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Outline

T. Niida, WWND2019

STAR Important features in non-central heavy-ion collisions
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Orbital angular momentum

L ⇠ 105~

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005) 

L

reaction plane

Strong magnetic field

D. Kharzeev, L. McLerran, and H. Warringa,  
Nucl.Phys.A803, 227 (2008) 
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 

B

B ⇠ 1013 T

(eB ⇠ MeV2 (⌧ = 0.2 fm))

Relativistic Heavy Ion collisions can produce large electro-magnetic fields 
and angular momentum → what are the observable consequence? 

J→

B~10 Gauss 
18

L~10 h 3-

STAR Experiment at RHIC

Large Coverage: 0 < φ < 2π,  |η| < 1.0 
Uniform acceptance:  transverse momentum (pT) and rapidity (y) 
Excellent particle identification capabilities (TPC and TOF) 
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Year √sNN 
(GeV) 

Minimum 
Bias 

Events(106) 

2010 62.4 67 

2010 39 130 

2011 27 70 

2011 19.6 36 

2014 14.5 20 

2010 11.5 12 

2010 7.7 4 

BES-I Dataset 
TPC MTD  Magnet BEMC BBC EEMC TOF 

HFT @ Maria & Alex Schmah 

•  M. Anderson et al., Nucl. Instrum. Meth. A 499 (2003) 659 
•  W. J. Llope., Nucl. Instrum. Meth. A 661 (2012) S110–S113 

12/02/16 

STAR detector 

I will focus on RHIC measurements 
and particularly from STAR on the 
search for Vortical & Chiral effects

200 GeV :  U+U, Cu+Cu, p+Au, d+Au
Ru+Ru, Zr+Zr, 7.7-200 GeV : Au+Au BES
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Search for vortical effects
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Angular momentum in HICs

J

.

.

B

A

z

×
J×Y×

Impact 
parameter 

Angular 
momentum

Impact 
parameter 

Beam

Collisions of two relativistic nuclei generate large angular momentum (J)
J  points perpendicular to the plane of beam axis & impact parameter (b)→ →

→
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Angular momentum in HICs

J

.

.

B

A J×

z

lab frame fluid frame

Y×

Vorticity: ω⃗ ≡ 1

2
∇× v⃗ ≈ 1

2

∂vz
∂x

Impact 
parameter 

Angular 
momentum Impact 

parameter 

Beam

Large angular momentum leads to local vorticity (ω) in the created medium→

×
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Current  
along B
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Excess Right handed fermions

Kharzeev, McLerran, and Warringa 0711.0950
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Global polarization due to vorticity

P Tribedy, Rutgers Nuclear Physics Seminars, 2018
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The Chiral Magnetic Effect
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Excess right handed 
(ignore left handed)

Kharzeev, McLerran, and Warringa 0711.0950, 
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No net effect

quarks anti-quarks 
L : left-handed  R : right-handed  How to observe this ?

Angular momentum (J) → Vorticity (ω) →  Polarization (spin orbit coupling)→→
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#1 : Measure the direction of angular momentum

STAR Collaboration Nature 548 (2017) 62-65

 
!pp
* θ *Ĵsys

quark-gluon 
plasma 

forward-going 
beam fragment 

Λ 

BBC 

BBC 

Figure 3: A sketch of the immediate aftermath of a Au+Au collision. The vorticity of fluid created

at midrapidity is suggested. The average vorticity points along the direction of the angular momen-

tum of the collision, Ĵsys. This direction is estimated experimentally by measuring the sidewards

deflection of the forward- and backward-going fragments and particles in the BBC detectors. L

hyperons are depicted as spinning tops; see text for details. Obviously, elements in this depiction

are not drawn to scale: the fluid and the beam fragments have sizes of a few femtometers, whereas

the radius of each BBC is about one meter.

frame, then

dN

d cosq⇤
= 1

2

⇣
1+aH|~PH|cosq⇤

⌘
. (1)

The subscript H denotes L or L, and the decay parameter aL = �aL = 0.642± 0.01317. The

angle q⇤ is indicated in figure 3, in which L hyperons are depicted as tops spinning about their

polarization direction.

The polarization may depend on the momentum of the emitted hyperons. However, when

6

backward-going 
beam fragment

We know the beam direction, and by measuring beam fragments (BBC 
low √s & ZDC high √s) we know the event-by-event direction of J

×

→J

B

A

×
→JB

A

The vector joining the two beam fragments 
give the direction of impact parameter b & J→

→

→

b→

b→
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#2: measure the spin polarization of particles

The Feynman Lectures on 
Physics, Volume III, chapter 17-5

T. Niida, WWND2019

STAR How to measure the polarization?

6

Parity-violating decay of hyperons
Daughter baryon is preferentially emitted in the direction  
of hyperon’s spin (opposite for anti-particle)

Isaac Upsal – Feb. 2017 6

How to quantify the e%ect (I)

● Lambdas are “self-
analyzing”
● Reveal polarization by 

preferentially emitting 
daughter proton in spin 
direction

Λ s with Polarization P⃗  follow the distribution:
dN

d Ω*
=

 1

4 π
(1+α P⃗⋅p̂ p

* )= 1

4π
(1+α P cosθ* )

α=0.642±0.013    [measured]

p̂p

*
 is the daughter proton momentum direction in

the Λ  frame (note that this is opposite for Λ )

0<|P⃗|<1:   P⃗=
3
α p̂p

*

 spectators

 BBCs BBCs

 Spinning
 Lambdas

θ*
S⃗Λ

*

p⃗ p

*

p⃗π
* (BR: 63.9%, cτ~7.9 cm)

Ψ1: azimuthal angle of b 
φp*: φ of daughter proton in Λ rest frame

Angular momentum direction can be determined by 
spectator deflection (spectators deflect outwards) 
   - S. Voloshin and TN, PRC94.021901(R)(2016)

Projection onto the transverse plane

PH =
8

⇡↵H

hsin( 1 � �⇤
p)i

Res( 1)

STAR, PRC76, 024915 (2007)

dN

d⌦⇤ =
1

4⇡
(1 + ↵HPH · p⇤

p)

PH: Λ polarization 
pp*: proton momentum in the Λ rest frame 
αH: Λ decay parameter  
      (αΛ = -αΛ = 0.642±0.013)-

⇤ ! p+ ⇡�
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Predicted polarization of the order from 
a fraction to a few percent!

