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Day-3
Spin polarization in relativistic heavy-ion collisions



Hierarchy of matter

Matter around us Molecule Atom Nucleus Quarks and Gluons

Oxvgen Atom

~10-Tm ~109m ~10-19m 10-14~10-Tom

10-15 m = 1 tm (femto-meter)
(also sometimes called “fermi”)

Quarks and gluons are elementary particles and building blocks of matter
(no internal structure in quarks and gluons)
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Elementary particles

Standard Model of Elementary Particles

three generations of matter
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higgs

- Matter particles (fermions, spin-1/2)
- Force carriers (gauge bosons, spin-1).

Strong interaction between quarks mediated by gluons
s described by quantum chromodynamics (QCD)

Confinement
- Strong interaction becomes stronger at long distance
(low Q)
- Quarks/gluons cannot exist as isolated particles

Asymptotic freedom
- Strong interaction becomes weaker at short distance
(high Q)
- Quarks behave almost like free particles
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Neutron stars

Quark-Gluon Plasma (QG

P)

At extremely high temperatu
and gluons become deconfined, forming

guarks

a new state of matter called

o7pc ~155 MeV, €:~0.4 GeV/fm3 (Lattice QCD)

By CO

iding heavy nuclel a

N par

res and densities,

guark-gluon plasma (QGP).

' nearly the speed of light

Icle accelerators, ho

- and dense matter - QGP -

can be created in the laboratory

1eV~104 K, 170 MeV~2x1012 K ~a few trillion Celsius




Relativistic Heavy lon Collisions

Relativistic Heavy lon Collider at BNL

-~

b . f . A
wﬁ&%}Eﬁ .“( AGS = 5 5‘ ' _f\
S - _"}»’. ,_,-_.' - e "
(2000-2026)

Large Hadron Collider at CERN

[ Large Hadron Collider }

L\ 3 v / LHCh

EXPERIMENT

(First Pb-Pb collisions in 2010)

1. Niida, HuaDa QCD school (@CCNU

“Conjectured” QCD phase diagram

LHC LatticeQCD .

RHIC-BES - \ Quark-Gluon »,

Critical £y Plasma ./ A" ™
point’ » S » » »

200+
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Nuclotron-M

N\ : :
Quarkyonic phase

SIS-100

Color Super-
stars conductor

¢ Stars baryon density n/ ng
Sl n6=0.16 fm—3

2 Study properties of a deconfined state of matter, Quark-Gluon Plasma
2 Search for QCD critical point and 1st-order phase transition

& Connection to the interior of neutron star at high baryon density



Time evolution of “Little Bang”

Lorentz contracted
v~100 (RHIC) )
v~2500 (LHC)

(99.995% the speed of light
at RHIC)

—>

Most of hadrons are emitted here

final detected
particle distributions

Relativistic Heavy-Ion Collisions

made by Chun Shen Kinetic

freeze-out

Hadronization
Initial energy
density

overlap zone
pre- hydrodynamic expansion SN
equilibrium +hadron rescattering i‘ee streaming »l
T~0fm/c ~1fm/c ~ 10 fm/c ~ 1015 fm/c

Very short lifetime ~10 fm/c ~10-23 s



Orbital angular momentum / Strong magnetic field

For non-central heavy-ion collisions,

@ /
= 5

Large orbital angular momentum of the system:
L=rxp

~ bA\/5. ~ 10°A

<~l
) . . .
‘ j \ o/ Also, strong magnetic field created: e Wkipedia
reaction plane 4
~ 10" T =
~1011
SpeCtatOrS - D. Kharzeev et al., Nucl.Phys.A803, 227 (2008) .t magnetar S~10TT
par“Cl paﬂtS L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014)
9
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Orbital angular momentum / Strong magnetic field

For non-central heavy-ion collisions,
Large orbital angular momentum of the system:
L=rxp

~ bA\/5. ~ 10°A

<§l
) . . .
‘ j \ ¥ Also, strong magnetic field created: e Wkipedia
YA, B ~m:/e
reaction plane 14
~ 107 T
~1011
SpeCtatOrS . D. Kharzeev et al., Nucl.Phys.A803, 227 (2008) .t magnetar S~10TT
par“Cl paﬂtS L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014)
9
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Orbital angular momentum / Strong magnetic field

For non-central heavy-ion collisions,

BL

Large orbital angular momentum of the system:
L=rxp

~ bA\/5. ~ 10°A

Also, strong magnetic field created: oo

h
\
—

rea

)
B ~mZ/e
ction plane
~ 10" T
1. B~1011 T
SpeCtatOrS . D. Kharzeev et al., Nucl.Phys.A803, 227 (2008) C.1. magnetar 0
par“Cl paﬂtS L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014)
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Orbital angular momentum / Strong magnetic field

For non-central heavy-ion collisions,

BL

Large orbital angular momentum of the system:
L=rxp

~ bA\/5. ~ 10°A

4=
( E ) .
\ ‘
_/’ .
/ reaction plane

spectators

participants
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Orbital angular momentum / Strong magnetic field

For non-central heavy-ion collisions,

BL

Large orbital angular momentum of the system:
L=rxp

~ bA\/5. ~ 10°A

d T, ~ bA\/S b: Impact parameter
NN A: mass number
| / ~ 10 (fm) x 197 x 200 (GeV)
_/" : =2 x 10° x 197 (fm - GeV)
reaction plane 0 197 MeV - fn)
C cV - 111

spectators ~ 10°h

participants
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Orbital angular momentum / Strong magnetic field

B — D. Kharzeev, L. MclLerran, and H. Warringa,
Nucl.Phys.A803, 227 (2008)
McLerran and Skokov, Nucl. Phys. A929, 184 (2014)

BL Initial magnetic field

\1&
| ]
] .

\

:

spectators

\
— =
reaction plane

participants
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Orbital angular momentum / Strong magnetic field

S — D. Kharzeev, L. MclLerran, and H. Warringa,
Nucl.Phys.A803, 227 (2008)
McLerran and Skokov, Nucl. Phys. A929, 184 (2014)

BL Initial magnetic field

Assuming point charge and using Bio-Savart's Law

\1&
| ]
] .

\

:

spectators

\
— g
reaction plane

participants
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Orbital angular momentum / Strong magnetic field

- - D. Kharzeev, L. MclLerran, and H. Warringa,
Nucl.Phys.A803, 227 (2008)
McLerran and Skokov, Nucl. Phys. A929, 184 (2014)

BL Initial magnetic field

Assuming point charge and using Bio-Savart's Law

q 1 —p° P q oF
Ameg (1 — B2sin® 0)3/2 |r]2 4meg |r)? (a )
1
B = —2V X E
C

jﬁ
| ]
] .

