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Introduction  

RHIC Top Energy 
p+p, p+Al, p+Au, d+Au, 3He+Au, Cu+Cu,
 Cu+Au, Ru+Ru, Zr+Zr, Au+Au, U+U 
• QCD at high energy density/temperature  
• Properties of QGP, EoS 
 
Beam Energy Scan 
Au+Au √SNN= 7.7-62 GeV 
• QCD phase transition 
• Search for the critical point 
• Turn-off of QGP signatures 
 
Fixed-Target Program 
Au+Au √SNN= 3.0-7.7 GeV 
• High baryon density regime with
 µB~420-720 MeV 



Highlights from STAR
Zhenyu Ye for the STAR Collaboration

University of Illinois at Chicago

J. Zhao SQM2019, Italy 3 

Outline  

Ø  Initial conditions: flow results  

Ø  Phase transition and critical point: 

       v1, net fluctuations, deuteron, triton, strangeness  

Ø  Hypertriton 

Ø  Medium effect and dynamics: 

       K∗0 and ϕ, low-pT dilepton  

Ø  Chirality, vorticity and polarization effects: 

       Λ polarization, CME        
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Flow and Fluctuations in Multiple Systems 
Flow and Fluctuations in Multiple Systems

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 22

Niseem Magdy 
#588, May 15, 11:30
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Ø Ratio of vn{4}/vn{2} is sensitive to flow
 fluctuations. The ratio for elliptic flow
 depends on collision system while that for
 triangular flow is independent 

Ø  v2{2} scales with ε2{2} - similar viscous
 effect in these collisions 



Highlights from STAR
Zhenyu Ye for the STAR Collaboration

University of Illinois at Chicago

J. Zhao SQM2019, Italy 6 

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

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 23

Shengli Huang 

#734, May 15, 11:30

• 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. 
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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 
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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
Evolution of the QGP in (3+1)D 

Longitudinal Flow Decorrelation in 200 GeV Au+Au Collisions 

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 24

• Stronger longitudinal flow decorrelation at RHIC than at LHC
• Hydro calculations can not simultaneously describe LHC and RHIC data

Maowu Nie
#332, May 15 19:10
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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
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5

Energy Dependence of Cumulant Ratios

Dependence of net-proton cumulants ratio C4/C2 on beam energy 
including results from 54.4 GeV.

STAR: Xiaofeng Luo, 
PoS CPOD2014 (2015) 019 
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Higher moments of Net-Λ distributions  

The net-Lambda variance vs. y:  
small deviations from NBD for larger  
rapidity coverage, could be attributed to  
the effect of baryon number and  
strangeness conservation 
 
works if B and S conservation are
 treated additive 

Net-Lambda fluctuations provide a more complete
 strangeness proxy together with net kaons and
 compare with HRG predictions for sequential
 hadronization 
 
The net-Lambda cumulant ratios can be described
 by the latest HRG model, no non-monotonic
 behavior vs. energy 

3.8 Rapidity dependence of C2(⇤�⇤̄)/C2(NBD) ratios
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Figure 3.8: Rapidity dependence of the normalized net ⇤ C2 for most central (0-5%),
19.6 and 200 GeV Au + Au collisions. The solid lines show the expected e↵ect of
baryon number conservation, (1 - ↵i) where the acceptance factor (↵i) is the ratio
between average number of ⇤ particles measured (hNacc

⇤ i) and the average number
of baryons (i = B) or strangeness (i = S) in full acceptance from UrQMD (hN4⇡

i
i).

56

Rene Bellwied’s talk 
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Directed Flow (v1)  

Probe of the softening of the Equation of State 
Ø  strong softening: consistent with the 1st-order phase transition  
Ø weaker softening: more likely due to crossover 

STAR, Phys. Rev. Lett. 112 (2014) 162301 
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Directed	flow	v1	and		
its	slope	with	respect	to	rapidity		�

STAR,	PRL	120	
(2018)	62301�

ATHIC2018,	3/Nov/2018,	USTC,	China� ShinIchi	Esumi,	Univ.	of	Tsukuba,	TCHoU� ���

•  Density	
•  Pressure	
•  E.O.S.�

For intermediate-centrality collisions, the proton slope
decreases with increasing energy and changes sign from
positive to negative between 7.7 and 11.5 GeV, shows a
minimum between 11.5 and 19.6 GeV, and remains small
and negative up to 200 GeV, while the pion and antiproton
slopes are negative at all measured energies. In contrast,
there is no hint of the observed nonmonotonic behavior for
protons in the well-tested UrQMD model. Isse et al., in a
transportmodel study incorporating amomentum-dependent
mean field, report qualitative reproduction [40] of proton
directed flow fromE895 [17] and NA49 [18] (see Fig. 3), but
this model yields a positive dv1=dy at all beam energies
studied (

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17.2, 8.8 GeV and below).
The energy dependence of proton dv1=dy involves an

interplay between the directed flow of protons associated
with baryon number transported from the initial beam
rapidity to the vicinity of midrapidity, and the directed flow
of protons from particle-antiparticle pairs produced near
midrapidity. The importance of the second mechanism
increases strongly with beam energy. A means to distin-
guish between the two mechanisms would thus be

informative. We define the slope Fnet-p based on expressing
the rapidity dependence of directed flow for all protons as
½v1ðyÞ%p¼ rðyÞ½v1ðyÞ%p̄þ½1−rðyÞ%½v1ðyÞ%net-p, where rðyÞ
is the observed rapidity dependence of the ratio of
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FIG. 2 (color online). Proton and antiproton v1ðyÞ (left panels)
and π' v1ðyÞ (right panels) for intermediate-centrality
(10%–40%) Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5,
and 7.7 GeV. The plotted errors are statistical only.

 (GeV)NN s√
10 210

y=
0

/d
y

1
dv

-0.05

0

0.05

10-40% Centrality

E895 proton

NA49 proton

proton
antiproton

-π
+π

FIG. 3 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au collisions. The slopes for protons, antiprotons, and π'

are reported, along with measurements by prior experiments
[17,18] with comparable but not identical cuts. Statistical errors
(bars) and systematic errors (shaded) are shown separately.
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FIG. 4 (color online). Directed flow slope (dv1=dy) near
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protons, protons, and net protons, respectively, along with
UrQMD calculations subject to the same cuts and fit conditions.
Systematic uncertainties are shown as shaded bars. Dashed
curves are a smooth fit to guide the eye.
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Directed Flow of Identified Particles  
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Directed	flow	v1	and		
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STAR,	PRL	120	
(2018)	62301�

ATHIC2018,	3/Nov/2018,	USTC,	China� ShinIchi	Esumi,	Univ.	of	Tsukuba,	TCHoU� ���

•  Density	
•  Pressure	
•  E.O.S.�

Ø  10 species & 8 energies allow a detailed study
 of constituent-quark v1. In most cases, the
 coalescence picture works for both “produced”
 particles and “net” particles 

Ø  “Transported quark” v1 has a local minimum at
 ~14.5 GeV 

STAR, Phys. Rev. Lett. 120 (2018) 62301 

Directed Flow of Identified Particles in Beam Energy Scan

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 25

� 10 species & 8 energies allow a detailed study of constituent-quark v1. In most cases, 

the coalescence picture works for both “produced” particles and “net” particles

� “Transported quark” v1 has a local minimum at ~14.5 GeV
Gang Wang 

#587, May 16, 11:50

STAR, Phys. Rev. Lett. 120 (2018) 62301 ("#)%&'().+(,) = ("#)(.% / − 3 − 2%&'().+ , ("#)3+ 4, /2%&'().+(,)
2%&'().+(,) = 3 1 − 789 −2;+ , /<=> /(1 − ? ⁄/̅ /)
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� 10 species & 8 energies allow a detailed study of constituent-quark v1. In most cases, 

the coalescence picture works for both “produced” particles and “net” particles

� “Transported quark” v1 has a local minimum at ~14.5 GeV
Gang Wang 

#587, May 16, 11:50

STAR, Phys. Rev. Lett. 120 (2018) 62301 ("#)%&'().+(,) = ("#)(.% / − 3 − 2%&'().+ , ("#)3+ 4, /2%&'().+(,)
2%&'().+(,) = 3 1 − 789 −2;+ , /<=> /(1 − ? ⁄/̅ /)
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Fixed-Target Test Run for Au+Au at 4.5 GeV  

• First π v1 measurement in this energy range, v1 slope turning up towards lower energies 

• Dedicated FXT runs (3.0-7.7 GeV) in 2019+ to explore high baryon density regime 

Fixed-Target Test Run for Au+Au at s""=4.5 GeV

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 26

Yang Wu 
#558, May 15, 16:00

• First # v1 measurement in this energy range, v1 slope turning up towards lower energies
• Dedicated FXT runs (3.0-7.7 GeV) in 2019+ to explore high baryon density regime. 