ZDC-
SMD

C. Patrignani et al. (PDG), Chin. Phys. C 40, 100001 (2016)

Measuring spin of particles in not easy but we can make use 
of the parity-violating decay of hyperons such as Lambdas

In Lambda decays the proton 
momentum direction is correlated to the 
spin polarization direction of Lambda

T. Niida, WWND2019

STAR How to measure the polarization?
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Parity-violating decay of hyperons
Daughter baryon is preferentially emitted in the direction  
of hyperon’s spin (opposite for anti-particle)

Isaac Upsal – Feb. 2017 6

How to quantify the e%ect (I)

● Lambdas are “self-
analyzing”
● Reveal polarization by 

preferentially emitting 
daughter proton in spin 
direction
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How to quantify the eJect (I)

● Lambdas are “self-
analyzing”
● Reveal polarization by 

preferentially emitting 
daughter proton in spin 
direction

L s with Polarization P⃗  follow the distribution:
dN

d Ω*
=  1

4 p (1+α P⃗⋅p̂ p

* )= 1

4p
(1+α P cosq* )

α=0.642±0.013    [measured]

p̂p

*
 is the daughter proton momentum direction in

the L  frame (note that this is opposite for L )

0<|P⃗|<1:   P⃗=3
α p̂p

*

 spectators

 BBCs BBCs

 Spinning
 Lambdas

q*
S⃗L

*

p⃗ p

*

p⃗p
*T. Niida, WWND2019

STAR How to measure the polarization?

6

Parity-violating decay of hyperons
Daughter baryon is preferentially emitted in the direction  
of hyperon’s spin (opposite for anti-particle)

Isaac Upsal – Feb. 2017 6

How to quantify the e%ect (I)

● Lambdas are “self-
analyzing”
● Reveal polarization by 

preferentially emitting 
daughter proton in spin 
direction

Λ s with Polarization P⃗  follow the distribution:
dN

d Ω*
=

 1

4 π
(1+α P⃗⋅p̂ p

* )= 1

4π
(1+α P cosθ* )

α=0.642±0.013    [measured]

p̂p

*
 is the daughter proton momentum direction in

the Λ  frame (note that this is opposite for Λ )

0<|P⃗|<1:   P⃗=
3
α p̂p

*

 spectators

 BBCs BBCs

 Spinning
 Lambdas

θ*
S⃗Λ

*

p⃗ p

*

p⃗π
* (BR: 63.9%, cτ~7.9 cm)

Ψ1: azimuthal angle of b 
φp*: φ of daughter proton in Λ rest frame

Angular momentum direction can be determined by 
spectator deflection (spectators deflect outwards) 
   - S. Voloshin and TN, PRC94.021901(R)(2016)

Projection onto the transverse plane

PH =
8

⇡↵H

hsin( 1 � �⇤
p)i

Res( 1)

STAR, PRC76, 024915 (2007)

dN

d⌦⇤ =
1

4⇡
(1 + ↵HPH · p⇤

p)

PH: Λ polarization 
pp*: proton momentum in the Λ rest frame 
αH: Λ decay parameter  
      (αΛ = -αΛ = 0.642±0.013)-

⇤ ! p+ ⇡�
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Measurements by STAR
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(Tracking)
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(Beam fragment)
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(Beam fragment)

averaged over all phasespace, symmetry demands that ~PH is parallel to Ĵsys. Because our limited

sample sizes prohibit exploration of these dependences, our analysis assumes that ~PH is indepen-

dent of momentum, and we extract only an average projection of the polarization on Ĵsys. This

average may be written6 as

P H ⌘ h~PH · Ĵsysi=
8

paH

D
cos

⇣
f⇤

p

�f
Ĵsys

⌘E

R

(1)
EP

, (2)

where f
Ĵsys

is the azimuthal angle of the angular momentum of the collision, f⇤
p

is the azimuthal

angle of the daughter proton (antiproton) momentum in the L frame, and R

(1)
EP is a factor that ac-

counts for the finite resolution with which we determine f
Ĵsys

6. The overline on P H and brackets

h· · ·i denote an average over events and the momenta of L hyperons detected in the TPC. Equa-

tion 2 is strictly valid only in a perfect detector; angle-dependent detection efficiency leads to a

correction factor6 shifting the results in the present analysis by about 3%.

A relativistic heavy ion collision can produce several hundred charged particles in our detec-

tors. For a given energy, a head-on collision produces the maximum number of emitted particles,

while a glancing one produces only a few. To concentrate on collisions with sufficient overlap to

produce a fluid with large angular momentum, we select events producing an intermediate num-

ber of tracks in the TPC. Twenty percent of all observed collisions produce more tracks than the

collisions studied here, while 50% produce fewer; in the parlance of the field, this is known as a

20-50% centrality selection.

Equation 2 quantifies an average alignment between hyperon spin and a global feature of

the collision and is hence a “global polarization”2. This is distinct from the well-known phe-

7

The polarization of Λ :
Proton angle in Λ rest-frame (Λ spin)

Direction of J

Resolution of    
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tion 2 is strictly valid only in a perfect detector; angle-dependent detection efficiency leads to a

correction factor6 shifting the results in the present analysis by about 3%.
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tors. For a given energy, a head-on collision produces the maximum number of emitted particles,
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ber of tracks in the TPC. Twenty percent of all observed collisions produce more tracks than the
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What’s new : more precise measurements 

Improved significance (150 more 

data), non-zero polarization (<1%)

observed in Au+Au 200 GeV 


Opens a path for more differential 

studies & phenomenology

Measurements in Au+Au 
collisions from STAR & 
discovery of most vortical fluid 

with BES-I data

STAR

T. Niida, WWND2019

First observation of fluid vortices in HIC

8

 (GeV)NNs
10 210

0

2

4

6

8
Au+Au 20-50%

 this studyΛ

 this studyΛ

 PRC76 024915 (2007)Λ

 PRC76 024915 (2007)Λ

Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = k

B

T

�
P L0 +P L0

�
/~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

STAR, Nature 548, 62 (2017)

Positive polarization signal at lower energies! 
- polarization looks to increase in lower energies 
- anti-Λ is systematically larger than Λ

Non-zero significant polarization 

PH (Λ) & PH (Λ) >0, hint of PH (Λ)>PH (Λ)
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What’s new : reaction plane dependence
4 / Nuclear Physics A 00 (2018) 1–4

Ψ-φ
0 0.5 1 1.5

(%
)

HP

0.2−

0

0.2

0.4

0.6 Au+Au 200GeV

20-50%

STAR preliminary

 combinedΛ and Λ

Fig. 4. Global polarization of Λ+Λ̄ as a function of azimuthal
angle φ relative to the first-order event plane for Au+Au 20%-
50% central collisions. A shaded band shows systematic uncer-
tainty.
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] 
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Λ Λ

 = 200 GeV  20%-60%NNsSTAR Au+Au 
<6 GeV/c

T
|<1, 0.5<pη|

 syst.uncert.± stat.uncert. ±slope 
 0.043 [%]± 0.041 ±:    0.097 Λ

 0.102 [%]± 0.045 ±:   -0.112 Λ

Fig. 5. Global polarization ofΛ and Λ̄ as a function of observed
charge asymmetry Ach normalized by its RMS σAch for Au+Au
20%-60% central collisions at √sNN = 200 GeV.
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Fig. 6. ⟨cos θ∗p⟩ ofΛ and Λ̄ as a function of hyperons’ azimuthal
angle φ relative to the second-order event plane Ψ2 for 20%-
60% centrality bin in Au+Au collisions at √sNN = 200 GeV.
Resolution on Ψ2 is not corrected here.
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Fig. 7. Sine modulation of Λ polarization along the beam di-
rection relative to the second-order event plane as a function of
centrality in Au+Au collisions at √sNN = 200 GeV.
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What’s new : Longitudinal polarization 

How about this 

(polarization along beam axis ?)

