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Chiral Magnetic Effect e oo 0 2004 2720

Hadrons & Nuclei Quarks & Gluons

Chiral symmetry restoration
(massless quarks)

Chiral Magnetic Effect (J || B)

62

- —
4 J = B
Sphaleron Strong magnetic field (B) 2 2 Hs
Chirality imbalance (finite u,)

o QCD vacuum transition leads to nonzero topological charge.

o Chirality imbalance of quarks coupled with strong magnetic field induces an electric charge
separation along the B field direction (violates local Parity Symmetry and CP Symmetry!)
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Experimental Observables

dN,
do

N

Parity Odd, can not directly observe & 5B

Elliptic
Anisotropy

Parity Even, sensitive to charge separation .\\

Observables: 7''? = (cos(p; + @, — 2¥gp)) = (vv,) — (a,a,) + BG(v

Ayl12 = yOS _ SS = A,CM

E_l_kﬁ 4 Aynonﬂow
N

BKG indicator: 7!°? = (cos(¢; — 3¢, + 2%¥xp)) — Ay!3?

1
>)
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S.A. Voloshin, Phys. Rev. C,70, 057901 (2004)

x 1+ 2v; cos(¢p — WPgp) +[2a;(sin(p — Pgp) +[21,|c0s2p — 2¥¢p) + ... Non-CM

Flowing resonance decay

In experiment, Spectator Plane serves as a proxy for the Reaction Plane: ¥, — Y;p

© More correlated with the B field
© Minimizes the nonflow background

To control the va-related BKG, various approaches have been developed.

Zhiwan Xu, UCLA STAR



Search for the CME in Isobar collisions

o Goal is to look for the signal difference in CME between isobar systems (Ru+Ru and Zr+Zr)

1 0.9998

| -
T T T T T T T T T T T T Iﬁ‘ T T
1.02 - STAR Isobar post-blind analysis, \syn = 200 GeV, Ru+Ru/Zr+Zr, 20-50% N 1.02 | STAR Isobar,
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901] ,\5 \/sNN =200 GeV, 20-50%
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Lessons from Isobar blind analysis:

O The va-related background is large.
o The possible CME signal is small.

1 1.0002

1

el 49S

0]

1 0.9996

o Using participant plane (TPC) entails large nonflow BKG (can be avoided with spectator

plane W,)
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Search for the CME at LHC

o Goal is to extrapolate to zero-flow limit by categorizing events based on event shapes g2 (hon-

POI) to control over eccentricity

ALICE, Phys. Lett. B, 777, 151 (2018)

" ALICE Pb-Pb |5, = 2.76 TeV
1™ 02<p <50GeV/c ;<08

. Y eame) . AN/dN
o

< 0.05

CMS Phys. Rev. C 97, 044912 (2018)
x107°

I T
- PbPb 5.02 TeV
 |An| < 1.6

Cent. 60-70%
Cent. 50-60%
Cent. 45-50%
Cent. 40-45%
Cent. 35-40%
Cent. 30-35%

O[>

T l T T T T

I T

CMS -

0.04 0.06

0 0.02

0.08

Important points from ESE at ALICE and CMS:

o At LHC energies, Ay112 could be explained by
v2 related BKG.

o Event Shape Engineering (ESE) based on
variables excluding POl is unstable.

Why Search for the CME with Au+Au Beam Energy Scan?

o Prerequisites for CME changes with energy. Advantage: longer lasting B field.
O Possible to see the turn-off effect where QGP signatures vanishes
o We need a more effective method to mitigate v2-BKG.
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Schematic Diagram of Event Shape

Observable based on final-state particles (v2, flow vector q2) has contributions from:
O participant zone geometry - expected to be long range in rapidity
O emission pattern fluctuations — more localized, less correlated over rapidity

ﬁ—)@

Geometry Variation
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Emission pattern fluctuation

6

Z. Xu et al, arXiv:2307.14997

Data experience large
event-by-event
fluctuations

- main contribution

H. Petersen and B. Muller,
Phys. Rev. C 88, 044918
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Event Shape SeIeCtion Z. Xu et al, arXiv:2307.14997

© Goal is to directly extrapolate to zero-flow limit by utilizing event shapes of POI that are
sensitive to both emission pattern and geometry

beam rapidity

v

Yy Y
:7
Event shape variable Elliptic flow variable
(a)
Flow vector single g2 (POI)\\—/’(C) single v» (POI)  Pair from adding momenta
(2 sin2p) + (2, cos29)’ nair g2 (POI) _ == _ pair vz (POI) of two POI particles.
q; = N+ N - ~(d I Pr,1 SN @y + pr S @,
2 (b) Dp

