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Abstract. These proceedings present an overview of the recent results1

on light flavor by the STAR experiment at RHIC.2
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1 Introduction4

Relativistic heavy-ion collision is an unique tool to study the properties of the5

quark-gluon plasma (QGP) in quantum chromodynamics (QCD) [1]. One impor-6

tant goal of the heavy-ion program in RHIC-STAR is to explore the QCD phase7

diagram [1, 2]. At the RHIC top energy data were collected with different species8

from small to large collision systems, allowing studies of the high temperature9

QCD to extract quantitative information on the QGP. The Beam Energy Scan10

(BES) program with the collision energies from 7.7 to 64.2 GeV extended the11

studies to lower temperature and higher baryon densities on the QCD phase di-12

agram. The main goal is to search for the turn-off of QGP signatures and signals13

of the first order phase transition and the critical point [2]. To further extend the14

coverage on the QCD phase diagram, the fixed-target mode is exploited to reach15

the higher baryon densities with the baryon chemical potential in the range of16

µB ≈ 420-720 MeV.17

Since 2010 STAR has accumulated large volume data from 200 GeV down to18

7.7 GeV. A rich body of results were produced pertinent to the properties of the19

QCD matter. In these proceedings, we highlight selected STAR results on light20

flavor measurements that were presented in the ”Strangeness in Quark Matter”21

2019 conference. For more details the reader is referred to the STAR contributed22

articles in these proceedings [3–5].23

2 Initial conditions24

The measurement of longitudinal decorrelation of anisotropic flow can help pro-25

vide a 3D image of the evolution of the QGP [6]. Using the newly installed26

Forward Meason Spectrometer (FMS), STAR has measured longitudinal flow27

decorrelations in 200 GeV Au+Au collisions (Fig. 1). Results are found to exhibit28

a stronger decrease with the normalized rapidity than those at the LHC [7–9].29

These results provide new constraints on both the initial-state geometry fluctu-30

ations and final-state dynamics of heavy-ion collisions.31
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Longitudinal Flow Decorrelation  

��

Ø  Stronger longitudinal flow decorrelation at RHIC than at LHC 
Ø  Hydrodynamic calculations can not simultaneously describe LHC and RHIC�

Asymmetry of a flow magnitude Torque/twist of an event plane

✦ Consequence: 

Longitudinal dynamics in heavy-ion collisions

Asymmetry in flow magnitude 

!ε2
F ≠ ε2

B
!Ψ2

F ≠Ψ2
B

!!Npart
F ≠Npart

B(a) (b) (c) 

η direction η direction η direction 

	vn
F ≠ vn

B

Torque/twist of flow plane 

!ε2
F ≠ ε2

B
!Ψ2

F ≠Ψ2
B

!!Npart
F ≠Npart

B(a) (b) (c) 

η direction η direction η direction 

	Ψn
F ≠Ψn

B

rn|n(⌘) =
hvn(�⌘)v⇤

n(⌘ref)i
hvn(+⌘)v⇤

n(⌘ref)i
=

hvn(�⌘)vn(⌘ref) cos n( n(�⌘) � n(⌘ref)i
hvn(+⌘)vn(⌘ref) cos n( n(+⌘) � n(⌘ref)i

hvn(⌘1)v
⇤
n(⌘2)i

 n(⌘1) 6=  n(⌘2)

P. Bozek et al, Phys.Rev. C 83 (2011) 034911 
J. Jia et al, Phys. Rev. C 90 (2014) 034905 

credit: B. Schenke

2Maowu Nie, Quark Matter 2018, May 13th - 19th 2018, Venice2018/5/15

✦ Fluctuations in the overlapping region✦ Evolution of the QGP in (3+1)D
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Longitudinal Flow Decorrelation in 200 GeV Au+Au Collisions 
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• Stronger longitudinal flow decorrelation at RHIC than at LHC
• Hydro calculations can not simultaneously describe LHC and RHIC data
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Fig. 1. De-correlation parameters r2 (left) and r3 (right) as a function of the normalized
rapidity in 5-10% Au+Au collisions at RHIC [7] and Pb+Pb collisions at LHC [8, 9].

The measurement of the elliptic anisotropy (v2) in small system collisions32

could further our understanding of the importance of the initial geometry. Fig-33

ure 2 shows the v2 obtained by difference methods in p+Au and d+Au col-34

lisions [10]. The results for different energies show a common trend with the35

charged particle multiplicity, which provide important insights on the nature of36

collectivity in small collision systems.37
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Collectivity in Small Systems  

Ø   Different V2,2 from different methods to correct for non-flow background in
 p/d+Au collisions, positive v2 at high multiplicity 

Ø  v2 from subtraction method is negative at lower collision energies  
Ø  v2 from template fit increases with multiplicity 
Ø   Initial state effect vs. final state effect? Hydrodynamics or anisotropic

 escape? 

Collectivity in Small Systems
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• Different V2,2 from different methods to correct for non-flow background 

in p/d+Au collisions. Be careful about the assumptions of the methods. 

Fig. 2. Integral v2 as function of multiplicity in p+Au and d+Au collisions [10].

