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𝑣!(𝜂) @ 𝑠## = 19.6 & 27 GeV 



STAR Collider Mode

West EPD
East 

Event Plane 
Detector

 (EPD)

TPC 

• EPD is used as the particles of interest region to measure flow at large pseudorapidity.
• A STAR paper on this analysis is underway, stay tuned!

Measure flow over ten units 
of pseudorapidity (η)!
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𝑣!(𝜂) @ 𝑠"" = 19.6 & 27 GeV 

• 𝑣( at large 𝜂  was measured with particles in the full 𝑝) 
space; 𝑣(  around the mid-rapidity was measured in 
0.2 < 𝑝) < 10.0 GeV/𝑐.
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Limiting Fragmentation

𝜂 − 𝑦beam

PHOBOS. Phys. Rev. Lett. 91.5 (2003): 052303.
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⁄
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ch
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>

𝜂 − 𝑦beam

PHOBOS. Phys. Rev. Lett. 97.1 (2006): 012301.

• “Limiting fragmentation” of 𝑣(? 
• Lack of statistics;
• limited pseudorapidity coverage.

𝑣 4

𝑣 4
(%
)

Phys. Rev. Lett. 101.25 (2008): 252301

PHOBOS
10 − 40%

STAR



• “Limiting fragmentation” of 𝑣( observed for all the centralities. 
• The phenomenon extends beyond yields to dynamics.
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Limiting Fragmentation Of 𝑣! 



Model Comparison 
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• Nucleus fragments contribute significantly to 𝑣( at large |𝜂|. 
• 𝑣((𝜂) can provide unique constrains to the initial stage of the collision. 
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• 𝑣((𝜂)	can provide unique constraints on the 
shear viscosity ( <= (𝑇, 𝜇>) ) of the QCD matter.
•Model calculations are needed.

Model Comparison 
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3+1D ECHO-QGP
Au+Au 

𝑠55 = 200 GeV

40 − 80%

The European Physical Journal C 75 (2015): 1-14.
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Proton 𝑣"(Ψ!) @ 𝑠## = 3 − 3.9 GeV 



STAR Fix Target (FXT) Mode

𝜂 0 −1 −1.5 −2 −2.5 −3.2 −5.8 

EPD 
Ψ!

B TPC 

ToF

POIA C

𝑦CM = 𝑦 − 𝑦mid

𝑠// (GeV) 3.0 3.2 3.5 3.9
𝑦beam −2.096 −2.278 −2.509 −2.749
𝑦mid −1.048 −1.139 −1.254 −1.375
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𝑦mid at FXT energies 
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𝑣#{Ψ!}  @ FXT Energies  
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𝑣#{Ψ!}  @ FXT Energies  
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• 𝑣B{Ψ(} opposite to 𝑣(, consistent with JAM simulation of the collision geometry. 
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distribution from 
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each cell.
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𝑣#{Ψ!}  @ FXT Energies  
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• 𝑣B{Ψ(} opposite to 𝑣(, consistent with JAM simulation of the collision geometry. 
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Proton 𝑣#{Ψ!} @ FXT Energies 

Centrality (%) 

• |𝑣B Ψ( | increases towards peripheral collisions -> Geometry drives 𝑣B Ψ( .

• JAM describes the data -> Nuclear potential is essential for the development of 𝑣B Ψ( .

Centrality (%) 

JAM: RQMD.RMF w/ MD2 set
Incompressibility K=380 MeV

Phys. Rev. C 100, 054902 (2019)
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Light Nuclei 𝑣! and 𝑣"@ 𝑠## = 3 GeV 



Test Of Coalescence @ 𝑠"" = 3 GeV

STAR. Physics Letters B 827 (2022): 136941.

• STAR observed light nuclei 𝑣( follows an approximate atomic mass number A-scaling.
→ Extend this measurement to the target rapidity with the STAR FXT experiment to 

investigate coalescence across a wide range of rapidity. 
Quark Matter 2023 | Xiaoyu Liu 17
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Identified Particle 𝑣!, 𝑣# Ψ! @ 𝑠"" = 3 GeV

STAR preliminary
Au+Au

𝑠55 = 3 GeV
10-40%

p 0.4 < 𝑝% < 0.62 GeV/𝑐

d 0.8 < 𝑝% < 1.24 GeV/𝑐  

t 1.2 < 𝑝% < 1.86 GeV/𝑐  

3He 1.2 < 𝑝% < 1.86 GeV/𝑐  

4He1.6 < 𝑝% < 2.48 GeV/𝑐  

y-ymid

𝑦CMy

STAR preliminary
Au+Au

𝑠55 = 3 GeV
10-40%

𝑦CMy
• A-scaling of 𝑣( and 𝑣B Ψ( 	 holds at 𝑦CM < 0.5 in 10 − 40	% at 𝑠EE = 3 GeV, 

indicating that the production of light nuclei comes from coalescence.
• However, this A-scaling of 𝑣( and 𝑣B Ψ(  breaks for 𝑦CM > 0.5.



Summary 

• 𝑣((𝜂) was measured over ten units of 𝜂 with high accuracy.
• “Limiting fragmentation” of 𝑣( was observed for all the centralities.
• Model comparisons suggest nuclei fragments contribute significantly to 𝑣( at large |𝜂|. 

