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Early studies on spin

» Spin is the intrinsic angular momentum of a particle

Spin # Rotating around an axis

~ EBERER
IetiFe ¥ e Wolfgang Pauli
George Uhlenbeck,
Stern-Gerlach=£3G Samuel Goudsmit
P Otto Stern, Walther
RS Gerlach

Thomas Preston

Splitting of atomic
spectra in an external
magnetic field (spin-
magnetic coupling)
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Heavy-ion collisions

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

Plasma

Zuo-Tang Liang" and Xin-Nian Wang?'

Strongly interacting

matter with vorticity Beam <:
and magnetic fields direction https://itp.uni-frankfurt.de/

~bleicher/index.html?content=urqmd

Initial orbital Vorticity field Polarized Spin polarization for baryons,
—> y —> —>

angular Magnetic field quark/gluon , 0 T

momentum i
Strong field Spin alignment for vector

mesons,
0 0 /

Z.-T. Liang, X.-N. Wang, PRL 94, 102301 (2005); PLB 629, 20 (2005)
S. A. Voloshin, nucl-th/0410089
F. Becattini, F. Piccinini, J. Rizzo, PRC 76, 044901 (2007)
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Fermion spin polarization

— UrQMD-IC+vHLLE

STAR Au+Au 20%-50% [y|<1
BES-I

Polarization along direction of
global OAM

AMPT (Li et al.) eA OR .
e AMPT (Guo et al.) BES-II J ] o ]
- - = Chiral kinetic xA %X | Evidence of vorticity field !
= = 3FD (1PT EaS) 200 GeV —
L W | eeeas 3FD (hadronic EoS) A OA [nj=<1 _ —

Measured by pairty- .
: : pp 9
violating weak decay

A—=p+7r~

dN 1 - *
dcos®* 2 (1 + 01| T cos O )

SUBATE

Microscopically, OAM converts to spin through
non-local scatterings between partons

X L=bxp,
’
|5‘j b
:PB

1 1 IIIIIII | 1 IIIIII| 1 1

1 10 10°
\'Syn (GEV)

STAR, Nature 548, 62 (2017); Phys. Rev. C 104, L061901 (2021);
Phys. Rev. C 98, 014910 (2018):Phys. Rev. C 108, 014910 (2023)

F. Becattini, M. Buzzegoli, T. Niida, S. Pu, A.-H. Tang, Int. J. Mod.
Phys. E 33, 2430006 (2024).

incident particles Sg
as wave packets N

J.-J. Zhang, R.-H. Fang, Q. Wang, X.-N. Wang,
PRC 100, 064904 (2019)
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Strong field

collisions thermalization hydro hadronization

I
|
I
I :"l-\ a . .k'\
| e & - ‘s P,
I - t .« &
. : . : I . :
Initial fluctuation hydrodynamic model final state interactions
| | Decreasing T
Theories for pQCD ! Quark-meson | Hadron gas
strong interaction: I model I model
| 1
@ Quark effective mass

4

It ([ﬂ]]) Leg(z) = J( ) [i0 - —[(mo + .%U)] —gvy - V]y(z)
¥,/ i - —|—1 (8 coto — 202) + 1m2 vV, Vi — 1V’L“"V
L 7/  Strong interaction 5 mg 5 Vi 1 v

@ _ @“ S0 between medium Vector meson field
— ) _

\ and constituent / b e _ _
P Nine species of

)\ {H@Hﬁ; : f “"—\é’; K*0 vector mesons
Q:[]ID) @ ~ K~ K

Short wave-length: quantum fields (particles)
@ &[HD Long wave-length: classical fields

July 28, 2026 Xin-Li Sheng 5



Quark polarization

e Polarizations of /~ in a local thermal equilibrium system

1 Qs
PY (z,p) ~ —e*""7p, |w < F,+—2_F%|+.
s S( 3p) ms pV ,GO' (u p)T PO (‘U, p)T po
Thermal vorticity Classical / _
field (rotation and electromagnetic Vector field
acceleration) field

18?( ‘e<l§1>+
n [GeV] 5k
o, & g
107 [ 3
—10F
-13 4
0.5 i e<[Bl>
- &
= < 9
& 0.0 o
—10F
- —15k e vpes b RN
B o T U 8 (R I I S S [ (R R (U
—0.5 x (fm) x (fm) x (fm)
Au+Au
' =
=
@
€ 0001 —" 7 | ==
@
L.-G. Pang, H. Petersen, Q. Wang,
-5 X n .
X.-N. Wang, PRL 117, 192301 0_10 205 0.0 05 1.0

t(fm/c)