×

This has been observed

J

.

.

Impact 
parameter 

Angular 
momentum

Beam
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What’s new : Longitudinal polarization 
Pressure gradient → anisotropic expansion → gradient in transverse velocity → vorticity

How about this 

(polarization along beam axis ?)

×

Beam

Impact 
parameter 

Angular 
momentum
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What’s new : Longitudinal polarization 

How about this 

(polarization along beam axis ?)

×

Beam

Impact 
parameter 

Angular 
momentum

Pressure gradient → anisotropic expansion → gradient in transverse velocity → vorticity
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What’s new : Longitudinal polarization 

Beam

Pressure gradient → anisotropic expansion → gradient in transverse velocity → vorticity
STAR

T. Niida, WWND2019

 [rad] 
2

Ψ-φ
0 1 2 3

 〉*) pθ
co

s(
〈

0.001−

0.0005−

0

0.0005

0.001

Λ

Λ

 = 200 GeVNNsAu+Au 
10%-60%

18

Sine structure as expected from the elliptic flow!

- Effect of Ψ2 resolution is not corrected here

S. Voloshin, SQM2017

STAR Preliminary

+ -

- +

+ -

- +

Polarization along the beam direction

Polarization projected onto beam axis 
changes sign w.r.to to the direction of 
the elliptic anisotropy Ψ2
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What’s new : Longitudinal polarization 
STAR

T. Niida, WWND2019
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18

Sine structure as expected from the elliptic flow!

- Effect of Ψ2 resolution is not corrected here

S. Voloshin, SQM2017

STAR Preliminary

+ -

- +

+ -

- +

Polarization along the beam direction

Niida QM 2018

Beam
Polarization projected onto beam axis 
changes sign w.r.to to the direction of 
the elliptic anisotropy Ψ2

Hydro calculation predicts opposite trend 

Becattini and Karpenko PRL 120, 012302 (2018)

Pressure gradient → anisotropic expansion → gradient in transverse velocity → vorticity
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Search for chiral effects
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p
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#1: Non-conservation of chirality

QM2017, Student day, February 5, 2017page S.A. Voloshin

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions

QM2017, Student day, February 5, 2017page S.A. Voloshin

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions

Collisions generate fluctuating 

parallel chromo E & B fields

E ∥ B ∥ ẑ

Kharzeev, Krasnitz, 
Venugopalan hep-ph/0109253,                      
Buividovich 0907.0494,                                                                     
Mace, Schlichting, 
Venugopalan 1601.07342

nR ̸= nL → µ5 ̸= 0

1818

Heavy ion collisions are the right place

QM2017, Student day, February 5, 2017page S.A. Voloshin

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions

#1: Non-conservation of chirality: Collisions 
generate fluctuating parallel chromo E & B fields

P Tribedy, GHP@APS, April 10-12, 2019 2222

Right-handed
quark

Left-handed
quark

p s s

uL

p

uR

#1: Non-conservation of chirality

QM2017, Student day, February 5, 2017page S.A. Voloshin

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions

QM2017, Student day, February 5, 2017page S.A. Voloshin

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions

Collisions generate fluctuating 

parallel chromo E & B fields

E ∥ B ∥ ẑ
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Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
18

25

B-field direction → perpendicular to collision plane
B-field magnitude → ~Z , ~ γ 
B-field lifetime → ~ 1/γ , conductivity of the medium
B-field strength  → decrease with impact parameter/overlap
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Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
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4 Jim Thomas  

The BEM field – 1018 gauss at the peak 

• The B field is strong 
and short duration due 
to the velocity of the 
passing ions 
– MRI uses 104 gauss 
– 1000x MagnetoStar 

 

• Magneto 
hydrodynamic effects 
in the QGP extend the 
lifetime of the B field 
– aka Lenz’s Law 
– Finite conductivity 

 

• Recent calculations 
suggest the lifetime is 
extended in a plasma 
but the magnitude is 
reduced x50 from the 
peak at the relevant 
time scale 

 

L. McLerran, V. Skokov, Nucl.Phys. A929 (2014) 814-190  

McLerran, Skokov, 1305.0774

Kharzeev, McLerran, and Warringa 0711.0950, 
Skokov, Illarionov, Toneev 0907.1396

#3: Presence of strong magnetic field

#3: Creation of strong magnetic-field ~10 Gauss  

Kharzeev, McLerran, and Warringa 0711.0950, Skokov, 
Illarionov, Toneev 0907.1396, McLerran, Skokov, 1305.0774

nR ̸= nL → µ5 ̸= 0

Kharzeev et al, hep-ph/0109253, 
Buividovich 0907.0494, Mace et. al 
1601.07342                                                                                
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The Chiral Magnetic Effect
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The B-field will align the spins due to magnetic moments 
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Global polarization due to vorticity
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quarks anti-quarks 
L : left-handed  R : right-handed  How to observe this ?

Angular momentum (J) → Vorticity (ω) →  Polarization (spin orbit coupling)→→
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Global polarization due to vorticity
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The first measurements at RHIC: 200 GeV Au+Au
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The first measurements at RHIC: BES data
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Figure 13: Three-point correlator as a function of centrality for Au+Au collisions at 7.7-200 GeV [106],
and for Pb+Pb collisions at 2.76 TeV [129]. Note that the vertical scales are di↵erent for di↵erent rows.
The systematic errors (grey bars) bear the same meaning as in Fig. 12. Charge independent results
from the model calculations of MEVSIM [135] are shown as grey curves.

of the charge-independent background.

4.1.1 CME background studies

The ambiguity in the interpretation of experimental results comes from a possible background of (the
reaction plane dependent) correlations not related to the CME. As illustrated in Fig. 3 of Ref [106],
the two-particle correlator, � ⌘ hcos(�↵ � ��)i, which in the absence of any other correlations except
the CME should be proportional to ha↵a�i, shows the “wrong” ordering. That indicates the existence
of an overwhelming background in � over any possible CME e↵ect. In � correlator those background
correlations are strongly suppressed (at the level of v2) but still might be significant. The fact that no
event generator can explain the data says that either the experimental results are indeed due to the
CME, or that all existing event generators do not include all the possible physics. There exist several
attempts to identify the physics which might be responsible for the experimental observations. The
most notable in this respect is the paper [113] where the authors show that the di↵erence between the
same- and opposite-charge correlations as measured by STAR can be explained within a Blast Wave
model that includes charge conservation along with radial and elliptic flow with parameters tuned to
the data.