Pt.1€OS @1 + P12 COS @

Event Shape Selection Spectator W

v
Aynz — A}/CME +%+ Ay/—ﬂow
1 1 NS

Measured Signal Backgrounds
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Flow background in the CME measurement

Z. Xu et al, arXiv:2307.14997

e Toymoel ey © The BKG from flowing resonance decay in Ay is well-represented by the relation
P OOO&MW —f
_ E A}/ {BG} — V£€S<COS(¢0[ QD,B — 2§0p)> S.A. Voloshin, Phys. Rev. C,70, 057901 (2004)
- p->T+TT -

/\A/\(X}OOOO

O AVFD calculations show v2res jtself is sensitive to input CME signal
© The Invariant mass spectrum is modified under the presence of CME.
© On the contrary, single and pair vz is relatively constant.

§ [ 30-40% Au+Au 200 GeV (AVFD) S | | | . ASS
Eo u :30 - 40% Au+Au 200 GeV (AVFD)_ res 2 | A ]Z'Aé)
",'.".".-‘.»"' 291 ) ﬁ — ns=0 0.2:— ¢ single V2 * —: V2 COS ¢ | NOS - NSS ( }/ V2
01 o <cos(p, + ¢ -2Wgo)> [ g — Ny/s=0.1 - @ pairv, 3
005k — <cosa(q>a £ P, - 2cpp)> ] < E —n/s =0.2 0.15- % resonance Vv, 5 \-/
é © - - _ Comparable
R e Y i f : o1 * ] SS
p-meson p_(GeV/c) 102 — - [ N ] . 2¢ (A ”Aé)
: | [ | | pair v, ~ COS — Vv
: "y iy 3 g PUIY2 NOS + NS/ T 2
The Toy Model uses PYTHIA N %Mh @ T
0O 02 04 06 08 1 12 14 16 18 2 0 i
to decay resonances i (GeV/c) 0 005 01 015 Ori/s Dominant

AS =695 -6 5= (cos(@; — ¢,))
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vores not suitable for Event Shape Selection

Z. Xu et al, arXiv:2307.14997

x107 x107°
3 3 ' ss
.~ |30 -40% Au+Au 200 GeV (AVFD) .~ 'ngs=0.1:moderate signal = . b+ — Ay vIAG)
< 0.3-ng/s = 0: pure BKG 1< . 4%% 2 NOS — NSS 2
i 1 04 y-lnt(Ay ) = (5.14:0.35)x10 ¢¢
0.2Ly-int(Ay_ ) = (-0.69:0.23)x10’ > _‘@.oo“"@ - I O,@r@ Comparable
: e : _ o8 _ NSS
; o 1 02l 877" | pair v, ~ cos 2¢ (Ay — VIAS)
0.1- 50 - 02_ o 1 |Par Y2 NOS £ NSS 7 7 2
: o . : i . O 00 - 000 -y -0 - -0 - G- -6 0 & 0~ . T
o | | | (@) y-|nt(2a2) (14.05:0.04)x10° (b) - Dominant
0 002 004 006 008 0.1 % 0.0 0.1 0.15 0.2
resonance v, {single qg} resonance v.{single qg}

o Under moderate CME signal input, AVFD demonstrates that using vares could cause severe
over-subtraction.
O It indicates that using pair v2 (average of charged pairs) may cause small over-subtraction.
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Simulation results for Event Shape Selection ..... ..o

x107°
_%, [ 30 -40% Au+Au 200 GeV (AVFD) | | E
< ln/s =0.1 [ y-int(Ay ) = (14.42+0.23)x107 ]
. 5 1 12 ; Observable-
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O_ I I I I ESS (a) 1 I I I I ESS (b)_
0.02 0.04 0.6 0.08 ,01) 0.02 0.04 0.06 008 0.1
L x107 SIngIel V2.F>0|{SllngIe q2.P|OI} plalr V2.PO|{|paIr q2.P|OI}
%’FOﬁ__ Jnt(Ay ) = (12.94-0.26)x10° T Aint(Ay ) = (11.1620.27)x10° -
Y Tagg = VT ><5 T Taggd = 11T ) Observable(l)%
| y-int(242) = (13.01=0.03)x10’ 1 y-int(242) = (13.29+0.03)x10°
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| . O | ( -
o OO i .@O'@O'OQGG ’
o 09‘900006 ___ . -@'O.O—O _
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0.02 0.04 10.06 008 0.1 0.02 0.04 0.06 0.08 ,0-1
single V2.F>0|{palr q2.POI} pair V2.|30|{SmgIe q2.POI}

