed Balance Function

1) EbyE count +/- pair's momentum ordering in in- and out-of-plane direction.

2) EbyE count net-ordering AB. Ay primordial a2 15% |-
& 1.1 + Primordial a,=1% -

JK_B / = - A Erlmordla: al =0°5 % .

3) Excess AB fluct. out-of-plane r= — toge Primordiale=0% - o, ]
AB 1.0(5:—+ + * -

I'rest - ¢

4) Rest frame enhancement Rg = 104 , ‘ ' :
Flab 1.02-* A ¢

- A s L ]

18- ----- D e -

o 1.006) SIMULATION

1.004-* + E

Resonance daughters have no v, 5 + . ]

: 1.002[* +
in rest frame = r tends to » : . . .
N7 S A eeeeeaen E

closer to 1 than rgp. F ® 2 v ]
0.998 o A

C &

0.996 -

0994556501 045 02

r and R : Similar response to signal,

Resonance v,

OppOSIte response to bkg' Not participated in blind analyses

(0202) L0L¥S0 GON ¥ O "shud "uy) ‘buel "y
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Isobar Analysis (Grp 6) : Signed Balance Function

I | I I I ‘ I I ‘ I I I ‘ I I I | T I T T T I T T T I T T T I T T T | T
— ' AuAu 200GeV AVFD (30-40%) ] mm | AuAu 200GeV AVFD (30-40%)
1015 | @ Realr LCC =33%, r_, — _ % Real LCC = 33% ]
] @ Realr,, - =P ng/s=0.2, a~2% & Shufflec\ 97 ng/s=0.2, a =2%
O Shuffled M rost V' ng/s=0.1, a1z1%_ i W V' ng/s=0.1, a1z1°/°_
-%¢ Shuffled r, /\ ng/s=0, a =0 11.000 ﬂ& A\ ng/s=0, a =0 —
1.01F — ©© I _
- Inl<0.5 & \% — % ;
- swﬁ - [ ‘E A |
1.005 z preliminary i 1 + + %
- e | ik
i t® i 1 zﬁ --------------- N VARG RRETORY ‘% --------- —
™ VAN B g i ¢ ¢ ¢ ﬁ ¢ - i
1+ lg§<§§v<¥z@k@y<§%@%%l — | | STAR preliminary |
0] 20 40 60 80 o 20 40 60 80
Centrality (%) Centrality (%)
Y. Lin for STAR, QM 2019
CaseforCME: r>1, Rg>1

r(Ru/Zr)>1

Ry (Ru/Zr) > 1

Not participated in blind analyses
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Observable’s Response to Signal in AVFD

AVFD Version Beta 1.0

(Averaged) — The initial state fluctuations
G:‘:;.g'e : LAbTe are fully accounted for by
event-wise sampling for bulk
entropy density and the

ormal & fermion axial charge densit
Initial Conditions Bulk Evoluti Anomalous Hadron g y
Bulk + EM field + Ns o0 Curent Distribution  (Ns/S).
Transport
Correlation Measurement
a|= 0 a1~0 75% ~1 49%
Background Signal RuRu
Zr a;=0 a1z0.69% a=1 .38%

ZrZr

Background Signal

Three cases of AVFD evts are

generated for each isobar.
1st generation (smooth initial condition, no bkg.):
S. Shi, Y. Jiang, E. Lilleskov and J. Liao. Annals of Physics 394 50-72 (2018)
Y. Jiang, S. Shi, Y. Yin and J. Liao, Chin. Phys. C 42, No.1, 011001 (2018)
2nd genefation (ebye initial cond., LCC and hadron cascade. Used in this work):
S. Shi, H. Zhang, D. Hou, and J. Liao. arXiv:1910.14010
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Observable’s Response to Signal in AVFD

: : L\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\i L \\\\\\\\ ‘\\\\‘\\\\‘\\\\‘ \\\\\\\\\\\\ i
o] C o, N 07 Ru+Ru — 07 + —
E 0.6E AVFD (30-40%) = 4 AVFD (30-40%) 107 & njam02 ;7 . nslszi -~ ]
0.55 LCC =33% ¥ r LCC =33% = 1.06f; O nys=0.1 4 = 1.061 O nys=0.1 £
< - ORu+Ru O - ORu+Ru &~ F [ ngs=0.0 1~ E [ nds=00 7
0.5~ [ |Zr+2r O [ Zr+zr O 105,
0.45- 5- = Lo
0.4 i 103k
r 4? L
0.35- O r 102;
C D L r
03- 4 3 5 = Lot
0.25 2" g ] i
E : 0‘99T\ Ll ‘ L1l ‘ Ll ‘ L1l ‘ L1l ‘ Ll ‘ L1l ‘ L1l \T 0‘99
02, | . 17 N N -2 -15 -1 05 0 0.5 1 "1.5 2 -2 -15 -1 05 0 0.5 1 "1.5 2
0 0.1 0.2 0 0.1 0.2 AS AS
n/s n/s
y -correlator 20 M evts R(AS)-correlator 20 M evts