Local charge conservation (LCC) assumes that the pairs of opposite charges are created very close in
space at the late stage of the system evolution with developed anisotropic flow. Radial boost of the pair
due to transverse expansion leads to particle collimation in azimuth and pseudorapidity [138, 139]. Then,
due to elliptic flow, opposite-charge pairs became stronger correlated in-plane than out-of-plane, which
causes splitting in value of � correlator between same- and opposite-charge pairs [113] as observed in the
data. While in [113] the authors were able to describe the data rather closely, there exist many questions
to this particular analysis. Firstly we note that the local charge conservation (LCC) mechanism leads
to strong correlation between opposite charge pairs, while experimentally �+� is very close to zero.

24

Charge separation vanishes at the lowest energy

Expectation consistent disappearance of 
deconfinement / chiral symmetry restoration  ?

L. Adamczyk et al. (STAR Collaboration), PRL 113 (2014) 052302. 
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Beyond the simple cartoon picture of CME
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Magnetic field vs. collision centrality 

P Tribedy, GHP@APS, April 10-12, 2019

Systematic of 2PC and 3PC in A+A
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gation. The similarity seen between high-multiplicity p+Pb and peripheral Pb+Pb
collisions strongly suggests a common physical origin, challenges the attribution of
the observed charge-dependent correlations to the CME.33

It is predicted that the CME would decrease with the collision energy due to
the more rapidly decaying B at higher energies.8,56 Hence, the similarity between
small-system and heavy-ion collisions at the LHC may be expected, and the sit-
uation at RHIC could be di↵erent.8 Similar control experiments using p+Au and
d+Au collisions are also performed at RHIC.34,66 Fig. 17(left) shows the �SS and
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Fig. 17. (Color online) The preliminary �SS, �OS (Left panel) and �� (Right panel) correlators in
p+Au and d+Au collisions as a function of multiplicity, compared to those in Au+Au collisions atp

sNN = 200 GeV from STAR collaboration. Particles ↵, � and c are from the TPC pseudorapidity
coverage of |⌘| < 1 with no ⌘ gap applied. The v2,c{2} is obtained by two-particle cumulant
with ⌘ gap of �⌘ > 1.0. Statistical uncertainties are shown by the vertical bars and systematic
uncertainties are shown by the caps.34,66

�OS results as functions of particle multiplicity (N) in p+A and d+A collisions at
p

sNN = 200 GeV. Here N is taken as the geometric mean of the multiplicities of
particle ↵ and �. The corresponding Au+Au results are also shown for comparison.
The trends of the correlator magnitudes are similar, decreasing with increasing N .
The �SS results seem to follow a smooth trend in N over all systems. The �OS results
are less so; the small system data appear to di↵er somewhat from the heavy-ion data
over the range in which they overlap in N . Similar to LHC, the small system ��

results at RHIC are found to be comparable to Au+Au results at similar multi-
plicities (Fig. 17, right). While in the overlapping N range between p(d)+Au and
Au+Au collisions, the �� data di↵er by ⇠20-50%. This seems di↵erent from the
LHC results where the p+Pb and Pb+Pb data are found to be highly consistent
with each other in the overlapping N range.33 However, the CMS p+Pb data are
from high multiplicity collisions, overlapping with Pb+Pb data in the 30-50% cen-
trality range, whereas the RHIC p(d)+Au data are from minimum bias collisions,
overlapping with Au+Au data only in peripheral centrality bins. Since the decreas-
ing rate of �� with N is larger in p(d)+Au than in Au+Au collisions, the p(d)+Au
data could be quantitatively consistent with the Au+Au data at large N in the
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gation. The similarity seen between high-multiplicity p+Pb and peripheral Pb+Pb
collisions strongly suggests a common physical origin, challenges the attribution of
the observed charge-dependent correlations to the CME.33

It is predicted that the CME would decrease with the collision energy due to
the more rapidly decaying B at higher energies.8,56 Hence, the similarity between
small-system and heavy-ion collisions at the LHC may be expected, and the sit-
uation at RHIC could be di↵erent.8 Similar control experiments using p+Au and
d+Au collisions are also performed at RHIC.34,66 Fig. 17(left) shows the �SS and
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Fig. 17. (Color online) The preliminary �SS, �OS (Left panel) and �� (Right panel) correlators in
p+Au and d+Au collisions as a function of multiplicity, compared to those in Au+Au collisions atp

sNN = 200 GeV from STAR collaboration. Particles ↵, � and c are from the TPC pseudorapidity
coverage of |⌘| < 1 with no ⌘ gap applied. The v2,c{2} is obtained by two-particle cumulant
with ⌘ gap of �⌘ > 1.0. Statistical uncertainties are shown by the vertical bars and systematic
uncertainties are shown by the caps.34,66

�OS results as functions of particle multiplicity (N) in p+A and d+A collisions at
p

sNN = 200 GeV. Here N is taken as the geometric mean of the multiplicities of
particle ↵ and �. The corresponding Au+Au results are also shown for comparison.
The trends of the correlator magnitudes are similar, decreasing with increasing N .
The �SS results seem to follow a smooth trend in N over all systems. The �OS results
are less so; the small system data appear to di↵er somewhat from the heavy-ion data
over the range in which they overlap in N . Similar to LHC, the small system ��

results at RHIC are found to be comparable to Au+Au results at similar multi-
plicities (Fig. 17, right). While in the overlapping N range between p(d)+Au and
Au+Au collisions, the �� data di↵er by ⇠20-50%. This seems di↵erent from the
LHC results where the p+Pb and Pb+Pb data are found to be highly consistent
with each other in the overlapping N range.33 However, the CMS p+Pb data are
from high multiplicity collisions, overlapping with Pb+Pb data in the 30-50% cen-
trality range, whereas the RHIC p(d)+Au data are from minimum bias collisions,
overlapping with Au+Au data only in peripheral centrality bins. Since the decreas-
ing rate of �� with N is larger in p(d)+Au than in Au+Au collisions, the p(d)+Au
data could be quantitatively consistent with the Au+Au data at large N in the
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Motivation : B-field difference in Au+Au & U+U

Towards central events when Au+Au becomes fully overlap, U+U will have
many spectators left to generate B-field. In this scenario, the flow driven charge 
separation will scale with the shape difference. Multiplicity & non-flow (random-
walk) will be the same. One therefore, finds a model independent way to testify/
falsify CME. Npart → N        , (Δγ/v2*Npart)Au+Au  > (Δγ/v2*Npart)U+U  will challenge CME. max
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One more attempt using Au+Au & U+U collisions
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FIG. 11. Panel (a): The di↵erence between opposite-sign
and same-sign three-particle correlation functions �C112 =
C112(OS)�C112(SS) is scaled by the value of Npart/C2{2} in
every centrality bin in Au+Au and U+U collisions. Panel (b)
for �C132Npart/C2{2} and panel (c) for �C123Npart/C3{2}.
Here C2{2} and C3{2} are the second and the third or-
der Fourier coe�cients of the two-particle correlation of all
charged particles. Results with and without imposing local
charge conservation (LCC) and global momentum conserva-
tion (GMC) are shown.

