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[ Large Hadron Collider }

2 Study properties of a deconfined state of matter, Quark-Gluon Plasma

R\ I, A UncH 1T ' - 1]
T @ATLAS & Search for QCD critical point and 1st-order phase transition

EXPERIMENT

. o & Connection to the interior of neutron star at high baryon density
(First Pb-Pb collisions in 2010)
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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,
Large orbital angular momentum of the system:
L=rxp

~ bA\/5. ~ 10°A

/ Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)
¢ / PRL 94, 102301 (2005) PHYSICAL REVIEW LETTERS s
= —»

“ | Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions
j \‘ /ﬂ Zuo-Tang Liang1 and Xin-Nian Wangz’1
\ ( L.
\ Also, strong magnetic field created: E—
S - DG ‘
reaction plane ke
B ~mZ /e

spectators

participants ~ 10 T

D. Kharzeev et al., Nucl.Phys.A803, 227 (2008)
L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014)

c.t. magnetar B~1011 T

1. Niida, SPIN2025 (@Qingdao



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

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)

PRL 94, 102301 (2005) PHYSICAL REVIEW LETTERS 18
<=
“ | Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions
j \‘ /ﬂ Zuo-Tang Liang' and Xin-Nian Wang*'
\ ( L L
\ Also, strong magnetic field created: ;T
— - & & :
reaction plane TR aR
>/
Y
B ~m./e

spectators

participants ~ 10" T

D. Kharzeev et al., Nucl.Phys.A803, 227 (2008)
L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014)

c.t. magnetar B~1011 T

1. Niida, SPIN2025 (@Qingdao



Orbital angular momentum / Strong magnetic field

For non-central heavy-ion collisions,

BL

Large orbital angular momentum of the system:
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“Global” polarization

Rotating system under strong B-field:

- Particles “globally” polarized along L or B via
spin-orbit/spin-magnetic couplings

- Particles and antiparticles are oppositely aligned along B

/.-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)

Jl m
/ reaction plane

spectators

participants

1. Niida, SPIN2025 (@Qingdao



“Global” polarization

Rotating system under strong B-field:

- Particles “globally” polarized along L or B via
spin-orbit/spin-magnetic couplings

- Particles 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)

- Polarization P in non-relativistic limit

), 4.4 assuming local thermodynamic equilibrium
reaction plane S: spin
p_ (S+1)(w+ upB/S) w: vorticity
spectators 31

participants

F. Becattini, F. Piccinini, and J. Rizzo, PRC77, 024906 (2008)
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How we measure the pola

rization?

Parity-violating weak decay of hyperons

Daughter baryon is preferentially emitted in the direction
of hyperon’s spin (opposite for anti-particle)

dN_ 1(
dQ* A

P ;7 : hyperon polarization
P B : unit vector of daughter baryon momentum
Qg7 - hyperon decay parameter

asterisk(>*¢) denotes “in hyperon rest frame”

1 +agPy - Dp)

Polarization along the initial L direction

8 (sin(V1 —¢yp))
TOH RGS(\Ifl)

P =

W4 azimuthal angle of spectator fragment
STAR, PRC76, 024915 (2007)

1. Niida, SPIN2025 (@Qingdao

apn = —aj = 0.747 = 0.009

L
A — D _|_ T ..............
I B
AY4 s
) beam direction (z)
/'/ X
l'l;/ . 3
b o
& !

PDG2024

Spectators fly away from the beam axis (at high energy)
S. Voloshin and TN, PRC94.021901(R) (2016)



First observation of A global

2005: Theoretical prediction
2007: First attempt of the measurement (null result)

2017 First observation by STAR experiment!

STAR

PHYSICAL REVIEW C 76, 024915 (2007)

Global polarization measurement in Au+Au collisions
0.1

0.08
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0.04

—@—
0.02 —@— l
S e s
002 | L o i Ll
-0.04 I '_T_' —

-0.06

-0.08

-0.1

A

Upper limit of Py <2%
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Rapidly growing topic with new measurements

Physics Letters B

Volume 846, 10 November 2023, 137920

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 ®%0, Z. Ahammed &3, . Ahmad ®'%, 5. U,
Ahn (979 et al. (ALICE Collaboration)

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

*Only experimental papers in HIC

Show more v

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

ALICE °

nature

Explore content v About the journal v  Publish with us v

Polarization of A and A Hyperons along the
Beam Direction in Pb-Pb Collisions at /s,
= 5.02 TeV

S. Acharya'¥3, D. Adamova®, A. Adler’5, G. Aglieri Rinella33, M.
Agnello3', N. Agrawal®5, Z. Ahammed'43, S. Ahmad'$, S. U. Ahn’ et al.| | Article | Published: 18 January 2023

(ALICE Collaboration) Pattern of global spin alignment of ¢ and K™
mesons in heavy-ion collisions

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

nature > articles > article

S. Acharya'', D. Adamova®, A. Adler”?, ). Adolfsson®, M. M.
Aggarwal®®, G. Aglieri Rinella33, M. Agnello3®, N. Agrawal'%>3, Z.
Ahammed'4 et al. (The ALICE Collaboration)

Show more v

First observation

GO MOBILE »