] L A R B A
- AVFD (30-40%) - | AVFD (30-40%)
LCC = 33% | . LCC=33% Frozen codes are being tested with AVFD events
| O Ru+Ru 2 10002 © RusRu o - (still accumulating/analyzing more evts).
1005 U Zr+Zr | O Zr+Zr ¢
! Working in progress, independent of blind analyses.
: ——
o .
, Connection between observables can
v s - be made with realistic CME model.
0 ol 02 0 0-/‘ 02 Serve as guidance when comparing
ng/s .
: results across different methods.
Signed Balance Function | S0 Mevts
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Summary

STAR

COLLABORATION

The CME sub-field keeps evolving with
new methods and innovations.
Although a conclusion on the
existence of CME cannot be made for
now, a lot of progress have been
made in terms of understanding the
background and its interplay with
signal.

STAR'’s blind analysis of isobar data
has passed a critical step, expect
relatively smooth sailing ahead.
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Isobar Analysis (Grp 3) : Participant Plane (PP) / Spectator Plane (SP)

5 04

e
0.3}
01

o.z}z NN

o TPC-ZDC

rﬁiﬁé | TPC-TPC

SR

& not actual qlaﬁ@ u

01

02

0.3

0.4
er+Zr
CME

By B diff. between
isobars (theory input)

(&g ~ (1 + ABYEE

" By Ay and v, ratio

between isobars.

foME = (1 - %) fCME

Ru Ru
A = Ay a' = Y2
- 7r "’ Zr
Ay4r (2

By SP/PP measurements,
separately for isobars

Case for CME :

Ru+Ru Zr+7r
fcme > femg > 0
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Bp(S)

Bn(S)

Isobar Analysis (Grp +1) : Sighed Balance Function

Ny _(S) = N4 4(5)

N,

N_1(S)=N__(S)

N_

8B, (+1) = By(+1) — By(+1)
AB = 6B(+1) — 6B (—1)

A. Tang, Chin. Phys. C 44 No.5 054101 (2020)

1121

1.1

rrest

1.08

1.06

1.04

1.02)

o 1.006

1.004f
1.002f

0.998
0.996

Pu(+) y y
<— 1) Pair's mtm ordering. -
(S==%1) o

<— 2) Count net ordering. B.4)

I L
- <= Primordial a,=1.5%
— o Primordial a,=1%

- A Primordial a,=0.5%

Py(-)

] Two examples of a leading B in p,

~ o Primordial a,=0 % . é (S=+1)
ap
- s 7 - AR
op J—
s . 0 > 3 T o S 3)Excess AB fluct. out-of-plane.
¢
F o A 5
- A 5 © _ Trest
S OO -------- S ] Rp = Flab < 4) Rest frame enhancement.
= e 1 < Resonance daughters have no v, in rest
ds ]
- o ¢ frame = r..; tends to closer to 1 than ry,.
¢ ]
Ry S S
o ¢) A B : : 0
° 8 r and Rg : Similar response to signal,
opposite response to bkg.
099475605 01 015 02

Resonance v,

Not participated in blind analyses
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AS = (sinAd), — (sinAd)_

C(AS) =

R(AS) =

Isobar Analysis (Grp 5) : R(4S) Correlator

Nreal (AS)

Nshuffled (AS)
cL(as)

C(AS)

N. Magdy for STAR, WWND 2019

1) EbyE out-of-plane v, diff.

2) Removal of trivial contribution.

3) Look for out-of-plane excess.

4) Repeat with W5 EP for baseline.

L LR R
© AutAu m=2 &
0200 M=3 <
B . Signal,
-, With acceptance weighting U-shape
- o, correction o
! .., oo
FEEEEEEEEEEEEEEER '::: (1] ] :‘l‘l o 0 -
- BRI ' E— Background
STAR Preliminary T
I_ 11 I 11 1 l L1 1 I L1 1 I L1 1 l 11 1 I L1 1 I 1 1
3 -2-1 0,1 2 3 N. Magdy, S. Shi, J. Liao, N.
AS Ajitanand and R. Lacey Phys.

Rev. C 97 061901 (2018)
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QCD Vacuum Transition

Gluonic field energy is periodic in Chern—Simons number (N¢s) direction
Winding number: N¢s difference between initial and final states

2
L g 4 a Tuv
Qw— 327T2/d CCF]LWPEL

Axial current ji : net handedness flow
. T Nfgz a TV
3/{72 — 2;mf<¢fz’y5¢f>A ~ Ton2 FoEY
Nonzero topological charge generates chirality imbalance
N{ = Nf, =2Qw, Qw #0 = pia #0
QCD vacuum transition =» nonzero topological charge =» chirality imbalance
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