\

:

spectators

\
— g
reaction plane

participants
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Orbital angular momentum / Strong magnetic field

- o D. Kharzeev, L. MclLerran, and H. Warringa,
Nucl.Phys.A803, 227 (2008)
McLerran and Skokov, Nucl. Phys. A929, 184 (2014)

B L Initial magnetic field

Assuming point charge and using Bio-Savart's Law

q 1 —p° P q oF
E = ~ tt~0
Ameg (1 — B2sin® 0)3/2 |r]2 4meg |r)? (a )
1
B = —2V X K
C

L A
@
\
" rea

\ A |p|?
/ ction plane eB ~ hZoz*yﬁ/er [1/fm2] (assume r ~ 10 fm, v ~ 106.58)
~ hZ o
SpectatOrS ~ m2

participants
B ~ 1010 T
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“Global” polarization

- Pa

- Pa

SpPI

Rotating system under strong B-field:

ticles are “globally” polarized along L or B via
n-orbit/spin-magnetic couplings

'ticles and antiparticles are oppositely aligned along B

Z.-T. Liang and X.-N. Wang, PRL94,102301(2005), PLB629(2005)20
S. Voloshin, nucl-th/0410089
B. Betz, M. Gyulassy, and G. Torrieri, PRC76, 044901 (2007)

PRL 94, 102301 (2005) 18

PHYSICAL REVIEW LETTERS

Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions

Zuo-Tang Liang' and Xin-Nian Wang™'

\ f.w’ “
~ » .
/ ~ reaction plane

spectators

participants “Global polarization”

1. Niida, HuaDa QCD school (@CCNU

Average polarization along the orbital angular momentum

12



“Global” polarization

- Polarization P in non-relativistic limit assuming
a local thermodynamic equilibrium

(S +1)(w+ uB/S)
P = S: particle spin
31 w: vorticity

B: magnetic field at freeze-out
U: magnetic moment

F. Becattini, F. Piccinini, and J. Rizzo, PRC77, 024906 (2008)

Py {
— .
reaction plane - The sign of magnetic moment is opposite between
/ particle and anti-particle, therefore any difference in the polarization
spectators could originate from the magnetic-field contribution

participants

1. Niida, HuaDa QCD school (@CCNU 13



Let’s guesstimate vorticity!

1
Wy = §(V X V)y =
1 Ov.,

N

1 (0% 8vz)
2" 0z ox
1 Awv,

1. Niida, HuaDa QCD school (@CCNU

28:13% 2 Ax
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Let’s guesstimate vorticity!

) AVZ=VZ max=Vz min

Q1. What is the radius of a Au nucleus?

Q2. How large would Av;/c be?

1. Niida, HuaDa QCD school (@CCNU

Wy —

2

1
§(V X V)y =

1 Ov.,

2 Or

1 Ov,

ov,,

2( 0z
1 Awv,

2 Ax

8:1:)

14



Let’s guesstimate vorticity!

A AVz=Vz max=Vz,min

1 (8% 8vz)
2° 0z Ox
10v, = 1Awv,

2 0r 2 Az

1
wy:§(V><v)y:

N

Let me assume Ax~5 fm, Avz~0.1 here.

Q1. What is the radius of a Au nucleus?

Q2. How large would Av;/c be?
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Let’s guesstimate vorticity!

A AVz=Vz max=Vz,min

1 (8% 8vz)
2° 0z Ox
10v, = 1Awv,

2 0r 2 Az

1
wy:§(V><v)y:

N

Let me assume Ax~5 fm, Avz~0.1 here.

oy 20%15 — _0.01 [1/fm]
Q1. What is the radius of a Au nucleus”? = —0.01 x 3 x 10% x 10'° [1/s]
= —3 x 101 /5]

Q2. How large would Av;/c be?

1. Niida, HuaDa QCD school (@CCNU 14



Vorticity in HIC

Longitudinal shear flow is produced, where the flow velocity vz depends on x. F Becattini et al.

1 Ov, PRC77, 024906 (2008)
2 aaj‘ 0.6;— __ b=3fm

1
wy:§(V><v)y%

impact parameter X 4

beam direction I S "
-X
X% (a) . (b)
N 111ah «M
_ p_. 2221 00
Jr 7 331000 -
v 4> L0000

figure from R. Snellings et al., PRL84, 2803(200)
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Vorticity in HIC

Longitudinal shear flow is produced, where the flow velocity vz depends on x. F Becattini et al.

1 Ov, PRC77, 024906 (2008)
2 aaj‘ 0.6;— __ b=3fm

1
wy:§(V><v)y%

impact parameter X 4

beam direction T s R

—— >
wH <2 -X

. X ¥ (a) (b)

coowo e LI
" Z 335100 >
v 41— LOO000

figure from R. Snellings et al., PRL84, 2803(200)
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Rotation vs. Polarization

Barnett effect: Einstein-de-Haas effect:
rotation—polarization polarization—rotation
Magnetization of an uncharged body % | “the only experiment by Einstein’
when spun on its axis S. Barnett, Phys. Rev. 6, 239 (1915) A s
': | Change in the direction/strength
E * | of magnetic-field
\ P i~ Y1l -> Rotation of a ferromagnet
BTN B Al _
i/, 0 £ o @ & | Conservation of the total angular
~p A ‘i E'T: s ! | j’ momentum.

J=L+8

. A.Einstein, W. J. de Haas
f . M. Mat t al., Front. Phys., 30 (2015 ’ ’
IGUIE APUo St al, o ys., 301 ) B.Koninklijke Akademie van Wetenschappen te Amsterdam,
D ' -
YW C.Proceedings, 18 [, 696-711 (1915)
M = —
Y

X . magnetic susceptiblility
Y . gyromagnetic ratio

1. Niida, HuaDa QCD school (@CCNU 16



Rotation vs. Polarization

Barnett effect: Einstein-de-Haas effect:
rotation—polarization polarization—rotation

Magnetization of an uncharged body

“the only experiment by Einstein”
when spun on Its axis S. Barnett, Phys. Rev. 6, 239 (1915)

I Change in the direction/strength

__ of magnetic-field
y -> Rotation of a ferromagnet

l Conservation of the total angular
ﬁf momentum.

f F—L+3

) |
—_—

B | Einstein - der Kreisel und das Elektron
% Wie die Metrologie lemi, Elektronen zu zahier
ot PP ©

{

?

4
—%

. A.Einstein, W. J. de Haas

M. ., Front. Phys., 30 (201 ’ ’
figure: M. Matsuo et al., Front. Phys., 30 (2019) B.Koninklijke Akademie van Wetenschappen te Amsterdam,

D ' -
YW C.Proceedings, 18 [, 696-711 (1915)
M = — —— —
Y Global polarization is a relativistic analogue of the Barnett effect

x: magnetic susceptibility Barnett: Mechanical rotation = spin polarization (magnetization)
r: gyromagnetic ratio HIC: Fluid vorticity — particle spin polarization

1. Niida, HuaDa QCD school (@CCNU 16



namure

physics

LETTERS

PUBLISHED ONLINE: 2 NOVEMBER 2015 | DOI: 10.1038/NPHYS3526

Spin hydrodynamic generation R. Takahashi et al., Nat. Phys. 12, 52-56 (2016)

R. Takahashi?34*, M. Matsuo?®#4, M. Ono?#, K. Harii*4, H. Chudo?#, S. Okayasu?#4, J. leda®?,

S. Takahashi?, S. Maekawa?* and E. Saitoh"%34*
b Liquid flow c us o< M
®W=rotv

\'/

Electric voltage Spin voltage

-luld vorticity = Electron spin current
Analogy to the heavy-ion case

1. Niida, HuaDa QCD school (@CCNU



How do we measure global polarization?

