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Nuclear magnetic resonance
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Closely Connected with other fields

RHIC and LHC can study such effects at
extreme conditions
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Most vortical fluid! Meson spin alignment
STAR Collaboration, Nature 548, 62 (2017) STAR Collaboration, Nature 614, 224 (2023)
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Spin polarization: a new direction to probe the property of QGP 55



Spin Polarization in Hydrodynamics
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Heavy-lon collision stages: §
- Initial state + thermalization (< 1 fm) -
- Hydrodynamics Relativistic
Hydro fields: hydrodynamics
auT”v =Y THY = eutu’ — PA®Y uM(x): flow velocity A
6‘ N#* =0, N#* = nut EoS e(x): energy density ¢ollision axis

n(x): (baryon) charge densit
- Hadronization (Cooper-Frye) (x): (baryon) & Y

aN; 1
EdBp ~ (2n)3 Lp - d%a, () fi(x,p)

- Freeze-out & collected in detector
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Heavy-lon collision stages: =
- Initial state + thermalization (< 1 fm) -
- Hydrodynamics . Relativistic
Hydro fields: hydrodynamics
Hv — B — oubtu¥ — PARV . (~QGP)
aﬂT — Y r eu~u PA uM(x): flow velocity
[T H— pyl EoS . : - .
d,N* =0, N nu e(x): energy density collision axis
L n(x): (baryon) charge density !
- Hadronization (Cooper-Frye)
F [ 0,00 s J J
= p-a“ou\x) Jilx,p
d3p (Zn)B pX u 100
- Freeze-out & collected in detector W
Hydrodynamics: transfer initial eccentricities into particle anisotropies " o 3o
Hydro-response 02 — IR S
Vg — | ATLAS 20-30%, EP 5 1 -~ < 1
Va3 =" | namow: wis(m) S oa ;1"’ <
0.15 | wide: 1/s=0.2 & agil—
i ”Standard Model” in HIC
Space-time dynamics 0.1 | ] _ e & T
- P& . FFT !
0.05 | _,,:= % 1'1# A ; g/ I —
0 ug= ’ & o: * 0. ‘ wAE aETaT- 4 L
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m Thermal vorticity effect in global equilibrium ,.,: thermal vorticity, extracted from hydro

1 S(S+1) |

2m 3 [1 B f(x’ p)]el“vpo—p o Wyp Tpy = _§ (a#-.*:j)u - (),/'},u) IBM = uﬂ/T

S'u(xvp) ==

m Successfully describe the global polarization by various hydrodynamics / transport models

—_—

O\o [~ N . o
g AA P = [thermal vorticity]
6 * x  STAR
B O ALICE
scaled using uf\=0.75|
Average of A and A See also'
hydrodynamics
parton cascade (AMPT) Karpenko |, Becattini F. Eur. Phys. J. C77:213 (2017)
hadron cascade (UrQMD)
3;\f_'”“dkc_‘ynt"f‘mi°5 Li H, Pang L-G, Wang Q, Xia XL. Phys. Rev. C96:054908 (2017)
O. Vitiuk, L. Bravina and E. Zabrodin, Phys.Lett.B 803 (2020) 135298
lvanov YB, Toneev VD, Soldatov AA. Phys. Rev. C100:014908 (2019)
Lol 1 R EEEE 1 L 1 sl 1 IE: ||.;l SunY/KOCM'PhyS' ReV. C96'0249O6 (2017)
10 102 10° 9
syy (GeV)
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BF, K. Xu, X-G, Huang, H. Song, PRC 103 (2021) 2, 024903
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= A, STAR preliminay 200 GeV
A, AMPT + MUSIC 200 GeV

Exp.

Au+Au, 20-50%

S
T

Theory

0

¢ [rad]
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P*(¢) |

Au+Au, 200 GeV, [20-60%]

P*(¢) +# [thermal vorticity]

Long exist in hydrodynamic and transport calculations, see also:

Karpenko and Becattini EPJC 17’ PRL 18’, X. Xia, PRC 18, D. Wei, et al PRC 19’, X. Wu, et al PRR 19’ ...