: (a) :
single g2 (POl)=— - — —(c) single vz (POI)

—

pair q2(POl) —_— g — =—(d) pair v2 (POI)
—
N x10™
0.15- 30-40% 200 GeV Au+Au (AMPT)
2‘ I ¥ Subtraction
- ¥ <AY112> of vo-BKG N
014 vin{ESS(a)} .
-V y-int{ESS(b)} )
0.05 - o y-int{ESS(cC)} -
- 3 y-in{ESS(d)} -
o )
i v |
i : + -
| A R I S S ——
ESS(a) (b) (c) (d)

o With AVFD, the optimal ESS recipe (c) accurately matches the input true CME signal.
o Mixed combinations further suppress residual BKG: intercepts follow an ordering (a)>(b)>(c)>(d)
o With AMPT, all ESS schemes seem to over-estimate the BKG (same ordering as AVFD).
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Beam Energy Scan at RHIC

3
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b=7.2fm
107
2.76 TeV Pb+Pb
—= 200 GeV Au+Au
— 27.0 GeV Au+Au
10°° — 19.6 GeV Au+Au —
— 14.6 GeV Au+Au 3
1076 — 11.5 GeV Au+Au
- 7.7 GeV Au+Au a
1077 L | Y

o
©
N
AN
O
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Point?
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Nuclear
Matter
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Quark-Gluon Plasma

/7;90
‘S"’%
~\ Color

Superconductor

1 Ly I 1 1

200
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11

Baryon Chemical Potential - p (MeV)

BES:II

/S (GeV) Events (106) Year
27 555 2018
19.6 478 2019
14.6 324 2019
11.5 230 2020
9.2 160 2020
7.7 101 2021

Statistics:

o 20 times higher

Detector Upgraaes:

o 2018 EPD : high EP resolution
into spectator region (2.1<n<5.1)

N > Yoeam: FOrward spectators

Zhiwan Xu, UCLA STAR



ALICE, Phys. Rev. Lett. 110, 012301 (2013)

Bea m Energy Scan I STAR, PRL 113 (2014) 052302

H = (kvis —p)/(1+kvy) k=1,15...,8=(cos(p; — @,))

' ! ! L L |
— o p—
ol 9 (a) | (b) © | & (d) - %, e 60 - 80% -
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| ® \ | - .
& 5r | - R - - .
= \
X @ ) - N
o or \1@&%@@@ ‘ - k=1 .
gl T . 4 o — — k=15 —
S O e R I e - BES Il error projection .
Elliptic + — e e ]
A saisony S 27 GeV Au+Au 19.6 GeV Au+Au ¥11.5 GeV Au+Au -+ ::} — ] i —
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& 207 Be ' I N
v\ B |
10 F 8, el "o f) B |
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- ~ \ O O -0 S - w;&% S

0 1 ‘| - ", | @| | ]‘ﬁ'-—*‘w '@M| | 1 ) 1 1 | 1
80 60 40 20 080 60 40 20 080 60 40 20 080

Collision centrality /% -1

|IIII

I P
I e
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c
IIIII

o Ay112 measurement using participant plane (TPC) entails large °‘5;‘ ‘
nonflow BKG. i ;

O AH disappears at the lowest and highest energies. The vanishing 5 :
at 7.7 GeV indicates the domination of hadronic interactions over S T :
partonic ones. \[Syy (GeV)

BES-II provides unique opportunity to search for the CME!
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Event shape variable

Elliptic flow variable

(a)
single g2 (POI) = =) single vz (POI)
- - -
pair g2(POl) — — -w@) pair vz (POI)
(b)
- 0001~ 19.6 GeV Au+Au 30 - 40 % I spectator W, -
< i h-h (no protons):lnhl <1, W¥W,.: InEPI > 3.2 il 1l |
| P e NN ]
B b (i B vL Let?
0.0005— JfHIH‘F w - L ”{z% T ][f """" -
: RICsS | T R :
i ke o il e ‘i}f%* x ’% |
AL gt QA age® 0 |
O ____________________________________________________________________________________________________________________________________________
- - Intercept = (0.91x 0.17) x 10™ (@ ~ Intercept = (0.78 = 0.19) x 10™ (b)
0 0.05 0.1 0, 15 0@ 002 004 006 008 01  0.12
single v, {smg e q2 POI} pair v, {pa q2 POI}
0.001[— =
- STAR preliminary i i
: I b
N 0.0005|~ 1 %%TL%{%' %L %% ‘%w
- “{r\_t‘-%";ll‘;'ﬁf :‘}‘7 vT — ‘.71% ‘% j%
- i{%’;“ iy i ‘\‘\*““k‘%‘(
0] ok
- - Intercept = (0.46 = 0.21) x 10™ () | ~Intercept = (0.26 = 0.22) x 10™ (d)
0 002 004 006 008 0.1 0.62 002 004 006 008 01  0.12
single v, {pal q2 POI} pair v, {smg eq POI}