Global polarization of A hyperons in Au
collisions at \/syy = 200 GeV

Show more v

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

Phys. Rev. Lett. 128, 172005 - Published 29

HLICE &l [April, 2022

STAR Collaboration

ALICE

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

STAR

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

\/SNN =200 GeV

.Adam'3, L. Adamczyk?, J.R. Adams3’, . K. Adkins?®, G. Agakishiev?é, M.
. — ' pr— : Ly s S AGIK Y B Aitbaev?® et al. (STAR Collaboration) . .
M. Aggarwal®®, Z. Ahammed®?, L. Alekseev333, D. M. Anderson>3 et al. Showmore v Observation of A hyperon local polarization in pPb
(STAR Collaboration) Showmore v collisions at VS = 8.16 TeV
Phys. Rev. C 101, 044611 - Published 20 April, H L I C E Exp ST R
Show more v 2020 Erratum Phys. Rev. C 105, 029902 (2022)
Phys. Rev. Lett. 131, 202301 - Published 14 Ex The CMS Collaboration®
STAR Nwember, 2023
Phys. Rev. Lett. 123, 132301 - Published 27 Ext

September, 2019

OPEN ACCESS

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)

ACCESS BY BROOKHAVEN NATIONAL LABORATORY RESEARCH LIBRAR

Physics Letters B

Volume 835, 10 December 2022, 137506

Measurement of global HADES
polarization of A hyperons in
few-GeV heavy-ion collisions

Hyperon Polarization along the Beam
Direction Relative to the Second and Third
Harmonic Event Planes in Isobar Collisions at

VSNN =200 GeV

M. L. Abdulhamid?, B.E. Aboona®?, J. Adam'3, J. R. Adams??, G.
Agakishiev?®, L. Aggarwal“®, M. M. Aggarwal*’, Z. Ahammed®®, A,

CN

| ( ~
JCMS

(=) CERN-EP-2024-328
WA 2025/02/13

=~
)

Global Polarization of E and Q Hyperons in
Au + Au Collisions at \/syy = 200 GeV

J.Adam®, L. Adamczyk?, ). R. Adams?, J. K. Adkins3®, G. Agakishiev?8, M.

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.

M. Aggarwal®!, Z. Ahammed®’, L. Alekseev®35, D. M. Anderson’® et al.
(STAR Collaboration)

STAR _

Phys. Rev. Lett. 126, 162301 - Published 22
April, 2021  Erratum Phys. Rev. Lett. 131,
089901 (2023)

Show more v - - . 3 i
rpidity are investigated for A and A hyperoms, hut no significant dependence has been of ST ents
/) for A and A are consistent with each other, indicating listle contribution of the spin-magnet on.
(€ “The results for A hyperons measurements are qualitatively consistent with hydrodynamic rom

(o8]

e~

Global polarization of A and A hyperons in
Au + Au collisions at \/syy = 19.6 and 27 GeV

M. L. Abdulhamid®, B. E. Aboona®s, ), Adam'®, L. Adamczyk?, ). R.

Adams39, . Aggarwal®!, M. M. Aggarwal®!, Z. Ahammed®?, E. Alpatov® et

f fluk ces H
i (STAR Collaboration) al. (STAR Collaboration)
Joncolllens J.Adam?, L. Adamczyk!, ). R. Adams3", J. K. Adkins?', G. Agakish
22 Sh v .
Aggarwal33, Z. Ahammed55, N. N. Ajitanand*?, L. Alekseev'728 ¢ ow more SLEIEIIE
Collaboration) STAR STAR
Phys. Rev. C 104, L061901 - Published 21 Phys. Rev. C 108, 014910 - Published 27 July, Ex
December, 2021 2023

Show more v

" in Au=Au collisions. For the first time, the depeadence of the polarization on the hyperon's coussion azimumnar dngse wim respect
1o the second hanmonic event plane is extracted and shows stronger polarization for the in-plane emitted hyperons at the level of]

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

The STAR Collabaration

Abstract

The polarizatior of A, A, £~ and &* hyperons along the angular momentum of the systen ions|
of Ru+Ru and Zr+Zr at 4/, = 200 GeV with the STAR detector at RHIC. The polarizati Iy is|
explored and found to show an increasing trend in more peripheral collisions. Dy i 1do-|

shear-induced polarization and thermal vorticity. and show bo obvious system size depends jults|
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Prediction
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A global polarization vs. Vsnn

Recent reviews
TN and S.Voloshin, Int.d.Mod.Phys.E33(2024)2430010

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

I|—|IIIIII| I IIIIIII| I IIIIIII| I R

~~
X T STAR Au+Au 20%-50% .
— 81— | BES-| —
Q- \ UrQMD-IC+VHLLE, A @A OR |y -
i 0—./ ﬁ AMPT, A _ BES-II 7
= /\ ----- Chiral kinetic, A+A * A KKyl -
61— W | === YangMills-IC+PICR, A —
i \\ — — 3FD, 1PT-EOS, A 200 GeV_ _
: BAOR <t
i \ — . - 3FD, HG-EOS, A i
B\

4 \ ALICE Pb+Pb 15-50%
i 0.2<y<1 \\ A FR < _
i \\ | HADES 20-40% -0.5<y<0.3 |

1N Y. ¢ A Au+Au
2 — \ il ~ - P
| SR Sao + A Ag+Ag _
’ UL BRRE .
o, = 0.732 +0.014 \ ikl TS .
oc__0758+0012 .
OfF— -
i I I I I I | I I I I | I I I I | I I L 111 I—
3
1 10 10° 10

\'Syy (GeV)
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* |ncreasing trend toward lower energies,
described well by various theoretical models

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

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

Based on thermal vorticity field, relating it to spin

1w ,uAB
PA( Ao F. Becattini et al., Ann.Phys. 338 (2013), 32-49
2T 1 F. Becattini et al., PRC95, 054902 (2017)

The most vortical fluid ever observed
STAR, Nature 548.62(2017)

w = (Pr + Py)kgT/h ~10%* s~
un: A magnetic moment
T: Temperature at thermal equilibrium



A global polarization vs.

