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OUTLINE

* Physics motivation and observables

Brief historical review of STAR (and other) measurements

Recent CME measurements from STAR
o Invariant mass
o EPD measurements
o Other observables/approaches
o Spectator/participant planes
o Isobar collisions

 Summary and outlook
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CHIRAL MAGNETIC EFFECT (CME)

The strong interaction

ﬁtHooft vacuum\ to solve the U(1),

5 N problem (1976)
[ - ' ), | 102 G2 GAv
QCD ( | qﬂﬂ 8r H ¢ E: C-odd, P-odd, T-even
q

B: C-odd, P-even, T-odd
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1
quarks quark-gluon quarks :E(Ej_Bj) __p%E B

interactions e \_ 2 } Explicitly breaks CP

Early universe ultraviolet 6 ~ 1 ?? >> current infrared 6 = 0
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Reaction /—.
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X (defines \¥py)
QCD vacuum fluctuation, chiral anomaly, topological gluon field Chiral Magnetic Effect (CME)

Kharzeeyv, et al. NPA 803 (2008) 227

Discovery of the CME would imply: Chiral symmetry restoration (current-quark DOF & deconfinement);
Local P/CP violation that may solve the strong CP problem (matter-antimatter asymmetry) :




THE COMMON vy VARIABLE

Voloshin, PRC 70 (2004) 057901

Voloshin 2004
Y FW 2009

n 1 Bzdak, Koch, Liao 2010
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TH E R VARIABLE Yufu Lin’s talk this afternoon

Ajitanand et al., PRC 83 (2011) 011901 Choudhury et al. arXiv:2105.06044 [nucl-ex],
Magdy et al., PRC 97 (2018) 061901(R) CPC in print.
As > 1 sin (2 Ag,) B 1sin (2Ag,) Width of R(AS) distribution reduces to variance
- P n sin*sin, cos*cos = equivalently the Ay variable
N(ASWLI‘eal) N(ASTJ;z rea.l) )
R ASrrn = - ’ . , — 2., 3, Sconca.vi j\[
(ASm) N(Asm_shufﬂed)/ N(ASL oy TS Deoneavity o (M — 1) Ay
| T T R2 2
Sconcavi ; Wconc:avi 0% A O ‘ M 2 )
- : S {(ASamumea)®) & =T (M = DA x 57 ~ =M Ay,

* Established analytical relationship between Ay and Ry, (AS)
* “Equivalence” verified by MC simulations and the EBE-AVFD model
* Ay and Ry,(AS) have similar sensitivities to CME signal and background
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STAR (and ALICE, CMS) MEASUREMENTS

/Z;AR,PRL103(2019)25160L
PRC 81, 054908 (2010)
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CMS, PRL 118 (2017) 122301
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MEASUREMENT IN INVARIANT MASS

Jie Zhao, Hanlin Li, FW, Eur.Phys.J.C 79 (2019) 168

STAR, arXiv:2006.05035
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* Explicit demonstration of
“resonance” background

e Exploit “ESE” to extract CME,
assuming CME is mass
independent

e Upper limit 15% at 95% CL



MORE RECENT LOW ENERGY (27 GeV) DATA

Yu Hu (STAR), arXiv:2110.15937, SQM 2021

Event Plane Detector — Event Plane Detector 1
(East) , , (West) STAR Preliminary
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* Higher statistics, new detector (EPD) & 65 ©

* New approach: inner EPD -> first-order harmonic plane; Outer EPD -> second-order harmonic plane.
* Current data consistent with background contributions
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NEW OBSERVALES/APPROACHES

Signed balance function (SPF)
Tang, CPC 44 (2020) 054101

Yufu Lin (STAR), NPA 1005 (2021) 121828, QM 2019
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Yufu Lin’s talk this afternoon

* ris out-of-plane to in-plane ratio of the
SPF momentum-ordering difference

* Bothr,. and Ry=r,../r, are larger
than unity, above model calculations
without CME.