L
Parity-violating weak f hyperon
a y o a g ea decay o me O s A % p _|_ 7-‘- -----------------
dN 1 - .
1 +agPy - p; ey
— & .
fA’H . hyperon polarization y beam direction (z)
P B : unit vector of daughter baryon momentum ".,,/
o f7 - hyperon decay parameter g X
asterisk(*) denotes “in hyperon rest frame” l—)* "
ap = —ajz = 0.747 + 0.009 & y
PDG2024 & \-lf]
Polarization along the initial L direction
P 8 (sin(¥1 —¢p))
H J—
TOH R@S(\Ij 1 ) U’
i {
W,: azimuthal angle of spectator fragment Spectators fly away from the beam axis (at high energy)

STAR, PRC76, 024915 (2007) S. Voloshin and TN, PRC94.021901(R) (2016)

1. Niida, HuaDa QCD school (@CCNU 18



RHIC-STAR experiment

<___,,._.... | ° Time Projection Chamber Time Of Flight detector
. - = (Inl<0.9)

Beam-Beam Counter

LINAC T
ST NI
eobs}'eé 7 | |
e (@
s’ : —— .
.l.)'?' ’11 sl 2 ' \;Fﬁ?tor -
- o LA S .

Relativistic Heavy lon Collider (RHIC)

“WZerobegree Calorimeter
| § \. £ MaXimum

S 4 A\
i A

<dE/dx>(GeV/cm)

- at Brookhaven National Lab. (NY, USA) _
- 3.8 km in circumference T
- /snn = 7.7-200 GeV for A+A

species: p+p, p(d)+Au, He+Au, Cu+Cu, Cu+Au, A+Au...

S

by Maria & Alex Schmah

Solenoidal Tracker At RHIC (STAR)

- Full azimuth and wide rapidity coverage

- Excellent particle identification
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Identification of (weakly) decaying particles

STAR, PRC88.014902 (2013)

><1.06,....,...., ><1.06.,....,.. ><.1Q6..,....,....,. ><.193.., : :

[ 20F - [ 8F .- -
— 0 #\ C A il - 1 (2
S 4l S 1 & osf 1 & I
(&) or (&) - 1 (&) | | (&)
S . S 15F 1 > > 6 ]
s : — [ ] 2 ! ] 2 i
~ -~ ~ " ~ A - ~ B
- 4 o 10 7 — 041 ] — 4r -
s | s s ¢t { = |
S o i 3D g 1 3 o0z2f 1 3 of i
= - — sameevent {4 Z [ > ! { > i
© i E3 mixedevent | © ] © ] © i '

) W) =105 11 o= 115 O 13 135 1.4 065 17 175
ne ' M(K*,K') (GeV/c?) M(p,) (GeV/c?) M(A,70) (GeV/c?) M(A,K) (GeV/c?)

x10° x10° x10° x10°

AL B LR B B - 1T T T T T T ] [~ 1 T L T T
— [ KO 1l N _ [ =t 1 §+
o 15f i % 6 1 © 7% | 1 ©
> i > i > i 1 > 4fF .
~ _ - ~ ~ - < 0.2r m - L
- 10 ! = 1 -
= [ & ] S : { = L ] = e2r .
o 5F 4 T 2F 1 3 01p 1 2 i
= J ] £ [ J k 1 2 I ] 2
© T ———— < © i ) O ©

0045 05 055 R O3 135 14 0 165 1.7  1.75

M(r*,) (GeV/c?) M(P,x") (GeV/c?) M(A, ) (GeV/c?) M(A,K*) (GeV/c?)

Calculate invariant mass from daughter particles A—=>p+a- KO 5t 4+ n—

M?* = (Ey + E2)* — (p1 + Pa2)° =

1. Niida, HuaDa QCD school (@CCNU 20



Signal extraction with A hyperons

. 4 STAR, PRCOS,
A STAR 10%-80% 405— A Au+Au 200 GeV
40__ —real 30:‘
| —BG (fit :
| - BG (mix) 20:-
ook [real-BG (fit) :
: 10;— (b)
- [ 44----""'_IJ iLL"'-L-.\L. : [ .J—___-_--_-'"Jr -LL"'--.\L.
1.1 1.11 1.12 1.1 1.11 1.12
M_ [GeV/c?] M. [GeV/c?]
S0 A A TEaoanm
2_‘/ - inv
E Lt +
0 S Tt _
TOH RGS(\Ifl) :
~0.0011
. STAR 10%-80% (@) (b)
Two methods used to extract the sine F.C. e D
1. nlvarian’[ maSS method M [GeV/c?] M [GeV/c?]
2. Bin-counting method

(both give us consistent results)

1. Niida, HuaDa QCD school (@CCNU

014910 (2018)

negative for anti-/A\
g — — 0

(sin(W) — ¢3))° = (1 — fPE(Mipy))(sin(W; — ¢%))"E

T fBg(MianSin(\Ijl — ¢;)>Bg,

21



First paper from STAR in

2007

PHYSICAL REVIEW C 76, 024915 (2007)

Global polarization measurement in Au+Au collisions

Au+Au collisions at y/snn = 62.4 and 200 GeV in 2004

0.1
0.08

0.06

0.04

0.02

ay 0
-0.02

-0.04

-0.06
-0.08

J—

l

-

with very limited statistics (~9M events)

III. CONCLUSION

The A and A hyperon global polarization has been
measured 1in Au+Au collisions at center-of-mass energies

—

[

[T
-l

Jsyny = 62.4 and 200 GeV with the STAR detector at RHIC.

An upper limit of | P, 7| < 0.02 for the global polarization of
| 11— A and A hyperons within the STAR detector acceptance is

_0.1 ] ] ] ]

1. Niida, HuaDa QCD school (@CCNU

Results were consistent with zero..., giving an upper limit of PH<2%

22



First observation in lower energies (2017)

S
— 8
S

6

STAR Nature 548 62 (2017)

-

I *pased on opn=-ap=0.64+0.013

Au+Au 20-50%
% A this study

@ A this study
4 A PRC76 024915 (2007)

O A PRC76 024915 (2007) |

10

10°

'Sy (GeV)

1. Niida, HuaDa QCD school (@CCNU

Positive polari

Py looks to

zation sl
Increase

PARIS SUMMER YOUTHFUL

AGREEMENT SELECTION

ime for ch Reco Id I f
WO! d ld d I l ld

HHZS PMZII

SECRETS
I hy, I I 1S helps
H '0cess

FAHSZ

gnal at lower energies!

in lower energies

[BEST NEW IDEAS & INSIGHTS |

Discover

TOP IOO i

Evolutions 4
Timeline

The Fastest Flmd

by Sylvia Morrow

Superhot material spins
at an incredible rate.

