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Outline

e Motivation
e Experimental results:

1. Directed flow of identified particles (baryons)
(Probe baryon dynamics and strong electromagnetic field)

3. Spin polarization of hyperons (baryons)
(Probe baryonic Spin Hall effect bSHE)

e SuMmMary
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Gursoy et al, Phys Rev C 89, 054905 (2014)
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* The moving spectators can produce enormously large B field (eB ~1018 G)
 There could be three competitive effects
e Hall effect: F=qv x B

Lorentz force exerts a sideways push on charged particles

In opposite directions for opposite particles

(along -ve X-direction in ;];/e rapidity and vice-versa)

e Faraday effect: Vv xE = o

Time dependent B field generates a large E field
Induced Faraday current will oppose the drift due to B field
e Coulomb effect:

Coulomb field of the charged spectators

B-field at

—freeze-out
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* Imprints of EM field effects
Observable

e Hall: positive Ay, Avl N Vl(h+) B Vl(h_)
e Faraday: negative Ay,

e Coulomb: negative Ay,

e Non-EM field effects

o Transport: Av/ #0

o Av, sensitive to QGP conductivity (o)
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Motivation

In non-central heavy-ion collisions
e A large orbital angular momentum (OAM) imparted

iInto the system

Spectator e Gradient of longitudinal flow velocity — vorticity
along orbital angular momentum

| |
w:EVXV a)y=5(V><v)yz

Participants

1 dv,
2 dy

* Polarize quarks and anti-quarks due to “spin-orbit”

Interaction.

Vorticity generation Liang et. al., Phys Rev Lett B 94, 102301 (2005)

Jiang et al, Phys Rev C 94, 044910 (2016)

Polarization are sensitive to various gradients of the medium
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STAR Detector

Inner Time Projection Chamber

Event Plane Detector

Time of Flight /I

Zero Degree
Calor'\me ar |

Time Projection Chamber

b N

Uniform acceptance, full azimuthal coverage, excellent PID capability

TPC: tracking, centrality and event plane

EPD, ZDC, BBC: event plane (polarization axis, perpendicular to event plane)
TPC+TOF: particle identification
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Directed flow of identified particles
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Charge dependent directed flow

Observation Av,:ht —h~ _
Expectation
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STAR, Phys Rev X 14, 011028 (2024)

 For protons and kaons: sign change in Av, in peripheral collisions

(Negative Av, consistent with Faraday+Coulomb dominates over Hall effect)

Results featured in APS Phys  For pions: Av, ~ 0 (large uncertainty)

Strongest possible pulse of an electromagnetic field in a laboratory setting during heavy-ion collisions

FOCUS

Colossal Magnetic Field Detected in
Nuclear Matter

ions of heavy ions briefly produced a magnetic field 10'® times stronger than Earth’s, and it left observable



https://physics.aps.org/articles/v17/31

Charge dependent directed flow: system size dependence

Observation Av, i ht —h™
>
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e pion’s/kaon’s Av;: no obvious system size dependence across centrality

e proton’s Avy;: system size dependence across centrality

in different systems several factors to be considered:
e strength and lifetime of EM-field

e QGP lifetime and conductivity

* transport
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Charge dependent directed flow: with hydro + EM

STAR data (preliminary)
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* For proton’s
e Baryon transport + EM field with QGP conductivity o ~ 0.023 fm-
required to capture system size dependence across centrality
e (Central: baryon transport
* Peripheral: EM-field

“

Splitting in most-central collisions
Can be related to baryon transport

Proton splitting in mid-central and
peripheral collisions can be interplay
between baryon transport and
electro-magnetic field

Parida et al, 2305.08806
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Figure 1: An example of ink-made fish animation created with our method. Two fish are swimming in water freely, and the fishtails swing in
high speed. Ink flows emit from the fishtails at the same time, then the attractive dynamic ink diffusion effects can be observed.

https://doi.org/10.1145/2087756.20877

 In HIC, Ink (baryon) density is changing — (V pp)
 How the ink (baryon) density changing in transverse and longitudinal plane?