Recent reviews
TN and S.Voloshin, Int.d.Mod.Phys.E33(2024)2430010
F.Becattini, M.Buzzegoli, TN, S.Pu, A.Tang, Q.Wang, Int.J.Mod.Phys.E33(2024)2430006

VSNN

< [ T T T e * ANy difference between A and /A from B-field effect?
E 8—_ 'A UrQMD-IC+VHLLE, A B.E?\-IOK ly|<1 _— . _
BRA ﬂ _____ U U 1 ¢ Does R+ smoothly increase towards lower energy”?
6 / \\\ e YA ICIPIOR Z*OOGGV_ ’ - Any changes from partonic (>a few 10 GeV) to
LT — . - 3FD, HG-E0S. A "A ORIl - hadronic matter (a few GeV)?
il Eotholie B - reg.in=
- \ ) - an we see spin-dependence? e.g. in =, O
i HADES 20-40% -0.5<y<0.3
T Ny Ao 1 ¢ System size dependence?
| o, = 0.732+0.014 \ BN --.~..~.~.:.‘ ]
O A B -t — ¢ "Puzzles” remain in differential measurements?

T RN R R e.g. Py(d) and Py(y)

1 10 10? 10°
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Any effect of magnetic field?

MclLerran and Skokov, Nucl. Phys. A929, 184 (2014)

e 10

eB/m

1

0.1
0.01
0.001

0.0001

107

—|-IIIIIIIIIIIIIIIII|IIIIIIIII|IIII—

—1 0 1 2
t/ Ry

R

£

lwr  paB
oTy T !
1 w, ,uAB:
2T, T :

ua: /A magnetic moment

e Lifetime of the initial B-field lifetime is very short (<0.5 fm/c).
* Could be sustained by (unknown) QGP electric conductivity

1. Niida, SPIN2025 (@Qingdao

STAR, PRC108, 014910 (2023)
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0 } ....................................
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1l 4 STAR 20-50% Au+Au, BES-I |
: <& ALICE 15-50% Pb+Pb ]
~1.5] | :
L1111 L1111 L1111 L1 1 1111
10* 102 107 107
SNN

Tong Fu, Sep. 23 (Tue)
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Any effect of magnetic

field?

STAR, PRC108, 014910 (2023)

S
< |
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) .= 15
”ggm Ple:lluABl a9 1*
5 Aot |
[ i
[] B 1
0. 1w, ppB 0o i
0.01 PR ~ I : ol
21, AN ; “
0.001 ===t _0.55 scaled using ap=0.732 -
0.0001 ua: /A magnetic moment - 4> STAR 20-50% Au+Au, BES-II | |
1l 4~ STAR 20-50% Au+Au, BES-I | |
107 ' & ALICE 15-50% Pb+Pb ]
1o B=(Py—P\)T/(—2up)
= 10’ 102 103 10
o -1 0 1 2 ~ 3OAPA X 1014 [T] S
/R Upper limit from APH NN
eB/m2 ~ 10APy (T=120 MeV)
e Lifetime of the initial B-field lifetime is very short (<0.5 fm/c).
* Could be sustained by (unknown) QGP electric conductivity
 An upper limit of the late-stage B-field is <1013 T
Tong Fu, Sep. 23 (Tue)
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Any effect of magnetic fie

Id?

MclLerran and Skokov, Nucl. Phys. A929, 184 (2014) R —
o 10 1 wr ,UAB ’
Z P ~ (. -
m AN — ! i
: 2T T

0
0.01 P/_\ =~ 0 !
21, JAN
0.001 1

0.0001 ua: /A magnetic moment

107

B = (Px — Pn)T/(—2p4)
~ 30AP, x 10* [T
eB/m2z ~ 10AP,

1 2
/R Upper limit from APH
(T=120 MeV)

e Lifetime of the initial B-field lifetime is very short (<0.5 fm/c).
* Could be sustained by (unknown) QGP electric conductivity

 An upper limit of the late-stage B-field is <1013 T
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STAR, PRC108, 014910 (2023)

| 6 !
X - .. .
— STAR: Au+Au collisions
- g I 20-50% Centrality ]
> 4 =  A-A STAR Preliminary
B Q + A-APRC108.014910 (2023)
— o  A-A Nature548.62 (2017)
D_‘>s n -
2 [ —_
i | _
ol +i ' @} % _____ % ________________________________ _
Z : o
I I | I | | | | =1 1 1 I |

10

Tong Fu, Sep. 23 (Tue)

1. Niida, SPIN2025 (@Qingdao

102

Energy [GeV]

11



Finite polarization at the LHC

E— Prottay Das, Sep. 23 (Tue)

ALICE, 152025
W.T.Feng and X.G.Huang, PRC93.064907 (2016) ;\3 - ALICE Preliminary
010 _ T 3 ¢ (A+A)/2
: — 200GeV - - Pb—Pb 15-50%
0-03:' 546GeV - o5l 0.5< p_<5GeVic
TE 0.06/ 900GeV _ I ly| < 0.5
Z 0_045_ _ 2 ALlCE_PRC 101, 044611 (2020)
3 | | ; -
~ 0.02+ . i 1.5 | [ i
| \ R L] Pb-Pb 15-50%
0.00 g B = 0.5< p. <5 GeV/c
""""" 1 L] T
2 ly| < 0.5
05 [] STAR _Nature 548, 62-65 (2017)
y A A
- L
|.Karpenko and F.Becattini, EPJ(2017)77.213 O - ‘. ----- Au-Au 20-50%
W:6|2'4 GeIV, ZO_ISO% Clentra: AU-AIU' ave|raged Ic T L] Lo Lol 0.5<p_<6 G;V/C
o | l 10 10° 10° 10 <038
L | [ |'syy (GeV)
E o INEE * Shear flow gets smaller at mid-rapidity at higher energy, due to baryon
1 |4 transparency —Partly explain the energy dependence of PH
wy =2z - {l*  « Empirical estimate with directed flow: PHLHC ~0.05-0.1%
2 0x 7 2 S. Voloshin, EPJ Web Conf.171, 07002 (2018)

|
0
U
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Finite polarization at the LHC