A

0.000 L {( # ------ % ................. %
Theory (b)
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0001} . % STAR _
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0 /2 TT
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B Global equilibrium may not valid for highly dynamical QGP evolution

Pics @ X. An

observer

m  Axial Wigner function from CKT and linear response theory

A

p_l

2

Bno(1 — no){

BF, S. Liu, LG. Pang, H. Song, Y. Yin,
PRL 127 14, 142301(2021),
S. Liuand Y. Yin, JHEP 07 (2021) 188

MO, O uy + 26" M uypa [B7HONB)]

Pi A
L’y
— 2_50 " Puy, QL TN }

Thermal vorticity

(Anti-symmetric part of the u#/ T gradients)

QW = —pipl/pt +AV/3 ot

Shear-Induced Polarization
(Symmetric part of the u* or u#* /T gradients)

1 1
= E(afuv + al/u”) —§Aﬂval ‘U

11
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B Global equilibrium may not valid for highly dynamical QGP evolution

observer

Pics @ X. An
BF, S. Liu, LG. Pang, H. Song, Y. Yin,
. _ _ _ PRL 127 14, 142301(2021),
m Axial Wigner function from CKT and linear response theory S. Liu and Y. Yin, JHEP 07 (2021) 188
i 1 UrV 1 [T %D —1 pﬁ_ Urap A
At =5 Bno(1 = no) ([ pu 0y uy + 26" uypa [57(9r5)]|- 256 Uy QT
Thermal vorticity Shear-Induced Polarization
m From global eq. to local eq., see also:
- Statistical method (F. Becattini, et al., PLB 820 (2021) 136519) P" = [thermal vorticity] + [Shear]

- Recent updates: Sheng @ Tues. 12
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P! = [thermal vorticity] + [Shear]

BF, S. Liu, LG. Pang, H. Song, Y. Yin, PRL 127 14, 142301(2021)

S-quark scenario: large spin relaxation time

Qualitatively agrees with data!

Similar (thermal-)shear effect

Hydrodynamics(vhlle with iso-thermal)
F. Becattini, et al., PRL 127 (2021) 27, 272302

Shear-induced polarization has also been
confirmed by various model calculations

Hydrodynamics(CLVisc)

C.Yi, et al., Phys.Rev.C 104 (2021) 6, 064901

UrQMD

Y. Sun, et al, Phys.Rev.C 105 (2022) 3, 034911
Blast-Wave

W. Florkowski, et al., Phys.Rev.C 105 (2022) 6, 064901

STAR  Au*Au s =200 GeV
20%-60%

|

e

fit: p0+2p1sin(2¢—2‘{’2)
L *A P, =0.016+0.003 [%)]

~0.0005

2

T T T
e \yith S|P
-== w/o SIP ]

s-quark Scenario

Particle rest frame

~0.001 %A P,=0.01520.003 [%]
P T N RS RN B
0 1 2 3
me = 0.3 GeV |
STAR, o-¥_[rad] S
Phys.Rev.Lett. 123 (2019) 132301 _» | AutAu, 200 GeV, AMPT+MUSIC, 20 - 60%,
04 T T T T T T
< O | R _ ark Scenario e vith SIP |
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In condensed-matter

e Transverse spin current induced by spin-orbital

coupling under external electric field S. Meyer, et al., Nature Materials, 2017

J. Sinova, et al., Rev. Mod. Phys. 2015
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K
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X
i
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In hot QCD matter J

* Replacing electric field E to baryon chemical potential gradient V),uB

-

£ o & B X Vi

Axial Wigner function A" expansion with finite chemical potential: S. Liuand Y. Yin, PRD 104, 054043 (2021)

vo 1 1 p 4B
A”(va) — /Bfo(éli‘,p)(l o fO(va))g'u P x ( _pr/a(i_up o _uvpozapT J_U’I/Q/\O-[)A uupaap(IBNB) )7
2 T €n enl3
thermal vorticity shear baryonic SHE

