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Anisotropic Flow (𝑣!) 
[1] Poskanzer, Arthur M., and Sergei A. Voloshin. 
Physical Review C 58.3 (1998): 1671

ΨRP

• Flow measures the space-momentum correlation of final state particles.

• It can be quantified by the harmonic in the Fourier expansion of azimuthal particle
distribtuion with respect to the reaction plane (Ψ!") [1]:

<latexit sha1_base64="VCZ3GK0rL3JCv7z21EawuVk/qb8="></latexit>
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Directed Flow at Forward/Backward 𝜂  

spectators 
𝑣! > 0

participants 

• Directed flow (𝑣#) describes the collective sideward motion of produced particles 
and nuclear fragments in heavy-ion collisions.

• It probes the system at the early non-equilibrium stage because the deflection 
takes place during the passing time of the colliding nuclei [2]. 

[2] STAR. Physical 
Review Letters 101.25 
(2008): 252301
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Motivation 
• The pseudorapidity (𝜂) dependence of 𝑣#	can provide unique constraints on the 

shear ( $
%
(𝑇, 𝜇&) ) viscosity of the QCD matter [3].

• Measuring 𝑣#(𝜂) in both spectator and participant regions may provide insights 
into the baryon stopping mechanism [4]. 

[3] Becattini, F., et al. The European Physical Journal C 75 (2015)
[4] Du, Lipei, et al. arXiv preprint arXiv:2211.16408 (2022)

MUSIC 
Au+Au 

𝑠!! = 27 GeV

20~30%

𝜂

𝑣!

3+1D ECHO-QGP
Au+Au 

𝑠!! = 200 GeV

40~80%

5/31/23 BES-Tea Seminar | Xiaoyu Liu 5



Event Plane Method
• Experimentally, the reaction plane angle cannot be measured. So, the event 

plane angle is used as an approximation: 

• The anisotropic flows are measured as:

where 𝑅' is the event plane resolution:

<latexit sha1_base64="245IjMK26pMsn9+DTgg0yWBPUwk="></latexit>

 n =
1

n
arctan
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i wi sin (n�i)P
j wi cos (n�j)

Particles of 
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measure 𝑣"

Reference 
measure Ψ"

𝜂 gap

<latexit sha1_base64="SozUXxV52+IgQAZuq883s1FOvi4="></latexit>

vn{EP} =
hcos [n(�i � n)]i

Rn
<latexit sha1_base64="+SZzxamYPBAt9S4Alery11PtSLI=">AAACIHicbVDLSsNAFJ34rPVVdekmWAQ3lkSKdSMU3LisxbZCE8pketsOnUzCzI1YQj7Fjb/ixoUiutOvcfpYaOuBgcM553LnniAWXKPjfFlLyyura+u5jfzm1vbObmFvv6mjRDFosEhE6i6gGgSX0ECOAu5iBTQMBLSC4dXYb92D0jyStziKwQ9pX/IeZxSN1ClU6p1UZpeeoLIvwGORTtvyxKtpPtZPp8RDeMC0XssyP/PUJNkpFJ2SM4G9SNwZKZIZap3Cp9eNWBKCRCao1m3XidFPqULOBGR5L9EQUzakfWgbKmkI2k8nB2b2sVG6di9S5km0J+rviZSGWo/CwCRDigM9743F/7x2gr0LP+UyThAkmy7qJcLGyB63ZXe5AoZiZAhlipu/2mxAFWVoOs2bEtz5kxdJ86zknpfKN+VitTyrI0cOyRE5IS6pkCq5JjXSIIw8kmfySt6sJ+vFerc+ptElazZzQP7A+v4BDlikvw==</latexit>

Rn = hcos [n( n � RP]i

Non-flow effects
resonances decay, 

self correlations, di-jets, 
momentum conservation 

effect…

Reference matters! 
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STAR Detector Subsystems  

Time Projection Chamber   
(−1 < 𝜂 < 1, 0 < 𝜙 < 2𝜋) 

Event Plane Detector 
East

(−5.1 < 𝜂 < −2.1)

© https://www.star.bnl.gov/~dmitry/edisplay/ Event Plane Detector
West 

(2.1 < 𝜂 < 5.1)

• TPC was chosen as the reference to suppress the momentum conservation effect [5].

