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Brief history (~20 years in 60 seconds) part |

1987... +E 896, NAS7

2003 first ideas/discussions
(STAR meeting in Prague)

2004 ldea goes “on-shell”
first publications

2007 Fist measurements

First ideas on local vorticity

2013 ALICE Physics Week in Padova
idea of thermodynamical equilibrium

2017 STAR measurements in BES
first “non-zero” measurements

M. Jacob, J. Rafelski: Phys. Lett. 190 B (1987) 173

LONGITUDINAL A POLARIZATION, £ ABUNDANCE B sl

AND QUARK-GLUON PLASMA FORMATION

[nucl-th/0410079] Globally Polarized Quark-gluon Plasma in Non-central A+A Collisions
Authors: Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)

impact parameter

] ," P beam direction
Z

(Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5))

prediction Py~ 0.3

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro...
Authors: Sergei A. Voloshin

(Submitted on 21 Oct 2004) P’ —r %sy =1—1,=1

- Spin alignment — v,

it — |y =1 — 5y =1 - Relation to single spin asymmetries?

B. I. Abelev et al. (STAR Collaboration), Global polarization

_ 8
measurement in Au+Au collisions, Phys. Rev. C 76, 024915 Pp = TOH <Sln(\IjRP — ¢p)>

2007); 95, 039906(E) (2017).
s S |. Selyuzhenkov, S.V.

A global polarization < 2%

B. I. Abelev and others (STAR Collaboration), “Spin alignment measurements of
the K*Y(892) and ¢(1020) vector mesons in heavy ion collisions at /sy = 200
GeV”., Phys. Rev. C 77, 061902 (2008), arXiv:0801.1729.

B. Betz, M. Gyulassy, and G. Torrieri, Polarization probes of
vorticity in heavy ion collisions, Phys. Rev. C 76, 044901
(2007).

F. Becattini, V. Chandra, L. Del Zanna, and E. Grossi, Rel-
ativistic distribution function for particles with spin at local
thermodynamical equilibrium, Annals Phys. 338, 32 (2013).

~10M events

STAR Collaboration, L. Adamczyk et al., “Global |. Upsal, M. Lisa, S.V.

A hyperon polarization in nuclear collisions: evidence
for the most vortical fluid”, Nature 548 (2017) 62—65,

%) 665 citations
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Brief hlstory (~20 years in 60 seconds) part Il (as of summer 2024)

S e =

2017 - 2023

SQM: anisotropic flow -> polarization
along the beam direction

Global polarization at different
energies

Polarization of = and €2 hyperons

Polarization due to anisotropic flow
including higher harmonics

Vector meson spin alignment
measurements

ALICE Collaboration, S. Acharya et al., “Evidence of Spin-Orbital Angular
Momentum Interactions in Relativistic Heavy-Ion Collisions”, Phys. Rev. Lett.

125, no. 1, 012301 (2020), arXiv:1910.14408.

STAR Collaboration, M. S. Abdallah et al., “Pattern of global spin alignment of ¢
and K*Y mesons in heavy-ion collisions”, Nature 614, no. 7947, 244-248 (2023),

s oo 5 R i e s SN = TS OIUNES,

S. A Voloshin, “Vorticity and partlcle polarization in heavy ion collisions
(experimental perspective)”, EPJ Web Conf. 171 (2018) , arXiv:1710.08934
STAR Collaboration, J. Adam et al., “Global polarization of A hyperons in
Au+Au collisions at /s,y = 200 GeV”, Phys. Rev. C 98 (2018) ,
arXiv:1805.04400 [nucl-ex].

STAR Collaboration, J. Adam et al., “Polarization of A (A) hyperons along the
beam direction in Au+Au collisions at /s,y = 200 GeV”, Phys. Rev. Lett. 123
no. 13, (2019) , arXiv:1905.11917 [nucl-ex].

ALICE Collaboration, S. Acharya et al., “Global polarization of AA hyperons in
Pb-Pb collisions at /syn = 2.76 and 5.02 TeV”, Phys. Rev. C' 101 no. 4, (2020) ,
arXiv:1909.01281 [nucl-ex].

STAR Collaboration, J. Adam et al., “Global polarization of = and {2 hyperons in
Au+Au collisions at /s,y = 200 GeV”, Phys. Rev. Lett 126 (4, 2021) ,
arXiv:2012.13601 [nucl-ex].

ALICE Collaboration, S. Acharya et al., “Polarization of A and A Hyperons along
the Beam Direction in Pb-Pb Collisions at /sy ny=5.02 TeV”, Phys. Rev. Lett.

128, no. 17, 172005 (2022), arXiv:2107.11183.

STAR Collaboration, M. S. Abdallah et al., “Global A-hyperon polarization in

Au+Au collisions at /syn = 3 GeV”, Phys. Rev. C 104, no. 6, L061901 (2021),

arXiv:2108.00044.

STAR Collaboration, M. Abdulhamid et al., “Hyperon Polarization along the
Beam Direction Relative to the Second and Third Harmonic Event Planes in
Isobar Collisions at SNN=200 GeV”, Phys. Rev. Lett. 131, no. 20, 202301 (2023),

STAR Collaboration, M. Abdulhamid et al., “Hyperon Polarization along the
Beam Direction Relative to the Second and Third Harmonic Event Planes in
Isobar Collisions at SNN=200 GeV”, Phys. Rev. Lett. 131, no. 20, 202301 (2023),
arXiv:2303.09074.

ALICE Collaboration, S. Acharya et al.,
non-prompt Dx+ vector meson spin alignment in pp collisions at /s = 13 TeV”,
Phys. Lett. B 846, 137920 (2023), arXiv:2212.06588.

ALICE Collaboration, S. Acharya et al.,
with Respect to the Event Plane in Pb-Pb Collisions at the LHC”, Phys. Rev. Lett.