3 Phase transition and critical point38

The higher order fluctuation observables – higher moments of conserved quan-39

tities can be directly connected to the corresponding thermodynamic suscepti-40

bilities. It is a sensitive tool to study the criticality on the QCD phase diagram41

as well as to determine the freeze-out parameters [11, 12]. Figure 3 (left) shows42

the new measurements of the net-proton cumulants in Au+Au collisions at 5443

GeV [3]. The data are compared to other energies and good agreement is found.44

A non-monotonic behavior as function of the collision energy is observed. Fig-45
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ure 3 (right) shows the 6th order cumulant of the net-proton multiplicity dis-46

tributions [3]. The C6/C2 for central Au+Au collisions at 54.4 GeV is positive47

while that for 200 GeV is negative, although with large uncertainties. The results48

are in agreement with the theoretical expectation of a smooth crossover phase49

transition [13, 14]. STAR also measured net-Λ cumulants, which provide insights50

on the flavor dependence of the freeze-out parameters [4, 15].51
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Higher moments 

Ashish Pandav’s talk�

The Sixth-Order Cumulant

14SQM2019  - Ashish Pandav, NISER

Goal:  Identification of O(4) chiral criticality on the 
phase boundary.

The sixth-order cumulants of 
baryon number and electric 
charge fluctuations remain 
negative at the chiral 
transition temperature.

Eur.Phys.J. C71 (2011) 1694
Phys.Rev. D95 (2017) 054504
STAR: Toshihiro Nonaka

ATHIC, 2018

Most central value of C6/C2
C6/C2 < 0 for √sNN = 200 GeV
C6/C2 > 0 for √sNN = 54.4 GeV

Mapping the freeze-out curve and probing the possible
 critical point through fluctuations of conserved
 quantum numbers: 
 
New measurements of net-proton cumulants for Au+Au
 collisions at √sNN = 54.4 GeV  
 
The C6/C2 for central Au+Au collisions at 54.4 GeV is
 positive while that for 200 GeV is negative (with large
 uncertainties). These have consequences vis-à-vis
 chiral criticality in QCD.  

13
SQM2019  - Ashish Pandav, NISER

6 10 20 30 100 200
 (GeV)NNsColliding energy 

0

1

2

3

4

 2
σ
κ

      

0-5%
70-80%

STAR Preliminary
Net-proton

 < 2 GeV/c, |y|<0.5
T

0.4 < p
Au+Au collisions at RHIC

50

Expectation
Skellam & HRG

5
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Energy Dependence of Cumulant Ratios

Dependence of net-proton cumulants ratio C4/C2 on beam energy 
including results from 54.4 GeV.
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Fig. 3. Energy dependence of the net-proton moments products, kσ2 (left), and the
6th order to 2nd order cumulant ratio, C6/C2 (right) in 54.4 and 200 GeV [3].

Production of light nuclei with small binding energies, such as the triton52

(∼8.48 MeV) and the deuteron (∼2.2 MeV), formed via final-state coalescence,53

are sensitive to the local nucleon density [16]. The production of these light nuclei54

can therefore be used to extract information of nucleon distributions at freeze-55

out, which could be associated with the QCD phase transition [17]. Figure 4 (left)56

shows that the coalescence parameter B2 first decreases and then increase with57

collision energy [18]. The extracted neutron density fluctuation [19], ∆n, also58

shows a non-monotonic behavior with collision energy (right panel of Fig. 4) [20].59

One of the important QGP signatures is the nuclear modification factor RCP60

being significantly smaller than unity at high energies. The strangeness hadron61

measurements from BES-I by STAR [21] show no suppression of the K0
s Rcp62

upto pT= 3.5 GeV/c2 . The particle type dependence of RCP is found to be63

smaller at
√
sNN ≤ 11.5 GeV (Fig. 5). These measurements point to the beam64

energy region below 19.6 GeV for further investigation of the deconfinement65

phase transition.66

4 Hypertriton67

The measurement of hypertriton can provide insight on hyperon-nucleon interac-68

tions [22, 23]. The HFT detector significantly improved the signal-to-background69
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Coalescence Parameters ��B2 and B3 Coalescence Parameters – ^Å
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✯*3 decreases from peripheral to central collisions and 

with increasing collision energy.

✯*2 and *5� are consistent within uncertainties except 200 GeV.
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anti-deuterons are the same within uncertainties. The simi-
larity reflects the characteristics of pair-production. At lower
collision energies, more and more stopped nucleons move into
the mid-rapidity region, which suppresses the probability for
the production for anti-deuterons. As a result, the B2 values
for anti-deuterons are reduced. The separation of B2 between
deuterons and anti-deuterons should increase as collision en-
ergy decreases. This will be tested in the future high statistics
RHIC BES-II program, where the spectra at

p
sNN = 7.7, 9.2

and 11.5 GeV will be obtained with high precision.
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FIG. 13. Energy dependence of the coalescence parameter for B2(d)
and B2(d̄) at pT /A = 0.65 GeV/c from Au+Au collisions at RHIC.
For comparison, results from AGS [28, 30, 31], SPS [32, 36, 59]
(0 � 7% and 0 � 12% collision centralities), RHIC [22, 33] (0 � 18%
and 0� 20% collision centrality for

p
sNN = 130 GeV and 200 GeV)

are also shown.