Fixed-Target Test Run for Au+Au at s""=4.5 GeV

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 26

Yang Wu 
#558, May 15, 16:00

• First # v1 measurement in this energy range, v1 slope turning up towards lower energies
• Dedicated FXT runs (3.0-7.7 GeV) in 2019+ to explore high baryon density regime. 
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Coalescence Parameters – B2 and B3 Coalescence Parameters – ^Å

Dingwei Zhang NN2018, Japan, Dec. 4-8, 2018 10

✯*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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𝐵2(�̅�) are smaller than that of 𝐵2(𝑑), indicate antibaryon freeze-out at a larger source.  
𝐵2 decreases with collision energy. A minimum at √sNN ~ 20 GeV: change of EOS?! 
𝐵2 and √𝐵3 are consistent within uncertainties except 200 GeV.  

11

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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) Au+AudSTAR 0-10%(

Central Collision

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  

Neutron Density Fluctuation

Dingwei Zhang NN2018, Japan, Dec. 4-8, 2018 14
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✯Neutron density fluctuation, 

∆E, shows a non-monotonic 

behavior on collision energy. 

Peak around 20 GeV. 

Neutron Density Fluctuation

Dingwei Zhang NN2018, Japan, Dec. 4-8, 2018 14
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✯Neutron density fluctuation, 

∆E, shows a non-monotonic 

behavior on collision energy. 

Peak around 20 GeV. 

Ø Neutron density fluctuation, ∆𝑛, 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). 
K. J. Sun, L. W. Chen, C. M. Ko, J. Pu, Z. Xu, Phys. Lett. B781, 499 (2018). 
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Strange hadron production  17
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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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FIG. 16: (Color online) The integrated yield, dN/dy, per av-
erage number of participating nucleon pairs (hNparti /2), of
various strange hadrons (K0

S, �, ⇤, ⇤, ⌅
�, ⌅

+
, ⌦�, ⌦

+
) at

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

p
sNN =

7.7–39 GeV. The box on each data point denotes the sys-
tematic error. For clarity, uncertainties in hNparti are not
included.

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
sNN = 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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FIG. 17: (Color online) The K0
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

p
sNN = 7.7–

39 GeV. The orange shaded bands on the STAR BES data
points represent the systematic errors. Also shown are the
previous mid-rapidity results from 0–5% central Au+Au col-
lisions at

p
sNN =62.4 GeV (|y| < 1) and at

p
sNN =200 GeV

(|y| < 0.5) from STAR [20, 21], from 0–5% central Pb+Pb
collisions at

p
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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FIG. 18: (Color online) Collision energy dependence of the

⇤, ⇤, ⌅�, and ⌅
+

integrated yields, dN/dy, at mid-rapidity
(|y| < 0.5) in 0–5% central Au+Au collisions at

p
sNN =

7.7–39 GeV. ⇤(⇤) yields are corrected for weak decay feed-
down. The orange shaded bands on the STAR BES data
points represent the systematic errors. Also shown are the
results from central Au+Au collisions at STAR [14–16, 20]
and central Pb+Pb collisions at NA57 [9, 10] and NA49 [11,
61–63]. The rapidity ranges are |y| < 1.0 for STAR at 62.4
GeV and STAR ⇤ at 200 GeV, |y| < 0.5 for STAR ⇤ at 130
GeV and NA57, |y| < 0.75 for STAR ⌅ at 130 and 200 GeV,

|y| < 0.4 for NA49 ⇤(⇤) and |y| < 0.5 for NA49 ⌅�(⌅
+
).