131, no. 4, 042303 (2023), arXiv:2204.10171.

SQM 2017

T. Niida, S.V,

T. Niida, S.V.

M. Konyushikhin, S.V.

T. Niida, S.V.

D. Sarkar, S.V

T. Niida, S.V., & Shandong U. group

“Measurement of the J/v Polarization

“First measurement of prompt and
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Statistical mechanics/thermodynamics

P o EA hy 38, <1>,1.43 Sin Y
Ren-hong Fang,! Long-gang Pang,? Qun Wang,! and Xin-nian Wang®* arXiv:1604.04036v1
IL,(p) = €upor P fdz)\p)‘ nr(l = np)0"5” b = u'““/T EA
8m [ dXap* np 3
=
T Wpv = l(@,,uu — Opuy) 2
I, =Wy /m = _%%pmspapm - ¢
W, — Pauli-Lubanski pseudovector

a _ 1 _ouve
SHY = et*T S, | | Rest frame: IT,, = (0, s) W= =73 UpWov
1 w 1 0v,

F. Becattini, I. Karpenko, M. Lisa, 1. Upsal, and S. Voloshin, “Global hyperon polarization at local
thermodynamic equilibrium with vorticity, magnetic field and feed-down”, Phys. Rev. C95 no. 3,
(2017) 054902, arXiv:1610.02506 [nucl-th].

Nonrelativistic statistical mechanics (applicable for any spin)

p(T, w;, B,w) cexp|(—F + pu;iQ; + - B+w-S)/T]

q ~ S(5+D) w V=w XTr

~ 3 T

28] L. D. Landau and E. M. Lifshits, Statistical Physics, 2nd

s Ed., Pergamon Press, 1969.

S N — f()r S— ]_ / 2 29] A. Vilenkin, “Quantum Field Theory At Finite Temper-
4T ature In A Rotating System,” Phys. Rev. D 21, 2260

(1980). doi:10.1103 /PhysRevD.21.2260
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Global polarization: centrality, system size dependence
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pPA — pA, Magnetic field at freeze-out
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SNN

APy = Py - Py = 21T (57)

where uy = —pz = —0.613ux with puy being the nuclear magneton. Thus, one

arrives at the upper limit on the magnitude of the magnetic field B < 103 T
assuming the temperature 7' = 150 MeV and ignoring the feed-down contributions

Al iF TR ] 8 i 4
m2  m_0613mz " A

e.g. baryon chemical potential

I The splitting could be also due to other effects,
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L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184—190
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Significant limits on the magnetic field at freeze-out

(time ~ 10 - 15 fm?)
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Shear induced polarization (SIP)
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S. Liu, Y. Yin, JHEPO7(2021)188
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Neither sign nor magnitude of P, could not be reproduced
by models based on thermal vorticity - “spin sign puzzle®. SIP?
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+ LHC measurements
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“Polarization of A and A hyperons along

HYDRO, AMPT: It was noticed that
the “kinematic non-relativistic
vorticity” fits data well, but is
(much) smaller than that including
contributions from acceleration
and temperature gradients

- F. Becattini and |. Karpenko, PRL.120.012302 (2018)

- X. Xia et al., PRC98.024905 (2018)

- Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019)

- Y. Xie, D. Wang, and L. P. Csernai, Eur. Phys. J. C (2020) 80:39
- W. Florkowski et al., Phys. Rev. C 100, 054907 (2019)

Centrality (%) - H.-Z. Wu et al., Phys. Rev. Research 1, 033058 (2019)
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ALICE (Run 3)
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* P, increases with decreasing centrality due to increasing system anisotropy, and mildly increases with increasing pr
* Run 3 results are compatible with Run 2 ones and have smaller statistical and systematic uncertainties, thanks to the
x20 size of the data sample (~6 X 10 collisions)

07/07/2025 Chiara De Martin — EPS 2025 |
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(P,sin[2(¢py; — ¥,)]) Centrality, size dependence

(P, sin[2(0-% )]) [%
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0
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p%pt,max [T/rmaw (¢S)] [1
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bcos(2¢,)

_ an]
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1 —

> .
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~~— ‘L
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ﬁ »
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Available on the CERN CDS information server CMS PAS HIN-24-002

CMS Physics Analysis Summary

2024/06/02

Contact: cms-pag-conveners-heavyions@cern.ch

Azimuthal dependence of hyperon polarization along the
beam direction in pPb collisions at , /5= 8.16 TeV

1 pPb 186 nb™" (8.16 TeV) pPb 186 nb" (8.16 TeV)
| | | | I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I |
- CMS Data  TL,ENT0-3D+CLVisc | - CMS A+ A N -
| 08<p_<6.0Gevc ® A A eq. ] 0.6(|n| < 2.4 + 185< N < 250 _
— ffline
Q) T Im|<2.4 ® A iso-theq. Ty - B 60<N, <120 -
9\./ ()_5—”|| - . Q\_/ " b 3<NOMe 60 _
~ - * + A +A squark eq. - B I < Ny |
5 s # ] N | ¢ N
9'-4 I *- # ¢ ] 9|-< 0.4
S i e T ! :
) s . :
[= - - S I . i
v | N 0.2 +
Q_ - il Q. 0. +
~ -0.5( — = | :
I ] i .+. o, = 0.750+ 0.009 1
i o, =0.750+0.009 o =-0.758+0.010 _ b o = -0.758+ 0.010 -
| | | | l | | | | | | | | | l | | | | I | | | | | | | | l | | | | | | | | | | | | | | | |
0 50 100 150 200 250 0 1 2 3 4
offline GeV/c
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BES II: PZ

P,, (%)

0.6
0.4

0.2

—0.2
-0.4
—0.6

-~ STAR preliminary—=- P, ,(A) —- P, ,(A)
" Au+Au collisions P2zampdA) Pz'z’ampt(Al
e = | P2,z,smash(/\) S E P2,z,smash(A)
3 t
ol ot . SO # ....................
_ e g o
= = \"‘\\ =l e
— Centrality:20~50%
I | | 1 ] I | | 1 | [ | | | | I ] ] ] ] I ] ] | ] I
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B4 16

Spin Hall effect:

G (SHE) 1

@ T AmE

€1,jPiO j(:“/ T).