V. CONCLUSION

In conclusion, we have presented systematic studies of
deuteron and anti-deuteron production in Au+Au collisions atp

sNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4, and 200 GeV. The
mid-rapidity yields dN/dy show the e↵ects of baryon stopping

at lower collision energies. At higher collision energies, the
pair production mechanism dominates the particle production.
The anti-baryon to baryon yield ratios, and the d/p yield ra-
tio can be well reproduced by the thermal model. The µQ/T
values extracted from d/p2 ratios are systematically smaller
than those from ⇡+/⇡�, which may suggest that some of the
observed deuterons are from the nuclear fragmentation. Two
interesting new features are observed for the coalescence pa-
rameter B2: (i) The values of B2 for deuterons decrease as
collision energy increases and seem to reach a minimum at
about

p
sNN = 20 � 40 GeV, indicating a change in the equa-

tion of state; (ii) B2 values for anti-deuterons are found to be
less than those for deuterons at collision energies below 62.4
GeV implying that the overall size of the emitting source of
anti-baryons is larger than that of baryons at low collision en-
ergy.
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✯Neutron density fluctuation, 

∆E, shows a non-monotonic 

behavior on collision energy. 

Peak around 20 GeV. 
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✯Neutron density fluctuation, 

∆E, shows a non-monotonic 

behavior on collision energy. 

Peak around 20 GeV. 

Ø Neutron density fluctuation, ∆#, shows a non-monotonic behavior
 on collision energy. Peak ~ 20 GeV�

K. J. Sun, L. W. Chen, C. M. Ko, Z. Xu, Phys. Lett. B774, 103 (2017). 
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Fig. 4. Energy dependence of the coalescence parameter, B2 (left) and the neutron
density fluctuation, ∆n (right) from Au+Au collisions at RHIC [18, 20].
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Strange hadron production  17

10 210
0.2

0.25

0.3

0.35

0.4

0.45

0.5

S
0K

yCentral collisions, mid-

10 210
0.2

0.25

0.3

0.35

0.4

0.45

0.5

 

 
Λ

Λ
SPS STARSTAR BES

10 210
0.2

0.25

0.3

0.35

0.4

0.45

0.5

 

 

-Ξ
+

Ξ
SPS STARSTAR BES

)2 c
 (G

eV
/

0
m

 - 〉 T
m〈

 (GeV)NNs

FIG. 15: (Color online) The averaged transverse mass, hmTi�
m0, at mid-rapidity (|y| < 0.5) for K0

S, ⇤, ⇤, ⌅�, and ⌅
+

as
a function of energy from 0–5% central Au+Au collisions atp

sNN = 7.7–39 GeV. For comparison, previous results from
central Pb+Pb collisions at

p
sNN = 6.3–17.3 GeV at SPS [11]

and from central Au+Au collisions at
p

sNN = 130 GeV at
RHIC are shown as open markers [14, 15]. The orange shaded
bands on the STAR BES data points represent the systematic
errors.

antibaryon production in more central collisions.833
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+
, ⌦�, ⌦

+
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mid-rapidity (|y| < 0.5) as a function of number of partici-
pating nucleons, hNparti, from Au+Au collisions at

p
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7.7–39 GeV. The box on each data point denotes the sys-
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Figures 17 and 18 show the collision energy dependence834

of the particle yield (dN/dy) at mid-rapidity (|y| < 0.5)835

for K0
S, ⇤, ⇤, ⌅�, and ⌅

+
from 0–5% central Au+Au col-836

lisions at
p

s
NN

= 7.7, 11.5, 19.6, 27, and 39 GeV, com-837

pared to the corresponding data from CERES, NA57,838

and NA49 in the similar energy range, as well as to839

the STAR data at higher collision energies. The NA57840

and NA49 data are from central Pb+Pb collisions, and841
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S integrated yield, dN/dy,

at mid-rapidity (|y| < 0.5) as a function of collision en-
ergy from 0–5% central Au+Au collisions at
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sNN = 7.7–

39 GeV. The orange shaded bands on the STAR BES data
points represent the systematic errors. Also shown are the
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sNN = 200 GeV
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collisions at
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sNN = 8.7 GeV (|y| < 0.5) from NA57 [9, 10],

and from 0–7% central Pb+Au collisions at
p

sNN = 17.3 GeV
from CERES [13]. CERES mid-rapidity data are the extrapo-
lated values based on the measurements at backward rapidity.
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⟨mT⟩ − m0 of antibaryons and baryons
 significantly deviate from each other
 towards lower collision energies,
 especially for anti-Λ and Λ. �

Ø  The K0
s Rcp no suppression for pT 3.5 GeV

 and particle type independence at <= 11.5
 GeV.  

Ø  Partonic energy loss effect less significant at
 low energies. The cold nuclear matter effect
 take over? 