Next Talk by Tribhuban Parida


https://doi.org/10.1145/2087756.2087770

Charge dependent directed flow: system-size dependence

Net-baryon + EM

Difference Avi: h* - h-

pions & kaons: U+U ~ Au+Au ~ Isobar

protons: U+U < Au+Au < Isobar
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Farhan Taseer, SQM 2024 (STAR)

Centrality (%)

NO effect from Net-baryon + EM

Sum 2vi: ht + h-

pions & kaons: U+U ~ Au+Au ~ Isobar
protons: U+U ~ Au+Au ~ Isobar

Baryon transport + EM-field — can capture this trend
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Local spin polarization of hyperons
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Mgasurement of local spin polarization of hyperons

. 0.001
3 - STAR  Au+Au \s,,, = 200 GeV
o : 20%-60%
@ 0.0005
D :
Q !
O !
O—-
—0.00051 fit: po+2p1sin(2¢-élP2)
*A p =0.016+0.003 [%]
_0.001 %A P,=0.015+0.003 [%]
L D A
-¥ [rad
o o w=—=—V XV o7, redl
Longitudinal polarization 2 STAR: Phys Rev Lett 123, 132301 (2019)
e Elliptic flow Is expected to generate a longitudinal component of polarization (P-)
3 %
. P, =—/cos 65)
XH

e | ocal polarization is expected to be sensitive to space and time variation of
vorticity and convolute with flow driven space-momentum correlation

Becattini, Karpenko, Phys Rev Lett 120, 012302 (2018)

STAR: Phys Rev Lett 123, 132301 (2019) 1 2 Subhash Singha @ ATHIC 2025



Condensed matter

sx tpXE

splitting in spin on
opposite boundaries

“spin-orbit*

Heavy lon Collisions

Sx £p X Vyug

splitting in local polarization
of Aand A : P} — P2

_ |Js=196GeV, 0<y<08

.
—
.
\

Predicted Spin Hall

gradient of baryonic density (V 1)

type effect driven by

Polarization ~ V1T €&

D Shear @ V iz

Fu et., al., Phys Rev Lett 127, 142301 (2021)
Liu and Yin, Phys Rev D 104, 054043 (2021)

How do we visualize bSHE?

.

@,\ q >\ . ﬁ'&a‘* ; A 5*;W’

Figure 1: An example of ink-made fish animation created with our method. Two fish are swimming in water freely, and the fishtails swing in

high speed. Ink flows emit from the fishtails at the same time, then the attractive dynamic ink diffusion effects can

« In HIC, Ink (baryon) density is changing — (V up)

be observed.

 How the ink (baryon) density changing in transverse and longitudinal plane?

Baryonic Spin Hall effect (bSHE)
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Transverse-plane (x, y)
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O 200 GeV 19.6 GeV
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Observable P, , = (P, sin(2A¢)) A and A P, , = — (P, cos(2A¢))
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Qiang Hu, SQM 2024 (STAR)

Baryonic Spin Hall effect (bSHE)

—— (sin(¥; — ¢;))

3 (cos 6F)

© ay ((cos 6%)2)

Kinematics:
0.5<pr<5.0GeV/c

ly|< 1.0 for 27 GeV
ly|<1.5 for other energies

. Pz,é non-zero, no strong energy dependence, (hints of sign change at lower energies ?)
. PZ,y: first observation of monotonic energy dependence (better significance for A)

14
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Baryonic Spin Hall effect (SHE)

Pil,it = Pé}z - PZK,Z A-A
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Kinematics:

0.5 <pr<5.0GeV/c

ly|< 1.0 for 27 GeV
ly|<1.5 for other energies

e Not sufficient precision for (A — /A) at BES energies
* Non-trivial pattern, hints of sign change at lower energies (?)
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Baryonic Spin Hall effect (bSHE) with hydro model

YiYin, RHIC AGS 2024
Hydro: Xiang Wu et al (private
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Decompose local polarization (naive model)