Fugiang Wang

Cov[Aa,, AN"(A)+AN°*(R)]

Du, Finch, Sandweiss, PRC 78 (2008)

CME-helicity correlation

044908

Finch, Murray, PRC 96 (2017) 044911
Yicheng Feng (STAR), DNP 2020
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chirality anomaly

Current signal consistent with

zero within uncertainties
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Sliding Dumbbell
Jagbir Singh (STAR) QM 2019

$=270°

Select CME enriched sample
Perform Ay measurement
with background subtraction
in separate event classes



W.R.T. SPECTATOR & PARTICIPANT PLANES, 2021

Haojie Xu et al., CPC 42 (2018) 084103, arXiv:1710.07265

S.A. Voloshin, PRC 98 (2018) 054911, arXiv:1805.05300

INTRA-EVENT “CME-v, FILTER”
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IN THE SAME EVENT

Ayispy =AY g PP+ AYoue rry/ a

Aygery = A Y Big PP T AY cve (PP

A= Ayispy] Ayipey
a = V,{sry/ V, {Pp}

Aygseyl a—Aypey = (1/ a° —DAy e tPP?
_AYopetry Ala-1

f — —
CME Ay ey 1/a* -1
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Au+Au Collisions at 200 GeV (2.4B MB)

STAR, arXiv:2106.09243

~ 03 —~ <10
% | STAR AutAu |'s, = 200 GeV % 0.1 STAR AutAu |y, = 200 GeV
< o —— 20-50;%, 2_ : _ - 20-50:/0
: i ~=~ 50-80% NS 0_05:_ E . ~= 50-80%
0.1F - $ [ E i I
R S S R
O:_ _%____H ___________ E = []
- -0.05} m
T | (b) : |
53 F& Sg S& F& F& Sk S
0.2 0.2 4)7::0 477::0 0.2, 0.o. 4}7;:0 4}7::0
< Ge, 7Ge|//c 7 .3 Gey, 7Ge|//c 7 .3

* Consistent-with-zero signal in peripheral 50-80% collisions with relatively large errors
* Indications of finite signal in mid-central 20-50% collisions, with 1-3c significance
* Possible remaining nonflow effects
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REMAINING NONFLOW EFFECTS

Feng et al., arXiv:2106.15595 A_ AQ/{SP}/VZ{SP} - C3{SP}/V22{SP} - l+6‘nf
o Botery Q-1 a AMPPY IV{PPY  CAPPY IVAPPY |, &le

Av{rr}  1/a2 -1
ey NvZ{PP}
o N Nonflow in Ay
C3{sp} =35 vaap{sPhua{sp}, | > negative foe . S S
Va{EP} = \/ V5{EP} +v5 .
* L CQpNQp CBpN‘Sp ’
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2= ST TN
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f’”(‘N{}>/ ( @ )
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CME — en /e o 2 -
, : : 1+ —vgz/# a
Cap = (c08(Pa + G5 — 202;)) eater)

N , , [ 1+ Enf 1
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N’UEQ {EP}
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MODEL ESTIMATES OF NONFLOW

Feng et al., arXiv:2106.15595

* ~ .
j%xm:“” (Enf

.
w

o
N

. *
nonflow in f CME
o

(] -

I
o
=

|
o
N

63/62
Nuv3{er}

)/

L

Net effect

e

Ei@ii ss*s;
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2-particle nonflow estimates
from AMPT

3-particle nonflow estimates
from HIJING

Net effect on f.,e can
possibly be negative (model
dependent)

Further, additional model
studies
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ISOBAR COLLISIONS

Voloshin, PRL 105 (2010) 172301

== Same A - same background
Different Z - different signal

Deng et al. PRC 94 (2016) 041901(R) X V5 Yicheng Feng, Yufu Lin, Jie Zhao, FW, arXiv:2103.10378
- = 7. W ]
A5 . : 16 © > CAveD T T T et
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0.1— ] 2 I, P b=0.0630+0.0013, }¥NDF=0,287/2 ]
L ---case 2 —10 /p) 5§ | —s— Au+Au ) ]
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05— Sy O E r - ]
~ N _ [ T
— : g /56 ] 4 DU 0.05 UI.1 O.I‘|5 U.|2 0.25
- : ] n:/s
[ 20 - 60% 2 e . 5
N 3 f’\,,clﬁ 10 Background oc 1/N - isobar/AuAu ~ 2
0 50 100 Mag. field B ~ AY3 = Signal: AuAu/isobar ~ 1.5