14



Baryonic Spin Hall Effects at RHIC-BES
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m Decreasing collision energy > higher ug = Stronger baryonic SHE

g Early Universe

o
] LHC Experiments
™ H _ T T T T T 10 T T r T r
3 \l RHIC Experiments P, (%0) = -~ th-vorticity - SIP SHE/ P, (%0) ==~ th-vorticity -+ SIP SHE
E "\\J%?/ i - , P - - \\ e
2 Oé},@ Quark-Gluon Plasma (QGP) PR 5L P )
QJ,SC(? ......... , ” - o e ’I
Ny B ’ ~ ’ A
’ . 1
~170 Mev4 GPSsaver - e 4 ’ '
4, ol Sy
F . e
_\\ 7 . ' " )
N s s ’
Critical Point ? A = Yo \\
K COIOr/— SeLoe” e . T
Hadron Gas > - ST N
Superconductor i I .
Nuclear [ ceT
oo /Vac:uum Ma;er Neutron Stars - r A hyperon AUAuI 200 Gev A hyperon AUAu) 7'7 Gev
_ L | n 1 n 1 -10 1 ¥y ¥ ¥ ¥
0 MeV 900 MeV 0 1 2 3 0 2 3
B. Schenke@QM2015 Baryon Chemical Potential
¢ [rad] ¢ [rad]

m A — A polarization separation: Opposite contribution for particles / anti-particles

s

m Extract SHE signal from net-polarization (P, — P3) Pip & e f UyPa 0, (Blig)

BF, L.-G. Pang, H. Song and Y. Yin, arXiv: 2201.12970



Baryonic Spin Hall Effects at RHIC-BES

B Increasing SHE signals by decreasing energy
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P! = [thermal vorticity] + [Shear] + [baryonic SHE]

- Consistent and stable results

Dynamical MC-Glauber IC

Ut

AuAu@©19.6 GeV
b=0-2 fm

Same oscillated initial condition and hydrodynamic model/parameters

Independent gradient extraction and spin calculation codes

Slight difference on “thermal vorticity” due to different dissipative definition

I 4 I I ' I ' I ' I
0 Au+Au, 19.6 GeV, Dynamical ic 1
i PZ (/0) EBE fluc. | Lab Frame ]
lyl < 1.0,
B P 0.5 < p; < 3.0 (GeVic)
m-u A
- ™ .. -
- Thermal: SChen Our
Shear: SChen = Our =
SHE: —— SChen = Our ]
n 1 n 1 I 1 " 1 1 1 " 1
0 1 2 3 4 5 6

¢

T T T T T T T
Au+Au, 19.6 GeV, Dynamical ic 1

EBE fluc. | Lab Frame
lyl < 1.0,
0.5 < p; < 3.0 (GeVic)

+ Thermal: SChen = Our )
- Shear: SChen = Our "ot -
SHE: ——SChen = Qur
n 1 n 1 n 1 1 1 1
0 1 2 3 4 5 6
b



From qualitative toward quantitative descriptions

P* = [thermal vorticity] + [Shear] + [baryonic SHE]
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m Same hydrodynamic model (except the norm. factor) describes global polarization in AuAu / RuRu

m No obvious system size dependence and consistence with exp. data

1.5 | | | | [ | | I | | | [ |
i 1 | I'l = [ ° °
| STAR (s, = 200 GeV B 1 _ P! = [thermal vorticity] + [Shear] + [baryonic SHE]
- qf ' | ] A+ A 1 |
i | | BF, L.-G. Pang, H. Song and Y. Yin, In preparation
1 o5 ~ T -
. Ru+Ru & Zr+Z ) . : C .
! #{ﬁﬁ Thrmdesrrer 4 {1 m Also describes the differential distribution along p; and n
i B oAu+AU + -
L OF------- F------1 + - 1S r————71 T 1.5 T
2 " 0100 200 300 T l [ STAR s =200GeV A+A ] STAR {5y, =200 GeV A+ A
-_-I 0.5+ (N ) i —+ — | *  Ru+Ru & Zr+Zr ] *  Ru+Ru & Zr+Zr
Q__ part e i 17— ©  Au+Au PRC98,014910(2018) i 1? o Au+Au PRC98,014910(2018) -
iioi-?ij=hgl.;3;¢o.o14 ] < i 2(;150; E'g;sggo%ﬁfev"c
} 1 = o05F -
o |
L ? AMPT:MUSIC . ] {'é. .............. ﬁ, ________________ R 4.1
LR &z+ Ah STAR, arXiv:2505.05046 e ———
i uesr Aut Lj,k aauilibri 1 L AMPT+MUSIC R 0 et N
- - quritbrium T . - RugZr AusAu [ i A&Z;:“f\ﬁﬂi
L S_qua{k e Ll ] LT e [ ] [T T cmkmenoy
—0.5 = T o %5 1 15 2 25 8 35 051 e L
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Local Polarization at RHIC and LHC
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* Hydrodynamics (with same hydro parameter) reasonably describes the 2" Fourier coefficient in RHIC and LHC systems