® P2,Z — Cl X SIP @ C2 X VT@ C3 X V:MB—trans

o Data: P, , small magnitude but positive

e Model: Opp_..ns NEQligible,

° Pz’y — Cl X SIP @ C2 X VT@ C3 X VIMB—]OIlg

e Data: Pz,z large magnitude and monotonic
o Model: opp_j4n, NON-Negligible

e A simultaneous model fit with global and

local polarization data — help
understand the energy dependence
pattern and the expected non-trivial

contribution from 'V ug

C,, C, and C; can naively considered as medium response to Shear, Thermal gradient
and chemical potential (unknowns)

Subhash Singha @ ATHIC 2025



Summary

:\-o\ LI L L L L DL AL BN B
E - (a) Au+Au, 200 GeV 1+ (b) Ru+Ru and Zr+Zr, 200 GeV
o - 1
~-05[ =+
qp
< i ¢A =

e Directed flow (v4)

» Sign change in Av, in peripheral collisions
e V(p — p): system size dependence; v,(p + p): no dependence

Interplay of baryon transport and electromagnetic field with conducting QGP

o Global spin polarization (Py)

. Py monotonic beam energy dependence

Correlation between the net-baryon and angular momentum deposition

e Local spin polarization (P, . .)

—~9k,9 )"

e In-plane (Pz,z) positive magnitude; Out-of-plane (Pz,y) monotonic energy dependence

Signal of novel baryon density (V pi5) driven polarization (baryonic SHE)
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Thank you for your attention

Many thanks to STAR and theory colleagues for discussions
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Motivation

Magnetic Field

. Quark tran rtation
e Non-EM field effects R
eB, [fm™?] e Transport: Ay +# 0
1 Hall dominant .
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001} —freeze-out
. el l Transported quark effect: Av, # 0
10~
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0.5 1.0 1.5 >0 * L] P . e
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e Av,; sensitive to QGP conductivity (o)
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Charge dependent directed flow: system size dependence
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Farhan Taseer, SQM 2024 (STAR)
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Charge dependent directed flow: energy dependence
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In peripheral, negative Av+ increases with decreasing beam energy

With decreasing energy:

10° 102

* Nuclear passage time is large and B-field lifetime could be longer
o Lifetime of fireball could be shorter
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Measurement global spin polarization

Global polarization is measured from the angular
distributions using parity violating weak decay of .
hyperons (“self-analyzing”): / T, 5 v o 7Py
dN | i Pt \;’ \V/ BBC
= — 0/ .
.dﬂ* 471'( " Hde / : /
Py : Hyperon polarization q“a::g"‘;“ ’
oy - Hyperon decay parameter g / /
P4 : Daughter momentum direction : forward-going
* : Measurements in parent’s rest frame beam fragment
Component perpendicular to reaction plane:
I — HF Schiling et. al., Nucl Phys B 15, 397 (1970)
PH — 8 <Sln(\P1 ¢d )> (STAR Collaboration) Phys Rev C 76, 024915 (2007)
: moy  Res(Pq)

¢, : Daughter azimuthal angle

W, : 1st order event plane D9 Subhash Singha @ ATHIC 2025



Spin polarization of hyperons (baryons)
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Participants

L
Spectators

Magnetic Field

Motivation

In non-central heavy-ion collisions

* Initial strong magnetic field (B)

eB ~ m? ~ 10'® Gauss

induce different spin polarization

e Such strong B field can also polarize quarks. Can

quarks with different magnetic moments

IS expected

for quarks and anti-

eB, [fm™]

Hall dominant

0.1

0.01

0.001
107+
107

llllllll

In-medium
6~ 0.023 fm™!

llllllllll

B-field at

'

>0 7 [fm]

Kharzeev, Nucl Phys A803, 227 (2008)

* Imprints of EM field effects
2u\B
P;|| B P,||-B
(P —P
= VS
A
2/
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H

Hyperon polarization P (%)

&)

Beam energy dependence of global P,
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 Ppr follows increasing trend from 5.02 TeV
down to 2.4 GeV

e Models can

trend

capture the energy dependence

VN =62.4 GeV, 20-50% central Au-Au, averaged
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Au+Au at b =8 fm
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*
w