... AND MORE!
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First observation in lower energies (2017)

STAR, Nature 5
I [ | | I

g, 0
L
S

|
6 |

I *pased on opn=-ap=0.64+0.013

48, 62 (2017)

Au+Au 20-50%
% A this study

@ A this study
4 A PRC76 024915 (2007)
O A PRC76 024915 (2007)

"""""""""" 5

10

1. Niida, HuaDa QCD school (@CCNU

10°

'Sy (GeV)

Positive polarization s

- PH looks to increase
1 B
PA ~ ~ | FA
2T T
1 B
P]\ ~ “ FA
27T T

- The most vortical fluid!

ignal at lower energies!

in lower energies

Becattini, Karpenko, Lisa, Upsal, and Voloshin,
PRC95.054902 (2017)

w = (Py + Px)kgT/h
~ 0.02-0.09 fm !
~ 0.6-2.7 x 10%%s~ 1

ua: /A magnetic moment
T: temperature at thermal equilibrium

(T=160 MeV)
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First observation in lower energies (2017)

STA

R, Nature 548, 62 (2017)

S

v8—
am

S

6

I

Au+Au 20-50%
% A this study

@ A this study

# A PRC76 024915 (2007)
O A PRC76 024915 (2007)

I *pased on opn=-ap=0.64+0.013

10

10°

'Sy (GeV)
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Positive polarization signal at lower energies!
- Pn looks to increase in lower energies

Becattini, Karpenko, Lisa, Upsal, and Voloshin,
PRC95.054902 (2017)

P 1 w ,uAB
A = |
21 T w = (Pr + Py)kgT/h
P~ 1 w ,uAB _1
A= 5T T ~ 0.02-0.09 tm

~ 0.6-2.7 x 10%%s~ 1

ua: /A magnetic moment
T: temperature at thermal equilibrium

) - id!
The most vortical fluid! (T=160 MeV)

Hint of the difference between A and anti-A PH
- Effect of the Initial magnetic field”? (discussed later)
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Vorticity we know

Ocean surface vorticity
~ 1 0_5 8_1 https://sos.noaa.gov/datasets/ocean-surface-vorticity/

Ocean surface vorticity
Jupiter’s great red spot ~104 51
Core of supercell tornado ~101 s1
Rotating, heated soap bubbles ~10% s
Superfluid helium nano droplet ~106 s-1

Great red spot of Jupiter

vortex of soap bubble (from wikipedia)

T. Muel et al., Scientific Report 3, 3455 (2013)

- = vortex aligned to x-ray beam in He droplets
supercell in Oklahoma (2016) T. Muel et al,, Scientific Report 3, 3455 (2013)
http://www.silverliningtours.com/tag/tornado/page/3/

1. Niida, HI Tutorial workshop, Riken



The most vortical fluid!

Ocean surface vorticity ~10-° s7
Jupiter’s great red spot ~104 51
Core of supercell tornado ~101 s1

Rotating, heated soap bubbles ~107 s
Superfluid helium nano droplet ~106 s-1

Matter in heavy ion collisions ~10%2 s-1

vortex of soap bubble
T. Muel et al., Scientific Report 3

Supercell in Oklahoma (2016)

http://www.silverliningtours.com/tag/tornado/page/3/
1. Niida, HI Tutorial workshop, Riken

Ocean surface vorticity N
https://sos.noaa.gov/datasets/ocean-surface-vorticity/

G I
&5

-

t of Jupiter
E)

/ vortex aligned to x-ray beam in He droplets
T. Muel et al., Scientific Report 3, 3455 (2013)



Precise measurements at Vsyn = 200 GeV (2018)

STAR, PRC98, 014910 (2018)

| p— | 3_ . .
> | Nature548.62 (2017) - Confirmed energy dependence with the 200 GeV results
L — .
o ®A  OA - Centrality dependence was observed as expected
i Q PRC76.024915 (2007)
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Rapidly growing topic with new measurements

Global P
Local polarization (F;)

Vector-meson spin-alignment

xOnly experimental papers in HIC

First observation

of fluld vortices

formed by heavy
iom collisions

Measurement of the J/i Polarization with
Respect to the Event Plane in Pb-Pb
Collisions at the LHC

S. Acharya (124131 D Adamova (3%, A. Adler®, G. Aglieri Rinella (332,
M. Agnello ©2°, N. Agrawal ®%°, Z. Ahammed '3, S. Ahmad ®'%, S. U,
Ahn

Show more v

Phys. Rev. Lett. 131, 042303 - Published 25
July, 2023

70 et gl, (ALICE Collaboration)

ALICE °

First measurement of prompt
and non-prompt D" vectc
meson spin alignment in |
collisions at /s = 13 TeV q7¢cE

Physics Letters B

Volume 846, 10 November 2023, 137920

Collisions

Ahammed'4 et al. (The ALICE Collaboration)

Show more v

Phys. Rev. Lett. 125, 012301 - Published 30
June, 2020

Evidence of Spin-Orbital Angular Momentum
Interactions in Relativistic Heavy-Ion

S. Acharya'', D. Adamova®, A. Adler”?, ). Adolfsson®, M. M.
Aggarwal®®, G. Aglieri Rinella33, M. Agnello3®, N. Agrawal'%>3, Z.

= 5.02 TeV

Polarization of A and A Hyperons along the
Beam Direction in Pb-Pb Collisions at /s,

S. Acharya'¥3, D. Adamova®, A. Adler’5, G. Aglieri Rinella33, M.

nature
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Agnello3', N. Agrawal®, Z. Ahammed'43, S. Ahmad'é, S. U. Ahn’8 et al.

Article Published: 18 January 2023

(ALICE Collaboration)
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Phys. Rev. Lett. 128, 172005 - Published 29

HLICE &l [April, 2022

mesons in heavy-ion collisions

STAR Collaboration

ALICE

Nature 614, 244-248 (2023) | Cite this article

Pattern of global spin alignment of ¢ and K™

STAR

Polarization of A (A) Hyperons along the
Beam Direction in Au + Au Collisions at

\/SNN =200 GeV

J.Adam'3, L. Adamczyk?, J. R. Adams37, J. K. Adkins?8, G. Agakishiev?é, M.
M. Aggarwal3?, Z. Ahammed>?, L. Alekseev333, D. M. Anderson®3 et al.
(STAR Collaboration)

Show more v
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Phys. Rev. Lett. 123, 132301 - Published 27 Ext
September, 2019
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Global polarization of A hyperons in Au
collisions at \/syy = 200 GeV

J.Adam?, L. Adamczyk?, ). R. Adams3', J. K. Adkins?', G. Agakis
Aggarwal33, Z. Ahammed55, N. N. Ajitanand*?, L. Alekseev'728 ¢
Collaboration)
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Global polarization of A and A hyperons in
Pb-Pb collisions at \/syy = 2.76 and 5.02 TeV

S. Acharya'', D. Adamovéa®3, 5. P. Adhya'#', A. Adler’3, ), Adolfsson”®, M.

M. Aggarwal®8, G. Aglieri Rinella34, M. Agnello3', N, Agr=+~110.48.53 a¢ ],
(ALICE Collaboration)
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2020 Erratum Phys. Rev. C 105, 029902 (2022)
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Hyperon Polarization along the Beam
Direction Relative to the Second and Third
Harmonic Event Planes in Isobar Collisions at

vV sy =200 GeV

M. 1. Abdulhamid?, B.E. Aboona®?, J. Adam'5, J.R. Adams3®, G.
Agakishiev??, I. Aggarwal?®, M. M. Aggarwal®?, Z. Ahammed®, A.
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Measurement of global RADES
polarization of A hyperons in
few-GeV heavy-ion collisions