Ø  Further investigation of the deconfinement
 phase transition below 19.6 GeV�

STAR, arXiv:1906.03732 
21

equilibrium. The energy dependence of the parameters990

Tch and µB in the model were obtained with a smooth991

parametrization of the original fitting parameters to the992

mid-rapidity particle ratios from heavy ion experiments993

at SPS and RHIC. The K+/⇡+ [60], ⇤/⇡, and ⌅�/⇡ ra-994

tios all show a maximum at
p

sNN ⇠ 8 GeV, which seems995

to be consistent with the picture of maximum net-baryon996

density at freeze-out at this collision energy [76].997

F. Nuclear modification factor998

Figure 27 presents the nuclear modification factor,999

RCP, of K0
S, ⇤ + ⇤, ⌅� + ⌅

+
, � and ⌦�+⌦

+
in Au+Au1000

collisions at
p

s
NN

= 7.7–39 GeV. RCP is defined as the1001

ratio of particle yield in central collisions to that in pe-1002

ripheral ones scaled by the average number of inelastic1003

binary collisions Ncoll, i.e.1004

RCP =
[(dN/dpT )/hNcolli]central

[(dN/dpT )/hNcolli]peripheral
. (8)

Here Ncoll is determined from Glauber Monte Carlo sim-1005

ulations. See Table VII for the Ncoll values for Au+Au1006

collisions in the STAR Beam Energy Scan. RCP will1007

be unity if nucleus-nucleus collisions are just simple su-1008

perpositions of nucleon-nucleon collisions. Deviation of1009

these ratios from unity would imply contributions from1010

nuclear or in-medium e↵ects. For pT ⇠ 4 GeV/c, one1011

can see from Fig. 27 that the K0
S RCP is below unity1012

at
p

s
NN

= 39 GeV. This is similar to the observation at1013

top RHIC energy [77] though the lowest RCP value is1014

larger. Then the K0
S RCP at pT > 2 GeV/c keeps increas-1015

ing with decreasing collision energies, indicating that the1016

partonic energy loss e↵ect becomes less important. Even-1017

tually, the cold nuclear matter e↵ect (Cronin e↵ect) [78]1018

starts to take over at
p

sNN = 11.5 and 7.7 GeV and en-1019

hances all the hadron (including K0
S) yields at interme-1020

diate pT (up to ⇠3.5 GeV/c). Similar to the observation1021

for identified charged hadrons [79], the energy evolution1022

of strange hadron RCP reflects the decreasing partonic ef-1023

fects with decreasing beam energies. In addition, the par-1024

ticle RCP di↵erences are apparent for
p

s
NN

� 19.6 GeV.1025

However, the di↵erences become smaller at
p

s
NN

= 11.51026

GeV and eventually vanish at
p

s
NN

= 7.7 GeV, which1027

may also suggest di↵erent properties of the system cre-1028

ated in Au+Au collisions at
p

s
NN

= 11.5 and 7.7 GeV,1029

compared to those in
p

s
NN

� 19.6 GeV.1030

G. Baryon enhancement at intermediate pT1031

The enhancement of baryon-to-meson ratios at inter-1032

mediate pT in central A+A collisions compared to pe-1033

ripheral A+A or p+p collisions at the same energy is in-1034

terpreted as a consequence of hadron formation through1035

parton recombination and parton collectivity in central1036

collisions [35–42, 80]. Therefore, the baryon-to-meson1037
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FIG. 27: (Color online) K0
S, ⇤+⇤, and ⌅�+⌅

+
RCP(0–

5%)/(40–60%), � and ⌦�+⌦
+

RCP(0–10%)/(40–60%), at
mid-rapidity (|y| < 0.5) in Au+Au collisions at

p
sNN = 7.7–

39 GeV. The vertical bars denote the statistical errors. The
box on each data point of K0

S, ⇤, and ⌅ denotes the system-
atic error. The gray and blue bands on the right side of each
panel represent the normalization errors from Ncoll for RCP(0–
5%)/(40–60%) and RCP(0–10%)/(40–60%) respectively.
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collisions at

p
sNN = 7.7–39 GeV. Errors are statistical only.

ratios are expected to be sensitive to the parton dynam-1038

ics of the collision system. The multi-strange baryon-1039

to-meson ratio, ⌦/�, has been described in detail in1040

Ref. [59]. Figure 28 shows the ⇤/K0
S ratio as a func-1041

tion of pT in di↵erent centralities from Au+Au collisions1042

at
p

s
NN

= 7.7–39 GeV. The ⇤ is chosen instead of ⇤,1043

because it is a newly produced baryon in the baryon-rich1044

medium created in lower Beam Energy Scan energies. At1045 p
s
NN

� 19.6 GeV, the ⇤/K0
S reaches its maximum value1046

at pT ⇠ 2.5 GeV/c in central collisions, while in periph-1047

eral collisions, the maximum value is significantly lower.1048

Fig. 5. Rcp of the K0
s , Λ,Ξ, φ,Ω in Au+Au collisions at

√
sNN = 7.7 - 39 GeV [21].

ratio of hypertriton, thus allowing more precise determinations of the hypertriton70

binding energy and mass difference between hypertriton and anti-hypertriton.71

The STAR data [24] provide the first test of the CPT symmetry in the light72

hypernuclei sector. No deviation from the exact symmetry is observed.73

5 Medium effect and dynamics74

Lifetimes of resonances are comparable to the typical lifetime of the QGP fire-75

ball created in heavy-ion collisions. Resonances can thus be used to study the76

properties and evolution of the hot and dense QGP medium. K∗0 and φ meson77

have different hadrnic cross-sections and lifetimes. Their comparisons in Fig. 678

indicate strong medium effects at RHIC and LHC [5, 25].79

Di-leptons are penetrating probe to heavy-ion collisions [26]. Recent mea-80

surements show a strong enhancement in the very low pT region. The results81

point to additional physics contributions, for example contributions from pho-82

ton interactions in the initial magnetic field [27].83
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(right) [25].