A STAR
A STAR

— crossover EoS
- — 1st-order-tr. EoS| -
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Karpenko et. al., Eur Phys J C 77, 213 (2017)
vanov et. al., Phys Rev C 100, 014908 (2019)
vanov et. al., Phys Rev C 102, 024916 (2020)
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P \: rapidity dependence with models

SNN — 72 GeV o SNN — 30 GeV
STAR Preliminary | | |
. . - . : 10 ' : '
STAR 7.2 GeV Au+Au, 7.7 GeV, 12/ AutAu, 3 GeV (0-50%) | Au+Au (b = 8 fm)
30F . 20-60% b=8fm . thin lines - @ term thin lines - no feed-down
‘- % 0.5<p;<1.0 GeV/c thin lines - @ term " bold lines - @ and V terms 8 bold lines - with feed-down -
8r -- 0
| o0\ A 1.5<p;<2.0 GeVic andVterms | & . 7 < 6
20F N0\ @ 2.0<p<25Gevic — crossover EoS g | " hadronicEoS N N A TR\
B -- 1PT EoS - * STAR =TI N R A Ny
W --- hadronic EoS z , 4 B =S
R 4:“52_ = _| PR R -
""" Pl T = ol ¥ STAR --- hadronic EoS .
_ ; .+. S % STAR preliminary  — crossover EoS +
- @ HADES preliminary --1PT EoS '
2 0 o0z 04 06 08 1 2 é ; & s 7 8
0. : v : : - VSnn [GeV]

lvanov et. al., Phys Rev C 105, 034915 (2022)

e Challenge for present models to explain rapidity dependence of Pa , while they can largely capture
Its energy dependence at mid-rapidity

* Needed proper modeling of amount of angular momentum deposition along rapidity

The correlation between net-baryon and angular momentum needed to be understood

J Liao, Chirality workshop 2024, Beijing 26 Subhash Singha @ PHD 2024



P, [%]

Possible constraint on B field by Pa

STAR BES-II

T O]

STAR Au+Au collisions
20-50% Centrality
A - A STAR Preliminary
- A PRC108.014910 (2023)
- A Nature548.62 (2017)

+

>l >l >

O

10

107
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T
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24
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10—74 ........ T Leviaiaaa Loy
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t/ Ray

P,||-B

VS & éRA

Scenarios can cause A\ and anti-A

polarization difference:

o Different freeze out for particles
and anti-particles

e Different response to mesonic
field generated by baryonic
current

McLerran and Skokov, Nucl Phys A 929, 184 (2014)

e No difference between A, A is observed with BES-II data
e Results set an upper-limit on late stage magnetic-field (B < 1013 1)
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Baryonic Spin Hall effect (bSHE)

Baryon density profile

@w=—VXYV

Decompose local polarization (naive model) o

Transverse-plane (x, y)

" 10 In-plane polarization

¢ P, =CXSIPO G XVT® C3X Vg s

Out-of-plane polarization

° P2,y — Cl X SIP @ C2 X VT@ C3 X VIMB—]OIlg

x 0.3 x 0.8
P 200 GeV 19.6 GeV

C,, C, and C;5 can naively considered as medium response to

Shear, Thermal gradient and chemical potential (unknowns)
Fu et., al., arXiv: 2201.12970
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Baryonic Spin Hall effect (bSHE

A—A

Baryon density profile 15 (0./.) — . — e ;
0 P, - P~ P. - P- |
T -pl , A A S S ‘
ransverse-plane (x, y) il —e— With SHE ~ —=— with SHE
- 0= = Ww/o SHE - =0= = W/o SHE |

E | .
E o 0.5 (PPetsin(2¢))
-5
-10 Of----memmmeem L eeE™ =
> ® Monotonic |
-0.5} Possible obsv. in exp. Au+Au, 20-50% |
V sy [GeV]
0.6 - ,
:(0/0) Py — Pz Ps — Ps |
04! —=— with SHE =~ ——=— with SHE |
o -<-- w/oSHE  ---- w/o SHE
< 0.8 - t
19.6 GeV 0.2 <Pyne COS(2¢)>
-10 -5 0 5 10 -5 0 O 10 -5 0 5 | - ™ = = =D= .
X [fm] X [fm] x [fm] | = -Non-monotonic-c - _ __ |
0 ) S e e e R |
Local polarization: (A — A) 0 2i Possible obsv. in exp. Au+Au, 20-50%
* In-plane: monotonic increase | Vsyy [GeV] et., al., arXiv: 2201.12970
e Out-of-plane: non-monotonic increase 09 Subhash Singha @ ATHIC 2025