LETTER

Global A-hyperon polarization in Au + Au
collisions at \/syy = 3 GeV

M. S. Abdallah?®, B. E. Aboona®?, J. Adam®, L. Adamczyk?, ). R. Adams
J.K. Adkins®®, G. Agakishiev?®, L. Aggarwal®', M. M. Aggarwal*! et al.
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Global polarization of A and A hyperons in
Au + Au collisions at \/syy = 19.6 and 27 GeV
M. I. Abdulhamid?, B. E. Aboona®®, J. Adam'>, L. Adamczyk?, ). R.
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Observation of A hyperon local polarization in pPb
collisions at /s = 8.16 TeV

The CMS Collaboration*

Hyperon global polarization in isobar Ru+Ru and Zr+Zr collisions at /5 = 200 GeV

The STAR Collaboration

Abstract

The polarization of A, A, £~
of Ru+Ru and Zr47Zr at

and & hyperons along the angular momentum of the systen ions
=200 GeV with the STAR detector at RHIC. The polarizati Iy is

explored and found to show an incre:
rapidity are investigated for A and A hyperons, hut ne significant dependence has been o
/) for A and A are consistent with each other, indicating little contribution of the spin-magnet

ing trend in more peripheral collisions. Dep

1 “The results for A hyperons
(o8]

are 3
' shear-induced polarization and thermal vorticity, and show no obvious system size depende iults

! in Au=Au collisions. For the first time, the depeadence of the polasization on the hypeson's caubsion szimumar dngse wim respect
10 the second hammonic event plane is extracted and shows stronger polarization for the in-plane emitted hyperons at the level of |

with rom
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Articke Openaccess Published: 04 February 2026
Measuring spin correlation between quarks during
QCD confinement

STAR Collaboration

Nature 660, 5-71(2026) | Cite this article STAR
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Abstract

The vacuum is now understood to have a rich and complex structure, characterized by

fluctuating energy fields’ and a condensate of virtual quark-antiquark pairs. The
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A global polarization vs.

VSNN

Recent reviews

F.Becattini, M.Buzzegoli, TN, S.Pu, A.Tang, Q.Wang, Int.Jd.Mod.Phys.E33(2024)2430006

TN and S.Voloshin, Int.J.Mod.Phys.E33(2024)2430010
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1. Niida, HuaDa QCD school (@CCNU

* |ncreasing trend toward lower energies,

described well by various theoretical models

|. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+VvHLLE

H. Li et al., PRC96, 054908 (2017), AMPT
Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE

Y. Xie et al., PRC95, 031901(R) (2017), PICR
Y. B. lvanov et al., PRC100, 014908 (2019), 3FD model
...and more

PROJECTILE
SPECTATORS

TARGET
SPECTATOR
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A global polarization vs. Vsnn

Recent reviews

F.Becattini, M.Buzzegoli, TN, S.Pu, A.Tang, Q.Wang, Int.Jd.Mod.Phys.E33(2024)2430006
TN and S.Voloshin, Int.J.Mod.Phys.E33(2024)2430010
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\'Syy (GeV)

* |ncreasing trend toward lower energies,
described well by various theoretical models

\/SSNN =62.4 GeV, 20-50% central Au-Au, averaged IC

| | o= = |
! ! 14
6 —
b 12
|

= -
N
w
S

|.Karpenko and F.Becattini, EPJ(2017)77.213

- Velocity shear becomes smaller at higher energy due to
longitudinal boost invariance
- Dilution effect due to longer system lifetime
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A global polarization vs. Vsnn

Recent reviews
F.Becattini, M.Buzzegoli, TN, S.Pu, A.Tang, Q.Wang, Int.Jd.Mod.Phys.E33(2024)2430006
TN and S.Voloshin, Int.J.Mod.Phys.E33(2024)2430010
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Global polarization is sensitive to the initial velocity profile!
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A global polarization at the LHC

P. Das (ALICE), SPIN2025

S 0.0 ALICE Preliminary
0T 3 ¢ (A+A)/2
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OF--------bom o V| <0.5
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[ ALICE PRc 101, 044611 (2020)
- =01} A A

or N ”

S - 1 -0.2f Pb-Pb 15-50%

i | ] ' ey 0.5< p_<5GeV/c
1 EJ? 2%10° 10° | icos
05F

STAR Nature 548, 62-65 (2017)
A A

OF------~~-~~rmmrrm e - - - '. ________ Au-Au 20-50%
Caald | L Lo | IR | RN EE O_5<pT<6GeV/C
10 10° 10° 10* |5 <0.8

VSun (GeV)

e ALICE preliminary result at 5.36 TeV shows Pr ~ 0.07% with 50 significance
* |Implying that the longitudinal boost invariance is (slightly) breaking
* Empirical estimate with directed flow: P4LHC ~0.05-0.1%

1. Niida, HuaDa QCD school (@CCNU



Relation to directed flow

(b) tilted source
+ asymmetric density gradient

low p; dipole flow

14

4
rapidity

\\
\\ ’,
~~~—’

1. Niida, HuaDa QCD school (@CCNU

- Two contributions to v+
initial tilt + density asymmetry

P. Bozek and I. Wyskiel, PRC81.054902 (2010)
U. Heinz and P. Kolb, J.Phys.G30:51229 (2004)

STAR, PRC98.014915 (2018)
ALICE, PRL111.232302 (2013)

v1 = (cos(¢p — ¥q))
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Relation to directed flow

(b) tilted source
+ asymmetric density gradient

low p; dipole flow

14

. : >
high p; dipole flow
_____
/l \\\\\
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Sse ’ T
~~~~~~~ rapidity

0.04 -

- Two contributions to v+
initial tilt + density asymmetry

P. Bozek and I. Wyskiel, PRC81.054902 (2010)
U. Heinz and P. Kolb, J.Phys.G30:51229 (2004)

STAR, PRC98.014915 (2018)
ALICE, PRL111.232302 (2013)

v1 = (cos(¢p — ¥q))

F. Becattini et al., Eur. Phys. J. C (2015)75:406
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- Better description of v1 with the tilted source
which accounts for vorticity.
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Relation to directed flow

(b) tilted source
+ asymmetric density gradient

low p; dipole flow
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S. Voloshin, EPJd Web Conf.171, 07002 (2018)

3 LN L L LN T r rrrrT
- STAR, Nature, 548, 62 (2017)-
- * A P K -
- STAR, PRC76.024915 (2007)
21 «A  oR ~
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- Better description of v1 with the tilted source

which accounts for vorticity.

- V1 S
-> X

ope seems to follow the trend of PH

oect PH(LHC) ~ Pu(RHIC-top)/2
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A global polarization at R

HIC

Tong Fu (STAR), QM2025
10 I Il | I L |
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STAR Au+Au collisions
20-50% Centrality | =y
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- A Nature 548.62 (2017)
- A PRC 98.014910(2018)
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> >l =l >

» O + =1

10 10°
Energy [GeV]

 Much improvement with the STAR BES-II data
* No signiticant difference between A and Abar
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Upper limit on the late-stage magnetic field B

STAR, PRC108, 014910 (2023)
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B. Muller and A. Schafer, STAR, PRF98, 071902(R) (2018)
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Upper limit on the late-stage magnetic field P

i v
= ) v
STAR, PRC108, 014910 (2023) MclLerran and Skokov, Nucl. Phys. A929, 184 (2014)
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 Taking APAr~0.3% (20), the upper limit of the late-stage B-field would be <1013 T
* Note: The splitting could be other effects, e.g. finite g and different freeze-out in space-time
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A global polarization at a few GeV

STAR, PRC104, L061901 (2021)

HADES, PLB835(2022)137506
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o u+Au -©- b=5.0 fm 12_“ R,,= 6.554 fin, a = 0.523 fm
- e b=8.0 fm o [|§ —%— P, - BES data ]
0.08 s
- —*b=10.0 fm S
0.06
R o
0.04F
0.02f o—¢
of R S
1 2 3 4567 10 20 30 40
sy (GeV)

Data from STAR/HAD

=S at lower energies

e Continuous increase down to y/san~2.5 GeV

» Predicted to have the maximum around +/snn = 3 GeV
- Initial L & “stopping” to “transparency” at midrapidity

* [0 be investigated In future experiments
(CBM, H-NS, NICA...)

