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Directed flow (v1) and splitting (∆v1)

Probe early stage of the collisions - 
strong electromagnetic (EM) field


EM field has observable consequences 
on v1 splitting with charge

First harmonic coefficient of Fourier decomposition of particle azimuthal distribution - 
directed flow (v1)
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Beam direction:     and impact parameter:      => 
reaction plane: xz


Medium expands longitudinally (         ,            ) 


Lorentz force pushes positively and negatively 
charged particles in opposite directions => Hall 
effect 

EM field drives splitting - Hall and Faraday effect
<latexit sha1_base64="8WsuVykwekt+7o+qPacHVkY7ImA=">AAAB/nicbVDLSsNAFJ34rPUVFVduBlvBVUm6UJdFNy4r2Ac0oUym03boTBJmbsQSAv6KGxeKuPU73Pk3TtostPXAwOGce7lnThALrsFxvq2V1bX1jc3SVnl7Z3dv3z44bOsoUZS1aCQi1Q2IZoKHrAUcBOvGihEZCNYJJje533lgSvMovIdpzHxJRiEfckrASH37GGNc9cYEUk8SGCuZPmZZtW9XnJozA14mbkEqqECzb395g4gmkoVABdG65zox+ClRwKlgWdlLNIsJnZAR6xkaEsm0n87iZ/jMKAM8jJR5IeCZ+nsjJVLrqQzMZJ5RL3q5+J/XS2B45ac8jBNgIZ0fGiYCQ4TzLvCAK0ZBTA0hVHGTFdMxUYSCaaxsSnAXv7xM2vWae1Fz7+qVxnVRRwmdoFN0jlx0iRroFjVRC1GUomf0it6sJ+vFerc+5qMrVrFzhP7A+vwBQ4aVDw==</latexit>

x̂
<latexit sha1_base64="AT2VMco5QNNfIgnnmoypXYz5Fn0=">AAAB/nicbVDLSsNAFJ34rPUVFVduBlvBVUm6UJdFNy4r2Ac0oUym03boTBJmboQaAv6KGxeKuPU73Pk3TtostPXAwOGce7lnThALrsFxvq2V1bX1jc3SVnl7Z3dv3z44bOsoUZS1aCQi1Q2IZoKHrAUcBOvGihEZCNYJJje533lgSvMovIdpzHxJRiEfckrASH37GGNc9cYEUk8SGCuZPmZZtW9XnJozA14mbkEqqECzb395g4gmkoVABdG65zox+ClRwKlgWdlLNIsJnZAR6xkaEsm0n87iZ/jMKAM8jJR5IeCZ+nsjJVLrqQzMZJ5RL3q5+J/XS2B45ac8jBNgIZ0fGiYCQ4TzLvCAK0ZBTA0hVHGTFdMxUYSCaaxsSnAXv7xM2vWae1Fz7+qVxnVRRwmdoFN0jlx0iRroFjVRC1GUomf0it6sJ+vFerc+5qMrVrFzhP7A+vwBRpSVEQ==</latexit>

ẑ
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~u ? ~B
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~u||ẑ

Spectators fly away,    decays down fast


Time varying    induces    field => Faraday 
effect


Charged spectators also generate Coulomb 
field
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~B
<latexit sha1_base64="/9REZx72HIwg97j9evDaAYZu80Y=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSQaE0tMBDFwIXvLABv29i67eyTkwq+wsdAYW3+Onf/GBa5Q8CWTvLw3k5l5QSy4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU0eJYthgkYhUK6AaBZfYMNwIbMUKaRgIfAxGNzP/cYxK80g+mEmMfkgHkvc5o8ZKT+XOGFl6Oy13iyW34s5BVomXkRJkqHeLX51exJIQpWGCat323Nj4KVWGM4HTQifRGFM2ogNsWyppiNpP5wdPyZlVeqQfKVvSkLn6eyKlodaTMLCdITVDvezNxP+8dmL6V37KZZwYlGyxqJ8IYiIy+570uEJmxMQSyhS3txI2pIoyYzMq2BC85ZdXSbNa8S4q3n21VLvO4sjDCZzCOXhwCTW4gzo0gEEIz/AKb45yXpx352PRmnOymWP4A+fzByDEj/c=</latexit>