Back d level (%)

3.30 effect if isobar = AuAu (f.,,.=10%)

Ru/Zr=1+15%*10% = 1.015 £ 0.004

Fugiang Wang ATHIC Conference,

Could be x3 reduction in f,, at the same n./s
If AuAu f,=10%, then isobar 3% (1o effect)

Caveats: Axial charge densities and sphaleron transition probabilities could be
different between Au+Au and isobar, e.g. AVFD-glasma ps/s: isobar/AuAu ~ 1.5
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ISOBAR SYSTEMS ARE NOT IDENTICAL: MULTIPLICITY

L Halo-type |
Predicted by DFT: -
Hanlin Li et al. PRC 98 e .

(2018) 054907
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ISOBAR SYSTEMS ARE NOT IDENTICAL: V,

4N
Abigd = ——=22 (c08(Pa + O — 202p)) V2.2

L Halo-type Nz
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() | J. Jia, C. Zhang (Mon.)

Rredicted by DFT:
Haojie Xu et al. PRL 121 (2018)/022301
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Ay/v, RESULTS FROM MULTIPLE GROUPS

Full-TPC (lnu,ﬁ,c|<1)
0.2<pr<2GeVic

Ru+Ru/ Zr+Zr |
4 Group-1 (EP)
-8 Group-2 (3PC) |
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0.2<pr<2GeVic

TPC sub-event (Ang,,=0.2)
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- Group-4 (SE)
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30 20 10 0
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All groups are consistent. Ay/v, follows closely with N,
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Ay, Ay/v, , k=Ay/(AS*v,) MEASUREMENTS

@. STAR /sobar blind analysis
0.002 Vs = 200 GeV
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Indeed a precision of 0.4% is achieved!
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Ru+Ru/Zr+Zr ratios all below unity, naively unexpected; main reason is the 4.4% Nch difference
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Ratio

MONEY PLOTS

1.02 - STAR /sobar blind analysis, Vsyny = 200 GeV, Ru+Ru/Zr+Zr, 20-50% .
1l - == = = = = = = = = = = - m - === - ?—
0.98 | 4+ == .
- -
0o | + ™ = 7L
094 1 1 Iq, 1 1 1 \q/ 1 1 1 -
Q&Qg\o‘)q &ng"q &Q(C;@"q &ng‘)q &Q c:"Qr &QO\\,Q ((?2@"{[ {_'\\ZQ \b:;:o& gQ\&rgo&
» O O Q-
RO I M OO D
N 9 N N ¥ U
\vr\\ R \;\’\\ R n\,\’\ \v:\\\ \\vp\’\ \vr\\ ‘5\’\
1.02 + STAR Isobar post-blind analysis, Vsyn = 200 GeV, Ru+Ru/Zr+Zr, 20-50% .
L R R R R R ?————-
0.98 | SSEE S |
e Al -
,,,0;9,6,,,,_,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,;%;‘,Q,,,,L,,,,,;,,,L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, @ N
0.94 l o O & ol o <> Qfl fbl | \‘ &
3 \) ) ) N \t-' \ ) ) \\
/\Q@@Q Q&Q s O«QQ,@ N Q/«Q@PQ Q/«Q@@ QQ%@ @\\@‘3(? & 4 6@&@@@\0 e e
& & s N N \*\
\ML \A}) \QQ\, NN LA 3 F\bq"l/
Y Fu Wa N N N N ATHIC Conference, Nov. 5-9, 2021, Inha University, South Korea
\\V \q\L&ngﬁ\\ﬂg \\5\\ \?h\\ \?,\\ AN y

0.005 STAR Isobar blind analysis |
*» » Ve = 200 GeV
0.004 | ) 1
» ® Ru+Ru
_ & Zr+Zr
0.003 | 1
o s
e
0.002 | 1
e
®
0.001 | Full-TPG (Ing,gl<1) B
0.2<pr<2GeVic
0 f f f f f f f
105 g Ru+Ru / Zr+Zr l
1.04 | 1
1.03 | 1
Ratio(20-50%) = 0.9851 + 0.0003 £ 0.0002
o 1.02 | 1
F 101 ¢ - 1
1 pressssesscccsssccessssesnsse e ;-_-._'
0.99 - - - |
R ———
0.98 - - 1
097 L | | | | | 1 1 ]
80 70 60 50 40 30 20 10 O
Centrality (%)
( N A§)RU+RU
Nonflow: (NA&)ZM ~1.03