(%) BF, L.-G. Pang, H. Song and Y. Yin, In preparation
10 ! I ' I ! I ' | ' I ' | ' I !
O Pb+Pb@ 5.02 TeV
% Au+Au @ 200 GeV
08 AutAu: Strange Lambda |
Ru+Ru: ---- Strange ---- Lambda
06 L Pb+Pbr -eeeeeee Strange oo Lambda 4
04| + .
0.2 |- .
0.0 L emm=="ggrreere W |
Eye. = 0.23 GeV/fm® (T ~ 151 MeV) ]
_02 | L | | L l L | L l L | L

30 40 50
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- i
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Ay 0.0025 4 . 0.002 -
- e
| B » H
00000 T-F—=—+ 0.000 -
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1.5 .
[ 1.0 i
101_0 % 1 A.Palermo, et al.,
- 1 Eur.Phys.).C 84 (2024) 9, 920
S L o. ]
= 0.5_— ]
§ - 1 C.Yi,etal,
g, oo FEELTo 1 arXiv: 2509.00377
L (a) Au+Au@200 GeV AMPT + CLVsic
—0.5:— ===/ equilibrium —— iso-thermal equilibrium _:
[ —~ squark equilibrium ¥ STARA+A i
0020 30 a0 50 60 70 80 20

Centrality [%)]
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* Hydrodynamics (with same hydro parameter) reasonably describes the 2" Fourier coefficient in RHIC and LHC systems
e Challenges in event-by-event simulation

e and small systems (talks by Cong, Chenyan, Di-Lun @ Tues.)

STAR, PRL 131 (2023) 20, 202301

4

L Ru+Ru&Zr+Zr, A+A .
* neo (%] CMS, arXiv: 2502.07898
B } 0 77 T
c - _ 1.5 T T T T T T T
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I Hydro Ru+Ru, nT/(e+P)=0.08 | f3 = <Pz 5|n[3((|) - ‘V3)]> 3 | | 0.8<p_<6.0GeVic ¢ A A eq. |
n=2 (o, +SIPgg.) —o—f;, RutRu —~ - § ¢ A iso-th e ]
05 EEn=2 (o, +SIP,.) ideal hydro I 1oL  strange quark memory | R sl In=<24 aQ
| ---n=2(0,+SIP,) } \ ' - L + A+A squarkeq. -
B n=3 (o, +SIP_,,) il _ —~ T * ¢ T
: I 2" | . T S
= 0.5 F = O —
53 ¢ A Al i |
= 1 | - L n
U o s | _
0.0 @ Q i i
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0.5<p_<6 GeVic, |y |<1 o, =-0=0.732+0.014 AMPT + MUSIC, 200 GeV, 30-40% I | a, = 0-75|0‘—' 0.009 |aK = '0-75?‘—' 0.010 |
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Probing the EoS through spin polarization
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B Anisotropic flow is insensitive to different kinds of EoS

m Obviously EoS dependence of polarization (in particular for PCE)

m Ajump of ¢ and T in PCE-EOS > sensitivity on T gradients

C. Shen, et al., PRC 82 (2010) 054904

0.284 Au+Au 20~30% (b = 7.5 fm) _,: '
| + i

0244 1T il

0.20-

0.164
™~

< |
0.12 4

0.08

P AutAu 20~30% (b =7.5fm) . .H
i .

-------- $95p-PCE without 5f -

1@ -SMEOS Q withoutsf .- 1"
0.204... A -EOSL without sf .