• An 𝜂 gap is imposed between the PoI and reference.

[5] Borghini, Nicolas, et al. Physical Review C 66.1 
(2002): 014901.

5/31/23 BES-Tea Seminar | Xiaoyu Liu 7



[6] Borghini, Nicolas, et al. Physical Review 
C 66.1 (2002): 014901.
[7] A. M. Poskanzer and S. A. Voloshin
Phys. Rev. C 58, 1671

First-Order Event Plane (Ψ")

• Chose the Time Projection Chamber (TPC, |𝜂| < 0.8) as the reference to
suppress the momentum conservation effect [6] .

• The first-order event plane is calculated as:

• Three weightings are assigned to TPC tracks:
• 𝑤( to make the )*

)(
 distribution uniform;

• 𝑤sym to make the )*
)$

 distribution symmetric;

• 𝑤$ = −𝜂 to maximize the TPC event plane resolution.

• All the event planes are shifted to further correct for the detector effects [7].

<latexit sha1_base64="zzZ06u6s/dKDRKWVQg7rp8Udkvg="></latexit>

 TPC
1 = arctan

P
i wi sin�iP
j wi cos�j
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 TPC
1 = arctan

P
i wi sin�iP
j wi cos�j

• Data points are offset along the x axis for the demonstration purpose. 
• The event plane resolution is calculated by the three sub-event method:

<latexit sha1_base64="7ZEbSmmQd8Qe3h1YIxG2Lw6eoxQ="></latexit>

RTPC
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s
hcos ( TPC

1 � EPDW
1 )ihcos ( TPC

1 � EPDW
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hcos ( EPDE
1 � EPDW

1 )i
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Event Plane Detector (EPD) [8]
Particles (MIPs) transverse an 

EPD tile

Scintillator absorbs energy and 
emits photons 

Optical fibers transport light to a 
silicon photomultiplier (SiPM)

Signals from SiPM are amplified 
and sent to the digitizing and 

acquisition system 

Recorded as ADC values 
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Event Plane Detector (EPD)

• The pseudorapidity (𝜂) and 𝜙 of a EPD tile are determined by a straight line 
between the primary vertex and a random point on the tile.

• The number of particles traversing a tile, averaged over events, can be 
probabilistically determined from the ADC distributions.
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ADC Spectra of EPD 

MPV=1

WID/MPV≈ 0.13

1-MIP Landau 2-MIP Landau 

3-MIP Landau 4-MIP Landau 

convolution of 1-MIP 
Landau with itself

convolution of 2-MIP 
Landau with 1-MIP 
Landau

convolution of 3-MIP 
Landau with 1-MIP 
Landau

ADC = 0.3×1−MIP+0.05×2−MIP	+
0.004×3−MIP+0.003×4−MIP

• WID/MPV only depends on the material and thickness of the detector 
• The function form of all the Landau distributions are known

Mean of Landau distribution is undefined

The Law of Large Number doesn’t apply

Averaged ADC ≠ Averaged number of 
particles.

MPV=1

WID/MPV≈ 0.13

1-MIP Landau 2-MIP Landau 

3-MIP Landau 4-MIP Landau 

convolution of 1-MIP 
Landau with itself

convolution of 2-MIP 
Landau with 1-MIP 
Landau

convolution of 3-MIP 
Landau with 1-MIP 
Landau

ADC = 0.3×1−MIP+0.05×2−MIP	+
0.004×3−MIP+0.003×4−MIP

MIP (Minimum Ionizing Particle )
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Extracting 𝑣"

• The 𝑀+ in the fitting parameters represents the fraction of the 𝑘-MIP events.
Therefore, the averaged number of MIPs can be calaculated by:

• The associated error can be calculated by:

where is the covariance matrix of the fitting parameters.
<latexit sha1_base64="DOnMlXHL3px3iThxMqzcN84YGf0=">AAAB+nicbVDLSsNAFL2prxpfqS7dDBbBVUmkqMuCG5cV7QPaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO2iy09cDA4Zx7uWdOkHCmtOt+W6W19Y3NrfK2vbO7t3/gVA7bKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2gkm17nfeaBSsVjc62lC/QiPBAsZwdpIA6fSj7AeB2HWv2OjCM9se+BU3Zo7B1olXkGqUKA5cL76w5ikERWacKxUz3MT7WdYakY4ndn9VNEEkwke0Z6hAkdU+dk8+gydGmWIwliaJzSaq783MhwpNY0CM5kHVcteLv7n9VIdXvkZE0mqqSCLQ2HKkY5R3gMaMkmJ5lNDMJHMZEVkjCUm2rSVl+Atf3mVtM9r3kWtfluvNupFHWU4hhM4Aw8uoQE30IQWEHiEZ3iFN+vJerHerY/FaMkqdo7gD6zPH4A3k3c=</latexit>

⌃

<latexit sha1_base64="TM9mVGbHSMZgXF/+XfAD4GPkYYI=">AAACEnicbZDLSsNAFIYnXmu9RV26CRahXVgSKeqy4MaVVLAXaEKYTCbt0MmFmROxhDyDG1/FjQtF3Lpy59s4bSNo6w8DH/85hzPn9xLOJJjml7a0vLK6tl7aKG9ube/s6nv7HRmngtA2iXkseh6WlLOItoEBp71EUBx6nHa90eWk3r2jQrI4uoVxQp0QDyIWMIJBWa5eswOBSWYDvYfMv87zH8yrdjJkJ3ZLMjez8lru6hWzbk5lLIJVQAUVarn6p+3HJA1pBIRjKfuWmYCTYQGMcJqX7VTSBJMRHtC+wgiHVDrZ9KTcOFaObwSxUC8CY+r+nshwKOU49FRniGEo52sT879aP4XgwslYlKRAIzJbFKTcgNiY5GP4TFACfKwAE8HUXw0yxCojUCmWVQjW/MmL0DmtW2f1xk2j0qwWcZTQITpCVWShc9REV6iF2oigB/SEXtCr9qg9a2/a+6x1SStmDtAfaR/fjYSejw==</latexit>
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<latexit sha1_base64="EF62LgTtE0gWKipsotlzpSgdmxg=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KomU6qZQcONGqWAf0MQwmU7aITNJmJkIJWTpxl9x40IRt36CO//GaZuFth6Y4XDOvdx7j58wKpVlfRtLyyura+uljfLm1vbOrrm335FxKjBp45jFoucjSRiNSFtRxUgvEQRxn5GuH15O/O4DEZLG0Z0aJ8TlaBjRgGKktOSZRzcNR6bcy8KGnd/rv56HjqKcSHitxdwzK1bVmgIuErsgFVCg5ZlfziDGKSeRwgxJ2betRLkZEopiRvKyk0qSIByiIelrGiE9ys2mh+TwRCsDGMRCv0jBqfq7I0NcyjH3dSVHaiTnvYn4n9dPVXDhZjRKUkUiPBsUpAyqGE5SgQMqCFZsrAnCgupdIR4hgbDS2ZV1CPb8yYukc1a169Xaba3SrBVxlMAhOAanwAbnoAmuQAu0AQaP4Bm8gjfjyXgx3o2PWemSUfQcgD8wPn8Ab8yZlA==</latexit>

N =
k=6X

k=1

k ⇥Mk

<latexit sha1_base64="S/AmtwaaElm2lW4cWZ3mGCpW0cg="></latexit>
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Extracting 𝑣"

• 𝑣# (before the resolution correction) can be extracted by fitting the Fourier
decomposition of the (𝜙 − Ψ#) distribution:

• 𝑣# needs to be corrected by the resolution:

<latexit sha1_base64="7aXoLIeDM4PXWOINWPkT+GhDZI8="></latexit>

dN

d(�� TPC
1 )

= k{1 + 2v1 cos(�� TPC
1 ) + 2v2 cos[2(�� TPC

1 )]}
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𝑣" for 16 𝑉# Bins 

10− 8− 6− 4− 2− 0 2 4 6 8 10
Residual

0
20
40
60
80
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160 𝜎 = 1.21 ±

0.04 

Normalized residual 

Project on 

the Y axis 

ü fluctuation and error bars of the 
data points are reasonable.
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𝑣 !