~E

<latexit sha1_base64="WP0sE8MYIpmeWu+XczT+P+Y5md8=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIphYkTsKtSTYWGIioIEL2VsG2LC7d9ndIyEXfoWNhcbY+nPs/DcucIWCL5nk5b2ZzMwLY8608bxvJ7exubW9k98t7O0fHB4Vj09aOkoUxSaNeKQeQ6KRM4lNwwzHx1ghESHHdji+nfvtCSrNIvlgpjEGggwlGzBKjJWeyt0J0rQ+K/eKJa/iLeCuEz8jJcjQ6BW/uv2IJgKloZxo3fG92AQpUYZRjrNCN9EYEzomQ+xYKolAHaSLg2fuhVX67iBStqRxF+rviZQIracitJ2CmJFe9ebif14nMYObIGUyTgxKulw0SLhrInf+vdtnCqnhU0sIVcze6tIRUYQam1HBhuCvvrxOWtWKf1Xx76ulWj2LIw9ncA6X4MM11OAOGtAECgKe4RXeHOW8OO/Ox7I152Qzp/AHzucPHDKP9A==</latexit>

~B
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~ECoulomb

<latexit sha1_base64="0tDC8d4/Ia8tQDJeB5GVJdgzR9M=">AAAB+nicbVDLSsNAFL3xWesr1aWbwVJwVRIRdVksgssK9gFtCJPppB06yYSZSaXEfoobF4q49Uvc+TdO2yy09cCFwzn3MmdOkHCmtON8W2vrG5tb24Wd4u7e/sGhXTpqKZFKQptEcCE7AVaUs5g2NdOcdhJJcRRw2g5G9ZnfHlOpmIgf9CShXoQHMQsZwdpIvl3qjSnJbqd+VhcpF1Ew9e2yU3XmQKvEzUkZcjR8+6vXFySNaKwJx0p1XSfRXoalZoTTabGXKppgMsID2jU0xhFVXjaPPkUVo/RRKKSZWKO5+vsiw5FSExMLVSKsh2rZm4n/ed1Uh9dexuIk1TQmi4fClCMt0KwH1GeSEs0nhmAimcmKyBBLTLRpq2hKcJe/vEpa51X3sureX5RrN3kdBTiBUzgDF66gBnfQgCYQeIRneIU368l6sd6tj8XqmpXfHMMfWJ8/y6eUWg==</latexit>

~ECoulomb
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Faraday, Coulomb and Hall are competing effects


Direction of v1 for positive particles shown by 
dashed arrows (when Faraday+Coulomb > Hall)


Direction of v1 for negative particles - the other 
way around


Net effect of Faraday, Hall and Coulomb affects 
v1 and splitting between particles and 
antiparticles


Can we measure this splitting in experiment?

EM field drives splitting - Hall, Faraday and Coulomb effect

Gursoy et al., Phys. Rev. C 89, 054905 (2014) 
Gursoy et al., Phys. Rev. C 98, 055201 (2018) 
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<latexit sha1_base64="0tDC8d4/Ia8tQDJeB5GVJdgzR9M=">AAAB+nicbVDLSsNAFL3xWesr1aWbwVJwVRIRdVksgssK9gFtCJPppB06yYSZSaXEfoobF4q49Uvc+TdO2yy09cCFwzn3MmdOkHCmtON8W2vrG5tb24Wd4u7e/sGhXTpqKZFKQptEcCE7AVaUs5g2NdOcdhJJcRRw2g5G9ZnfHlOpmIgf9CShXoQHMQsZwdpIvl3qjSnJbqd+VhcpF1Ew9e2yU3XmQKvEzUkZcjR8+6vXFySNaKwJx0p1XSfRXoalZoTTabGXKppgMsID2jU0xhFVXjaPPkUVo/RRKKSZWKO5+vsiw5FSExMLVSKsh2rZm4n/ed1Uh9dexuIk1TQmi4fClCMt0KwH1GeSEs0nhmAimcmKyBBLTLRpq2hKcJe/vEpa51X3sureX5RrN3kdBTiBUzgDF66gBnfQgCYQeIRneIU368l6sd6tj8XqmpXfHMMfWJ8/y6eUWg==</latexit>