⟨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 
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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
sNN = 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
sNN =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
sNN � 19.6 GeV.1025

However, the di↵erences become smaller at
p
sNN =11.51026

GeV and eventually vanish at
p
sNN =7.7 GeV, which1027

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

ated in Au+Au collisions at
p
sNN = 11.5 and 7.7 GeV,1029

compared to those in
p
sNN � 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 fromNcoll forRCP(0–
5%)/(40–60%) and RCP(0–10%)/(40–60%) respectively.
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S ratio as a function of pT at

mid-rapidity (|y| < 0.5) in di↵erent centralities from Au+Au
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
sNN = 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
sNN � 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
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Outline  

Ø  Initial conditions: flow results  

Ø  Phase transition and critical point: 

       v1, net fluctuations, deuteron, triton, strangeness  

Ø  Hypertriton 

Ø  Medium effect and dynamics: 

       K∗0 and ϕ, low-pT dilepton  

Ø  Chirality, vorticity and polarization effects: 

       Λ polarization, CME        
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(Anti-)Hypertriton Masses  

Ø  Excellent S/B with HFT, precise determination of the binding energy:  
             md + mΛ − m3

Λ = 0.44 ± 0.10 (stat.) ± 0.15 (syst.) MeV 
Ø  Providing insight on Hyperon-Nucleon interaction, thus neutron star structure  
Ø  The mass difference between Λ3H and anti-Λ3H 
               (Δm/m)Λ3H  = (1.0 ± 0.9 (stat.) ± 0.7 (syst.) ) ×10-4 

     is the first test of the CPT symmetry in the light hypernuclei sector 
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Figure 3 | Measurements of the relative mass-to-charge ratio di�erences between nuclei and antinuclei. The
current STAR measurement of the relative mass di�erence �m/m between 3

⇤H and 3
�̄H is shown by the red star marker.

The di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration19 are also shown
here. The dotted vertical line at zero on the horizontal axis is the expectation from CPT invariance. The horizontal
error bars represent the sum in quadrature of the statistical and systematic uncertainties.

The ⇤ binding energy B⇤ for 3
⇤H and 3

�̄H is calculated using the mass measurement shown in equation (1). We
obtain

B⇤ = 0.41 ± 0.12(stat.) ± 0.11(syst.) MeV
This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,31–33 from nuclear emulsion
and helium bubble chamber experiments. The current STAR result di�ers from zero with a significance of 2.6�. The
masses used for ⇤, ⇡�, p, d and 3He in the early measurements of B⇤ were di�erent from contemporary standard
CODATA30 and PDG18 values. Thus the early B⇤ values have been recalculated using the most precise mass values
known today, and the recalibrated results are shown by short horizontal magenta lines in Fig. 4 (left panel; see Methods
section for details). Even after recalibration, the central value of the current STAR measurement is larger than the
measurement from 19734 which is widely used. It has been pointed out in Ref.23 that for measurements of B⇤ for
p-shell hypernuclei, there exists a discrepancy in the range of 0.4 to 0.8 MeV between emulsion data and other modern
measurements. Whether the e�ect would be similar in s-shell hypernuclei such as the hypertriton is unclear, but
such a discrepancy is much larger than the systematic uncertainty assigned to emulsion measurements34. Until this
discrepancy is well understood, an average of the current measurement with early results can not be reliably carried
out.
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Figure 4 | Comparison of the STAR results with earlier measurements (left) and theoretical calculations (right)
of B⇤ for 3

⇤H and 3
�̄H. The black points and their error bars (which are the reported statistical uncertainties) represent

B⇤ for 3
⇤H based on earlier data4,31–33. The short horizontal magenta lines represent the best estimates of B⇤ for 3

⇤H
based on the same early data but using modern hadron and nucleus masses. The current STAR measurement plotted
here is based on a combination of 3

⇤H and 3
�̄H assuming CPT invariance. Error bars show statistical uncertainties and

caps show systematic errors. The green lines in the right panel represent theoretical calculations of B⇤.
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current STAR measurement of the relative mass di�erence �m/m between 3

⇤H and 3
�̄H is shown by the red star marker.

The di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration19 are also shown
here. The dotted vertical line at zero on the horizontal axis is the expectation from CPT invariance. The horizontal
error bars represent the sum in quadrature of the statistical and systematic uncertainties.