W.-T. Deng, X.-G. Huang,
PRC 85, 044907 (2012).
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Current-field identity

Vector field could bg
generated by fluctuating
strangeness current

J. J. Sakurai, Annals Phys. 11, 1 (1960)

N. M. Kroll, T. D. Lee, B. Zumino, Phys. Rev.
157, 1376 (1967)

L. P. Csernai, J. |. Kapusta, T. Wellwe,
PRC 99, 2 (2019)

XLS, L. Oliva, Q. Wang, PRD 101, 9 (2020)
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Vector meson spin alignment

®* A meson’s spin is determined ® Spin density matrix for a vector meson( =17)
gyTltf' con: gtuNer:/:c/ &PLB 629 =il Prict PrLos it
.-T. Liang .-N. Wang, ) =1 _ .
20 (2005) Prs = Po.+1 P00 Po,—1
P—1,+1 P—l,(Nil.,q
- Spin 1 1
correlation = — + =B} + T3;%; Spin alignment
3 } \ =1/3 for unpolarized meson
Vector polarization Tensor polarization

onserving decays:

Parity-C .~ od by angular (3 components, not (5 components,
I ned DY :
distribution determi don measurable, parity odd) measurable, pairty even)
momentum conservatl
S Spin is
Processes Examples Polar angle distribution ( ) P
converted to

Strong K°>K +7n
-wave decay d—>K +K"

(N[N

[1 — poo + (3poo — 1) cos? 6?] OAM

Dilepton / - t+

decay % 14 poo + (1 = 3poo) cos? ] Spin

K. Schilling, P. Seyboth, G. E. Wolf, NPB 15, 397 (1970) [Erratum-ibid. B 18, 332 (1970)].
P. Faccioli, C. Lourenco, J. Seixas, H. K. Wohri, EPJC 69, 657-673 (2010)
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meson spin alignment

e Spin alignment of the meson in its rest frame

5 ) i 8ml + lﬁm‘zm‘z + 3myg
measuring along the direction of €o O = o omI 2 + 2m2)
1 49@.} M1 , /\2 _8m§ — lfalmgm;)g, + 371’1%
Poo = 3 mdjz}? ———C1 _gB:b ’ qu - (EO ’ qu) Cz = 120m§(m%+2m§)
102 ] Vector field:
%02 —E" E, — (e - E,) ] mean value is zero, but
o Lh can incorporate large
\ Temperature at fluctuations

hadronization time

® Spin alignment measures anisotropy of fluctuations in meson’s rest frame

!
’1" ‘ Lab (QGP) frane , Rest frame
<g¢,B be/Th> <g§E;Egb/ﬂ?> Motion-induced anisotropy
o L1 1 ,
= F?§9 4+ Aa‘al Poo =3 X 3P PPy

i el edend

Isotropic Anisotropy of QGP

XLS, L.QOliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).

July 28, 2026 Xin-Li Sheng 8



Vector meson spin alignment

* & STAR —— Out-of-Plane

Extracting transverse
and longitudinal
fluctuations by fitting
STAR data

In-Plane

0.36F

0.34}

Foo

0.32}

F-“Au-Au collisions

et

2
T .. Predictions for differential 030} @ 200 GeV
(\f, 1 \4—..4\‘\\1 measurements 0.0 05 1.0 15 20 25 30
05 (b) L @
10 20 50 100045 1196 GeV ] L STAR Preliminary ]
Vs (GeV) i ] ] 0.5 % 02" order (1.0<p_<5.0 GeVic) F o
LS SO, T 8 s, 5 R SNSRI _ m o1%order (1.0 <p_<5.0 GeVic) el
0.30 ! Py =118 _,‘;
0.25 1(0) ... Theory (1.2<p, <5.4 GeVic, ;
0.45 ~ SN 20%-60%)’ ]
0.40 F Uk
=g 039 04l Au+Au 19.6 GeV i#,.»-“ 1
0.30 - 0%6-80% s 3
0.25 Py |
: . 045 {200 GeV ®
XLS, L.Oliva, Z.-T.Liang, Q. Wang,  0.40 . 035 e -
X.-N.Wang, PRL 131, 042304 (2023) 4 45 _ i e
- TTTEETTTTTCRE S -
XLS, S. Pu, Q. Wang, PRC 108, S _ e T i
054902 (2023). 025l © 1o Y] — -
1 2 3 4 5 1 2 3 4 5 0 0.5 1
kr (GeV/c) IyE
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Tensor polarization

®* For a massive particle, all possible Lorentz transforms which leave rest-frame

momentum ..