~ECoulomb

<latexit sha1_base64="0tDC8d4/Ia8tQDJeB5GVJdgzR9M=">AAAB+nicbVDLSsNAFL3xWesr1aWbwVJwVRIRdVksgssK9gFtCJPppB06yYSZSaXEfoobF4q49Uvc+TdO2yy09cCFwzn3MmdOkHCmtON8W2vrG5tb24Wd4u7e/sGhXTpqKZFKQptEcCE7AVaUs5g2NdOcdhJJcRRw2g5G9ZnfHlOpmIgf9CShXoQHMQsZwdpIvl3qjSnJbqd+VhcpF1Ew9e2yU3XmQKvEzUkZcjR8+6vXFySNaKwJx0p1XSfRXoalZoTTabGXKppgMsID2jU0xhFVXjaPPkUVo/RRKKSZWKO5+vsiw5FSExMLVSKsh2rZm4n/ed1Uh9dexuIk1TQmi4fClCMt0KwH1GeSEs0nhmAimcmKyBBLTLRpq2hKcJe/vEpa51X3sureX5RrN3kdBTiBUzgDF66gBnfQgCYQeIRneIU368l6sd6tj8XqmpXfHMMfWJ8/y6eUWg==</latexit>

~ECoulomb

Ashik Ikbal Sheikh,  QM 2022, Krakow, Poland



Splitting:  Interplay between transported quarks and EM field
Quarks transported from beam rapidity ( u, d ) have different v1 than produced quarks            
(                  )e=> a splitting between quarks (transported) and anti-quarks (produced)


This splitting acts as a background effect for EM-field-driven splitting and should be avoided

Measure splitting between particle and anti-particle (                                                      ) with 
centrality


                        should be a sign of EM field (Faraday+Coulomb > Hall+Transport)

<latexit sha1_base64="c1UG6qCwT04IHcXp6mj51dRFRGE=">AAACFnicbVDLSsNAFJ3UV62vqEs3g60gSGvShboRirpwWcE+oI1hMpm0QycPZiaFEvoVbvwVNy4UcSvu/BsnaRbaemHgPO7lzj1OxKiQhvGtFZaWV1bXiuuljc2t7R19d68twphj0sIhC3nXQYIwGpCWpJKRbsQJ8h1GOs7oOvU7Y8IFDYN7OYmI5aNBQD2KkVSSrVdhpX9DmETQHdvmqTuBlxl6SE6mKavmrJqyiq2XjZqRFVwEZg7KIK+mrX/13RDHPgkkZkiInmlE0koQlxQzMi31Y0EihEdoQHoKBsgnwkqys6bwSCku9EKuXiBhpv6eSJAvxMR3VKeP5FDMe6n4n9eLpXdhJTSIYkkCPFvkxQzKEKYZQZdygiWbKIAwp+qvEA8RR1iqJEsqBHP+5EXQrtfMs5p5Vy83rvI4iuAAHIJjYIJz0AC3oAlaAINH8AxewZv2pL1o79rHrLWg5TP74E9pnz+lCZyP</latexit>

�dv1/dy = dv+1 /dy � dv�1 /dy

<latexit sha1_base64="HeBE3dMLjym4AOsmuxF2GoxIwcQ=">AAACD3icbZC7TsMwFIZPuJZyCzCyWLQgBlQlHYCxgoWxSPQitVHlOE5r1bnIdpCqKG/AwquwMIAQKysbb4ObRghafsnS5/+cI/v8bsyZVJb1ZSwtr6yurZc2yptb2zu75t5+W0aJILRFIh6Jrosl5SykLcUUp91YUBy4nHbc8fW03rmnQrIovFOTmDoBHobMZwQrbQ3ME4SqfReLNMmqZwV6Ocqfu8yqA7Ni1axcaBHsAipQqDkwP/teRJKAhopwLGXPtmLlpFgoRjjNyv1E0hiTMR7SnsYQB1Q6ab5Pho614yE/EvqECuXu74kUB1JOAld3BliN5Hxtav5X6yXKv3RSFsaJoiGZPeQnHKkITcNBHhOUKD7RgIlg+q+IjLDAROkIyzoEe37lRWjXa/Z5zb6tVxpXRRwlOIQjOAUbLqABN9CEFhB4gCd4gVfj0Xg23oz3WeuSUcwcwB8ZH990ypnJ</latexit>

ū, d̄, s, s̄

<latexit sha1_base64="GHXTJlFNB8GDJaEz1S8lEYdHqmw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrmrShbpwUdSFywr2AW0Ik8m0HTp5MHNTCKHgr7hxoYhbv8Odf+O0zUJbD1w4nHMv997jxYIrsKxvo7Cyura+UdwsbW3v7O6Z+wctFSWSsiaNRCQ7HlFM8JA1gYNgnVgyEniCtb3R7dRvj5lUPAofIY2ZE5BByPucEtCSax5hjCu9OyaAYH/s2ud+em1VXLNsVa0Z8DKxc1JGORqu+dXzI5oELAQqiFJd24rByYgETgWblHqJYjGhIzJgXU1DEjDlZLPzJ/hUKz7uR1JXCHim/p7ISKBUGni6MyAwVIveVPzP6ybQv3IyHsYJsJDOF/UTgSHC0yywzyWjIFJNCJVc34rpkEhCQSdW0iHYiy8vk1atal9U7YdauX6Tx1FEx+gEnSEbXaI6ukcN1EQUZegZvaI348l4Md6Nj3lrwchnDtEfGJ8/xn6TcQ==</latexit>

