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Abstract. The chiral magnetic/vortical effect (CME/CVE) in heavy-ion colli-
sions probes the topological sector of Quantum Chromodynamics, where £ and
C%P symmetries are violated locally in strong interactions. However, the exper-
imental observables for the CME/CVE are dominated by backgrounds related
to elliptic flow and nonflow. We employ event shape approaches to mitigate the
flow background and event planes based on spectators to minimize the nonflow
background. We report on the CME search in Au+Au collisions at /syy = 7.7,
14.6, 19.6, 27, and 200 GeV, as well as the CVE search at 19.6 and 27 GeV.

1 Introduction

The chiral magnetic effect (CME) [1] originates from the interplay between an intense mag-
netic field (B) and the chirality imbalance (us) of quarks, which induces the electric charge
separation, J, o ,usB in heavy-ion collisions. Similarly, a large Vortlclty field (&) from the
global angular momentum creates a baryonic charge separation, Jp Usipd, known as the
chiral vortical effect (CVE) [2]. Both the CME and the CVE violate local £ and CP sym-
metries in strong interactions and have stimulated extensive searches in heavy-ion collisions
over the past two decades.

We employ the widely-used three-point correlator [3], y''? = (cos(¢; + 2 — 2¥gp)), to
detect charge separation, where ¢; and Wgp are the azimuthal angles of a final-state particle
and the reaction plane, respectively. The CME/CVE contributes positively to the difference
between opposite-sign and same-sign pairs, Ay!'? = 395 — 355 The major background
in Ay'1? arises from the collective motion of particles, characterized by elliptic flow, v, =
(cos 2(¢ — Wrp)). Elliptic flow coupled with effects such as resonance decay, local charge
conservation (LCC), and transverse momentum conservation, gives a positive contribution
to Ay"2. In this work, we adopt event shape variables to categorize collision events and
project Ay''? to the zero-flow intercept. In addition, the nonflow contribution is minimized
by using the event plane based on spectators, ¥, as a proxy of Wgp, from STAR Event Plane
Detector (EPD) and Zero Degree Calorimeter Shower Max Detector (ZDC-SMD). Moreover,
the spectator plane is closely correlated with the magnetic field direction.

2 Method

Schematically, event shapes are influenced by both the initial eccentricity and the final-state
emission pattern. To primarily control eccentricity, the Event Shape Engineering (ESE) [4,
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5] method was proposed to construct the event shape variable based on a sub-event B that

excludes particles of interest (POI), g2 5 = \/ [(Zfi | sin2¢,)? + (Zf\i | COs 2¢i)2] /N. However,
even at zero ¢, g, the v, value for POl is still sizable, leading to an extrapolation over a large
range to achieve v, — 0 limit introducing substantial fitting uncertainties.

In reality, the experimental data could be dominated by the event-by-event fluctuation in
the emission pattern. Thus, a novel Event Shape Selection (ESS)[6] method was developed
to access both the initial geometry and the emission pattern. We directly use POI to construct
event shape variables, q%{POI} = [(Zf\il sin 2<pi)2 + (Zfil cos 290,-)2]/[N(1 + N{v2)?)]. The
normalization is improved with the next leading term of N(v;)?>. To further suppress the
residual background due to the intrinsic correlation between q% and v;, both of which are
built from POI, particle pair information is introduced by adding the momenta of the two
single particles, ¢p = arctan M. This scheme also better mimics the decay and LCC
mechanisms. Consequently, both qz "and v, could be constructed from wp. For better clarity,
we add the label “single" to those variables constructed using single particle momenta

Altogether, four ESS recipes have been established: (a) single q%,POl - single v,, (b) pair

q%POI - pair vy, (c) pair qg’POI - single v, and (d) single q%yPOI - pair v,. Extensive model studies
using the event-by-event anomalous-viscous fluid dynamics (EBE-AVFD) [7] show that the
optimal ESS approach is recipe (c), classifying events according to pair q% and projecting
Ay'"? to zero single v,.

3 Results
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Figure 1. Ay''* vs v, for hadrons or hadron pairs (excluding p and p) with || < 1, using spectator
plane from EPD (|n| > 3.2) in the 30—40% centrality range of Au+Au collisions at 19.6 GeV. q% and v,

are based on either single particles or particle pairs from POIL.

The application of four combinations of shape observables in ESS to STAR data of
Au+Au collisions at 19.6 GeV is demonstrated in Fig. 1 in the 30-40% centrality range.
POI are hadrons within || < 1 and 0.2 < pr < 2 GeV/c, excluding p and p. (Anti-)Protons
are rejected to suppress transported quark effects at lower beam energies. The spectator plane
(Y1) is constructed with EPD hits at gpp > Ypeam. FOr instance, ypeam = 3.04 at 19.6 GeV, so
we apply nepp > 3.2 to enrich spectator contributions. With each ESS recipe, a clear linear
relation between Ay'!? and single/pair v, is observed towards the zero-v, region. We retrieve
Ayllilszs = Intercept X (1 — (v2))? based on the extrapolated intercept [6].