A. Ayala et al., PRC105.034907 (2022)
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Feed-down effect

o Only ~25% of measured A and anti-A are primary, while ~60% are feed-down from
> =N, 202 Ay, == A

o Polarization of parent particle R is transterred to its daughter A

S\ =CS7
A R L .
Car : Spin transfer coefficient in R = A decay
Sr : Parent particle R’s spin
*,Mmeas 1
Sy — Z [fAROAR o §fZORCEOR] Sk- far © Fraction of A originating from parent R
R

Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (201 7)

Decay C
parity-conserving: 1/7 — 127 07| —1/3
parity-conserving: /27 — 1/2+ 0 1 i o/ _DNO P : : : _
ettty conservine: 34T 514 01 173 15%-20% dilution of primary A polarization (model-dependent)
parity-conserving: 3/~ — 127 07| —1/5 D : - f : :
=T 3900 0 arlz,ahon ol da.ughter pa_rhcles can be used to study their
= > A+m +0.927 parent’s polarization! e.g. =z and Q)
¥ = A+ -1/3

TABLE 1. Polarization transfer factors C (see eq. (36)) for
important decays X — A(X)w

1. Niida, HuaDa QCD school (@CCNU 30



Multistrange hyperons: = and ()

» One can extend measurements to = and O hyperons

» Challenging due to smaller |onx| and low production rate...

hyperon decay mode e spin
A(uds) Ghaft. . 0732  -0.613  1/2
dsS) g ange -0-401 -0.6507  1/2
(sss) U2M - 0.0157 -2.02  3/2

(BR: 67.8%)

1. Niida, HuaDa QCD school (@CCNU
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» One can extend measurements to = and O hyperons
» Challenging due to smaller |onx| and low production rate...

dS)* A7

» Polarization of daughter A in = (s=1/2)—=/ decay
T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

A

(az + Pz - pp)P) + fePz X ) +1=p) X (Pz X p})
1 +a=P% - p}

e

P =

Py =C= \PL=1(1+292)Pt a2+ 2442 =

1. Niida, HuaDa QCD school (@CCNU

Multistrange hyperons: = and ()

magnetic

hyperon decay mode  QH moment  SPIN
A(uds) Ghaft. . 0732  -0.613  1/2
= (dSS) g7 aoee 0401 -0.6507  1/2
() (8SS) g ey 0.0167  -2.02  3/2




» One can extend measurements to = and O hyperons
» Challenging due to smaller |onx| and low production rate...

dS)* A7

» Polarization of daughter A in = (s=1/2)—=/ decay
T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

A

(az + Pz - pp)P) + fePz X ) +1=p) X (Pz X p})
1 +a=P% - p}

e

P =

Py =C= \PL=1(1+292)Pt a2+ 2442 =
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Multistrange hyperons: = and ()

magnetic

hyperon decay mode  QH moment iy SPIN

A (uds) _A7PT 0732 -0.613  1/2

(Bﬁ:63.9%)
= (dSS) g7 aoee 0401 -0.6507  1/2
() (8SS) g ey 0.0167  -2.02  3/2

» Similarly, daughter A polarization from Q (s=3/2)

Here ya Is unknown.
Considering aq, Bax1, ya~+1, the polarization

transfer Copleads to: Coa = +1 or — 0.6
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Identification of = and (2 hyperons

STAR, PRL126, 162301 (2021) STAR, PRL108.072301(2012)
3
id 0 | | | | ] =Cu+Cu Kg 0.1 ®*=Cu+Cu A+A
2000+ STAR Au+Au:\/sNN = 200 GeV | | 0o L ~Au+Au K - - Au+Au A+R
| 20%-80% | e | og _ e 1 g - + | M
i ) —_— O . A
15001 |  oF 20000 | | O T AL
: year2014 : OO : O i : (‘). : O 01 _ ::++ ||||:'+¢|h
| | | O | ~ # 'h‘
I e | - lyl<t 2 g3 Y
et 30 DO ' s, 1 PP05GeVlc o M, "
: : O : 10000_ : ) : % Ok v v v vy i O v _
s00f LS | S hwnizz | 09 o
[ T i
Sttt . Sovmiosmesenes e . Nssim— PR o
1.3 1.35 1.65 1.7 , B a3
M, [GeV/cT] M, [GeV/cT] = L,
KF Particle: 0012*'—3 0012_*
l. Kisel, JPC51070.012015 (2018) p_(GeV/c)

S. Gorbunov, M. Zyzak, Ph.D. theses

Very good purity and significance of = and Q) hyperons with KF Particle Finder package.
But still statistically very challenging, i.e. = (Q)) yield ~1/10 (1/100) of A yield

1. Niida, HuaDa QCD school (@CCNU



= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021)

T

P, [%]

—o

N
IIII|IIII|IIII|II

A+A
Q

P_(7.7)=7.3423.02 [%]

AMPT PRC99, 014905 (2019)

H

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
A 0A

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

STAR Au+Au 20%-80%
) (via daughter A P)

* .=+_
¢ E+n_
+ Q + Q (viadaughter A P)

a, = 0.732 = 0.014 *
OLX =-0.758 =+ 0.012

a. =-o0+=-0.401+ 0.010

v, =1°

_1 IIII|
10

10°

1. Niida, HuaDa QCD school (@CCNU

")V__IGéﬂ

» Hint of hierar
(Pp) = 0.24 -
(P=) = 0.47 -
(Pg) = 1.11 -

chy in P4: Pa< P=< Pq
- 0.03 (stat) £ 0.03 (syst) %
- 0.10 (stat) &= 0.23 (syst) %
- 0.87 (stat) &= 1.97 (syst) %

> combined = Py from the two methods
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= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021)

PZI ) o STAR Au+Au 20%-50%
;(7.7)=7.34x3.02 [%] Nature548.62 (2017)

eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
mA OA

P, [%]

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

—o

STAR Au+Au 20%-80%

p—
=

= + E (via daughter A P,))

* —+
¢ E+E
+ Q + Q (viadaughter A P)

N
IIII|IIII|IIII|II

a, = 0.732 = 0.014
O = -0.758 £ 0.012
= a. =-o_ =-0.401+= 0.010

] AMPT PRC99, 014905 (2019)
I A+A =
u @ - y; =1-

_1IIIII I I IIIIIII I I IIIIIII I

10 102 10° .
\/SNN [GeV]
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» Hint of hierarchy in P4: Prn < P=< Pq

(Pp) = 0.24 £ 0.03 (stat) + 0.03 (syst) %
(P=) = 0.47 + 0.10 (stat) 4+ 0.23 (syst) %
(Po) = 1.11 £0.87 (stat) + 1.97 (syst) %