�dv1/dy < 0
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Faraday+Coulomb>Hall Faraday+Coulomb> 
Hall+Transport



Splitting: An approach to avoid transported quark effect

Use only produced particles:


Coalescence-inspired sum rule:                                              with           constituent quarks


Test sum rule (same                  space, with             no. of constituent quarks)

<latexit sha1_base64="MhEScqtXx+WWKw2nXgwqCTcw2mQ="></latexit>

K�, p̄, ⇤̄, �, ⌅
+
, ⌦� and ⌦

+

<latexit sha1_base64="WsxPu1m5LBt+x98UmHhLaVi8YZA=">AAAB/HicbVBNT8JAEJ3iF+JXlaOXjWDiibQc1CPRi0dM5COBptkuC2zYbuvuVtM0+Fe8eNAYr/4Qb/4bF+hBwZdM8vLeTGbmBTFnSjvOt1VYW9/Y3Cpul3Z29/YP7MOjtooSSWiLRDyS3QArypmgLc00p91YUhwGnHaCyfXM7zxQqVgk7nQaUy/EI8GGjGBtJN8uI1QV/j3qSzYaayxl9Fj17YpTc+ZAq8TNSQVyNH37qz+ISBJSoQnHSvVcJ9ZehqVmhNNpqZ8oGmMywSPaM1TgkCovmx8/RadGGaBhJE0Jjebq74kMh0qlYWA6Q6zHatmbif95vUQPL72MiTjRVJDFomHCkY7QLAk0YJISzVNDMJHM3IrIGEtMtMmrZEJwl19eJe16zT2vubf1SuMqj6MIx3ACZ+DCBTTgBprQAgIpPMMrvFlP1ov1bn0sWgtWPlOGP7A+fwBjRZP4</latexit>nq !
<latexit sha1_base64="64FaFV1N4/gY0k4cJmFJ+O7mE+8=">AAAB9XicbVC7TsNAEFyHVwivACXNiQSJhmCnAMoIGsog5SUlxjpfzskp57O5O4MsK/9BQwFCtPwLHX/D5VFAwkgrjWZ2tbvjx5wpbdvfVm5ldW19I79Z2Nre2d0r7h+0VJRIQpsk4pHs+FhRzgRtaqY57cSS4tDntO2PbiZ++5FKxSLR0GlM3RAPBAsYwdpI9wihcnoWe41z4T2UvWLJrthToGXizEkJ5qh7xa9ePyJJSIUmHCvVdexYuxmWmhFOx4VeomiMyQgPaNdQgUOq3Gx69RidGKWPgkiaEhpN1d8TGQ6VSkPfdIZYD9WiNxH/87qJDq7cjIk40VSQ2aIg4UhHaBIB6jNJieapIZhIZm5FZIglJtoEVTAhOIsvL5NWteJcVJy7aql2PY8jD0dwDKfgwCXU4Bbq0AQCEp7hFd6sJ+vFerc+Zq05az5zCH9gff4ABIWQ6A==</latexit>

y � pT /nq

Charge difference,                and strangeness difference,
<latexit sha1_base64="nvXYWc7Y51TrLQHlsvv+VQBDiKM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM9gKrkrShboRirpwWcE+oA1lMp20QyeTODMRaij+ihsXirj1P9z5N07TLrT1wIXDOfdy7z1+zJnSjvNt5ZaWV1bX8uuFjc2t7R17d6+hokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94NfGbD1QqFok7PYqpF+K+YAEjWBupax+gDKXONeUao3t0gZxS1y46ZScDWiTujBRhhlrX/ur0IpKEVGjCsVJt14m1l2KpGeF0XOgkisaYDHGftg0VOKTKS7Prx+jYKD0URNKU0ChTf0+kOFRqFPqmM8R6oOa9ifif1050cO6lTMSJpoJMFwUJRzpCkyhQj0lKNB8Zgolk5lZEBlhiok1gBROCO//yImlUyu5p2b2tFKuXszjycAhHcAIunEEVbqAGdSDwCM/wCm/Wk/VivVsf09acNZvZhz+wPn8AdRqSAw==</latexit>