The ⇤ binding energy B⇤ for 3
⇤H and 3

�̄H is calculated using the mass measurement shown in equation (1). We
obtain

B⇤ = 0.41 ± 0.12(stat.) ± 0.11(syst.) MeV
This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,31–33 from nuclear emulsion
and helium bubble chamber experiments. The current STAR result di�ers from zero with a significance of 2.6�. The
masses used for ⇤, ⇡�, p, d and 3He in the early measurements of B⇤ were di�erent from contemporary standard
CODATA30 and PDG18 values. Thus the early B⇤ values have been recalculated using the most precise mass values
known today, and the recalibrated results are shown by short horizontal magenta lines in Fig. 4 (left panel; see Methods
section for details). Even after recalibration, the central value of the current STAR measurement is larger than the
measurement from 19734 which is widely used. It has been pointed out in Ref.23 that for measurements of B⇤ for
p-shell hypernuclei, there exists a discrepancy in the range of 0.4 to 0.8 MeV between emulsion data and other modern
measurements. Whether the e�ect would be similar in s-shell hypernuclei such as the hypertriton is unclear, but
such a discrepancy is much larger than the systematic uncertainty assigned to emulsion measurements34. Until this
discrepancy is well understood, an average of the current measurement with early results can not be reliably carried
out.
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of B⇤ for 3

⇤H and 3
�̄H. The black points and their error bars (which are the reported statistical uncertainties) represent

B⇤ for 3
⇤H based on earlier data4,31–33. The short horizontal magenta lines represent the best estimates of B⇤ for 3

⇤H
based on the same early data but using modern hadron and nucleus masses. The current STAR measurement plotted
here is based on a combination of 3

⇤H and 3
�̄H assuming CPT invariance. Error bars show statistical uncertainties and

caps show systematic errors. The green lines in the right panel represent theoretical calculations of B⇤.
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Outline  

Ø  Initial conditions: flow results  

Ø  Phase transition and critical point: 

       v1, net fluctuations, deuteron, triton, strangeness  

Ø  Hypertriton 

Ø  Medium effect and dynamics: 

       K∗0 and ϕ, low-pT dilepton  

Ø  Chirality, vorticity and polarization effects: 

       Λ polarization, CME        
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K∗0 and ϕ resonance production 

1/3〉 η/d
ch

 dN〈
0 2 4 6 8 10

Pa
rti

cl
e 

R
at

io

0

0.1

0.2

0.3

0.4

0.5 -/Kφ
-/Kφ
-/Kφ
-/Kφ

  Au+Au 200 GeV-/K*0K
  Cu+Cu 200 GeV-/K*0K
  d+Au 200 GeV-/K*0K
  p+p 200 GeV-/K*0K

1/3〉 η/dch dN〈

0 2 4 6 8 10 12
0

0.1

0.2

0.3

0.4

0.5 -/Kφ
-/Kφ
-/Kφ
-/Kφ

  Pb+Pb 2.76 TeV-/K*0K
  p+Pb 5.02 TeV-/K*0K
  p+p 2.76 TeV-/K*0K
  p+p 7 TeV-/K*0K

0 2 4 6 8 10 12 14
1/3)η/d

ch
(dN

0.2

0.3

0.4

0.5

 R
at

io
-

/K
*0 K

=62.4 GeVNNsAu+Au 
=200 GeVNNsAu+Au 
=2.76 TeVNNsPb+Pb 

=11.5 GeVNNsAu+Au 
=19.6 GeVNNsAu+Au 
=27 GeVNNsAu+Au 

STAR Preliminary

Ø Dominance of hadronic re-scattering at RHIC and LHC 
Ø More re-scattering in central collisions              

K*0/K- decreases with centrality 
ϕ/K- ratio is independent of centrality 
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Small hadronic interaction cross section for ϕ
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Low-pT e+e- enhancement  
 

Can not be explained by in
-medium broadened ρ model 
 
Compared to hadronic
 production, excess yield
 exhibits a much weaker
 centrality dependence 
 
Need additional source(s) 
 