E— Prottay Das, Sep. 23 (Tue)

ALICE, 1S2025
W.T.Feng and X.G.Huang, PRC93.064907 (2016) g 0.2oF ALICE Preliminary
0.10 T 3 ¢ (A+A)/2
| 0.1k H Pb-Pb 15-50%
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 Shear flow gets smaller at mid-rapidity at higher energy, due to baryon
transparency —Partly explain the energy dependence of PH

* Empirical estimate with directed flow: PHLHC ~0.05-0.1%
S. Voloshin, EPJ Web Conf.171, 07002 (2018)

New ALICE measurement shows Pa ~ 0.07% with 50 significance



Global polarization of multi-strangeness

» Thermal model predicts: P = Py, Pq = gPA » Hint of hierarchy in P4 but not significant yet

) (1w (Pp) = 0.24 £ 0.03 (stat) £ 0.03 (syst) %
s 3 T  F Becattini et al., PRC95.054902 (2017) (P=) = 0.47 + 0.10 (stat) 4+ 0.23 (syst) %
(Po) = 1.11 £ 0.87 (stat) + 1.97 (syst) %
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Global polarization of multi-strangeness

D

» Thermal model predicts: P= = Py, Po = =P » Hint of hierarchy in P4 but not significant yet
= A Q2 9 A
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New results from STAR BES-Il program

» Thermal model predicts: P = Py, Pq = §PA » Hint of hierarchy in P4 but not significant yet
b (s) (s+1)w (Pp) = 0.24 +0.03 (stat) & 0.03 (syst) %
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) global polarization / unknown yaq

T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)
*Values below based on PDG2020

O (spin3/2)]  Pi=CoaPH=1:(1+40)P; o 8+ =1

kya is unknown, but dg, Bak1 = yo~=1

Polarization transfer factor could be Caop ~ +1 or — 0.6

STAR, PRL126, 162301 (2021)
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Based on global vorticity picture (Pa>0), positive yq Is favored
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) global polarization / unknown yaq

T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)
*Values below based on PDG2020

O (spin3/2)]  Pi=CoaPH=1:(1+40)P; o 8+ =1

kya is unknown, but dg, Bak1 = yo~=1
Polarization transfer factor could be Caop ~ +1 or — 0.6
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Polarization along the beam direction: P:
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- Polarization along the beam direction expected

from the “elliptic flow” F. Becattini and |. Karpenko, PRL120.012302 (2018)
S. Voloshin, EPJ Web Conf.171, 07002 (2018)
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Polarization along the beam direction: P:

- Polarization along the beam direction expected

from the “elliptic flow” F. Becattini and |. Karpenko, PRL120.012302 (2018)
S. Voloshin, EPJ Web Conf.171, 07002 (2018)
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(o) 2

P,<0

Polarization along the bea

- Polarization along the beam direction expected

from the “elliptic flow”

1. Niida, SPIN2025 (@Qingdao

F. Becattini and |. Karpenko, PRL120.012302 (2018)
S. Voloshin, EPJ Web Conf.171, 07002 (2018)

- Data indeed show a quadrupole (sine) pattern;
the sign of P, depends on azimuthal angle

m direction: P-
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Anisotropic-flow-driven polarization!

STAR, PRL123.132301 (2019)

STAR  Au+Au \'s . =200 GeV
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Flow-driven polarization, and vorticities

Alver and Roland,
PRC81.054905(2010)
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» Initial geometry — anisotropy in momentum space

» Even-by event tluctuations create a triangular shape
at the initial state, leading to triangular tlow (va)

P, o< (cos )

» Triangu
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STAR, PRL131, 202301 (2023)

Ru+Ru&Zr+Zr \/s,, = 200 GeV
Centrality: 20%-60%

fit: p0+2p1Sin(2¢ - 2‘{’2)
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ar-flow-driven polarization observed!
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Ru+Ru&Zr+Zr \/s,, = 200 GeV
Centrality: 20%-60%

fit: p_+2p sin(3¢ - 3% )
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mplex vortex pattern created in heavy-ion collisions




P. sine modulation

STAR, PRL131, 202301 (2023)
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ALICE, QM2025

ALICE Preliminary
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e Sensitive to specific shear and bulk viscosities of the medium, and the initial conditions in HIC

 First measurement of P, for = from ALICE
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Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019)
S. Alzharani et al., PRC106.014905 (2022)
A. Palermo et al., EPJC84.920 (2024)
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Spin sign puzzle

&
=4
|
e [T e
- 0] — Taec=150 MeV + ----------------- / ...............
/ —— [4ec=165 MeV
'/}eaction plane — TdeC:173 MeV
—9 l
0 /4 /2
¢ — Wrp
vorticity: wee = %(a(,up — d,u,) > Thermal vorticity can explain the “global” (average) polarization but
shear: =,, — %((%up—l—@pug) not the sign of F;or .y modulation, referred to as “spin sign puzzle” in HIC

- Non-equilibrium effect? Y. Sunand C.-M. Ko, PRC99, 011903(R) (2019)