�q = 0
<latexit sha1_base64="ok4DKW5hOoelZ1XMqJ3mmtYFc1k=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM9gKrkrShboRirpwWdE+oA1lMp22QyeTMDMRaij+ihsXirj1P9z5N07TLLT1wIXDOfdy7z1+xJnSjvNt5ZaWV1bX8uuFjc2t7R17d6+hwlgSWichD2XLx4pyJmhdM81pK5IUBz6nTX90NfWbD1QqFop7PY6oF+CBYH1GsDZS1z5AKUqda8o1RnfoAjmlrl10yk4KtEjcjBQhQ61rf3V6IYkDKjThWKm260TaS7DUjHA6KXRiRSNMRnhA24YKHFDlJen1E3RslB7qh9KU0ChVf08kOFBqHPimM8B6qOa9qfif1451/9xLmIhiTQWZLerHHOkQTaNAPSYp0XxsCCaSmVsRGWKJiTaBFUwI7vzLi6RRKbunZfe2UqxeZnHk4RCO4ARcOIMq3EAN6kDgEZ7hFd6sJ+vFerc+Zq05K5vZhz+wPn8ARwyR5Q==</latexit>

�S = 0

A. Ikbal, D. Keane, P. Tribedy, Phys. Rev. C 105, 014912 (2022) 
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Only 5 combination differences among many are independent 


Two degenerate combinations in        = 2  - Good cross check                                                                                              


 Measure splitting with         and        , though they are correlated

Combining different produced particles
Combinations having same or nearly same quark mass but different         and             
=> No transported quark effect                                                                                  
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Towards measurements: STAR detector and datasets

TPC+TOF for PID: TPC measures dE/dx 
of tracks (           ,                    )  and TOF 
measures time of flight (             )  


 EPD (                       ) or ZDC (              ) 
for event plane reconstruction

Datasets analyzed:

At                     GeV Au+Au at BES-II, 
and                       GeV Au+Au, and 
isobaric (Ru+Ru and Zr+Zr) collisions
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v1 vs y : Ξ and  Ω Baryons
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First v1(y) for multi-
strangeness


At 27 GeV,              
slope (      ) = −0.0214 
± 0.008,                    
slope (      ) = −0.0083  
± 0.002


Large v1 slope for      
(but big errors) 
compared to                
~2.7    significance
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Splitting at 2 different ∆q and ∆S   (27 GeV)
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( Nayak et al., Phys. Rev. C 
100, 054903 (2019) ) 
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Splitting with charge and strangeness
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(c) ∆v1 slope (fit constrained to 
origin) increases with         
and


Splitting increases going from 
d             200 to 27 GeV 


AMPT can not explain the 
data 


PHSD(+EMF) can describe 
the data within errors, but 
EMF is not the sole difference 
between these two models
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 0.2×(f) Au+Au, 27 GeV, 

Slope = 
 0.13(stat.)±[-1.88 

-2 10× 0.05(syst.)] ±

Splitting between proton and anti-proton  in 50-80% centrality

Splitting shown so far 
based on species with 
produced quarks only 


v1 and ∆v1 for p and     
are shown in Au+Au 27 
GeV, 200 GeV and 
Ru+Ru, Zr+Zr at 200 
GeV collisions


                between p 
and     is negative, with 
>5    significance 


                 is much 
(~factor 5) stronger at 
27 GeV - Longer 
persistence of EM field 
at lower energy?

STAR Poster by Diyu Shen: T01, Apr7
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 0.2×(c) Au+Au, 27 GeV, 

Preliminary STAR

Splitting between particle and anti-particle with centrality

                 for                                                            are shown in Au+Au 27 GeV, 200 GeV and Ru+Ru, Zr+Zr at 200 
GeV collisions  


                 decreases from central to peripheral collisions, with more than 5    significance                                                                                        


                 < 0 in peripheral collisions => qualitatively agrees with expectation of EM field effect (Faraday+Coulomb 
> Hall+Transport)
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Thank You

Summary
First measurements of v1 of multi-strange baryons - Large v1-slope  (with large 
errors) for       compared to   


Measured charge (      ) and strangeness (      ) dependent splitting - free from 
the transported quark effect                                                                                       


Splitting increases with       and      , stronger in lower collision energy  


PHSD+EM field calculations can describe the charge-dependent splitting 
within uncertainties


Negative value of slope of splitting between particles and anti-particles in 
peripheral collisions => qualitatively agrees with expectation of EM field effect 
(Faraday+Coulomb > Hall+Transport)
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