_ Au+Au collisions

==

-STAR preliminary

P,-P
— with SHE
----w/o SHE

Model predictions

PP,
-------- with SHE
---- w/o SHE

-0.5
Centrality:20~50%
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9 10 15 20 25 30
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Py(¢) SIP vs simple estimates

Compare with exp data: P, (¢) with & without SIP

B. Fu, S. Liu, L. -G. Pang, H. Song, 3% }r(in, Phys.Rev.Lett. 127 14, 142301(2021)

Vorticity

—-10 -5 0 5 10
x (fm)

It is not clear why hydro without SIP predicts
larger polarization “out-of-plane”™ — which is
at odds with expectation from the right plot

&, STAR preliminary Au+Au 200GeV - s-quark Scenario e
(N - 20-50% 0.3 | Particle rest frame e .
04— A and A combined | g5
<Pp> [ — — — W — — — — — . =
02| L
- STAR, NPA, 98 e
- (2019) 511-514
o 0 0.0
“in-plane A  <€———% out-of-plane Au+Au, 200 GeV, AMPT+MUSIC, 20 - 50% |
_0'20 05 1 15 04 v ul -' : T 7
¢ — Wy [rad] . A Scenario e=mwith SIP
0.3 | Particle rest frame B -
Total P¥ oal |
=Thermal vorticity + Shear effects ? - i . -
%
vl : ‘‘‘‘‘ - s~~‘- i
-In the scenario of ‘S-quark o '
y ” . PSS TS SRR
memory’, the total P#* with SIP o o T = 1116 GeY
. . . u+ u, ! eV, . + ! , 20 - o°|
qualitatively agrees with data 0.1, - > 3
¢ [rad]
(shear) 1 1
S ~ €:1iDkPm — (0.0, + 0,,;)
i 1k kMm m m
AMTE % ‘
e - 1
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PHYSICAL REVIEW C 76, 044901 (2007)

Before

. Vorticit
X BGK Firestreak v
Collision veM = (N" -NT/NT +NE )
° ° o Yo ° ° e o A g 10 part part P
Polarization probes of vorticity in heavy ion collisions A\ = 0
p 1‘ " b 8 )
Barbara Betz,'> Miklos Gyulassy,'** and Giorgio Torrieri!>? — [ |\ |” & 0.6
| @] 4 0.4
,-/'I b '|
‘/,' ® | 2 0.2
—--/.-" . I.‘\ O
- — vV J ; —2 0.2
v | by
""' \ —6 —0.6
gk [ ‘, 1050 - ; " o\ /dx N, /dx dy  (fm™)
| ® 'l
I‘ |
,'. |t
J |\
- | 7
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— - | '.'
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|
o
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Il ] \'\
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- ;9 e
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FIG. 2. (Color online) Initial densities in the BGK model (left
as well as the model used 1n Ref. [7] (right). In the BGK case, dashe
lines represent the rapidity extent of the “excited state” produced t
the individual nucleon, while solid lines correspond to the cumulatiy
density. See text for model definitions and further explanation.
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Py : SIP vs vorticity

SIP: Vorticity
SAHR ALZHRANI, SANGWOOK RYU, AND CHUN SHEN
o veM = (NT -Npa)/(NT+NF ) 0 dv/dx d®Nogy /dx dy  (fm™)
06 : L B B B IMVI | | B R | B B | B B T T 1 |: g 8 08
I “th i > 6 0.6
0.5F === wl + SIP(BBP) - . 0.4
F W + SIP(LY) : 2 0.2
0.4 -~ wffhy + SIP(LY) + uplP . 0
B Sa ] -2 0.2
>, "l ] 4 0.4
2 0.3 = — —6 0.6
| I -8 0.8
0.2 :——-—-— iiii 19530 -5 0 5 10
pomen . X (fm)
01 LnT/(e+ P)=008 n| <1 N
T w=0.8fm 0.5 <pr<3GeV -
- Cgw = 0.5 GeV/fm3 20-50% Au-+Au /sny = 200 GeV )
0.0 | ] | ] I | ] | ] | ] ] | ] | ] ] | ] | ] ] | ] | ] ] | ] |
0.0 0.5 1.0 1% 2.0 2.0 3.0

¢ — Vs

Results from different calculations under

the same conditions differ! Will be difficult to separate

the two contributions
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P, (%)
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BES II: P,(¢)

Py (¢H 3 \PRPapﬁanH) = I (pi{{ﬂ?H) + 2% (pfanH) COS{Q[¢H o \IJRP]}
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Shear induced polarization (SIP)

P?*(¢ — Ugrp)

vorticity: @ee = 5 (Ootp — Opus)
1
shear: g, = 5 (O, + Dpuo)

S. Liu, Y. Yin, JHEPO7(2021)188

B. Fu et al., PRL127, 142301 (2021)

F. Becattini et al., PLB820(2021)136519
F. Becattini et al., PRL127, 272302 (2021)

Neither sign nor magnitude of P, could not be reproduced
by models based on thermal vorticity - “spin sign puzzle”

0_004 i T I T T | T T I T T I T T I T | I T T I | |
i Wiy, nT/(e + P) =0.08 ]
0.003 - === Wl + SIP(BBP) w = 0.8 fm .
_ 3
[ | =i wébh’/ + S|P(LY) Csw — 0.5 GeV/fm i
0.002 - W+ SIP(LY) + pplP -
- - % STAR

= 0.001 F ]

§ : . JemTT T
0.000 K T S T A
AN 7 i\\\\! ”.//:
—0.001 | nl <1 .
- 0.5 <pr <3 GeV -
- 20-60% Au+Au /sny = 200 GeV -
_0'002 _I | | | | | | | | | | | | | | | | | | I | | | | | | | | | | I_

0.0 0.5 1.0 1.5 2.0 2.5 3.0
¢ — Wy

(shear) __ 1 ) l
Si i A TE €ikiPkPm 9

Would higher harmonics
measurements help to observe
the SIP contribution?