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

S Fuer a|.',npauz7, 1(4230)1 (2021) > Shear-induced polarization is needed to explain the data but...
F. Becattini et al., PLB820(2021)136519

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

1. Niida, SPIN2025 @Qingdao
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Spin sign puzzle still remains?
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S. Alzharani et al., PRC106.014905 (2022) W. Florkowski et al., PRC105, 064901 (2022) Palermo et al., EPJC84(2024)920

* T[he sign depends ont

ne implementation detail of the shear induced polarization (SIP)

- Large cancellation of t

* Bulk viscosity could change the P, sign. Large eftect of longitudinal flow on Py(®)

1. Niida, SPIN2025 (@Qingdao

nermal vorticity and SIP! See similar studies, e.g.
C. Yiet al., PRC104, 064901 (2021)

Y. Sun et al., PRC105, 034911 (2022)
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Pz in small system

F. Gardim et al., PRC109.014904(2024)

AA

— W W
Pb Pb
i
) V/
] ' 6x10 1Q.G.P
| N i Pb
~Aa
o V/ = 71!
I. v fF O

QGP droplet is likely created in pPb collisions

(P sin[2¢-¥ ))) (%)

CMS, arXiv:2502.07898

pPb 186 nb ™ (8.16 TeV)

1 | | | | | | | | | | | | | | | | | | | | | | | |
- CMS Data  TLENTo0-3D+CLVisc |
- 0.8<p_<6.0GeVic ® A A eq. -
- 2 4 A iso-th eq. l
0.5_|n| < . - | q B
R + A+A s quark eq. -
i * & | 1 |Sep. 23 (Tue)
I * ?‘ & | [Chenyan Li (EXP)
OfF - — |Cong Yi (TH)
-0.5— —
I a, =0.750+ 0.009 . =-0.758+0.010 _
] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
0 50 100 150 200 250
offline
Ntrk

 Recently, P, has been observed in pPb collisions by CMS, with multiplicity and pr dependence

* But the models cannot explain the sign of the data...

 Another way to search for collectivity in small systems” Other mechanism of the polarization?

1. Niida, SPIN2025 (@Qingdao



Spin alignment of vector

mesons

» Vector mesons (spin-1) can be used to study the polarization

Since they decay via strong interaction, the sign of polarization cannot be determined

»  Angular distribution of the decay products can be written with spin density matrix pnn.

dN 2 2 2 , 1 !
e PoolYiol” +pral¥ialT + porilYial” e poo cos 0" + S P11+ por-1)sIn 0 s,s.) =|1,s,)

o< (1 =po0)+ (3poo—1)cos” & (s: = -1, 0, +1)

Theoretical expectation for poo

» The diagonal element poo: probability to have spin projection to be O

(reco) - 1 1 2 1
ooo = 1/3: spin randomly oriented Poo (W) 3 5(5“) <3
ooo = 1/3: spin aligned along quantization axis chosen (reco) [ 1) o 1 152 Q10> B2
Poo (B) = 3 9" mam
_ 1—|—§(<00529*>—1) 2 L
,0()0—3 9 9 p(()fgag)% 1—|—5Pq >1
1 8 3—pP? 3
= = — —{cos[2(¢p* — U q
P00 3 3<COS[ (¢ RP)]) Z.-T. Liang and X.-N. Wang, PRL94.102301(2005)

Y. Yang et al., PRC97.034917(2018)

The sign of (poo- 1/3) depends on hadronization process (recombination or fragmentation)

and the polarization mechanism

1. Niida, SPIN2025 (@Qingdao 22



Global spin alignment: ¢ and K

pOO

0.5

0.4

0.3

0.2

0.1

STAR, Nature 614, 244 (2023)

ALICE, PRL125, 012301 (2020)

0.4
Event plane Eventplane  ALICE Q
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R A AR ﬂ’ ---------- ) Eﬂ: ---------- Eﬂ: ------------ h 0.3 S
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- T ©30s<p <50(Gevic) 19
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part part

Surprisingly, large deviation of poo from 1/3

II| I I IIIIII| I I IIIIII| I I I

xo (yl<1.0&1.2< p. <54 GeV/c)
o K%(lyl<1.0&1.0< p. <5.0 GeV/c)
—GY=464+073m

I | I I I I | I
] | ] ] ] ] | ]

LLLLLLLLLLLLLLLLLLL

- filled: STAR (Au+Au & 20% - 60% Centrality)

| | | | | | | | | |

Poo =3B P,

IOOO _3_5Pq2

- But energy, centrality, pr, and y dependence is not fully understood

The vorticity picture cannot explain the magnitude, e
Importance of spin-spin correlation?

| open: ALICE (Pb+Pb & 10% - 50% Centrality)
11 I ] ] I T A I ] ] I T A I ] OI ]
10 107 10°
\syn (GeV)
.g. Pn~a few% ( ¢

Poo —

(reco) 1 — Py Iy

<1/3

2
(frag) _ 1+ qu

>1/3

Z.-1. Liang and X.-N. Wang,
PLB629(2005)20

Py ~ (Py)

1

2) ~ (P Fs)

3

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

23
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Global spin alignment: J/Y and D™+