Nonflow difference is important!
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REMAINING NONFLOW EFFECTS

Feng et al., arXiv:2106.15595 A

Ay{SP}/v,{SP}  C{SP}/Vv;{SP}

1+ &

fo ~etery (a1 a AHPPY IV {PP}  CPPY /V{PP} , &l&
OETTAN{PPE 1/a2 — 1 + NV2{PP}
2
Cy No Nonflow in Ay
Cofsp} =222 0, o, {sPhuafsp}, | negative fov vs{Er} = \Ju3{Er} + 0 ¢
N v Ru / Ru
\RU - \RU C 2p "2,2p r 1+ &3 1 & C3:C2p|\2|2p 22pV2+C3pN33p
o e () e (P (oS
NZr o NZf Zr Ru Zr _~pNop Vao2p
(NA)//VZ) (NC3/V22) C N2p V2,2p (1+gnf) 14+ ‘93/82 K N vV,
L N Vv, NV22 < :C3I0N3p
> 2N

* Depending on the relative Ru+Ru/Zr+Zr difference of various nonflow effects,
the baseline can be above, equal, or below unity

* Final isobar conclusion will require detailed nonflow studies
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SUMMARY AND OUTLOOK

 CME is very important physics. Significant efforts in theory and experiments.

* STAR has pioneered and played significant role in the CME search.
Primary efforts in understanding and removing backgrounds.

* The possible CME is a small fraction of the measured Ay signal.
Most recent STAR data indicate a finite CME signal with 1-3c significance;
nonflow effects under investigation.

* |sobar blind analysis is a tour de force. Anticipated precision down to 0.4% is
achieved. No CME signal is observed in the blind analysis; not inconsistent with
Au+Au data. Further (nonflow) investigations needed to quantify significance.

e Current data 2.4B MB Au+Au, 3.8B isobar events. Expect 20B Au+Au from
2023425 runs, together with large BES-Il data samples.
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THE INVARIANT MASS METHOD

Zhao, Li, Wang, Eur.Phys.J.C 79 (2019) 2, 168

STAR, arXiv:2006.05035
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Ala

STAR, arXiv:2106.09243

- STAR Au+Au VSTIN =200 GeV (a) 1
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MODEL ESTIMATES OF NONFLOW

A Ap{SP}/v,{SP} _ C{SP}/vi{SP} _
a  A{PPY Iv,{PPY C{PPY /vi{PP} .,

O
o

o
~

. *
nonflow in f CME
(@]
o N

|
O
N

0 20 40 60 80

Fugiang Wang
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. €3/ €2 I+ ent
fC.\IE ~ | €nf — N2 2
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| Au+Au 200 GeV 0.2<p_<2.0 GeVic
- 2p nonflow from AMPT using Exppr
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Feng et al., arXiv:2106.15595
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NONFLOW EFFECTS IN fip,c

[
Au+Au 200 GeV

w 0.3r

> B

O i

“—~ 02|
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& ] 50~80%

, STAR data
, STAR data
, model nonflow.
, model nonflow |
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SE
ANn=0.1

STAR, arXiv:2106.09243
Feng et al., arXiv:2106.15595

(6.3+5.6)%

| (-5.0%2.6)%

There may indeed be hint of CME in the data, ~2c

Fugiang Wang
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Ay
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0.2

Au+Au DATA AND ISOBAR ARE CONSISTENT

Yicheng Feng, Yufu Lin, Jie Zhao, FW, arXiv:2103.10378
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Could be x3 reduction in f,,; at the same n./s
If AuAu f,.=10%, then isobar 3% (1o effect)
Ru/Zr =1 +15%*3% = 1.005 (+0.004)

Caveats: Axial charge densities and sphaleron transition probabilities could be different between Au+Au and isobar,
e.g. AVFD-glasma pi./s: isobar/AuAu ~ 1.5
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INVARIANT MASS MEASUREMENT
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CME FRACTION MEASUREMENTS
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