Note that SIP contribution
comes mostly (?) from dv,/dx

(0jvm P ‘ mvj)

page 21 Chirality/Vorticity/MagneticField-2025, Sao-Paulo, July 07-11, 2025

S. Alzhrani, S. Ryu, and C. Shen, “A spin polarization in event-by-event
relativistic heavy-ion collisions”, Phys. Rev. C 106 no. 1, (2022) ,
arXiv:2203.15718 [nucl-th].
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P, ., = (P sin[n(¢ — ¥)])

o
Q)
7))
(o
S
Q
<
D
o
Q
—
Q
=
D
-k
D
:-
N
Q)
.y
O
=
Utrecht 2017

Number of emitting “sources”:
ox |1 4 289 cos(2¢p)]

Transverse rapidity (boost):

Pt = Pt,max 7/ Tmaz(Ps)]|1 + az cos(2¢;)]

lllllllllllllllIllllllllll

W, ~ Pt max Sin(n¢s)[an T 2377,]

The effects should be present also at higher harmonics,
e.g. for triangular flow.

Provides connection to vn(pt) and azFemto measurements

page 19 Strangeness in Quoawk Matter, Utrecht University, July 10-15,2017  S.A. Voloshin ‘YJW T,QTYE
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P_ in isobar collisions, + third harmonic

STAR Collaboration, “Hyperon polarization along the beam direction relative to
the second and third harmonic event planes in isobar collisions at /syny = 200

GeV”, arXiv:2303.09074 [nucl-ex].

~4B events
o
.i. | Ru+Ru&Zr+Zr, A+A
/:\ i *x nN=2
9_‘ < ¢ n=3
& | HydroRu+Ru, nT/(e+P)=0.08
= - n=2 (o, +SIP...)
‘= 05— B n=2(o,+SIP,,)ideal hydro -
N - ---n=2(w, +SIP ) FUﬂ '
" B=n=3 (0, +SIP..) 1 i
~ - T %‘]
i
- STAR VSNN —200GeY =TTttt eemem=-=- -
O.5<pT<6 GeVie, |y |<1 a, = Ol = 0.732£0.014"
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.' MO del S. Alzhrani, S. Ryu, and C. Shen, “A spin polarization in event-by-event
: relativistic heavy-ion collisions”, Phys. Rev. C' 106 no. 1, (2022) ,
calc’s:  arxiv:2203.15718 [nucl-thl.
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fit: p +2p sin(2¢ - 2% )
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| STAR /s = 200 GeV
- 20-60% centrality, A+A |y |<1

o Au+Au, n=2
- ® Ru+Ru&Zr+Zr,n=2 an
. ¢ Ru+Ru&Zr+Zr,n=3
51— Hydro (o, +SIPg;.)
n=2 Ru+Ru +
= n=3 Ru+Ru ¢ t
@)
_________________________________________________ 9 .
0, =-0.=0.732+0.014 |
| | | | | | | | | | | | | | | | | | | | |
0 1 2 3 4
P, [GeV/c]

ZeJe 24

pr dependece, + fourth harmonic
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ALICE, Run 3

z . - :
- 2% ) 0,002 ALICE Preliminary E

- Pb-Pb |5, = 5.36 TeV, 20-60% ]

Yo ooots.  A+A.p.>05GeVic, ly| <05 E

: - P, p, + 2P, SiN(2p - 2W,) -
PZ,NM:_ —=— P, P, + 2p1 sin(3¢ — 3¥,) _:

.~ :
.\
.
K
o
K
.

Y. originates from fluctuations in

0.0005 . . .
the initial energy density

-0.0005

o
IIII|IIII|'_*.I~III|

1 l l l | l l l l | l l l l | l l l l | l l l l | l l l l |
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* The polarization induced by the triangular flow is measured for the first time at the LHC energies
— it helps identify the contribution from SIP, which is expected to be different for different harmonics

Chiara De Martin — EPS 2025

07/07/2025
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NEW! & By I z
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0.004— B - ]
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i A +K, |y| < 0.5, ,OT > 0.5 GeV/c ] 0_0025; A +K’ |y| <05 ® _f
0.003— 1 - ]
[~ Z,S2 i, 0.002F—*" [zs2 =
L ® | _ n
| —e— i C  e— ]
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o . =t g 0.0005— :%ih‘m =
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T

* The third-order polarization P, ;3 is compatible with the second-order polarization, despite the triangular flow
being smaller than the elliptic flow — comparison to model predictions needed to interpret these results
* With 2024 and 2025 data, the measurement of polarization induced by higher harmonic flow will be possible
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\WERS decay decay 0 e
(GeV/c?) mode parameter
I

P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Measuring = and €2 polarization

maghnetic
moment

(k)

dN 1
df)*

Smaller a, more difficult to measure P

A(uds) 1.115683 7.89 A->mp 0.732+£0.014  -0.613  1/2
(63.9%)

=-(dss) 1.32171 491 I=->Am  -0.401£0.010 -0.6507 1/2
(99.887%)

Q (sss) 1.67245 2.46 Q->AK-  0.0157£0.002 -2.02 3/2
(67.8%)