FIG. 12. Panel (a): Test of the scaling of Nch
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function of centrality in Au+Au and U+U collisions. Panel
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Predictions of charge dependent multi-particle correla-
tions in isobar collisions (Ru+Ru and Zr+Zr) are shown
in Figs. 13 and 14. The two particle correlation func-
tions �C1{2} in Ru+Ru and Zr+Zu collisions scale very
well with the number of participants Npart. The values
of �C1{2}Npart are very close to those shown in Au+Au
and U+U collisions shown in Fig. 9. The three particle
correlations �C112/C2{2} are approximately the same in
Ru+Ru and Zr+Zr collisions. This is because the hydro-
dynamic flow backgrounds in these two collision systems
are very close to each other as shown in Fig. 5. Our
results provide a realistic background baseline for the
search of the Chiral Magnetic E↵ect in upcoming RHIC
isobar data. The di↵erence between Ru+Ru and Zr+Zr
visible in Fig. 14 is small in comparison to the expected
⇠ 10�15% di↵erence generated by the CME [37, 84, 85].

We note that our results for charge dependent correla-
tors calculated including local charge conservation should
be taken as upper bounds. Although we anticipate a di-
rect comparison of RHIC measurements with our predic-
tions, any conclusions from such data-model comparison

B-field scaled by ellipticity

Hydro + local charge conservation

Schenke, Shen, PT 1901.04378
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in Figs. 13 and 14. The two particle correlation func-
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Hydro + local charge conservation

have the added benefit of extending the small-x physics capability down to x ⇡ 10�4 for typical semi-hard (⇠ 1
GeV) processes. This will help to address two important physics topics : 1) constraining the longitudinal structure
of the initial stages of A+A collisions, 2) constraining the temperature dependence of transport coe�cients of the
matter formed in A+A collisions. The former is of particular importance since it will provide a stringent test of
e↵ective theories of high-energy (small-x) QCD and its evolution equation, such as BK or JIMWLK, that predicts
the rapidity dependence of the parton densities inside the colliding nuclei before the EIC era. I have recently
contributed towards making the science case for a complimentary forward upgrade program at STAR and I am
involved in the measurements of the longitudinal de-correlation observables (r2(�⌘) as shown in Fig.2) using the
forward meson spectrometer (FMS) in STAR. My goal will be to perform similar high statistics measurements
using the combination of TPC & fHCAL of sPHENIX.

3 Short-term projects (year 2018-2020, STAR@RHIC era)

P.Tribedy, QCD chirality workshop, UCLA, 2017 23
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Figure 3: (left) A cartoon of the chiral magnetic e↵ect [9] that leads to charge separation along the B-field, background processes

due to resonance decays can mimic such e↵ect. (center) My calculation of the variation of the magnetic field that drives CME scaled

by ellipticity that leads to elliptic flow v2 and eventually the major background to CME [10]. (right) My analysis of the correlation of

charge separation with elliptic flow coe�cient v2 in Au+Au and U+U collisions using data from STAR. Several similarities between

data and model indicate CME as a possible explanation of charge separation in central heavy ion collisions [11]. A decisive test of

CME will be performed in the isobar run at RHIC.

3.1 Search for the Chiral Magnetic E↵ect and studies of QCD anomaly driven transport

An excess in the number of left- or right-handed quarks created through the chiral anomaly of QCD amidst strong
magnetic fields (1018 Gauss) generated in relativistic heavy ion collisions leads to a flow of positively or negatively
charged quarks in opposite directions. This response is known as the chiral magnetic e↵ect (CME). The primary
goal of my ongoing research is to disentangle the signatures of the chiral magnetic e↵ect from background e↵ects
driven by elliptic flow v2 for which I have proposed a method in Ref [10]. My current analysis of central U+U and
Au+Au data based on such method (see Fig.3) indicates that the correlation of charge separation measured by
the di↵erence of opposite-sign and same-sign three particle correlators (�� = �OS ��SS ) scaled by the elliptic flow
coe�cient v2 follows the correlation of magnetic field scaled by eccentricity [11]. My current research is focused
on the search for CME in the upcoming collisions of isobars at RHIC in 2018 which is dedicated to a decisive test
and potential discovery of CME [12].

3.2 Exploring the phase diagram of QCD, critical phenomena and Kibble-Zurek dynamics

In recent years the RHIC Beam Energy Scan (BES) program has been dedicated to mapping out the phase
diagram of QCD. The primary goal of which is to locate the QCD critical point and existence of a first order chiral
phase transitions. Over past years I have contributed towards the hardware, simulations, development of analysis
technique and data analysis [14, 15, 13] to study correlated fluctuations of neutral and charged pions, net-charge
particles, net-protons, and net-kaons. My future goal will be to continue this analysis till the second phase of the

Interesting but an experimental baseline 
for background needed ( w.r.to Ψ3 plane)

STAR Data PT, QCD chirality 2017

Schenke, Shen, PT 1901.04378

B-field scaled by ellipticity
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Decisive tests of Chiral Effects
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Better and controlled experiment : Isobar collisions

3.1B events for both Ru+Ru, Zr+Zr collected over 8 weeks
Blind analyses is ongoing by the STAR collaboration

67 
 

 
 
Table 5.1 lists the expected relationship between Ru+Ru and Zr+Zr in terms of 

experimental observables for elliptic flow, CME, CMW and CVE, assuming that the 
chiral effects are major physics mechanisms for the corresponding observables. With this 
assumption for the CMW observable, we have carried out a 700M-event projection for 
the slope parameter r, and found the r ratio of Ru+Ru over Zr+Zr to be 1.08 ± 0.08 for 
20−60% collisions, which is only a 1σ effect. The CVE does not explicitly depend on the 
magnetic field, so to the 1st-order we expect the same amount of baryon-number 
separation for Ru+Ru and Zr+Zr.  

 

Observable  44
96Ru+44

96Ru vs 40
96Zr+40

96Zr 

flow       ≈ 
CME       > 
CMW       > 
CVE       = 

 
Table 5.1: The expected relationship between Ru+Ru and Zr+Zr in terms of experimental 

observables for elliptic flow, CME, CMW and CVE. 
  