® Transform of spin density matrix

=( ,0,0,0) invariant form Wigner little group [  (3)]

n n/ / n : Linear operator on spin-1
p"(p) — p™(p') = DIR(A, p)]p” (p)D'[R(A, p)] representation space of  (3)

Irreducible decomposition

11=08162 PP — PP =Ry;P" Vector polarization

j

T: — ’7;}“=RT;;€R_;,-;’7;'§ Tensor polarization

(symmetric and traceless)

* Tensor polarization as a response to source field

1
> Vectorfield:  V;V; — -0,;V?

3 Type Examples
> Tensor field: 1;; Scalar T, pup, €, P, 9ut, G G
> Two vector fields Pseudoscalar ps, V- A

Polar vector

u, VI', Vyu, a, E, E¢

L o o@ | oMWy Lo ) @
§(Va‘ V" + ViV )—g%v . Axial vector

w, B, B?

» One vector field and one tensor field Pairty-even tensor

OrECRne)
965, Vi Vi > A 4j)

€ikiVili; + €k ViTii Pairty-odd tensor

Vii4j)

XLS, S. Lin, in preparation
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* Fields in meson’s rest frame
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Off-diagonal elements

®* Tensor polarization of vector meson gives more information about
anisotropy of strong field fluctuations (  -field as an example)

PR — 1 ~ ( B? — 5 BQQ Difference between - correlation and
03 ® 2 - ( - ) correlation
Difference between - correlation
Z 12 12
Rep? _y o< (B’ — By) and - correlation
—Imp | « (BBy) - correlation
Re(pTo — pb,—1) x (B, B.) - correlation
—Im(pTy — pf 1) o <B;B;> - correlation
e |nstead of extracting off-diagonal 1 1
Z — z Yy
elements from (, ), one Rep? 4 = —pho+ P00 — =
can measure g in different 2 2
directions and make linear —2Imp? _, _ 1 _ Qp(()>5+Y)/‘/§ — %
combinations ’ et (2
' , o X+Z 2 y
o™ = DY(R)p"D(R) v2Re(pfo — p6,—1)  =1—2py — Poo
_ (y+2z)/v2
_\/ilm(pﬁo - PS,A) =1—2pg, — Poo

XLS, S. Lin, in preparation
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Off-diagonal elements

® Deriving off-diagonal element and
spin alignment in beam direction
using present data

<] ]. ¥ }*{ ].
Reﬁi—l = EP%U + Poo — 5

| L 1 I T T T T L] | 1
Au+Au 20-60% |y|<1.0&1.2< p,<54 GeVic |

0.4F » o (Out-of-Plane & 2™-Order EP)
¢ o (In-Plane & 2"-Order EP) g

8
o2 0.35

0.3

S (GeV)

STAR, Nature 614, 244 (2023)
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0.02} not * poo’/2+poo*~1/2 ]
e STAR Preliminary, ¥; -
0.01f I 1
' e STAR Preliminary, ¥,
T 0.00} \ =
Q. B L] ¢
[5) I L]
ia L
-0.01F |¢ I .
-0.02 :
_0.03 _| . 1 " 1 ' 1 1
10 20 50 100 200
\ snN /GeV
T : TTyT T I T T | T 1T ‘ T TT ‘ T
_ STAR Preliminary
Re(pw p0-1) Au+Au 19.6 GeV
| 20-60% Centrality
Iyl <1
Im(pw-poq) 1.2< P, < 5.4 (GeV/c)
Re(p, ) S— *
o (o] .11]2
Im(p, ) @ . .
Gavin Wilks @ SQM2026
| | | ‘ L1l | L1 1] I . | || ‘ L1l L Ll
001 0 001 002 003 004 005
SDME
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Hyperon spin correlation

Vector meson spin alignment vs. hyperon spin correlation

Produced from the same |
or  or vacumm spin-
triplet state (pp collisions)

Interaction with QGP
(AA collisions)

Hyperon spin correlation in
STAR: p+p collisions
CMS: p+p (p+Pb) collisions

Initial
correlation

JP=0t>5L=8=1
1
(Sq'SQ>:§<(Sq+S§)2_Sg_S§>>O

STAR, Nature 650, 44-45 (2026)
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o

0.2

0.0

B Short range

: O pp 200 GeV short range T
[ pp 200 GeV long range |

L (p.)