 Different spin, magnetic moments, quark structure

T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

Pz - P} )P

b=PZ X D)

v=p) X (P X p})

a‘*+p 4y =1

a : P-violation
f : CP violation

» Less feed-down in = and €2 compared to A

 Freeze-out at different time?

an ~ .02 make it impractical to measure
the polarization of €2 via 2 — A + K~ decay

P = C=- APz = 5 (1+27=) P%
Cz-p =3 (2% 0.89+1) = +0.927

P} = Co-aPg = £ (14 470) P

CQ_A ~ 1 or CQ_A ~ _06

=, spin 1/2

(2, spin 3/2, ¥y not known
Yo~ £ 1

Possibility to determine y, under assumption of the global polarization
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= and €2 global polarization

- P_(7.7)=7.343.02 [%]

A:l—A =)
Q

I
E]+ ]
4+ &
O (11 111

+ +

[1]

AMPT PRC99, 014905 (2019) |

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
mA [OA

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A oA

STAR Au+Au 20%-80%

—+

= (via daughter A P)

Q (via daughter A P,)

0.732 +0.014 ¢
-0.758 £ 0.012

L]

1=

- o = -0 =-0.401+ 0.010
|

10 10°

10°

\'Syn [GeV]

. _ laz + Pz -pR)p) + P=Pz X P}, + v=p X (Pz X p))

[+ azP% b,

a‘+pr+y =1

1
* = Co AP == (14 4y P}

3

A way to measure the decay parameter y, !

=, spin 1/2

(2, spin 3/2, y not known y, =~ £ 1

than that of A

= polarization might be slightly larger

() polarization results favor yo = + 1

STAR Collaboration, J. Adam et al., “Global polarization of = and {2 hyperons in
Au+Au collisions at /sy = 200 GeV”, Phys. Rev. Lett 126 (4, 2021) ,

arXiv:2012.13601 [nucl-ex].

g = 2

Expectation P ~ EPA
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BES II: =, Q2

. Au+Au collisions at BES-II

3 T 20-50% Centrality
B nl <1.5,0.5< p_< 6 [GeV/c]

- —an
¥x © + %2 PRL126, 162301(2021)

- AMPT: — & -—A STAR Preliminary

- —_— =
x Z=—=A+ = —A PRL126, 162301(2021)

'Sy [GEV]

2

10

P, [%]

-10

STAR Preliminary _

Au+Au collisions at BES-II —
20-50% Centrality -

nl <1.5,0.5 < p_ < 6 [GeV/c]
o Q—A+ Q+%é
% Q—-A+Q —A PRL126, 162301(2021)
oA+ A —
AMPT: - Q -A —

'Sy [GEV]

Model calculation:
H. Li, X. Xia et al Phys. Lett. B 827, 136971 (2022)
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ALICE: P~

x107° N [w |

‘Eﬁ - b The first measurement of E longitudinal polarization
a. 10~ ALICE Preliminary B in Pb—Pb collisions was performed using a sample of
- Pb-Pb, \s, = 5.36 TeV i ~6 X 107 Pb—Pb collisions collected during the LHC
8 e = +F . |n|<08, p._ > 0.8 GeV/c 7 Run3in 2023
% A . . I :
6 A+ Ay T<0s, Pr > 0.5 GeVie ® The Z longitudinal polarization shows a hint of
I iy i increase with decreasing centrality and is compatible
AL - with A one, confirming the spin hierarchy
u ® (SA = Sz = 1/2)
.- L
_ P :
i °— | |
O =*=ﬁ*ﬁ.---.# ...................................................... —
_l I 1 1 1 | | 1 1 1 | | 1 1 1 | I I | | 1 1 1 | I I | I I_

0 10 20 30 40 50 60 70 80
Centrality (%)
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Contrlbutlons to polarlzatlon

fluid rest frame u* = (1,0,0,0) wh = (0,w)

1 W -
$°(@,p) = g~ (1~ nr) 5

1 p X VT Fw pxA
S(x,p)zg—m(l—np)( 2 - 2 T | 7 >

Contributions due to V1 and A should be small in nonrelativistic limit!

Similarly for SIP
E 1

S(vort) T eikji(c?kvj —= 8jvk)
shear 1 1
5( ) ~ A TE €Cikj PkPm 5(3jvm 8mvj)

Contribution from dvz/ dax:

5S¢ X p,py, & SIN(2¢)
A ocpz2 —p)% x ~ 1+ cos(2p)

5, & pyp, & sin(20) sin(¢p)

Momentum in the rest frame of the fluid - averaging over the production volume
should further suppress such contributions.

page 30 Chirality/Vorticity/MagneticField-2025, Sao-Paudo, July 07-11, 2025  S.A. Voloshin “@:)n“fei?:@ﬁ



P(ﬁ in asymmetric collisions

EPJ Web of Conferences 171, 07002 (2018) https://doi.org/10.1051/epjconf/201817107002
SQM 2017

Vorticity and particle polarization in heavy ion collisions (exper-

Global/local polarization and...

imental perspective)

Sergei A. Voloshin®-*

... and asymmetric collisions
(CuAu, dAu, pPb,...) => W

... and radial flow+longitudinal(y) => Wqﬁ

+ anisotropic flow => w¢(¢)

Finally, we mention another very interesting possibility for vorticity studies in asymmetric nuclear
collisions such as Cu+Au. For relatively central collisions, when during the collision a smaller nucleus
is fully “absorbed” by the larger one (e.g. such collisions can be selected by requiring no signal in the
zero degree calorimeter in the lighter nucleus beam direction), one can easily imagine a configuration

S 2 (R One of the analyses, where the results
Cn directly depends on the correction:
\ <= = (w ’ the effect — nonzero results —
‘1 i
s I 7 S can be faked by “slightly off

with toroidal velocity field, and as a consequence, a vorticity field in the form of a circle. The direction
of the polarization in such a case would be given by pr X Z, where pr and Z are the unit vectors along
the particle transverse momentum and the (lighter nucleus) beam direction.

acceptance/efficiency correction.