Combine 16 𝑉# Bins 

Group 
every 16 

points 
along 𝜂 by

taking the 
average of 
𝜂 and 𝑣!
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New Input 
𝑣#(𝜂)= 𝑣#,-.%(𝜂) + 
correction factor(𝜂) 
(Fitted with 𝑝#𝜂 +
𝑝/𝜂/ + 𝑝0𝜂0 + 𝑝1𝜂1)

GEANT3

Output 𝑣# 𝜂 ,
correction factor(𝜂) = 
𝑣#2'(𝜂) − 𝑣#345(𝜂)

∑$
6+,-.($)96+/012($)

6+/012($)
 

decreases
?

No Corrected 𝑣#(𝜂) = 
𝑣#,-.%(𝜂) + correction 

factor(𝜂) 

Yes

Flowchart for Correcting the Material Budget
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Input 𝑣# 𝜂 , 
𝑣#(𝑝:), ⁄d𝑁 d𝜂

(HIJING)



New Input 
𝑣#(𝜂)= 𝑣#,-.%(𝜂) + 
correction factor(𝜂) 
(Fitted with 𝑝#𝜂 +
𝑝/𝜂/ + 𝑝0𝜂0 + 𝑝1𝜂1)

Input 𝑣# 𝜂 , 
𝑣#(𝑝:), ⁄d𝑁 d𝜂

(HIJING)
GEANT3

Output 𝑣# 𝜂 ,
correction factor(𝜂) = 
𝑣#2'(𝜂) − 𝑣#345(𝜂)

∑$
6+,-.($)96+/012($)

6+/012($)
 

decreases
?

No Corrected 𝑣#(𝜂) = 
𝑣#,-.%(𝜂) + correction 

factor(𝜂) 

Yes

Flowchart for Correcting the Material Budget
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𝑣# 𝑝:  and ⁄d𝑁 d𝜂 are 
unknown. Guess to the 
best of our knowledge.
𝑣# 𝑝:  and ⁄d𝑁 d𝜂 are 

varied as systematic 
checks.
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closer to the measured 𝑣# 𝜂 , increase 
the new input |𝑣# 𝜂 | 

Iteration Process 
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ü After four iterations, the output 𝑣# 𝜂  
and measured 𝑣# 𝜂  are close. 

The correction factors can be used to correct 
for the effect from the material budget. 
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𝑣" before and after the GEANT3 Correction

Au+Au 
𝑠** = 27 GeV

Au+Au 
𝑠** = 27 GeV

§ 𝑣!ch before the 
GEANT4 correction

§ 𝑣!ch	after the 
GEANT4 correction
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variation of ⁄𝑑𝑁 𝑑𝜂: 0.0029
variation of 𝑣! 𝑝" :0.0006
difference between positive 
and negative 𝜂: 0.0013

variation of ⁄𝑑𝑁 𝑑𝜂: 0.0006
variation of 𝑣! 𝑝" :0.0007
difference between positive 
and negative 𝜂:0.0005

variation of ⁄𝑑𝑁 𝑑𝜂: 0.0020
variation of 𝑣! 𝑝" : 0.0007
difference between positive 
and negative 𝜂:0.0007

Systematic Checks 

• Systematic errors mainly come from the variation of input )*
)$

 in the 

HIJING + GEANT3 simulation.
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Results 

𝑣#(η) changes sign near
the beam rapidity for all
the centralities.