Figure 2(a) presents the centrality dependence of the ensemble average Npa(Ay''?), as
well as NparAypes using the optimal ESS (c) in 0-80% Au+Au at 19.6 GeV. Ny denotes the
number of participating nucleons. A constant fit over the 20-50% centrality range yields a
finite NpmAy}EISZS value, with a 3o significance. Fig. 2(b) shows the corresponding results for
the background indicator, y'3? = (cos(¢; — 3¢, + 2¥gp)), which is known to be dominated
by background. After extrapolation to zero flow, a constant fit over the 20-50% centrality
range renders a NpartAy]'%zs value consistent with zero. We have performed the same ESS
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Figure 2. (a) Centrality dependence of Ny Ay'!? before and after the optimal ESS is applied in Au+Au
at 19.6 GeV. (b) The corresponding results for the background indicator, Ny, Ay'*2.
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analysis on the STAR data of Au+Au collisions at 7.7, 14.6, and 27 GeV, and the results will
be summarized in Fig. 4.

Figure 3(a) shows results from another analysis with the application of previously pro-
posed ESE to Au+Au data at 200 GeV in 10%-size centrality bins and averaged over the
centrality range of 20-50%. The ¢, p is constructed with non-POI hadrons from sub-event
B at midrapidities (j5] < 0.3). In each event class categorized by ¢, the POI for Ay'!?
and v, measurements and the particles that serve as the event plane come from 0.3 <5 < 1
and —1 < 5 < —0.3, respectively, or the other way around. To project to the CME-sensitive
intercept Ay i, a long extrapolation is needed.

Furthermore, we have investigated various invariant mass windows in the Au+Au data at
200 GeV, which offers more insights into the background. The invariant mass of a particle
pair is constructed by adding their four momenta, assuming that both particles are pions. A
non-zero Ay}als% is observed in the low-mass region (M;,, < 0.6 GeV/c?). In this analysis,
the POI and the reference particle for the event plane are all from midrapidities, so nonflow
effects [8] are present and need to be addressed. To mitigate nonflow, the ESE analysis over
the entire invariant mass region is performed with the first-order event plane from the ZDC-

SMD. The intercept is consistent with zero with a large uncertainty.

Figure 4(a) reports the beam energy dependence of the hadron-hadron Ay!!? results in

20-50% Au+Au collisions. The ESS and ESE measurements utilize the EPD and ZDC-
SMD event planes, respectively, minimizing nonflow effects. At both 14.6 and 19.6 GeV, the
NparnAyjs% values are positive with a 3o significance. At 7.7 GeV, NpanAypgs is consistent
with zero within the current uncertainty. At 27 and 200 GeV, the statistical uncertainties are
large to make definitive conclusions. Meanwhile, NpanAy};ézs is consistent with zero at all

available beam energies.

Figure 4(b) shows the ratio of Ay}lilszs/ (Ay''?)y, which illustrates a significant reduction of

flow and nonflow backgrounds in our new ESS approach. We have identified that at least
80% of the Ay''? constituents arise from the background. The disappearance of the ESS



o = | T A o e
S Erayto 20-50% Au+Au 4 4 [20-50% Ad+Au
C d . g i 5 3 Api <l W : >
<1= 003 A2 h-h (no protons): || <1, Wil |>y, h-h:03<n|<1,%;:h_|>6 SIP P“|'ZW| gl > Y|
g Coay® * gl x % = g Xy o
z £ 5 Z lep
0.02[—4 AV - Vess Jf ‘
F = X
0.0 = 0 ‘
E ¢ @ 3
Y R ¥ e o o b 13
E(a) ‘ ) = -0.2F N
[=} = i q
o o C -
24 é 02— * * { |
< = -
F B -0.4- E
-02j—(b) { — I | |
5 7 10 20 30 5 20

200 25 30
VS (GeV) S (GeV)

Figure 4. (a) Beam energy dependence of Ny {Ay"'?), Npan Aygss, and Ny Ay for h-h (no p and p)
using spectator plane from EPD in Au+Au at 7.7, 14.6, 19.6, and 27 GeV. At 200 GeV, NyuAypi, is
presented for s-h using spectator plane from ZDC-SMD. (b) Ratio of AyL to the ensemble average.

(€) Npar{Ay"'?) and Ny Aygil for A-p using spectator plane from EPD in Au+Au at 19.6 and 27 GeV.

observable at 7.7 GeV is consistent with the disappearance of CME signal if the partonic
degrees of freedom or chiral symmetry restoration disappears at such temperature and up.
Figure 4(c) presents the A-p Ay''> measurements in search of the CVE using spectator
plane from EPD in 20-50% Au+Au collisions at 19.6 and 27 GeV. A and A with || < 1
and 0.2 < pr < 2 GeV/c are reconstructed using decay daughters of pions and (anti)protons.
The (anti)protons that enter the Ay'!> measurements have excluded the decay daughters of
A. After background subtraction, NpmAy]{:lszs in 20-50% centrality range renders negative

values, therefore the signature of CVE signals remains inconclusive at either of the energies.

4 Summary

We have exploited event shape variables to suppress the flow background in Ay'!? to search
for the CME and the CVE in Au+Au collisions at RHIC. We employ a broad spectrum of
observables and analysis techniques including particle pair information, different invariant
mass windows, and spectator planes from EPD or ZDC-SMD. After categorizing events based
on their shapes and extrapolating the CME/CVE observable to the zero-flow intercept, we
report the Ay'!> measurements using h-h correlations in Au+Au at /sy = 7.7, 14.6, 19.6,
27, and 200 GeV, and those using A-p at 19.6 and 27 GeV. We observe a finite Ay i intercept
value with a 30 significance in Au+Au at 14.6 and 19.6 GeV, whereas background measure
A71133szs is consistent with zero. A finite Ay}ilsé intercept is also found at the low-mass region
in Au+Au at 200 GeV, where nonflow effects need to be addressed in order to relate the low

mass Ayélsé intercept to the CME.
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