In that, it is very different from the global
or P, analyses, where “wrong correction”,
could lead only to a relatively small

z-direction — Cu beam w X @ _ _ .
difference in the magnitude of the effect.
Small off-center (impact parameter) will lead A Probability to reconstruct %
to “circular” vorticity on average 4 decay on the left is 3
different from

dAu, pPb, etc... v | that on the right \
— T e e This is one of the reasons for many years
age ) , 6+ > A. Voloshin UNIVERSITY

Calculations:

M. A. Lisa, J. a. G. P. Barbon, D. D. Chinellato, W. M. Serenone, C. Shen,
J. Takahashi, and G. Torrieri, “Vortex rings from high energy central p+A

Cu-Au analysis is still “in progress”. Requires
running with opposite polarity magnetic field

collisions”, Phys. Rev. C'104, no. 1, 011901 (2021), arXiv:2101.10872.

But fluctuations/correlations should be possible to measure!
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Simle estimate of the effect

dv/dp d°Npy /dx dy  (fm™)

10 IO-5 Cu+Au, b<1 fm, Wyp = 0. NN center-of-mass
8
4
5 —0.3
0 ] compare to “global” polarization in AuAu
0.2 dv'/dx dszart /dx dy (fm™)
10 10
)
0 —0.8
—0.6
]
—0.4
0.2
0
1 0.2
BT 0 5 10
X (fm)
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Summary

NP g SRS AR S =ER = WSO R

% Vorticity is an important piece in the picture of heavy ion collisions
Very rich and extremely interesting results and future

P, measurements surprisingly (or not?) A tool to study hadron spin structure?
well agree with the BW expectations

| Is the "Cooper-Frye” prescription good

contributions appear to be large/significant
A specific predictions for SIP, SHE, etc. are needed

Spin alignment: a thorough review and understanding
of the detector effects are needed

e Measuring P, to complete all the components of polarization and compare
the data to the Glauber estimates and full hydrodynamical calculations.

e Circular polarization P, to search for toroidal vortex structures

e The particle-antiparticle difference in the polarization dependence on az-
imuthal angle at lower collision energies testing the Spin-Hall Effect.

e Polarization splitting between particles and antiparticles, including parti-
cles with larger magnitude of the magnetic moment such as €. It will further
constrain the magnetic field time evolution and its strength at freeze-out,
and the electric conductivity of quark-gluon plasma.

e Precise measurements of multistrange hyperon polarization to study par-
ticle species dependence and confirm the vorticity-based picture of polar-
ization. Measurement with {2 will also constrain unknown decay parameter Yq.

e Understanding of the vector meson spin alignment measurements including
new results with corrections of different detector effects.
_ , _ \ N e Measurement of the hyperon polarization correlations to access the scale
e Precise differential measurements of the azimuthal angle and rapidity de- > .
of vorticity fluctuations.
e Measurement of the hyperon polarization in pp collisions to estab-

lish /disprove possible relation to the single spin asymmetry effect.

pendence of Py (P_y).

e Detailed measurement of P, induced by elliptic and higher harmonic flow.
In particular this study could help to identity the contribution from SIP,
which is expected to be different for different harmonics. T. Niida and S. A. Voloshin, Polarization phenomenon in

e Application of the event-shape-engineering technique’“® testing the rela- heavy-ion collisions, (2024), arXiv:2404.11042 [nucl-ex].
tionship between anisotropic flow and polarization.
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EXTRA SLIDES
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The Cooper-Frye prescription

Equation (5) yields the correct number of parti-
cles, but it is inconsistent with energy conserva-
tion [see Eq. (20)], so we are led to consider how

PHYSICAL REVIEW D VOLUME 10, NUMBER 1 1 JULY 1974 one determines EdN/d3p for the simplest System,

Single -particle distribution in the hydrodynamic and statistical thermodynamic models
of multiparticle production

Fred Cooper* and Graham Frye
Belfer Graduate School of Science, Yeshiva University, New York, New York 10033

an expanding ideal gas.

t if we choose do, =(d°x, 0). The invariant single-

In both models, one assumes that the collision
process yields a distribution of collective motions.
In Hagedorn’s approach these collective motions
are called fireballs; in Landau’s approach the
collective motions are that of the hadronic fluid

Milekhin’s® version of Landau’s model, in which
dN/d®v is proportional to the distribution of entro-
py in the fluid. In a notation explained below [see
Eq. (18)], Milekhin’s expression is

dN 14
M E

Equations (1) and (4) can be combined to give

dN 2 =
EEE;E fg(E, T(v))Eu“dou. (5)

Lege

particle distribution in momentum space, of those
particles on o, is

E—--—- - f f(x, pYpHdo, . (9)

Equation (9) is to be compared with Eq. (5) under
the assumption that the fluid is locally in thermo-
dynamic equilibrium,

f(x, p)=g(E(v(x)), T(x)). (10)

The contrast between Egs. (5) and (9) is that p*
has been replaced by Eu* in Eq. (5). To choose

Is the Blast Wave model “closer” to Milekhin’s prescription?