Local (P,) spin polarization of hyperons

STAR: Phys Rev Lett 123, 132301 (2019)

One of the scenario:
Shear Induced Polarization (SIP)

0.001
O -
= ~ STAR  Au+Au \/SNN =200 GeV Total = vorticity @ VT & Shear
— -
x o - 200/0'600/0 2 _ : ' : :
@ 0.00051 s-quark Scenario
3 - | e Total === Grad T’
3 i 1 1 vorticity = =——SIP
Of 7 e TN
i | = O e e e SRR
_ - al
0.00051 fit: p,+2p Sin(20-2% )
- *A p =0.016+0.003 [%; P
0001~ +A p.=0.015+0.003 [%)
0'001- T\{ P, 1 1 - 1 - Particle rest frame ms = 0.3 GeV .
o 1 2 3 , | AutAu, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3
O-¥ [rad]
2 ¢ [rad]

Fu et., al, Phys Rev Lett 127, 142301 (2021)

Amplitude of sine-modulation sensitive to
hydrodynamic gradients

30 Subhash Singha @ ATHIC 2025

P, . shows significant centrality
dependence expected from elliptic flow



(P, sin[2(0-% ) [%]

Local (P,) spin polarization of hyperons

1 —
i STAR \/sNN =200 GeV
i o
0.5 T
B aﬁi il
I o, =-0_=0.732+0.014
O___ ______ @ __________________________________ {\______K_ ___________ ; _______
i *x  Ru+Ru&Zr+Zr, A+A
o Au+Au, A+A
- 0.5<p_<6 GeVic, |y <1 Pb+Pb 5.02 TeV, A+A
| | | | | | | | | | | | | | | |
0 20 40 60 80

Centrality [%]

31

e Clear centrality dependence of P,

e At mid-central collisions
Zr+Zr,Ru+Ru > Au+Au ~ Pb+Pb

* Hints of system size dependence, No
obvious energy dependence

STAR: Phys Rev Lett 123, 132301 (2019)
STAR: Phys Rev Lett 131, 202301 (2023)
ALICE: Phys Rev Lett 128, 172005 (2022)
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System size and energy dependence of P;

Pz,n = (PzSin[n(¢ - q’n)])
1

- |sobar \/SNN = 200 GeV

STAR preliminary
i At mid-central collisions

- RutRu&Zrezr, A+A . Zr+Zr,Ru+Ru > Au+Au

051 o Au+Au 200 GeV, A+A %
- % | pe

(P, sin[2(¢-¥ )]) [%]

e Hints of system size dependence

- 0.5<p_<6 GeVic, ly < a,=0,=0.732+0.014

| | | | 1 1 | I | ] | | | 1 1 I

0 20 40 60 80
Centrality [%]

STAR: Phys Rev Lett 123, 132301 (2019)
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Event plane harmonic dependence of P:

Fn = (Psin[n(¢ — ¥,)])

) 1

X

2N ' Ru+Ru&Zr+Zr, A+A  STAR preliminary

;c - % n=2

\_:e; - ¢ n=3

% " Hydro(w, +SIP__ ), nT/(e+P)=0.08 |

@» 05 [ n=2Ru+Ru 1 [ o .

ot n=3 Ru+Ru 1&1- I e Significant local polarization wrt 3rd

ot * order event plane
: %) %] % ¢ Pz(‘PB) ™~ PZ(‘IIZ)
0—---------------------------------------------------------------------:-\.- " n "
| STAR |5 = 200 GeV | * Results can provide information on

NN . .
- 0.5<p_<6GeV/c, ly I<t  %=0=0732:0014 complex vortical structures; constrain
S T B e—— on initial conditions, transport
Centrality [%)] parameters ...

Alzhrani et. al., arXiv: 2203.15718
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