5/31/23 BES-Tea Seminar | Xiaoyu Liu 26



5− 4− 3− 2− 1− 0 1 2
beam

-yη

0.05−

0

0.05

0.1

0.15
1v

PHOBOS 19GeV

PHOBOS 62GeV

PHOBOS 130GeV
PHOBOS 200GeV

STAR 27GeV BESI

STAR 27GeV BESII

0~40%

PHOBOS: full 𝑝+
STAR: 0.2 < 𝑝+ < 10.0 GeV/c

Comparison with PHOBOS 
[10] PHOBOS. Phys. Rev. Lett. 97.1 (2006): 012301.
[11] STAR. Phys. Rev. C 101.2 (2020): 024905.

[10]

[11]

• Test the phenomenon of limiting fragmentation. 

STAR Preliminary 

5/31/23 BES-Tea Seminar | Xiaoyu Liu 27



4− 3− 2−
η

0.15−

0.1−

0.05−

0

0.05

1v   4− 3− 2−η

0.15−

0.1−

0.05−

0

0.05

1v  

 < 0η
 > 0 rotated 180 degreesη

 4− 3− 2−η

0.15−

0.1−

0.05−

0

0.05

1v

  

40~60%

20~40%

0~20%

STAR Preliminary

Au+Au
!!! = 27 GeV
(year 2018)

40~60%

20~40%

0~20%

Au+Au 
!!! = 27 GeV
(year 2018)

STAR Preliminary

4− 2− 0 2 4
η

0.1−

0

0.1

1v

  4− 2− 0 2 4η

0.1−

0

0.1

1v

 

STAR
)>EP

1
Ψ-φUrQMD <cos(

)>RP
1

Ψ-φUrQMD <cos(

 4− 2− 0 2 4η

0.1−

0

0.1

1v

  Comparison with UrQMD

Large discrepancy between 
UrQMD 𝑣#{EP} and 𝑣#{RP} 
due  to the lumpiness of the 
colliding nuclei. 

It is important to use the
same reference when
comparing the experimental
results with physics models!
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More model studies are welcome!

We are preparing a paper for this analysis. Please let us know if you 
are interested in comparing your model with our measurement!



Summary and Conclusion  
• First dedicated EPD analysis from STAR, the method will help STAR to extend 

the flow measurements to a wide 𝜂 range at all the BES-II energies. 

• First 𝑣# 𝜂  measurement at forward and backward 𝜂 using BES-II data, the 
statistical errors decrease significantly compared to the previous PHOBOS and 
STAR measurements.

• UrQMD fails to quantitatively describe the measured 𝑣# 𝜂 .

• Future high-precision 𝑣# 𝜂  measurement at different BES-II energies and with 
different collision systems will help us validate several scaling effects more 
accurately including the limiting fragmentation.

• Future comparison with hydro models will help us to constrain $
%
𝑇, 𝜇&  for the 

hydrodynamic evolution.
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Back up 
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Momentum Conservation Effect
Borghini, Nicolas, et al. Physical Review C 66.1 (2002): 014901.

<latexit sha1_base64="52Qf2B76GivCBgH2bEO5Hc5YgLI="></latexit>

hcos (�� )i = v1R
0 + hcos (�� )imom.cons.

<latexit sha1_base64="H/Zd7nIJ3samW3OVD0FGt4EzhcU="></latexit>

hcos (�� )imom.cons. ⇠ � hpT iPOIp
Nhp2T i

f

All the produced particles 

particle of 
interest

reference

𝑓	 only depends on the 
reference, subscript Q refer 
to the M particles used to 
calculate the Q vector  
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STAR. Physical Review Letters 101.25 (2008): 252301

System-Size Scaling of 𝑣"(𝜂)
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Incident-Energy Scaling of 𝑣" 
(Limiting Fragmentaion)
STAR. Physical Review Letters 101.25 
(2008): 252301

PHOBOS. Phys. Rev. Lett. 97.1 (2006): 012301.
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⁄𝜂 𝑦beam	Scaling of 𝑣"
STAR. Physical Review Letters 101.25 
(2008): 252301

Also reported by NA49 
and SPS
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