Note that the polarization observables are sensitive to

the gradients of the fields, unlike most (all”?) of the observables
used so far. This bring new important information to the picture
of the freeze-out stage.
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Spin alignment in vector meson decays

Strong decays of vector mesons into two
(pseudo)scalar particles

Ap = po — 1/3

Ap

~ (w/T)*/3 ~ 4P% /3

Thermal estimate

KV s nr4+ K AN ]
R Teos g% S (1 = poo) + (3poo — 1) cos? 0 Dog = W - probabillty for 5. = 0
%
dézojgf@* o wo|Y10? + wir|Yi1]® +w_1]Y1 _1|* o< wocos?® 0F + (wy1 +w_1) sin® 0* /2
5 § 1
Ap = 5 (<C082 0 > — §) Theta* method
4 .
Ap = — 3(003[2(45* — Wo,p)]) | Phi* method
V> [T~
1 2 . ) :
W(0,0) o W) (14 Agcos” 0+ Agsin” O cos2¢ + Agy sin26 cos @) e 1 s K
and ¢ - KTK~, the daughters
g = 1 — 3 poo in J/w — [T]~ have spin 1/2
1+ poo

Lege
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Observation of Global Spin Alignment of ¢ and K*" Vector

S pl n -al |g nme nt: STAR Mesons in Nuclear Collisions (STAR Collaboration)
! | ! LR | ! ! LR | | | | | Id)I ql) o | o - [T | [ [ T T TTT | [ [ 1 T 1T |
04l *¢ (lyl<1.0&1.2<p <5.4GeVic) - 1 i - m¢ T-order EP (1.2 <p_<5.4 GeV/o) -
ol o K°(ly|<1.0&1.0 < p. < 5.0 GeV/c) _ 0.4, o 2order EP (12 <p_ < 5.4 GeV/c) —
) - 1 - Sk ]
- x | — G = 1109 £ 143 fm” - ﬂﬁi!*ﬂﬂ - o K 2"-order EP (1.0 <p_< 5.0 GeV/c) -
8 T Au+Au 200 GeV o - -
QL l o e N TTTTTTTTTmmTmmmmmmmmmmmm e J
L B e e e S Q
| g) Kb | | | | @ _
0.3_ ] T ] 0.3 % _
" filled: Au+Au (20% - 60% Centrality) : I E PO PR T - ] :
0.25— open: Pb+Pb (10% - 50% Centrality) N T+ . 0 25__ Au+Au (0-20% & |y| < 1.0) __
| | | | I N I | | | 1 1111 | | | 1 l )
| || I A T || I A T || |
2 3 T 7
10 10 10 | Au+Au 200 GeV - 10 102 108
\/% (GeV) "0 20 40 60 80 \/% (GeV)

RHIC: Mean field of ¢ meson plays a role?
Does it change from RHIC to LHC?

X. Sheng, L. Oliva, and Q. Wang, PRD101.096005(2020)
X. Sheng, Q.Wang, and X. Wang, PRD102.056013 (2020)

One possibility for noticeable spin alignment
might be strong, fluctuating in direction,
polarization, e.g vorticity, (the mechanism
discussed by B. Mueller).

This possibility might be checked
with AA correlations

If it is related to the vorticity, it must depend
on the direction. In mean field approach (as
well as any others) -

what are the predictions for p; y and p_; _?

Helicity conservation and heavy resonance
decays into vector mesons?
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rapidity dependence of p,

Spin alignment of D** vector mesons in Pb—Pb collisions at ,/syy = 5.02 TeV  ALICE Collaboration

o _IIII|IIII|IIII|IIII|IIII T T 1 1T T1T_] T T D T | T T T T | 8 _I||||||||||||||||||||||||||||||||||||_
© i _ [ STAR Preliminary @) ] < ALICE Preliminary (b)
= - ALICE - 0.5~ ¥ 2% order (1.0<p, <5.0 GeVic) o 0.6~ 30-50% Pb-Pb, |5y, = 5.02 TeV N
0.6~ 80-50% Pb-Pb, |5, =5.02 TeV — [ @ o (L0<p, <50 Gavi ' Reaction plane |

- L : _ T e Tok? ry (1.2<p_<5.4 GeVlc, s
S - Reaction plane - a5 0N (8= by o4 Gele i I .
& .4 . — | | |
B 05—_ - a® L Au+tAu19.6 GeV W _ 0.4 -
™ - - - 0%-80% -
° L - : : :
é 0.4 __ __ 0.35 [ﬂg““‘ — - o 1
S "L _ L . ISP o A i
= | | : i L Prompt D**, 15 30 GeV/c |
E : +_- 1 : OISW.IIII:‘-“‘| | | | | | | | |_ O.2|||||||II|IIII|IIpllllllI|<ILI)TII<|IIII|IIII
15 0.3 . B _ 0 0.5 1 O 01 02 03 04 05 06 0.7 0.8
= L J - lyl vl
T Prompt D**, 0.3 08 -
G i e Prompt D**, 0.3 <|y|<0O. i
i 0.2 ¢ Inclusive J/p, 25<y<4.0 —
= i 1 | | | L1 | | | I I | I I | I I | L1 | | | L1 | | o 4 S
S e s R AR R R RN R Figure 5. Rapidity dependenc of pyy measured by STAR [18]
8 - ® ]
S , : and ALICE [17].
OF — ‘ ]
S~~~
o — 2 - —— ] EPJ Web of Conferences 296, 01024 (2024) https://doi.org/10.1051/epjconf/202429601024
— - ] Quark Matter 2023
I o _4__I I_,_I | I | I I | I I | I I | I | [ | I__ f P
~ O ) 10 15 20 25 30 Athong Tang
— pT (GeV/ C) 'Brookhaven National Laboratory, Upton NY, USA

Fig. 5: The spin density matrix element poy of prompt D** mesons as a function of pr in the rapidity
interval 0.3 < |y| < 0.8 compared to that of inclusive J/1 mesons in the rapidity interval 2.5 <y < 4
measured in Pb—Pb collisions at /syny = 5.02 TeV in the 30-50% centrality class. The bottom panel
shows the deviation of the measurements from the null hypothesis (pgo = 1/3) in units of the total
uncertainties Oj,.
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static medium calculations

PHYSICAL REVIEW D 110, 056047 (2024)

Xin-Li Sheng®,
|

Holographic spin alignment for vector mesons

12> Yan-Qing Zhao ,Z’T Si-Wen Li ,3 * Francesco Becattini ,4’§ and Defu Hou®?!