0.0 0.5 1.0 1.5 2.0 25 3.0

BF, L.-G. Pang, H. Song and Y. Yin, In preparation

20

10F===-grad T

P, [%]

I B I ’ 1

EoS: s95p-v1
grad T shear

EoS: s95p-PCE-165 -
- = = shear P ™ .

Glauber + MUSIC (Ty,.= 157 MeV)

-20

See also: C.Yi, S. Pu, D. Yang, PRC 104 (2021) 6, 064901
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. . — ey . . . Bulk Viscosity Parametrizations
m Anisotropic flow is insensitive to different kinds of EoS 04 Bl
Param 1 ..' s e,
. . . . . 034 N T Param II | '_‘/ \Q/\
m Obviously EoS dependence of polarization (in particular for PCE) R == Param 11 \/i\.\_/f
& 0.9 AT --.."l | ‘,.." . ,"
m Ajump of ¢ and T in PCE-EOS -> sensitivity on T gradients N = gse Py
) ) J \"-.._____ ¢/s par 1 —-= (/s par III
C. Shen, et al., PRC 82 (2010) 054904 BF, L.-G. Pang, H. Song and Y. Yin, In preparation 0.0 I - == -
N R — L 0 /2 T
0.28 AutAu 20~30% (b= 7.5 fm) '] 20 : : : : : , T [MeV] é
02a] 7t i EoS: s95p-v1
- i . grad T shear ] A. Palermo, et al., Eur.Phys.J.C 84 (2024) 9, 920
EoS: s95p-PCE-165 e
10F===-grad T = -~ shear e AN - 08— T T T T

= with /s and {/s (default)
06F === n/s=0 .

P, [%]

AutAu 20~30% (b =7.5fm) . .H

(P, sin(2¢))

P
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-©- - - -SM-EOS Q without 5f .- "

1--. @
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-0.2
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Probing the Initial Conditions
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Longitudinal baryon stopping

AMPT IC: from “double peak” to “single peak”
Non-monotonic energy dependence of P, sy

Probe and constrain initial condition models

100 L IR B LA IR L LA DL L IR
AuAu@200 GeV ¥ AuAu @ 200 GeV
=== AyAU@62.4 GeV ¢ AuAu @ 62.4 GeV
80L~""" PbPb @ 17.3 GeV 4 NA49 PbPb @ 17.3 GeV_-
== AUAU@5 GeV 4 AuAu @ 5 GeV
60 Al

P t x 0.3

& 200 Gev

X [fm] X [fm] -

0.6, . |
L (0/0) PA - PX Ps _ IDg

04! —=— with SHE —=— with SHE |

| -<-- wjo SHE - =-- w/o SHE
0.2, (Pytcos(2¢0))

o} NP

0.2 gAMAu, 20-50%

| V sy [GeV]
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Probing the Initial Conditions

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

BF, L.-G.

"F NEARS
)
()

N

T

2 6th International

Symposium on Spin Physics
A Century of Spin

Longitudinal baryon stopping
AMPT IC: from “double peak” to “single peak”
Non-monotonic energy dependence of P, sy

Probe and constrain initial condition models

Pang, H. Song and Y. Yin, In preparation

net
P2, y

0 A- A s—§
(/0) —n—\/ SHE —n—\/ SHE
- 4= w/o SHE - # - w/o SHE
SMASH IC

10 100

t %03

-5 :

200 Gev
0

5 10

X [fm] X [fm] -

0.6 |
(0/0) PA_PK Ps_Pg

0.4| —=— with SHE ~ —=— with SHE |

| -<-- wjo SHE - =-- w/o SHE
0.2, (Pytcos(2¢0))

Of W N

Au+Au, 20-50%
-0.2 .
V syn [GeV]
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/A . 26th
G‘E International