> combined = Py from the two methods

. 5
» Thermal model predicts: Pz = Py, Po = §PA
P = @ I~ (S _:I; 1) ; F. Becattini et al., PRC95.054902 (2017)
S

» Earlier freeze-out leads to larger PH
O.Vitiuk, L.V.Bravina, and E.E.Zabrodin, PLB803(2020)135298

» Models including feed-down capture the trend

D.-X. Wel, W.-T. Deng, and X.-G. Huang, PRC99.014905 (2019)

B. Fu et al., PRC103.024903 (2021)
H. Li et al., PLB827(2022)136971
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= and Q global polarizations from BES-II

X. Gou (STAR), QM2025

10

P, [%]
@)

STAR Preliminary

Au+Au collisions at BES-II

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

- —t e
x Q—=A+Q —=A PRL126, 162301(2021)

- _—t
x=—=A+ =2 —=A PRL126, 162301(2021) —

o QA+ Q —A

- _— -
o =—=A+E —=A

1. Niida, HuaDa QCD school (@CCNU

4

Better significance of P= (~50) from STA

q

3

-S-

» Positive Powith a hint of larger value than A&=

P} = Co-APg = £ (1 +479) Py,

vao=+1or-1 = Con=10r-0.6

B3ased on the global vorticity picture, the
unmeasured va (Ya=+1 or -1) can be constrained
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Rapidity dependence?

W.T.Feng and X.G.Huang, PRC93.064907 (2016)

o0—————— (—F ———F————— e T
- —— 200GeV - —nergy dependence of vorticity vs. rapidity
o AU+AU /N e 546GeV : : T ST
T ooel w04 L N\ 900GeV - Baryon stopping and velocity protile in the initial state
E ; at given acceptance
- 0.04 . . . . .
'}:002 haod 5 But the predicted polarization trend differs among models
0.00 ’V/jbased on|energy flovvgv\\““’
1 2

- O
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Rapidity dependence?

W.T.Feng and X.G.Huang, PRC93.064907 (2016)

0.10,

N — 200GeV —nergy dependence of vorticity vs. rapidity
008 Au+tAu /| \ ———— 546GeV . . g C ey
T ooel w04 L N\ 900GeV - Baryon stopping and velocity protile in the initial state
E - at glven acceptance
- 0.04; . . . . .
3 200l ; But the predicted polarization trend differs among models
0.00 ’V/j based on|energy flovvgv\\““’ T —a 0,05 4= sTARZ00GeV
.................... R 1.0 - e b.=0. [ - --19.6 GeV
-2 -1 0 1 2 5 05 iy 3t 624 Gev
n -0.6- § 2----209 =
PICR model - ] AMPT
00 O_‘ “STAR (20-60%) |
J 1Ll this work (20-50%)
21 : 1.0-0.5 0.0 0.5 1.0
Clvisc & |ty |
Fos \\\// Ee Geometrical model

Y.Xie, D.Wang, and L.P.Csernai, RPJ(2020)80:39
H.Z.Wu et al, PRResearch1.033058(2019)

D.X.Wei, W.T.Deng and X.G.Huang, PRC99.014905 (2019)

T. Niida, HuaDa QCD school @CCNU Z.1.Liang et al., arXiv:1912.10223



Rapidity dependence of P

STAR, PRC104, LO61901 (2021) STAR, PRC108, 014910 (2023) STAR, PRC90, 014910 (2018)
g JO ; g 12 (a) A A EOI - STAR Au+Au /s = 200 GeV
| Qf 4; L _ = "y &3 Ll T 20%60%, 0.5<p_<6 GeV/c
: —— ] 21 : %A
T : &) %a%% ﬁ ; |
| 0 R i 6 | : + E A
- . 0.8 = 0.5—
f ] 0 E*Esaaa % L - @ _ @
- EER AMPT ] - i i“
L . 0.4 : ] %
O—S5TOA;)RC§;EI—JZ;ﬁ;; @0:.73(}(2%\;0 0.2 STAR Au+Au, \/snn = 19.6 GeV -
0f n 07 —: ) 2050% Centrality,pr > 05 GeV /e ] L
02 0 02 04 06 08 1 15 1 05 0 05 1 15 L ]
‘ Yy ‘ J ‘ n
3 GeV 19.6 GeV 200 GeV SNN
Ybeam ~ 1.0 Ybeam ~ 3.0 Ybeam ~ H.4
- A AGS
. 801" (E802,E877, E917)
g [" (31\1;249) Vsnn = 51GeV SPS y,
%60?_'EHRTHMS> ey » At 3 GeV (FXT), the measurement almost reaches ybeam,
S r l | | .
2 40 but no clear rapidity dependence observead
ET =17§GieV
S 201 1200 GeV » Uncertainties need to be reduced for a firm conclusion
O_I 1 1
Jem BRAHMS, PRL93,102301(2004) 43
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Azimuthal angle depende

reaction plane

1. Niida, HuaDa QCD school (@CCNU

\L

nce

out-of-plane
d-Wrp = 11/2

IN-plane
P-Wrp =0

» Larger polarization in in-plane than out-of

» The data cannot be explained by t

nerma

-pla
VOr

e

ticity w/T alone

“Spin puzzle” with the local polarization (discussed later)
» Including shear-induced polarization =/T can reproduce the observed sign

/2
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Cosine modulation of Py

1.5 I | I | I | I | I | I | I | I
| STAR Ru+RU & Zr+Zr |5y, = 200 GeV
A+A ml<1,05 <p,<6GeV/c

17 e P, (method-1) T
" P, o (method-2)

) Py
o~ - [
S N
00 g - |
PH((in — lPRP) = Py,cO + 2 Z Py,c(zn) COS[2I’I(¢H — \PRP)] &,} #Jf #{‘ +++ #{‘
n=1 -
~ v,¢0 + 2Py,c2 COS[Z((I)H — ‘PRP)]' 0 %% ______________________________ F_ _:__ _____ ~
(sin(?; — ¢p)) ) T Y U B N e |
Ay O 10 20 30 40 50 60 70 80 20-50
— T [AO (Py’c() + 2Py,6202) — Az (Py,CZ + Py,coUz)] . Centrality [o/o]
(sin(¥ — CbE) cos[2(¢py — ¥Yrp)])
a7 1
— T lAO(Py,CZ + Py,cOU2) o EAZ(Py,cO + 3Py,c2v2)] ’

» In Ru+Ru & Zr+Zr collisions, similar trend, 1.

after decoupling the effect of elliptic tlow
- Solving Pyen convoluted with elli
- Accounting for the detector effect (Ao, A2)

ptic flow vo

1. Niida, HuaDa QCD school (@CCNU

STAR, PLB870 (2025) 139891

1.5 | | | | | | | I
. STAR R = B |
P oo : u+Ru & Zr+Zr \/STIN =200 GeV s -
Y A+A i <1,0.5<p_<6GeVic 1 ]
17 e p,, (method-1) T -
- " P, ., (method-2) T N
§ 0.5 —+ =
o | i ]
r i ]
ﬁ . $ I &
O | o o e o e e f e L L - I I _ - - ]
- » T _
Py EEE N O NI RN R B i1 ]