~ Pl ~ T M~ NAN TN ~ " e .. /7 T e

Lege

39

PHYS. REV. D 110, 056047 (2024)

Chirality/Vovticity/MagneticField-2025, Sao-Pauwlo, July 07-11, 2025

L _ BN |
---------
- ~
¢¢¢¢¢
Y L ]

¢¢¢¢¢

.....
* S
.® e
. ~
. Ny
" ~
----

---------

FIG. 3. The global spin alignment for J/w mesons with
transverse momentum pr = 2 GeV and rapidity ¥ = 0O (red solid
line) or Y = 1 (blue dashed line), as functions of the meson’s
azimuthal angle ¢.

where the superscripts /2 and y label different choices for ¢,
The global spin alignment is then calculated using Eqgs. (11)
and (12). It 1s straightforward to show that

1 3pgo(x.p) =1 D 0
y R 00\ 2 FPx 7 39

which qualitatively agrees with the prediction of the
quark coalescence model [19]. We plot in Fig. 3 pp, as
functions of the meson’s azimuthal angle, where the
thermal background i1s assumed to be static while the
meson’s transverse momentum is fixed to pr = 2 GeV and
the longitudinal momentum 1s determined by the rapidity

Y as p, = \/M?* + p2sinh(Y). We also fix the temperature
as T = 150 MeV. For mesons at center rapidity Y = 0, the

S.A. Voloshin
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Spin alighment and efficiency, momentum resolution

Unlike the hyperon polarization case, the spin alignment non-zero result might be totally due
“wrong” acceptance correction value.

Different approaches and methods and different correction procedures should lead to the same result.

Using theta™ / using phi*

Invariant mass, / signal+background

Yield vs phi / moments of the distribution
Understanding momentum resolution effects
Efficiency from data / Monte-Carlo
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spin alignment: momentum resolution effect

Impact of Tracking Resolutions on ¢-Meson Spin Alignment Measurement

C.W. Robertson,! Yicheng Feng,! and Fuqgiang Wang!

Counts
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FIG. 3. (Color online) Effects of smearing for 6 (red mark-
ers), ¢ (blue markers), and p, (black markers), separately, on
<C082 9*> for true ¢-mesons. The effect of momentum smear-
ing is insignificant compared to those of angular smearing.
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Spin alignment and elliptic flow

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro... . . . . 9 . |
Authors: Sergei A. Voloshin angular distribution o sin“ 6/, where 6 is the angle relative

Submitted on 21 Oct 2004 . - - e
e e ayney to the spin direction (in the resonance rest frame), and

o — T sy=1—1,=1 consequently o< cos(2¢), where the angle ¢ is now the az-

imuthal angle with respect to the reaction plane, and thus
would contribute to the elliptic flow (modulo distortions
due to transformation from the resonance rest frame).
Such an additional contribution could probably explain
the very strong elliptic flow observed at RHIC (recall,
that in transverse momentum region, p; ~ 3 GeV /c ellip-
tic flow at RHIC can not be explained by any model [4]).

atr — | |y, =1—s,=1

pion elliptic flow from rho decays

AN X wO|Y17O|2 -+ ’UJ_|_1’Y171|2 —+ w_1|Y1,_1]2 X Wy COS2 0* + (w+1 -+ w_l) Sin2 9*/2

| dcos8*

i | N 1 E _ p2
[ . [OOO - 2 9
It A 34 P
q
1+ B8P?
IOV(frag) o q
00 =3 _ ap2
0.2 s 1 3 lB Pq
-0.25 & 015 L i T 15 . é o 215 L ?I’ * 315 w7 Z.-T. Liang, X.-N. Wang / Physics Letters B 629 (2005) 20-26
pr (GeV/c)
Fig. 1. Azimuthal anisotropy vy of pions from the decay of p vec-
tor mesons that have spin alignment according to Eq. (13) with . . .
00, = 1/3 (solid line), 0 (dot-dashed line) and 1 (dashed line). vo of pIoNS from 100% polarlzed rho decays IS ~20%!
Strangeness in Quawk Matter, Utrecht University, July 10-15,2017 S.A. Volo
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P, : SIP vs vorticity

sp]  §® ~ L1

i~ g = €ikiPEPm (0 Um + O ;) o sin[2(¢F — W)
u; - fluid velocity
qlw) 1 el Ja 1 (Opu; — Oju) Star denotes the value in the rest frame of fluid element
Z 8T ™ 2

Will be difficult to separate .
the two contributions x sin[2(¢, — \P,)]

Vorticity

dv/dx d®Nogy /dx dy  (fm™) dw/dy d®Nogy /dx dy  (fm™)

0 vEM = (NT Npa)/(NT+NP

part) 10

—-10 -5 0 5 10
x (fm)
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“Microcanonical” approach

Zoa g

N spin 1/2 particles in a cylinder,
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Global polarization, rapidity dependence

W.T.Feng and X.G.Huang, PRC93.064907 (2016)
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Global polarization, p; dependence
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P,(1/1000)

shear

A hyperon

P,(1/1000)

S quark

o The SIP contribution competes with

thermal vorticity effects

SIP contribution prevails in the scenario
that A inherits the strange quark spin
polarisation at the hadronisation stage

— qualitative agreement with data (correct
polarization sign)

B. Fu et al. PRL 127, 142301 (2021)
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y>M = In(npA/npB)/2
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Global polarization, Py

v, is calculated as velocity of the center of mass

Au+tAu, b=7 fm
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“‘np” - # of nucleon participants

viM = (npA-npB)/(npA+npB)

gradients are calculated with

rapidity (e.g. in the "fluid” rest frame) 7 500 VARESIATE