- ALICE, PRL131.042303 (2023)
ALICE, arXiv:2504.00714

D"+ D*+vs. J/W
=|> ALICE, arXiv:2504.00714 [nucl-ex] o — e
S FrrrT |03|0|3||| <" | ALICE ] | | |
QU E y=-0s5 y=0 i 0.6~ 30-50% Pb-Pb, |s,,, =5.02 TeV - reco
0.6 Qp ; i - Reaction plane - /0(()() )(W) ~ g o 5(5&))2 < §
Cy=-0.8 y=0.8 + 1 05 )\ B | | Q Q
ot 0+ 0.5 _: E E (reco) B)a~ - _ = 2 w12 B2
D — D 70 E y“NE\N 04l + b IOOO ( ) 3 9 mMqMmMo
- e
BESIII, BT E C— ] 0.3 + : Poo = 3 — 3P2 > 3
PLB846(2023)138245 0.3 5 [ 4 . Prompt D™, 03 <|y|<0.8 - 1
E ] 0_2:— ¢ Inclusive J/,xp,.2.5 <y<4.1.0 —:
_ _ _ 84._::::}::::}::::}::::|::.::|:m|:::__ J/¢(65)3Q0Q5<0
¢ lyl<0.3 o~ 2 et . _
o 0.3<lyl<0.8 ~ 0 baall D*(cd) : Q.Q7> 0
:Io p i i o1 NN RS RS NS RN N
N 5 10 15 20 25 30
Sep. 23 (Tue) = p. (GeV/c)
Mingze LI
Xiaozhi Bai 2z D™ poo: Positive deviation from 1/3 at high pr at forward-y, and consistent with1/3 at mid-y
nclusive J/P poo: Negative deviation at low pr at forward-y
e Effect of B-field (charm Tproq ~0.1 fm/c, 178<0.5 fm/c)?
* Do we have consistent picture to explain both light and heavy vector mesons”
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Possible explanations?

Ul @ 955, K7(ds)
STAR, Nature 614, 244 (2023)
. - - - n E; _ j*0 TqulOTK*O
[T X0 (Iy|I<1.O&1.2<pT<|5.4GeV/C)— = P("@;E\,\\“” O %p \ = D
0-4__ o K”(lyl <1.0&1.0<p_<5.0 GeV/c) | £3 \;;p O & -7 T T =S
— GV =464+073m %\\WEO ® £y ,J?p@ O - 0.35 ‘.
: O . = |
I o0 © » @ 8 0.30f
S |
: effecﬂ/e coupling constant ¢-field strength °$ 0.25:_
i - 2
] (y) — | .2 2 (P")¢ /1o B § 2 2 |
l G = Ye 3<B¢,y> | m?2 <E¢,y> 2<B¢,£U + B ,Z> 020!
- filled: STAR (Au+Au & 20% - 60% Centrality) = | 2 ]
0.251 (|)pen: ALICE (Pb+P|b & 10% - 50% Ce|ntra|ity) | <§m>2¢ <Eq257 . T E?b, D, qr (GeV)
';O — ""1'02 — ""1'03 . 5 = D.L. Yang, PRD111, 056005 (2025)
X.-L. Sheng, L. Oliva, and Q. Wang, PRD101, 096005 (2020) A. Kumar, B. Muller, D.L. Yang, PRD108, 016020 (2023)
S\ (GeV) X.-L. Sheng, Q. Wang and X.-N. Wang, PRD102, 056013 (2020) Sep. 23 (Tue)
N o | | | | Di-Lun Yang
Positive deviation of ¢ poo at lower energy is possibly explained by strong force field
At high energy, the initial state (gluon field) may play a role for the spin alignment
But can we understand all the data (¢, K0, J/b, D™+ from RHIC and the LHC)?
25
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Spin-spin correlation

o 2 Spin-spin correlation proposed to search for complex vortical structures
Average of quark polarization by hyperons

|.-G. Pang et al., PRL117, 192301 (2016)

Py = <PS>
10 ®; =0~ oY) " fgv) o X100 ()IYIE[0,1], n/s=0.08
while spin-spin correlation by vector mesons X107 | Au+ Au 62.4 GeV—— 20% —30% -~ 0% — 5%
! Au+Au 200 GeV —— 20%—-30% ---- 0% — 5%
0.5 ! _
B ) B ) 2 5| s\ Pb+Pb2.76TeV --=- 20% —30% 0% — 5%
v L= (PP 1 (P (R SRIEN
00 — = |
< of -
—0.5 '
. _5 . ‘ . 1 . . ‘ 1 ‘ . . 1 . ‘ . 1
1.0 0 /4 /2 3n/4 n
Ap=Id1 — ¢l

Large signal of poo could arise if vorticity fluctuations or spin correlation are larger than its average
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Spin-spin correlation

» Quantum entanglement of tt in 13 TeV pp collisions

ATLAS, Nature 633, 542 (2024)
CMS, PRD110, 112016 (2024)

b
=01 §‘. 1 dU 1 (1 @ )
B ) 3 = — (1 — COS @
02t — odcosg 2
[] :
% ......................... @0 en’[ang|ed If D<_‘|/3
3 -03F
- b
o 04r —— Limit (POWHEG + HERWIG 7) . .
---- Limit (POWHEG + PYTHIA 8) Top quark Palrs from g|UOﬂ-g|UOﬂ fusion
mmm Theory uncertainty :
05 ® Data - expected to be maximally entangled
® POWHEG + PYTHIA 8 (hvq)
B POWHEG + HERWIG 7 (hva)
o0 340 <m;<380 380 <mg< 500 m,; > 500

Particle-level invariant mass range (GeV)

» CP test utilizing spin-entangled hyperons in ete™ — J/ — YY

BESIII, Nature 606, 64 (2022) Sep. 22 (Mon)

Hai-Bo Li

1. Niida, SPIN2025 (@Qingdao
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Spin-spin correlation

» AA spin-spin correlation in 200 GeV pp collisions

TRRIR s vk

n direction

pi

1 dN
N d cos 6*

STAR, arXiv:2506.05499

STAR
' I

[ p+p Vs =200 GeV |

03 [~ AA, lyl <1

0.2

////////////////////////////////////////////////////////////////////////////////////

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

® Data

7)) SU(6) quark model
W\ Burkardt-Jaffe model

IIII§IIII|IIII|I

AR = | Ay?+A¢?