;\0

S u m m a ry (A Symposium on Spin Physics

- A Century of Spin

PH = [thermal vorticity] + [Shear] +

p | N

Global polarization Essential for P,(¢) puzzle
T i i o T T 2 T T T 1'5 T T
81 [Au+Au,20-50% * A STAR . s-quark Scenario e ith SIP (%) P, - P P, - P;
Ivj<1 % A STAR . ---wio SIP
—— A, AMPT + MUSIC Particle rest frame | 11 —s— with SHE =~ —=— with SHE |
6 --=- A, AMPT + MUSIC -=--w/0oSHE  ---- w/o SHE
z,
o
2 % . ﬁ
O @) | B . k] _,|__AutAu, 200,GeV, AMPT+MUSIC, 20 - 60%, -0.5} | Au+Au, 20-50% -
10 100 0 1 2 3 \
sy [GeV
sy, [GeV] b [radl] n [GeV]

m Hydrodynamic model qualitatively / quantitatively describes local polarization (but still challenging!)
B Spin polarization as a powerful tool to probe EoS, transport coefficients, initial condition, ...
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Dependence on EoS

20

EoS: s95p-v1
I grad T shear
EoS: s95p-PCE-165 P
10F==-=-gradT === shear ¥ b © .

= 595p-PCE-165
= = = s95p-v1

0.5

04

0.1 |

P, [%]

-20

_ Glauber + MUSIC (T,,.= 157 MeV)
0 1 2 3
¢ [rad]

50 100 150 200 250 300

T [MeV]

-Do not use E0S-s95p-PCE

widely used in hydro calculations !

NEoS:

A. Monnai, B. Schenke, C. Shen, Phys.Rev.C 100 =

B. (2019) 2, 024907
S9S5p-vl:

T [MeV]

s95p-v1
s95p-PCE-165

Glauber + MUSIC (T, = 157 MeV)

0 L
0 1 2 3 4 5 6 7 8 9 10

P. Huovinen, P. Petreczky, Nucl. Phys.A 837 (2010) 26-53 x [m]
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Explore QGP through soft probes € spin polarization

Soft probes with finer details

nn

Particle Yields (T & ug) pr/y Spectra ((u*))

ey
(=]

Pb-Pb |s,,=2.76 TeV, 0-10% centrality - Aus+Au @ B = 200 GeV

@

—- [NLO pQCD] x 0.2
e Hyclr04+pQCD

Yield dN/dy

&
*

T

® Data, ALICE

dN/(rn dp?dy) (GeV/c)™?

[ — Statistical Hadronization

Data/Model

«  PHENIX r [0-5%)]

s PHOBOS r[0-15%]
o STARR [5-109)

s BRAHMS r [0-5%]
= PHENIX K* [0--5%]

© STARK![0-5%]
4 BRAHMS K [0-5%]

PHOBOS r [0-15%]

Anisotropic Flow (u(x))

[ ]
PHOBOS K [0-15%]
STARK® [5-10%)]

PHENIX p [0--5%)]
PHOBOS p [0-15%]
STAR p [0-5%]
BRAHMS p [0-10%]

ATLAS 20-30%, EP

narrow: 1/s(T)
wide: 1/s=0.2

e KKKop P ARSI afdd He'He H A HeFie

Exploring QGP through spin observables

Sensitive probe of

QCD phase transitio

Electronics

Vs.

Spintronics

(Flavortronics)

Credit: M. Lisa, X. Huang

Spin Polarization

Gradients: d,u, (x)

participants

‘w=%VXv‘

# of spin carrier
A




‘A equilibrium’ vs. ‘S-quark memory’

Spin Cooper-Frye:

f d¥Xpa A (2, p:m)

Qm/dzo‘pan(ﬁso)

Pl(p) =

Pﬂ

l
|

|

' A

I @ﬁ
I

I A equilibrium

|

|

|

I *S
: < : S-quark memory |

QGP

. Hadron resonance gas

hadronization T

—

Hydro evolution

BF, S. Liu, LG. Pang, H. Song, Y. Yin,
Phys.Rev.Lett. 127 14, 142301(2021)

Two scenarios illustrate model
uncertainties on spin relaxation time

‘A equilibrium’
Tspin,A -0
Polarization of A-hyperon
u
Py (p)
F. Becattini (2013)
and later hydrodynamic(transport) calculations

‘S-quark memory’
Tspin,A —
Polarization of S-quark
Py'(p) = P (p)

Z.-T. Liang, X.-N. Wang, PRL 94 (2005) 102301
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