Assuming 80% data collection efficiency we estimate needing 3.5 weeks of RHIC 

operation per collision system to collect 1.2B events. An extra collision energy point will 
help understand the beam-energy dependence of the true CME signal. It is feasible to also 
have the isobaric collisions at 27 GeV. The observed charge separation at 27 GeV is very 
similar to, if not bigger than, that at 200 GeV. However for the same centrality bin, the 
multiplicity at 27 GeV is lower than that at 200 GeV by a factor of 1.6. Therefore, to 
reach the same significance level as 200 GeV, we need to increase the number of events 
by a factor of 4 (1.63 due to the two particles and the resolution of the event plane 
involved in the γ correlator). 

 

 

 

 
 
Figure 5–4: 

Magnitude (left axis) 
and significance 
(right axis) of the 
relative difference in 
the projected γ×Npart 
between 
96
44Ru+9644Ru and 

96
40Zr+9640Zr at 200 
GeV. We use the 
relative difference in 
eccentricity as the 
baseline. 
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• Consistently stable luminosity
with long (~20 hr) store length

• Min-bias data taking rates ~2k Hz
(initial estimate 1.5k Hz)

• “Blind” offline data analysis (Zr vs
Ru) will be performed

20 hrs

ZD
C

 R
at

e 
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Ru ZrRuRuRu ZrZr Zr Zr

Delivered luminosity 

Data taking for isobar collisions: 
ZrZr, RuRu at √sNN=200 GeV

RequestedColle
cte

d (
3.1

B)

Deng et al Phys.Rev. C94 (2016) 041901 

JH, Lee, RHIC AGS meet 2018

10% larger B-field in Ru+Ru
but same background as Zr+Zr 

96Ru44+            96Ru44+
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Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
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Electro-Magnetic fields in heavy ion collisions
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Summary

Very exciting time for RHIC

1) New high statistics measurements of 
vortical effects, STAR upgrade with 
new detectors will improve 
measurements of Lambda polarization 

2) Comprehensive set of measurements 
on CME, CMW, several new 
approaches to quantify CME signals  
but no decisive tests yet 

3) Isobar data taking was a success,
    bind analysis is ongoing by STAR    

STAR

T. Niida, WWND2019

First observation of fluid vortices in HIC

8

 (GeV)NNs
10 210

0

2

4

6

8
Au+Au 20-50%

 this studyΛ

 this studyΛ

 PRC76 024915 (2007)Λ

 PRC76 024915 (2007)Λ

Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = k

B

T

�
P L0 +P L0

�
/~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

STAR, Nature 548, 62 (2017)

Positive polarization signal at lower energies! 
- polarization looks to increase in lower energies 
- anti-Λ is systematically larger than Λ

Things I couldn’t cover: CMW, CSE
Interplay of Chiral & Vortical effects 
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Recent attempts to quantify the fraction of signals

Several estimations of possible signal 
fraction of CME, large uncertainties and 
also some model dependence is needed

Results using a new observable 
to study CME looks interesting 

STAR Collaboration, Ye, QM 2018                             Magdy, QM 2018

Fraction of CME-like signal
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Why is this so exciting ? 

Baryogenesis 
(Electroweak)

“Chirality-genesis”
         (QCD)

Baryon number violation in early universe → matter-antimatter asymmetry

Can we observe in the hot 
& dense QCD medium of 
heavy ion collisions ?   

Non-trivial topologies of gauge fields → violation of P & CP 

�µJµ
B �= 0 �µJµ

5 �= 0

Derek Leinweber
PDG@LBNL
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Another source is flowing resonance

2 / Nuclear Physics A 00 (2018) 1–4

2. Invariant mass dependence of the �� correlator26

The main backgrounds for the �� are from the resonance decays coupled with v2. A new analysis27

approach exploiting the particle pair invariant mass, m

inv

, to identify the backgrounds and, hence, to extract28

the possible CME signal is proposed [10]. Figure 1 (left panel) shows the m

inv

dependence of the relative29

excess of OS over SS charged ⇡ pairs, r = (NOS�NSS)/NOS, and (middle panel) shows the m

inv

dependence of30

the three-point correlator di↵erence, �� = �OS��SS. A lower cut on m

inv

was used to suppress the resonance31

contributions. Figure 1 (right panel) shows the inclusive �� over all mass (black) and at m

inv

> 1.5 GeV/c2
32

(red) as a function of centrality in Au+Au collisions at 200 GeV. In 20-50% collisions centrality, combining33

results from Run-11 (⇠0.5 billion minimum-bias events, year 2011), Run-14 (⇠0.8 billion, year 2014) and34

Run-16 (⇠1.2 billion, year 2016), the �� at m

inv

> 1.5 GeV/c2 is (5 ± 2 ± 4)% of the inclusive ��.35
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Fig. 1. Pair invariant mass, m

inv

, dependence of the relative excess of OS over SS pairs, r = (NOS �NSS)/NOS (Left panel), three-point
correlator di↵erence, �� = �OS � �SS (Middle panel). (Right panel) The inclusive �� over all mass (black) and at m

inv

> 1.5 GeV/c2

(red) as a function of centrality. The ⇡ are identified by STAR TPC and TOF with p

T

from 0.2 to 1.8 GeV/c .

The CME is expected to be a low p

T

phenomenon [11]; its contribution to high mass may be small.36

To extract CME at low mass, resonance contributions need to be subtracted. The inclusive �� can be37

expressed as ��(m
inv

) = r(m
inv

)⇥ cos(�↵ +�� � 2�reso.)⇥ v2,reso. +��CME [10]. The event shape engineering38

(ESE) [12] method provides a tool to select events with di↵erent v2 values by cutting on the q2 (~q2 =39

1/N ⇥P(cos(2�), sin(2�))). The di↵erence of the ��(m
inv

) from di↵erent q2 classes can be regarded as the40

background ��(m
inv

) shape [13], assuming the CME are the same for events from di↵erent q2 classes.41
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Fig. 2. Pair invariant mass, m

inv

, dependence of the r = (NOS � NSS)/NOS (Left top). The ��(m
inv

) from ESE selected event sample
A (large 50% q2) and B (small 50% q2) (Left middle). The inclusive (0-100% q2) �� compared with the di↵erence between �� from
event sample A and B (��A ���B) (Left bottom). (Right panel) ��A vs. ��B fitted by a linear function. The ⇡ are identified by STAR
TPC with p

T

from 0.2 to 0.8 GeV/c .