6 Chirality, vorticity and polarization effects84

Due to spin-orbit coupling, particles produced in non-central heavy-ion collisions85

possess large orbital angular momentum and can be globally polarized along the86

angular momentum direction [28]. This effect was demonstrated by the global87

Λ polarization measurement from STAR (left panel of Fig. 7) [29]. The data88

also hint a systematic splitting between Λ and Λ̄, an effect expected from the89

initial magnetic field. Recently, STAR reported a first observation of the Λ local90

polarization with a quadrupole structure (right panel of Fig. 7), which could be91

related to the elliptic flow [30].92

An electric charge separation can be induced by chirality imbalance along a93

strong magnetic field and is predicted to occur in relativistic heavy-ion collisions94

because of topological charge fluctuations and the approximate chiral symmetry95

restoration in QCD. This effect is called the Chiral Magnetic Effect (CME) [31].96

Since the first measurement of the ∆γ correlator in 2009 [32], there have been97

extensive developments to reduce or eliminate the backgrounds [31]. Figure 898

(left) shows the results by using the invariant mass method, one of the recently99

developed method [33]. The extracted potential CME signal relative to the in-100

clusive ∆γ in 200 GeV Au+Au collisions with two novel methods [34, 35] are101

summarized in right panel of Fig. 8. These data-driven estimates indicate that102

the possible CME signal is small, within 1-2 σ from zero [33].103

7 Summary104

The recent results on light flavor from the STAR experiment are overviewed. The105

longitudinal flow decorrelation was measured in heavy-ion data and compared106

to LHC data. The elliptic anisotropy is measured p+Au and d+Au collisions.107

These measurements will further our understanding of the importance of the108

initial geometry to the system evolution. The net-proton (net-Λ) cumulants, the109

light nuclei coalescence parameter and neutron density fluctuation are reported.110

All these results seem to show non-monotonic behaviors with collision energy111
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effect (see text). Solid lines show the fit with the sine function
shown inside the figure. Note that the data are not corrected
for the event plane resolution.

and 0.5 < η < 1) for Ψ2 determination (< 11%), and
estimates of the possible background contribution to the
signal (4.3%). The numbers are for mid-central colli-
sions. Also the uncertainty from the decay parameter is
accounted for (2% for Λ and 9.6% for Λ̄, see Ref. [11] for
the detail). We further studied the effect of a possible
self-correlation between the particles used for the Λ (Λ̄)
reconstruction and the event plane by explicitly removing
the daughter particles from the event plane calculation
in Eq. (2). There was no significant difference between
the results. The Λ and Λ̄ reconstruction efficiencies were
estimated using GEANT [28] simulations of the STAR
detector [19]. The correction is found to lower mean val-
ues of the Pz sine coefficient by ∼10% in peripheral col-
lisions and increases up to ∼50% in central collisions,
although the variations are within statistical uncertain-
ties. No significant difference was observed between Λ
and Λ̄ as expected. Therefore, results from both samples
were combined to reduce statistical uncertainties.

Figure 3 presents the centrality dependence of the sec-
ond Fourier sine coefficient ⟨Pz sin(2φ − 2Ψ2)⟩. The in-
crease of the signal with decreasing centrality is likely
due to increasing elliptic flow contributions in peripheral
collisions. We note that, unlike elliptic flow, the polariza-
tion does disappear in the most central collisions, where
the elliptic flow is still significant due to initial density
fluctuations. Because of large uncertainties in periph-
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FIG. 3. (Color online) The second Fourier sine coefficient
of the polarization of Λ and Λ̄ along the beam direction as
a function of the collision centrality in Au+Au collisions at√

sNN = 200 GeV. Open boxes show the systematic uncer-
tainties. Dotted line shows the AMPT calculation [27] scaled
by 0.2 (no pT selection). Solid and dot-dashed lines with the
bands show the blast-wave (BW) model calculation for pT = 1
GeV/c with Λ mass (see text for details).

eral collisions, it is not clear whether the signal continues
to increase or levels off. The results are compared to a
multiphase transport (AMPT) model [27] as shown with
the dotted line. The AMPT model predicts the opposite
phase of the modulations and overestimates the magni-
tude. The blast-wave model study is discussed later.

Since the elliptic flow also depends on pT as well as on
the centrality, the polarization may have pT dependence.
Figure 4 shows the sine coefficients of Pz as a function
of the hyperon transverse momentum. No significant pT

dependence is observed for pT > 1 GeV/c, and the statis-
tical precision of the single data point for pT < 1 GeV/c
is not enough to allow for definitive conclusions about the
low pT dependence. In the hydrodynamic model calcula-
tion [14], the sine coefficient of Pz increases in magnitude
with pT but shows the opposite sign to the data.