Sep. 24 (Wed)
Qinghua Xu, Jan Vanek

- Entangled ss from chiral condensate in QCD vacuum
- Correlation vanishes at large separation. Quantum decoherence?

1. Niida, SPIN2025 (@Qingdao

2 in 19.60 GeV Au+Au collisions

N

<
v

<

A
O

L e AR AutAu /Syy = 19.6 GeV  _
| —— AA _
0.005(— —
e R S S S
~0.005- _
i STAR Precision Projection
T T A e
0 1 2 3 4
’\ VN N ~— - AR
Sep. 23 (Tue)
dN Xingrui Gou
S *
x 1+ ajasC cos 6
d cos 0* Ards

- Analysis is ongoing for Au+Au BES
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Summary and Outlook

 (QObservations of hyperon global and local polarization and vector meson spin alignment open
new directions in the study of QCD matter and spin dynamics in heavy-ion collisions

* A lot of progress have been made in both experimental and theoretical studies but still many
open questions remain

1. Niida, SPIN2025 (@Qingdao
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Summary and Outlook

e (Observations of
new directions in

e A lot
open questions remain

the study of QC

TN and S.Voloshin, Int.J.Mod.Phys.E33(2024)2430010

e Polarization splitting between particles and antiparticles, including particles with

larger magnitude of the magnetic moment such as (2. It will further constrain the
magnetic field time evolution and its strength at freeze-out, and the electric
conductivity of QGP.

e Precise measurements of multistrange hyperon polarization to study particle
species dependence and confirm the vorticity-based picture of polarization.

Pa and vaq

e Precise differential measurements of the azimuthal angle and rapidity dependence
of Py(P_,). Pu(®) and Pr(y

e Detailed measurement of P, induced by elliptic and higher harmonic flow. In
particular this study could help to identify the contribution from SIP, which is
expected to be different for different harmonics.

Measurement with €2 will also constrain unknown decay parameter vq,.

e Application of the event-shape-engineering technique!?® testing the relationship
between anisotropic flow and polarization.

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 ['he particle—antiparticle difference in the polarization dependence on azimuthal
angle at lower collision energies testing the SHE. Splﬂ Hall Effect

e Understanding of the vector meson spin alignment measurements including new

results with corrections of different detector effects.
e Measurement of the hyperon polarization correlations to access the scale of vor-

SpIN-sSpin correlation

ticity fluctuations.

1. Niida, SPIN2025 (@Qingdao

nyperon global and local po
D matter and spi

loNn and vec!
N dynamics |

arizat or meson spin alignment open

n heavy-ion collisions

of progress have been made Iin both experimental and theoretical studies but still many

> Toroidal vortex due to jet or in asymmetric collisions?

f :?v
(‘ZGQ) . > < =
\‘\\\ N Vortical

B @
| VY A
)

quO(f)TXZ

—
L structure

—

Héu

Interaction

S. Voloshin, EPJ Web Conf.171, 07002 (2018)
W. M. Serenone et al., PLB820 (2021) 136500
M. Lisa et al., PRC104, LO11901 (2021)
Chinellato et al., arXiv:2407.02212

’ U“d‘\
QueE >nched \[

> Global (P-y) and longitudinal (P;) polarization were measured.
What about the remaining component Px?

Sep. 23 (Tue)
Qun Wang
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More on ¢/K™ spin align

ment...

STAR, Nature 614, 244 (2023) ALICE, PRL125, 012301 (2020)
a0 aflorderEP | 1 b)o x2%orderEP 'ciq;""'ﬂi' ot e 0.5F Eventplane  (a)f Eventplane ()05
_ . ] I - K | 0
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Rapidity dependence?

G. Wilks (STAR), SPIN2023 L. Micheletti (ALICE), QM2023
1 1 1 1 I 1 | 1 | l (@) T T | T T | T T | T T | T T | T T | 1T T 1 | T T 1
~ STAR Preliminary : " [ ALICE Preliminary NEW:! -
05— X ¢2"order (1.0 < p,<5.0 GeV/c) — 0.6~ 30-50% Pb—Pb, \/TNN — 502 TeV _
B ¢1%order (1.0 <p_<5.0 GeVrc) | R . |
- o =113 !  Reaction plane |
Y Theory (1.2 < p, < 5.4 GeVl/c, $ 7 ®
0.451~ 20%-60%)' | - -
I S U - ]
3 i L & i
: 0%-80% X : i _
0.35| e | i . _
B W A ‘._‘_;:t _______________________________________________ 7] B N
! “ ‘ ] 0.2 Prompt D**, 15 < p_< 30 GeV/c —
0.3 st | |— Lol b b b b b baa g
0 0.5 1 0 01 02 03 04 05 06 0.7 0.8
lyl v

e Strong rapidity dependence in both ¢(ss) and D** (cd)
* The model involving the strong force field may explain the trend for ¢, except midrapidity

- How about D™+ 7
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Centrality and rapidity dependence

Data: STAR, PRC90.014910(2018), PRC104.1.061901(2021)

Models: S.Ryu et al.,, PRC104.954908(2021), H.Wu et al., PRRes.1033058(2019)
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< |
S
- . STAR Au+Au 200 GeV A, 200 GeV
Q_l _ — - viscous hydro
- ¥A A
1_
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O A (x0.1)
I i /
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O] |
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- | | ._‘/
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o, =-0-=0.732+0.014
- A
| | | | | | |
0 20 40 60 80
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Figures: TN and S. Voloshin, arXiv:2404.11042