Jie Zhao QM 2018

Neutral resonance yield Charge separation

Flowing resonances can mimic CME in mid-central A+A

One can subtract the resonance contribution if the invariant mass 
distribution for CME is known

Jie Zhao QM 2018
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Another source of background: flowing cluster
+pos – neg 0 : neutral

Flowing neutral cluster 
that produces charge 
pair will mimic CME

P.Tribedy, NT group seminar, SBU, April 24, 2017 38

Background sources of charge separation 

ΨRP

+pos – neg
0 : neutral

No correlation background if particles are emitted uniformly around ΨRP

Any value 0 < φ1+φ2 < π 
equally probable 

�++ = �cos(�+
1 + �+

2 � 2�RP )� = 0

��� = �cos(��
1 + ��

2 � 2�RP )� = 0

�+� = �cos(�+
1 + ��

2 � 2�RP )� = 0

= ⟨cos(φα + φβ − 2Ψ2)⟩��� � (NR � NL)2 � (NR + NL)

(NR + NL)(NR + NL � 1)
v2

Up

Down

Right

Left

P Tribedy, Chiral Fluids, July 16-19, 2018 33

Ψ2

φ=0φ=π

Momentum conservation ⇒ NR ~ NL 

� ��� � �v2

N

In heavy ion collisions about ~10% more particles move left-right : FLOW

Up

Down

Right
Left

�++ = �cos(�+
1 + �+

2 � 2�RP )� = 0

��� = �cos(��
1 + ��

2 � 2�RP )� = 0

�+� = �cos(�+
1 + ��

2 � 2�RP )� = 0

� ��� � �v2

N

� ��� � �v2

N

Flow ⇒ (NU+ ND)/(NR+NL)~v2

Background : elliptic flow + momentum cons

P Tribedy, Chiral Fluids, July 16-19, 2018 34

Ψ2
+

–
+

– –

+

Neutral particle decays to a 
pair of opposite charges both 
them go either left or right

Background : Neutral resonance decay 
Up

Down

Right

Left

Neutral resonance decay can mimic CME

No charge dependent 
correlations

No charge 
dependent 
correlations

Background due to neutral resonance decay, 
local charge & momentum conservation 
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STAR experiment : Extended capabilities

 
 

43 

detector will make it possible to study the differential transverse flow in forward rapidity, where 
the space-time picture of the QGP is expected to be very different. By correlating that with 
information at mid-rapidity, they also provide detailed information on the pT dependence of the 
longitudinal asymmetry and decorrelation effects. In turn, this information will elucidate the space-
time dynamics of the QGP in the longitudinal direction and hence provide unique/critical input for 
current theoretical effort in tuning the 3+1D hydrodynamic models. 

 
Figure 2-38: (left panel) The pseudorapidity coverage in η1 × η2 of the STAR detector prior to the 
removal of FTPC in 2012.  (Right panel) The projected η1 × η2 acceptance after the iTPC and 
forward upgrade. 

 
Finally, STAR can take advantage of the flexibility of the RHIC machine to measure these 
observables in different collision systems and beam energies. As an example, it would be highly 
desirable to measure the p(v2) and event plane correlations in U+U and Cu+Au collisions where 
the QGP properties are similar to Au+Au collisions but with completely different collision geometry. 
For the measurement of event plane correlations in STAR, experiences from LHC experiments 
[112] show that it is very important to have multiple non-overlapping detectors that provide 
independent measurement of φn as well as cross-checks to control the systematic uncertainties.  
 
 
2.4.3 Event-shape engineering 

 
The granularity and large acceptance of the forward detectors will enable STAR to sort 

events according to their apparent ellipticity or triangularity and then measure the vn signal in the 
mid-rapidity with the TPC (see Figure 2-39). This event shape engineering technique was 
proposed in Ref. [112], and recently successfully applied to ALICE and ATLAS data analysis [113].  
The proposed implementation in STAR would be to first Fourier expand the multiplicity in the EPD, 
and then study the response of the collective flow signals (including radial flow) at mid-rapidity via 
TPC to various EPD selected shapes. The study performed by the ATLAS collaboration shows 
that the v2-vn correlation with in a fixed centrality not only provides a means to directly separate 
the linear and non-linear effect in v4 and v5 but also the intrinsic initial geometry correlation 
between E2 and En. Figure 2-40 shows that the measured v 2− v4 contains a quadratic term that is 
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Chiral Separation Effect & Chiral Magnetic Wave
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Burnier, Kharzeev, Liao 
and Yee, PRL 107, 052303 p s
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The Chiral Magnetic Wave : driven by CSE
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Search for the chiral magnetic wave at RHIC

/ Nuclear Physics A 00 (2018) 1–4 3

3. Results71

3.1. Dependence of the �v2(Ach) slope on centrality for kaons and (anti)protons72

In addition to the aforementioned viscous hydrodynamic model with certain assumptions on isospin73

asymmetry, which predicts a stronger v2 splitting in reverse order for K

± than ⇡± [5], kaons and protons74

could also behave di↵erently than pions, owing to their larger di↵erences in the absorption cross sections75

between particles and antiparticles in the hadronic stage [1]. Moreover, the Chiral Vortical E↵ect (CVE) [11]76

could also contribute to the proton slope along with the CMW. Hence, the measurements of �v2(Ach) slopes77

for K

± and p ( p̄) provide the direct test for all of these physics scenarios.78
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Fig. 1: Centrality dependence of the �v2(Ach) slopes for kaons
and protons in Au+Au collisions at

p
sNN = 200 GeV
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Figure 1 shows the centrality dependence of the kaon and proton slopes in Au+Au collisions at
p

sNN79

= 200 GeV. The kaon slope displays a rise-and-fall trend with positive values in most centralities, highly80

consistent with the pion slope. It neither reveals a significant absorption e↵ect, nor suggests that the hy-81

drodynamics with isospin asymmetry is the dominant mechanism. It is also observed that the centrality de-82

pendence of proton1 �v2(Ach) slopes are close to zero except for the seemingly positive values in 40 � 70%83

collisions. The smaller proton slopes may suggest a mixed scenario without a dominating mechanism.84

3.2. Dependence of the �v3(Ach) slope on centrality for ⇡±85

The LCC e↵ect (and the viscous hydrodynamics with isospin asymmetry) predicts a linear dependence86

of �v3 on Ach for pions, similar to that of �v2, while the electric quadrupole due to the CMW has no e↵ect87

on v3. Therefore, the �v3(Ach) slope, when properly normalized (�v

norm.
n

= 2(v�
n

� v

+
n

)/(v�
n

+ v

+
n

)), provides88

an estimation of the background contribution to the �v2(Ach) slope.89

Figure 2 compares the normalized �v3(Ach) and �v2(Ach) slopes for pions as functions of centrality in90

200 GeV Au+Au collisions. The normalized �v3(Ach) slopes for 0.15 < p

T

< 0.5 GeV/c are lower than91

or consistent with zero for most centrality intervals, and are systematically below the normalized �v2(Ach)92

slopes. It is noticed that in semi-central collisions, the normalized slopes between �v2(Ach), �v3(Ach) and93

CMS results [8] are consistent with each other. However, the large discrepancies in more central and the94

more peripheral collisions, where the �v3 slopes tend to go negative, suggest that the STAR measurements95

of the �v2(Ach) slopes for pions may not be purely dominated by the LCC e↵ect.96

3.3. The �v2(Ach) slopes for ⇡± in p+Au, d+Au and U+U collisions97

In small collision systems such as p+Au and d+Au, the orientation of the magnetic field is presumably98

decoupled from the 2nd-order event plane [7], which makes such small systems an ideal testing ground for99

the observation of the disappearance of the �v2(Ach) slope. For p+Au and d+Au collisions at 200 GeV, the100
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Figure 17: (a) pion v2 as a function of observed charge asymmetry and (b) v2 di↵erence between ⇡�

and ⇡+ as a function of charge asymmetry with the tracking e�ciency correction, for 30-40% Au+Au
collisions at 200 GeV [116].