As shown in Figs. 3 and 4, the hydrodynamic and
AMPT models predict the opposite sign in the sine co-
efficient of the polarization and their magnitudes differ
from the data roughly by a factor of 5. The reason of
this sign difference is under discussion in the community.
However, the sign change may be due to the relation
between azimuthal anisotropy and spatial anisotropy at
freeze-out [13]. There could be contributions from the
kinematic vorticity originating from the elliptic flow as
well as from the temporal gradient of temperatures at
the time of hadronization [14]. A recent calculation us-

Fig. 7. (Left) Energy dependence of the global polarization of Λ and Λ̄ in Au+Au
collisions [29], (right) local polarization of Λ and Λ̄ as a function of azimuthal angle [30].
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two contributions assuming that the CME is proportional to the magnetic field squared and the background
is proportional to v2, as follows [10]:

∆γ{ΨTPC} = ∆γCME{ΨTPC} + ∆γBkg{ΨTPC}, ∆γ{ΨZDC} = ∆γCME{ΨZDC} + ∆γBkg{ΨZDC},
∆γCME{ΨTPC} = ȧ∆γCME{ΨZDC}, ∆γBkg{ΨZDC} = ȧ∆γBkg{ΨTPC},
a = v2{ΨZDC}/v2{ΨTPC}, A = ∆γ{ΨZDC}/∆γ{ΨTPC},
fEP
CME = ∆γCME{ΨTPC}/∆γ{ΨTPC} = (A/a − 1)/(1/a2 − 1).
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Fig. 3. The centrality dependences of the ratios of the charged hadron v2 (left panel) and ∆γ (middle panel) measured with respect to
the ZDC event plane to those with respect to the TPC event plane. (Right panel) The extracted fEP

CME as a function of collision centrality.
Data from Runs 11, 14, and 16. Error bars are statistical errors. The horizontal caps on the right panel are systematic uncertainties.

Figure 3 shows the ratio of v2 (left panel) measured with respect to the ZDC event plane and the v2
with respect to the TPC event plane, a = v2{ΨZDC}/v2{ΨTPC} in Eq. (1), and that of ∆γ (middle panel), A =
∆γ{ΨZDC}/∆γ{ΨTPC} in Eq. (1), as functions of collision centrality. To suppress the non-flow contributions
in v2 and ∆γ measurements, the TPC sub-event method is used, where each TPC event is divided into
east and west sub-events, with the ΨTPC from one sub-event and the particles of interest from the other.
Figure 3 (right panel) shows the extracted possible CME fraction (fEP

CME) [10] as function of centrality. For
comparison the results from TPC full-event method are also plotted. The extracted fEP

CME (combined from
Runs 11, 14 and 16) are (9 ± 4 ± 7)% and (12 ± 4 ± 11)% from the TPC sub-event and full-event methods
in 20-50% Au+Au collisions at 200 GeV, respectively. The systematic uncertainty is currently estimated by
the differences among the three runs.
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particles (including resonances) produced along the rp

than perpendicular to it, the magnitude of which is char-
acterized by the elliptic anisotropy parameter (v

2
) [18].

It is commonly interpreted as coming from a stronger
hydrodynamic push in the short-axis (i.e. rp) direction
of the elliptically-shaped overlap zone between the two
colliding nuclei [19]. As a result, ∆γ is contaminated
by a background [17, 20–24], which arises from the cou-
pling between particle correlations and v

2
, and is hence

proportional to v
2
.

The search for the cme is one of the most active re-
search topics in hic at the Relativistic Heavy Ion Collider
(rhic) and the Large Hadron Collider (lhc) [25–33]. A
finite ∆γ signal is observed [25–29], but how much back-
ground contamination there is has not yet been settled.
There have been many attempts to gauge, reduce or elim-
inate the flow backgrounds, by event-by-event v

2
depen-

dence [30], event-shape engineering [32, 33], comparisons
with small-system collisions [31, 32, 34], invariant mass
studies [35], and by new observables [36, 37]. The lhc

data seem to suggest that the cme signal is small and
consistent with zero [32, 33], while the situation at rhic

is less clear [8].
To better gauge background contributions, isobaric

96
44Ru+96

44Ru (RuRu) and 96
40Zr+96

40Zr (ZrZr) collisions have
been proposed [38] and are planned for rhic in 2018.
Their QCD backgrounds are expected to be almost the
same because of the same mass number, whereas the
atomic numbers, hence B, differ by 10%. These ex-
pectations are qualitatively confirmed by studies [39]
with Woods-Saxon (ws) nuclear densities; the cme sig-
nal over background could be improved by a factor of
seven in relative measurements of RuRu and ZrZr colli-
sions compared to either of them individually. In a recent
study [40], however, we have shown that there could exist
large uncertainties in the differences in both the overlap
geometry eccentricity (ϵ

2
) and B due to nuclear density

deviations from ws. As a result, isobaric collisions may
not provide a clear-cut answer to the existence or the
lack of the cme.