Initial magnetic field?  
May provide insights on the
 chiral effects? 
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Origin	of	the	low-pT enhancement

Shuai	Yang 10WWND2019,	Beaver	Creek

STAR,	PRL	121	(2018)	132301
R.	Rapp,	PRC	63	(2001)	054907					

Ø Can	not	be	explained	by	
in-medium broadened	ρ
model

Ø Compared	to	hadronic	
production,	excess	yield	
exhibits	a	much	weaker	
centrality	dependence	

Ø Need	additional	source(s)	

STAR, PRL 121 (2018) 132301  
R. Rapp, PRC 63 (2001) 054907 
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Outline  

Ø  Initial conditions: flow results  

Ø  Phase transition and critical point: 

       v1, net fluctuations, deuteron, triton, strangeness  

Ø  Hypertriton 

Ø  Medium effect and dynamics: 

       K∗0 and ϕ, low-pT dilepton  

Ø  Chirality, vorticity and polarization effects: 

       Λ polarization, CME        
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Ø  First observation of finite Λ global polarization at 200 GeV 
Ø  First observation of quadrupole structure of Λ local polarization

 along beam direction 

Λ Global and Local Polarization 
Coalescence sum rule: “produced” particles

13

Λ Global and Local Polarization in Au+Au at 200 GeV

Gang Wang

• First observation of Λ global polarization at 200 GeV (no evidence of the B-field yet)
• First observation of quadrupole structure of Λ local polarization along beam direction

S. Voloshin, EPJ Web Conf. 17 (2018) 10700
F. Becattini and I. Karpenko, PRL120, 012302 (2018)

S. Voloshin, EPJ Web Conf. 17 (2018) 10700 
F. Becattini and I. Karpenko, PRL120, 012302 (2018) 

Coalescence sum rule: “produced” particles

13

Λ Global and Local Polarization in Au+Au at 200 GeV

Gang Wang

• First observation of Λ global polarization at 200 GeV (no evidence of the B-field yet)
• First observation of quadrupole structure of Λ local polarization along beam direction

S. Voloshin, EPJ Web Conf. 17 (2018) 10700
F. Becattini and I. Karpenko, PRL120, 012302 (2018)

STAR, arXiv:1905.11917 
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FIG. 2. (Color online) ⟨cos θ∗p⟩ of Λ and Λ̄ hyperons as a func-
tion of azimuthal angle φ relative to the second-order event
plane Ψ2 for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-

tainties and ⟨⟩sub denotes the subtraction of the acceptance
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√
s
NN

= 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-



Highlights from STAR
Zhenyu Ye for the STAR Collaboration

University of Illinois at Chicago

J. Zhao SQM2019, Italy 24 

Chiral Magnetic Effect  
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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.

J. Zhao / Nuclear Physics A 982 (2019) 535–538 537

Chinese Physics C Vol. 42, No. 8 (2018) 084103

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
∑

i=1

(

r2
⊥ie

i2φr⊥i

)

/

Npart
∑

i=1

r2
⊥i , (1)

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

ϵ
2
{ψ

RP
}=⟨ϵ

2
{ψ

PP
}evtcos2(ψPP

−ψ
RP

)⟩. (2)

Let

aPP≡⟨cos2(ψ
PP

−ψ
RP

)⟩ (3)

measure the correlation between ψ
PP

and ψ
RP

. We have

aPP
ϵ2

≡ϵ
2
{ψ

RP
}/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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Ø  Invariant mass dep. of the Δγ 

Ø  Isolate possible CME signal in 
     inclusive ∆γ by different methods 
Ø  These estimates indicate: 

 possible CME signal is small in 
     inclusive ∆γ, within 1-2σ from zero 
     with the current precision  

H-J Xu, etal, CPC 42 (2018) 084103   
J. Zhao, H. Li, F. Wang, Eur. Phys. J. C (2019) 79:168  
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Ø  Initial conditions: flow results  

Ø  Phase transition and critical point: 

       v1, net fluctuations, deuteron, triton, strangeness  

Ø  Hypertriton 

Ø  Medium effect and dynamics: 

       K∗0 and ϕ, low-pT dilepton  

Ø  Chirality, vorticity and polarization effects: 

       Λ polarization, CME        

Summary 