Taking 30-40% 200 GeV Au+Au as an example, pion v2 is shown as a function of Ach in panel (a)
of Fig. 17 [116]. ⇡� v2 increases with Ach while ⇡+ v2 decreases with a similar magnitude of the slope.
Note that v2 was integrated over a narrow low pT range (0.15 < pT < 0.5 GeV/c) to focus on the
soft physics of the CMW. Such a pT selection also ensures that the hpT i is independent of Ach and is
the same for ⇡+ and ⇡�, so that the v2 splitting is not a trivial e↵ect due to the hpT i variation. The
v2 di↵erence between ⇡� and ⇡+ is fitted with a straight line in panel (b). The slope parameter r is
positive, qualitatively consistent with the expectation of the CMW picture. The fit function is non-zero
at hAchi (i.e. the event-average value in given centrality class), indicating the Ach-integrated v2 for ⇡�

and ⇡+ are di↵erent, which was also observed in [144].
The same procedure as above was followed to retrieve the slope parameter r as a function of centrality

for Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5 and 7.7 GeV, as shown in Fig. 18 [116]. A similar
rise-and-fall trend is observed in the centrality dependence of the slope parameter for all the beam
energies except 11.5 and 7.7 GeV, where the slopes are consistent with zero with large statistical
uncertainties. It was argued [121] that at lower beam energies the Ach-integrated v2 di↵erence between
particles and anti-particles can be explained by the e↵ect of quark transport from the projectile nucleons
to mid-rapidity, assuming that the v2 of transported quarks is larger than that of produced ones. The
same model, however, when used to study v2(⇡�) � v2(⇡+) as a function of Ach, suggested a negative
slope [145], which is in contradiction with data. Charge dependence of the elliptic flow on the event
charge asymmetry was confirmed by preliminary ALICE results for Pb+Pb collisions at 2.76 TeV [131].

Recently a more realistic implementation of the CMW [119] confirmed that the CMW contribution
to r is sizable, and that the centrality dependence of r is qualitatively similar to the data. A quantitative
comparison between data and theory requires further work on both sides to match the kinematic regions
used in the analyses.

One drawback of the measurement of v2(Ach) is that the observed Ach requires a correction factor due
to the finite detector tracking e�ciency, as well as dependence on a particular experimental acceptance.
A novel correlator that is independent of e�ciency was proposed in the following cumulant form [146]:

hhcos[n(�1 � �2)]q3ii = hcos[n(�1 � �2)]q3i � hcos[n(�1 � �2)]ihq3i1. (38)

Here �1 and �2 are the azimuthal angles of particles 1 and 2, and q3 is the charge (±1) of particle 3. hq3i1
is the average charge of particle “3” under condition of observing a particle “1” of a particular charge
(whereas the particle 2 is all inclusive regardless of charge). The cos[n(�1 � �2)] part was estimated by
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Ach =
N+ −N−
N+ +N−

< 0, v2(π
+) > v2(π

−)

Ach =
N+ −N−
N+ +N−

> 0, v2(π
+) < v2(π

−)

Unlike LHC, at RHIC effect v2 >> v3

Observation at RHIC is consistent to CMW expectation
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Chiral and Vortical effects
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The connection between CSE and polarization
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Fig. 4. Global polarization of Λ+Λ̄ as a function of azimuthal
angle φ relative to the first-order event plane for Au+Au 20%-
50% central collisions. A shaded band shows systematic uncer-
tainty.
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averaged over all phasespace, symmetry demands that ~PH is parallel to Ĵsys. Because our limited

sample sizes prohibit exploration of these dependences, our analysis assumes that ~PH is indepen-

dent of momentum, and we extract only an average projection of the polarization on Ĵsys. This

average may be written6 as

P H ⌘ h~PH · Ĵsysi=
8

paH

D
cos

⇣
f⇤

p

�f
Ĵsys

⌘E

R

(1)
EP

, (2)

where f
Ĵsys

is the azimuthal angle of the angular momentum of the collision, f⇤
p

is the azimuthal

angle of the daughter proton (antiproton) momentum in the L frame, and R

(1)
EP is a factor that ac-

counts for the finite resolution with which we determine f
Ĵsys

6. The overline on P H and brackets

h· · ·i denote an average over events and the momenta of L hyperons detected in the TPC. Equa-

tion 2 is strictly valid only in a perfect detector; angle-dependent detection efficiency leads to a

correction factor6 shifting the results in the present analysis by about 3%.

A relativistic heavy ion collision can produce several hundred charged particles in our detec-

tors. For a given energy, a head-on collision produces the maximum number of emitted particles,

while a glancing one produces only a few. To concentrate on collisions with sufficient overlap to

produce a fluid with large angular momentum, we select events producing an intermediate num-

ber of tracks in the TPC. Twenty percent of all observed collisions produce more tracks than the

collisions studied here, while 50% produce fewer; in the parlance of the field, this is known as a

20-50% centrality selection.

Equation 2 quantifies an average alignment between hyperon spin and a global feature of

the collision and is hence a “global polarization”2. This is distinct from the well-known phe-
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Figure 3: A sketch of the immediate aftermath of a Au+Au collision. The vorticity of fluid created

at midrapidity is suggested. The average vorticity points along the direction of the angular momen-

tum of the collision, Ĵsys. This direction is estimated experimentally by measuring the sidewards

deflection of the forward- and backward-going fragments and particles in the BBC detectors. L

hyperons are depicted as spinning tops; see text for details. Obviously, elements in this depiction

are not drawn to scale: the fluid and the beam fragments have sizes of a few femtometers, whereas

the radius of each BBC is about one meter.

frame, then

dN

d cosq⇤
= 1

2

⇣
1+aH|~PH|cosq⇤

⌘
. (1)

The subscript H denotes L or L, and the decay parameter aL = �aL = 0.642± 0.01317. The

angle q⇤ is indicated in figure 3, in which L hyperons are depicted as tops spinning about their

polarization direction.

The polarization may depend on the momentum of the emitted hyperons. However, when
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Global polarization of Λ and Λ studied w.r.to charge asymmetry Ach

_
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Very first measurement looks promising, need more statistics