In what follows, we argue that one has, in a single
collision system, all the advantages of, to an even bet-
ter degree, the significant B and minimal ϵ

2
differences

of the comparative isobaric collisions, with the benefit
of minimal theoretical and experimental uncertainties.
The idea is straightforward, as illustrated in Fig. 1. B is
produced by spectator protons, hence its projection, on
average, is strongest perpendicular to the rp [5]; v

2
stems

from the collision geometry and is strongest with respect
to the second harmonic participant plane (pp) [41]. The
rp and the pp are correlated but, due to fluctuations [41],
not identical. Measurements with respect to the rp and
the pp, therefore, contain different amounts of cme sig-
nal and v

2
background, and thus can help disentangle

the two contributions.

RP
ψ

B
ψ

PP
ψ

b

Fig. 1. (color online) Sketch of a heavy ion colli-
sion projected onto the transverse plane (perpen-
dicular to the beam direction). ψRP is the reac-
tion plane (impact parameter, b) direction, ψPP

the participant plane direction (of interacting nu-
cleons, denoted by the solid circles), and ψB the
magnetic field direction (mainly from spectator
protons, denoted by the open circles together with
spectator neutrons).

2 General idea

Due to fluctuations, the pp azimuthal angle (ψ
PP

) is
not necessarily aligned with the rp azimuthal angle [41].
The v

2
is directly related to the eccentricity of the trans-

verse overlap geometry, ϵ
2
{ψ

PP
}≡⟨ϵ

2
{ψ

PP
}evt⟩. The av-

erage is taken over the event-by-event eccentricity mag-
nitudes, which can be obtained by [40–44]

ϵ
2
{ψ

PP
}evte

i2ψ
PP =

Npart∑
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where (r⊥i,φr⊥i
) is the polar coordinate of the i-th par-

ticipant nucleon. The overlap geometry relative to b,
averaged over many events, is an ellipse with its short
axis along the rp; its eccentricity is
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Let
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)⟩ (3)

measure the correlation between ψ
PP

and ψ
RP

. We have

aPP
ϵ
2

≡ϵ
2
{ψ
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}/ϵ

2
{ψ

PP
}≈aPP . (4)

The factorization is approximate, valid only when, at a
given collision centrality, the ϵ

2
{ψ

PP
}evt magnitude does

not vary with the ψ
PP

fluctuation around ψ
RP

.
B is mainly produced by spectator protons. Their po-

sitions fluctuate; the B azimuthal direction, ψ
B
, is not

always perpendicular to the rp [45–47] (see illustration
in Fig. 1). The cme-induced cs is along the B direction
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Fig. 2. Pion pair invariant mass, minv, dependences of (left top panel) the r = (NOS − NS S )/NOS , (left middle panel) the ∆γA and ∆γB
from ESE selected event samples A (large 50% q2) and B (small 50% q2), respectively, and (left bottom panel) the inclusive (0-100%
q2) ∆γ compared with ∆γA − ∆γB. (Right panel) ∆γA vs. ∆γB fitted by a linear function (see text for explanations). The pions are
identified by STAR TPC with 0.2 < pT < 0.8 GeV/c. Data from Run-16. Errors are statistical.

two contributions assuming that the CME is proportional to the magnetic field squared and the background
is proportional to v2, as follows [10]:

∆γ{ΨTPC} = ∆γCME{ΨTPC} + ∆γBkg{ΨTPC}, ∆γ{ΨZDC} = ∆γCME{ΨZDC} + ∆γBkg{ΨZDC},
∆γCME{ΨTPC} = ȧ∆γCME{ΨZDC}, ∆γBkg{ΨZDC} = ȧ∆γBkg{ΨTPC},
a = v2{ΨZDC}/v2{ΨTPC}, A = ∆γ{ΨZDC}/∆γ{ΨTPC},
fEP
CME = ∆γCME{ΨTPC}/∆γ{ΨTPC} = (A/a − 1)/(1/a2 − 1).
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Fig. 3. The centrality dependences of the ratios of the charged hadron v2 (left panel) and ∆γ (middle panel) measured with respect to
the ZDC event plane to those with respect to the TPC event plane. (Right panel) The extracted fEP

CME as a function of collision centrality.
Data from Runs 11, 14, and 16. Error bars are statistical errors. The horizontal caps on the right panel are systematic uncertainties.

Figure 3 shows the ratio of v2 (left panel) measured with respect to the ZDC event plane and the v2
with respect to the TPC event plane, a = v2{ΨZDC}/v2{ΨTPC} in Eq. (1), and that of ∆γ (middle panel), A =
∆γ{ΨZDC}/∆γ{ΨTPC} in Eq. (1), as functions of collision centrality. To suppress the non-flow contributions
in v2 and ∆γ measurements, the TPC sub-event method is used, where each TPC event is divided into
east and west sub-events, with the ΨTPC from one sub-event and the particles of interest from the other.
Figure 3 (right panel) shows the extracted possible CME fraction (fEP

CME) [10] as function of centrality. For
comparison the results from TPC full-event method are also plotted. The extracted fEP

CME (combined from
Runs 11, 14 and 16) are (9 ± 4 ± 7)% and (12 ± 4 ± 11)% from the TPC sub-event and full-event methods
in 20-50% Au+Au collisions at 200 GeV, respectively. The systematic uncertainty is currently estimated by
the differences among the three runs.
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particles (including resonances) produced along the rp

than perpendicular to it, the magnitude of which is char-
acterized by the elliptic anisotropy parameter (v

2
) [18].