0 10 20 30 40 50 60 70 80 20-50

Centrality [%]

e. larger Py in In-plane, was observed
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System size dependence?

e System size dependence predicted (for a given centrality)

* |Longer system lifetime dilutes the vorticity/polarization

* |nitial B-field (|B|?) difference is 10-15% between Ru+Ru and Zr+Zr

UTAu > 9%Ru, %7r > %Cu > '°0O

P < PR~ P& < PYY < PP 7

I I o I o I L P Corn i 10 I I ! [ T T
I — Au+Au
I _ ] - nT/(e+ P)=0.08
15_— SNN = 63GeV - = =Cu-Cu | sl e =05 GeV/fm? T Ru+Ru i
0 | b w=08"fm — 0+0
‘:-\ 20_50 /O - e - Cu_Au | L . g
% - Thermal vorticity -
N —~0.6 = Au+Au@©200 GeV .
o S - =
~ : L 0.5 < pr < 3 GeV - Ca
N | _
3
N
picture from P. Tribedy (QM22)

0 20 40 60 80
Centrality (%)

S. She et al., PLB788(2019)409
T. Niida, HuaDa QCD school @CCNU A. Alzhrani, S. Ryu, C. Shen, arXiv:2203.15718 46




Global polarization in isobar collisions

STAR, PLB870 (2025) 139891

1 5 I | | | | | | | | | | | | | | | 1 ] 1 _5 T | I | I | I | I | I | I
TAR = - i
| STAR \sy = 200 GeV — . STAR {5, = 200 GeV — -
I ] A+ A i A+ A
i °* Ru+Ru & Zr+Zr |
1 __ O.Sﬁ% % | eRusRU & Zr4Zr __,__ __ 1 o  Au+Au PRC98,014910(2018) ]
} § ? 5 § OAU+AU — N
OF------- + ________ | 20%-60% |T]| <1 .
~ i . . 1 il i) i =-a_=0.732 + 0.014
X 0 100 200 300 . X T ]
< 0.5 (N ) %’} ﬂ = — T 0.5+ _
part ®
Q i o2 T il Q i + i
= - ‘_\:\':‘_ﬁi‘_:‘. :::: ‘é"_:":"=‘ | 1 % | ::\:g‘j:':'é:':’ :::: i_ ‘my, :
PRI - et | ] — N L.o..]
- o, =-o-=0.732+0.014 T
O_ ____________________ A ___/_\ _________ _ - - - - — O———————————————————————————"': ‘Jg—
i AMPT+MUSIC 0.5<p.<6.0 GeV/c Inl<1] | o AMPT+MUSIC _
Ru&Zr Au+Au 1 _ - Ru&Zr Au+Au e
-  — A equilibrium 1 i u — —— A equilibrium o
| me - s-quark memory 1 B . == s-quark memory -
~0.5 T IR AR T AT NN SN T AR —05 | ' | ' | ' | ' | ' | ' | '
0 10 20 30 40 50 60 70 80 20-50 05 1 15 2 25 3 3.5
Centrality [%] ,UT [GeVic]

o Within current uncertainties, no ditference between Au+Au and isobar systems
* No significant difference between A and anti-A in isobar collisions
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Effect of transverse polarization?

= T * [ransverse polarization wrt production plane could
X T STAR Au+Au 20%-50% . . . ,
< gl BEs- — contribute to the measured global polarization at low
QI — 'A UrQMD-IC+VHLLE, A @A OA |y« — ; . . . r
_ *//\\ I wes ey - Vs, through coupling with directed flow
— - -f=-=-"- iral kKinetic, A+A * A ¥ A |yl<1 —
61 \\ Tt YangMIsGHPICR A 60 Gev ] F. Liuand Z. Tu, PRD113, 114051 (2026)
NI T aoroeosa A RR me T
4 B \\\ ALICE Pb+Pb 15-50% B
i -0.2<y<1 + A A |n<t |
: Q\. 1 HADES 20-40% -0.5<y<0.3 :
ol ) \ . . ¢ A Au+Au ]
| Sl + A Ag+Ag _
| of = 0.732+0.014 \ -] T )
olck-omsexo0orz © | AT —. a4
&b
i ] ] | I III| ] ] 1 1 1 III| ] ] 1 1 1 III| ] ] 1 1 1 II—
1 10 102 10°
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Effect of transverse polarization?

re
th

* [ransverse polarization wrt production plane could be

ated to the measured global polarization at low /snn,

‘oug

N coupling with the directed tlow
F. Liu and Z. Tu, PRD113, 114051 (2026)

' Production plane: ﬁbeam XﬁA
S or

Reaction plane:  Dbeam X b

High Vsnn _/'\/_)
(small lvil)

rapidity

Vi ﬁ/\ — \Ifl
Low Vsnn
(large lvil) >

v1 = (cos(¢p — ¥q))

1. Niida, HuaDa QCD school (@CCNU
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Effect of transverse pola

rization?

* [ransverse polarization wrt production plane could be
related to the measured global polarization at low +/snn,
through coupling with the directed flow

- >
F. Liu and Z. Tu, PRD113, 114051 (2026)
Production plane: ppeam X PA
S or .
Reaction plane:  Dbeam X b
A
V1 ____No vorticity, only transverse Pa& vi
ngh '\/SNN _/'\_/_) JAM2 - ' (S =3GeV 20%-50%
(Sma" |V1|) rap|d|ty i P;> 0.7 GeV/c
JAM2 + TP -= ' -0.2<y<1.0
v ) E v i
1 PA —> \Ifl - Y : Event Plane Reaction Plane
LOW '\/SNN (Direct Average) E : g
(large lvil) > 5 : ;
STAR —h— : X
0 I ' I 2 I ' I 4 I P(GP)G(O/O) l I 8 I ' l 10 l | l 12
v1 = (cos(¢p — ¥q)) ~20% of Py could come from transverse /A polarization based on a rough estimate,

Under investigation experimentally...
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Connection to QCD phase diagram

0.10 ~—
0.08 - RN - - 0.16
s N 0.14
% . Crossove\r\ S |
3 j N o R - T. [GeV] 0.12
— 0.04 - R
NN | 0.10
0.02 - CEP ) - 0.08 0.01
T 1st order\ 1 | . .\l\
0.00 | . . . | . | 1 1,92 | o
0.50 0.55 0.60 0.65 (Gey, 0 W
o (GeV) |
Y. Jiang and J. Liao, PRL117.192302(2016) Y. Fujimoto, K. Fukushima, Y. Hidaka, PLB816(2021)136184

e \orticity w can play a role similar to baryon chemical potential ys

* Deconfinement transition temperature becomes lower if the system Is rotating

Opposite trend is found in LQCD
V.V. Braguta et al., PRD103, 094515 (2021)
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Summary of day-3

> Hyperon global polarization was observed in relativistic heavy-ion collisions

0 Average global polarization can be explained by various models, supporting the global
(thermal) vorticity picture

O The estimated vorticity w is of the order of w~1021 s-1; the most vortical tfluid ever observed

0 No significant magnetic-field-induced splitting was observed;
Upper limit of the late-stage magnetic-field: B<1013 T

0 Some open questions

- Rapidity dependence, Polarization mechanism at low-v/snn, Spin dependence of the
oolarization needs to be confirmed (Q) hyperons)
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