Fix Target: 𝑠EE = 3, 3.2, 3.5, 3.9 GeV 

Collider: 𝑠EE = 19.6, 27 GeV 

• Significant proton 𝑣B Ψ(  that has opposite sign from 𝑣( Ψ(  @ FTX energies.
• Larger |𝑣B Ψ( | for peripheral collisions -> 𝑣B Ψ(  is driven by the geometry.
• Comparison with JAM suggests potential is essential for the development of 𝑣B Ψ( .

• Light nuclei 𝑣( and 𝑣B Ψ(  measured over the full rapidity range at 10-40% @ 3 GeV.
• A-scaling holds below 𝑦CM < 0.5, indicating the production of light nuclei comes 

from coalescence.
• A-scaling breaks at 𝑦CM > 0.5.
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Thank you! 
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Backup 



Extracting 𝑣! From EPD Signals  

<latexit sha1_base64="TM9mVGbHSMZgXF/+XfAD4GPkYYI=">AAACEnicbZDLSsNAFIYnXmu9RV26CRahXVgSKeqy4MaVVLAXaEKYTCbt0MmFmROxhDyDG1/FjQtF3Lpy59s4bSNo6w8DH/85hzPn9xLOJJjml7a0vLK6tl7aKG9ube/s6nv7HRmngtA2iXkseh6WlLOItoEBp71EUBx6nHa90eWk3r2jQrI4uoVxQp0QDyIWMIJBWa5eswOBSWYDvYfMv87zH8yrdjJkJ3ZLMjez8lru6hWzbk5lLIJVQAUVarn6p+3HJA1pBIRjKfuWmYCTYQGMcJqX7VTSBJMRHtC+wgiHVDrZ9KTcOFaObwSxUC8CY+r+nshwKOU49FRniGEo52sT879aP4XgwslYlKRAIzJbFKTcgNiY5GP4TFACfKwAE8HUXw0yxCojUCmWVQjW/MmL0DmtW2f1xk2j0qwWcZTQITpCVWShc9REV6iF2oigB/SEXtCr9qg9a2/a+6x1SStmDtAfaR/fjYSejw==</latexit>

d
N

d
(�

�
 

1
)

• 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="ABU9umwynCxFEc0SWdUfK5JTY9s=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSiJF3RQKbtwoFewDmhgm00k7ZCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gMzHM65l3vv8RNGpbKsb2NpeWV1bb2yUd3c2t7ZNff2uzJOBSYdHLNY9H0kCaMR6SiqGOkngiDuM9Lzw8vC7z0QIWkc3alJQlyORhENKEZKS54Jb5qOTLmXhU07v9d/Iw8dRTmR8FqLedUza1bdmgIuErskNVCi7ZlfzjDGKSeRwgxJObCtRLkZEopiRvKqk0qSIByiERloGiE9y82ml+TwWCtDGMRCv0jBqfq7I0Ncygn3dSVHaiznvUL8zxukKrhwMxolqSIRng0KUgZVDItY4JAKghWbaIKwoHpXiMdIIKx0eEUI9vzJi6R7WrfP6o3bRq3VKOOogENwBE6ADc5BC1yBNugADB7BM3gFb8aT8WK8Gx+z0iWj7DkAf2B8/gCsxZmm</latexit>
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k=4X

k=1
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<latexit sha1_base64="S/AmtwaaElm2lW4cWZ3mGCpW0cg="></latexit>

�2 = k⌃k>,k = (1, 2, 3, 4, 0, 0)
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Extracting 𝑣! From EPD Signals  

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

• Resolution correction:

<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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v1 =
vuncorrected1

RTPC
1
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v2{ 1} =
vuncorrected2 { 1}
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𝑣! across wide 𝜂 at 𝑠"" = 19.6 and 27 GeV 
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ü Consistency between 𝑣((𝜂) and −𝑣((−𝜂) 
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UrQMD 𝑣! 

𝑠))	 𝑣! EP   𝑣! RP
   27          −          −
 19.6         −          −

UrQMD 



•A-scaling breaks at all 𝑝*  at 𝑦CM	~0.5.

Identified particle 𝑣! Ψ! at 𝑠"" = 3 GeV
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Target-rapidity
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Target-rapidity

3He

4He

0.1 < 𝑦CM < 0.25 0.25 < 𝑦CM < 0.5 0.5 < 𝑦CM < 0.75 0.75 < 𝑦CM < 1
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Au+Au

𝑠55 = 3 GeV
10-40%

Mid-rapidity

p

d

t⁄
𝑣 <
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4}
A

⁄𝑝; A⁄𝑝; A ⁄𝑝; A ⁄𝑝; A

• 𝑣+ Ψ!  vs. 𝑝* follows A-scaling around mid-rapidity in 10-40 %.

• Moving to the target rapidity, heavy light nuclei 𝑣+ Ψ! /A deviates from proton 𝑣+ Ψ! /A. 

• 𝑣+ Ψ!  of deuteron, 3He and 4He flip sign near the target rapidity.

Identified particle 𝑣# Ψ! at 𝑠"" = 3 GeV
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