It is commonly interpreted as coming from a stronger
hydrodynamic push in the short-axis (i.e. rp) direction
of the elliptically-shaped overlap zone between the two
colliding nuclei [19]. As a result, ∆γ is contaminated
by a background [17, 20–24], which arises from the cou-
pling between particle correlations and v

2
, and is hence

proportional to v
2
.

The search for the cme is one of the most active re-
search topics in hic at the Relativistic Heavy Ion Collider
(rhic) and the Large Hadron Collider (lhc) [25–33]. A
finite ∆γ signal is observed [25–29], but how much back-
ground contamination there is has not yet been settled.
There have been many attempts to gauge, reduce or elim-
inate the flow backgrounds, by event-by-event v

2
depen-

dence [30], event-shape engineering [32, 33], comparisons
with small-system collisions [31, 32, 34], invariant mass
studies [35], and by new observables [36, 37]. The lhc

data seem to suggest that the cme signal is small and
consistent with zero [32, 33], while the situation at rhic

is less clear [8].
To better gauge background contributions, isobaric

96
44Ru+96

44Ru (RuRu) and 96
40Zr+96

40Zr (ZrZr) collisions have
been proposed [38] and are planned for rhic in 2018.
Their QCD backgrounds are expected to be almost the
same because of the same mass number, whereas the
atomic numbers, hence B, differ by 10%. These ex-
pectations are qualitatively confirmed by studies [39]
with Woods-Saxon (ws) nuclear densities; the cme sig-
nal over background could be improved by a factor of
seven in relative measurements of RuRu and ZrZr colli-
sions compared to either of them individually. In a recent
study [40], however, we have shown that there could exist
large uncertainties in the differences in both the overlap
geometry eccentricity (ϵ

2
) and B due to nuclear density

deviations from ws. As a result, isobaric collisions may
not provide a clear-cut answer to the existence or the
lack of the cme.

In what follows, we argue that one has, in a single
collision system, all the advantages of, to an even bet-
ter degree, the significant B and minimal ϵ

2
differences

of the comparative isobaric collisions, with the benefit
of minimal theoretical and experimental uncertainties.
The idea is straightforward, as illustrated in Fig. 1. B is
produced by spectator protons, hence its projection, on
average, is strongest perpendicular to the rp [5]; v

2
stems

from the collision geometry and is strongest with respect
to the second harmonic participant plane (pp) [41]. The
rp and the pp are correlated but, due to fluctuations [41],
not identical. Measurements with respect to the rp and
the pp, therefore, contain different amounts of cme sig-
nal and v

2
background, and thus can help disentangle

the two contributions.

RP
ψ

B
ψ

PP
ψ

b

Fig. 1. (color online) Sketch of a heavy ion colli-
sion projected onto the transverse plane (perpen-
dicular to the beam direction). ψRP is the reac-
tion plane (impact parameter, b) direction, ψPP

the participant plane direction (of interacting nu-
cleons, denoted by the solid circles), and ψB the
magnetic field direction (mainly from spectator
protons, denoted by the open circles together with
spectator neutrons).

2 General idea

Due to fluctuations, the pp azimuthal angle (ψ
PP

) is
not necessarily aligned with the rp azimuthal angle [41].
The v

2
is directly related to the eccentricity of the trans-

verse overlap geometry, ϵ
2
{ψ

PP
}≡⟨ϵ

2
{ψ

PP
}evt⟩. The av-

erage is taken over the event-by-event eccentricity mag-
nitudes, which can be obtained by [40–44]
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where (r⊥i,φr⊥i
) is the polar coordinate of the i-th par-

ticipant nucleon. The overlap geometry relative to b,
averaged over many events, is an ellipse with its short
axis along the rp; its eccentricity is
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Let
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)⟩ (3)

measure the correlation between ψ
PP

and ψ
RP

. We have

aPP
ϵ
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}/ϵ

2
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}≈aPP . (4)

The factorization is approximate, valid only when, at a
given collision centrality, the ϵ

2
{ψ

PP
}evt magnitude does

not vary with the ψ
PP

fluctuation around ψ
RP

.
B is mainly produced by spectator protons. Their po-

sitions fluctuate; the B azimuthal direction, ψ
B
, is not

always perpendicular to the rp [45–47] (see illustration
in Fig. 1). The cme-induced cs is along the B direction
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Fig. 8. (Left) ∆γ correlator as function of invariant [33], (right) relative contribution
from possible CME signal to the measured ∆γ [33–35].

and may bear important implications to phase transitions and the possible crit-112

ical point. The strangeness hadron production is found to be not suppressed at113 √
sNN ≤ 11.5 GeV, calling for further studies at low energies. The resonance114

ratios are measured, which indicate strong medium effects. Strong enhancement115

is observed in the very low pT di-electron yield, which may be due to photon in-116

teractions. Hypertriton measurements are reported, which present the first test117

of the CPT symmetry in the light hypernuclei sector. The Λ local polarization118

with a quadrupole structure is observed for the first time. which needs further119

theoretical undertanding. Two novel data-driven methods are used to search for120

CME signal. The present estimates indicate that the possible CME signal is121

small, within 1-2 σ from zero.122
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