Au+Au collisions

200 GeV, 20-60%
x A XA
3 GeV, 0-50%

O Ax0.2

hydrodynamic model, 200 GeV
— A, CLVisc
A, PICR

0

C

Rapidity

> Clear centrality dependence as expected from b-dependence of the initial L
> Rapidity dependence predicted ditterently. Still large uncertainty in the data



Spin Hall Effect

Q. Hu (STAR), SQM2024

S.Liu and Y.Yin, PRD104.054043(2021) 1.2

B.Fu et al.. arXiv:2201.12970 1E_STAR preliminary  Model predictions
C Au+Au collisions PA'PK |;>s_|;;§
0.8 . .
Spin Hall Effect 0 6: — with SHE - with SHE
on drecion 4 o —~ F | -~ wlo SHE -~ w/o SHE
u cSrlpent ,,/,' Qifitent °\° 0.4 — |
- > ~ C L e
‘ R I A e
L C N - Y T,
m 0 s ;:__:_,:__.;,-_—.M.---—-‘m
—-0.2 E+j
—0.4 + T
Electrical current » Spin current -0.6 - Centrality:20~50%
A _0.8_||||||||||||||||||||||||||

10 20 25 30

15
'S\ (GeV)

Spin-orbit interaction

» Spin current (polarization) due to gradient in the baryon chemical potential P o« —p X (¢BV up)

 Expected to appear as the difference of P.(F,) modulation between A and anti-A at lower energies
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Feed-down effect

o0 ~60% of measured A are feed-down from 2*—>Amw, 20>Ay, =— AT

o Polarization of parent particle R is transferred to its daughter A
(Polarization transter could be negativel)

CaRr : coefficient of spin transfer from parent R to A
SR : parent particle’s spin

S* — (S* g S(S+1) Fo far : fraction of A originating from parent R
A I (Sy) o 3 s S ) UR : magnetic moment of particle R
_ _—1
[ @ \ : ER; (farCar — 3fs0rCsor) Sr(SR+1) 3 ER; (fARCar — 5fs0r Cxor) (Sr+1) ur / pjreas \
\ B./T ) % % (fAR Cxr — %fi‘)ﬁ CEOE) SE(SE +1) % % (fAR Cxr — %fi‘)ﬁ CSOE) (SE +1) HR \ Pﬁneas /
Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)

Decay C
o e e o 7 Primary A polarization will be diluted by 15%-20%
Pty conserins i 15% 0 ;s (model-dependent)
20— A +7° +0500 This also suggests that the polarization of daughter particles
E- > A+m~ +0.927 . - . —
50 Aty 13 can be used to measure their parent polarization! e.g. =, O

T. Niida, Hot Quarks 2025 @Hefei 34



“Sign puzzle” in Pz(¢)

Hydrodynamic model Chiral kinetic approach
. . e P?, /3Ny =200 GeV RHIC Au+Au @ 200 GeV, 30-40%
Theoretical models predict Pz(¢}) differently T | oo s <t
- . 0.012 - ° |y|<2
- UrQMD-IC + hydrodynamic model | e gl o
F. Becattini and |. Karpenko, PRL.120.012302 (2018) _ e fo .,"'.’ L -:‘
' : L " 1
- AMPT X Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018) \ _ -222‘8‘ g 0_ PR Sy ut
. . . -4 a I 'Y LT LS ]
- Chiral kinetic approach Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019) : | oo T4 obe *e 0
—-0.016
- AMPT-IC + MUSIC B. Fu et al., PRC103, 024903 (2021) > °1 0 1 : -86 5 <|> A :
- High resolution (3+1)D PICR hydrodynamic model GeVic] P
Y. Xie, D. Wang, and L. P. Csernai, EPJC80.39 (2020) x 1073
- Blast-wave model SN~
S. Voloshin, EPJ Web Conf.171, 07002 (2018), STAR, PRL123.13201 | //-\\\
- Thermal model W. Florkowski et al., Phys. Rev. C 100, 054907 (2019) VOriiCIty: “Wee = 5 (Osup — Opug) £ FATIARRLLENN
- (« IETREET 1 S (U | ...\
- (3+1)D hydro CLVisc, “T-vorticity SNear: 2,, = = (ou, +dpuy) & |5 e R
H.-Z. Wu et al., Phys. Rev. Research 1, 033058 (2019) 2 AN W //
w " kA STARNY ="/
1 b — /4 A B ‘.,.’..._‘
- New term: “shear tensor 4 R, STAR - .
S. Liu, V. Yin, JHEP07(2021)188 0 /2 T
B. Fu et al., PRL127, 142301 (2021) ¢ — Yrp

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

F. Becattini et al., PRL127, 272302 (2021) Disagreement among models and data

Incomplete thermal equilibrium of spin degree of freedom as the flow
develops later in time” "shear tensor” explains everything?
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Local vorticity

Vortex induced by jet or in asymmetric collisions

: flow velocity e (GeV/fmS)

Hard
interaction

Unguenched jet
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Local vorticity induced by collective expansion
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S. Voloshin, EPJ Web Conf.171, 07002 (2018)
Y. Tachibana and T. Hirano, NPA904-905 (2013) 1023

B. Betz et al., PRC76.044901 (2007) M. Lisa et al., PRC104, LO11901 (2021)

Complex vortical structures are expected!
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L.
W. M. Serenone et al., PLB820 (2021) 136500 X.

-G. Pang et al., PRL117, 192301 (2016)
-L. Xia et al., PRC98.024905 (2018)
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