2023 DNP/JPS Meeting

Beam Energy Scan Il - Event Shape Selectlon

beam rapidity

13

o ESS using POI allows much shorter
extrapolation to zero vo.

© The ordering of y-intercepts follows
predictions from both AVFD and AMPT

© The y-intercept requires a small correction
to restore the CME signal:

Ay112 Intercept X (1 — v,)?

Z.Xu et al Phys. Rev. C 107, L0O61902
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Beam Energy Scan Il - Event Shape Selection

y!hs = = (cos(¢; + ¢, — 2y5p))

19.6 GeV Au+Au (Year 2019)

h-h (no protons): mlI<1, ¥ |>32
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O T T T
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-0.02—  Spectator W, -

80 e0 a0 . 20 o
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The ESS is applied to different centralities.

o Ordering of four Ay, :: follows prediction from model.
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12 = (cos(¢; + ¢, — 2uwp))

~ 0.06
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Beam Energy Scan Il - Event Shape Selection

y'32 = (cos(¢h; — 3¢, + 2wip))

~~ 0.06
O . 19.6 GeV Au+Au (Year 2019) .
O B h-h (no protons): ml<1, Wi _|>32 7
O o4l YRR PN C . N
G - N
a i ]
Ay 112 ® = .
(Ar z 002 -+
* 1 i 1 (Ay'32)BKG indicator
112 3 - . |
AyESS ZQ- B T X X % ]
¥ * + 132 -
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| '|' —
I + X
- STAR preliminary .
-0.02— NoarAY ;,23 (20-50%) = 0.0003 + 0.0013 = 0.0003
| | | | | | | | | |
80 60 40 20 0)
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o After v2-BKG subtraction, a finite signal in mid-central

20-50% events.

o Ratio from the optimal ESS (c), pair g2 and single v,
yields a 3o significance for 20-50% centrality at 19.6 GeV.
© From BKG indicator Ay132, ESS successfully removes v2-

BKG.
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27 GeV Au+Au (Year 2018)

h-h (no protons): <1, % :m_|>38

14.6 GeV Au+Au (Year 2019)

h-h (no protons): mI<1, W i_|>3.0
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Ay
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O© Results from the optimal ESS (c),
o At 27 GeV, uncertainties dominate.
o At 14.6 GeV, the ratio for 20-50% centrality has a 3o significance of CME sensitive Ay :

o At 7.7 GeV, the current results favor the zero-CME scenario.
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pair g2 and single va:
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Beam Energy Scan Il - Event Shape Selection
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Beam Energy Dependence of CME observable

O A 20-50% Au+Au (BESI) -
< - ., h-h(noprotons): Inl<1,¥ . |>n -
< 003f°%ess . =
Z [P T * * | q suvtractior
0.02— 71 of v2-BKG
001 - o After v2-BKG subtraction with Event Shape
- $ 6 ; vz variables, and nonflow supression with W,,
Of ----m-mmmeo g % ------------------------ Qeonnnnnn §ennnnnnt - obtained Ay!!2/(Ay''?) that shows
: } - o At 14.6 and 19.6 GeV, a 30 effect.
 f g: 0ol } } - o At 7.7 GeV and 27 GeV, consistent with zero
< |2 - { - based upon the large statistic error.
o 0 More BES-II data analyses for 11.5 GeV and
_0_2:_ ! - 9.2 GeV are on the way.
7.7 146 196 07
syn (GeV)
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Summary

O The search for the CME addresses an intrinsic topological property of QCD.

© We use a novel Event Shape Selection method to extrapolate Ay“z to zero-flow limit, and

use spectator plane W1 to minimize the nonflow background.
o The CME-sensitive Ay,.:/(Ay'!?) after BKG subtraction is finite (30) in Au+Au at 14.6 and

19.6 GeV.
o Above 14.6 GeV, our finding favors the scenario that the chirality imbalance and magnetic

filed may coexist to induce the CME.
o Approaching 7.7 GeV, current result hints zero CME within uncertainties. B
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