CMS _
Tep
;

"

pp 15TeV Inl<24, 08<p_<6GeV
pp 200GeV 4 ppiatev |
pPb 8.16Tel ppbs.16Tev
STAR
| yl41_0,0_5{pT<SGeV
H pp 200 GeV

STAR

1.33 GeV, (pr)ms= 1.72 GeV. (p,)"" = 1.35 GeV
n : I . : . ]

2 4

AR=\An*(Ay?)+A$®

Xin-Li Sheng

All AR

S ( meson size)
—
_ Long/short
S range
pp 28.6 pb™' (13 TeV) + pPb 186 nb™'(8.16 TeV) 200 8713 TV + Pt 108 018 TeV)
'_ T ] T T T I ! 0.1~ CMS iﬂr;—liminlar I ]
L AR CMS Preliminary ] o

Inl<24,08<p, <6GeV

0.0f---- g + ----- ‘ ------- ; ------- 2o
$
" +pp
-0.1
pPb
) ! 1
0 1 2 3 4
AR=YAn?+A¢? All AR

0.1]

pp 28.6 pb” (13 TeV) + pPb 186 nb™ (8.16 TeV)
T T T T

[ CMS Preliminary
AA

In1<24,08<p <6GeV

500 ===s _.+-+ """" % """"""
+
+ +Pp
-0.1F
+ m pPb
e
AR=\AnZ+a¢? AllAR
13



Hyperon spin correlation

® Hyperon spin correlation:
C15 (p1,p2) = (Pf(x1,p1)P5 (z2,p2))| 4 x4 Lorentz tensor
9
b _ 12 * o
cla(p1,p2) = 04 o (p1)ng 4 (p2)Cr (p1,p2), a,b=z,y, 2. - (cos B; cos Oy)
Correlation between spins in two particle’s respective rest frames
D. Shen, J. Chen, A. Tang,
e Relating hyperon polarization to quark polarization arXiv: 2407.21291
P!(z,p) ~ P*(z,R Pt (x,p)=PF 4+ PH 4+ PE + Strong force field
A(Z:P) = (2, Bsp) 2 (2:P) “ shear SHE ? ) (fluctuation extracted
Hydrodynamic effects from spin alignment)
x107* x107
6f XX zz 7 10} ~ = = AW/ SFF |
: / ; b e AR w/ SFF |
4 Y * adpy STAR exp. ! 5.- AN w/ SFF ]
53 | %{_){_ 0' """""""""":'_"_'_'_"_'_"_':;'.‘-‘“-‘: ---------
2 . i |
1 @ —IEEEET o AR wio SFF
341D CLVisc B - Au+Au @ 27 GeV, 20-50% |
ot ; n B [ L T S S S
10 20 50 0.0 0.5 1.0 1.5 2.0 2.5 3.0
\swv (GeV) o0 = |-
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Hyperon spin correlation

® Net spin correlation:
difference between “same-sign” and “opposite-sign” pairs

PRL 136, 8 (2026)

EHYSICAL
XLS, X.-Y. Wu, R
X.-N. Wang,

1
ab ab
Cpet = 5("1\;\ + c3%) — cax
x-l 0‘_ 4 " 1 D" 4 Amerian Physcal Scity SAPS Volums 136, Nunber 8
xxwW/SFF ===== yy w/ SFF zzw/ SFF XX W/ SFF ===== yy wi SFF - - zz W/ SFF
------ xxwfo SFF oo yy wio SFF == = -zzwioSFF: === xxWOSFF :.vvvor yywlo SFF = = = zzw.foSFF
Rt 1510 ] 6F °-. g xm'ﬁ 7
.":‘-~q 1-{}:‘. . 1 - ) . 1¢ - =
~ "\ . 0.5f..." 1 - Op====" TnoenITITT '
ey R 0.0| '}“”‘:"' e '. B4 O i 11
= . -05t ST < | -3} N I
ol ﬁ 00 05 10 15 20]
D -ll- S W NN T M NN NN CHE | STENNN T I —l‘;*-ﬁ:—hh—-_-“ -
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0_5 1_(} 1_5 20
6¢ = [p1-¢o Y = Y=Y
®  Spin correlation is small (~107%)
o Converge to zeros atlarge  or  (short-range)
o Hydrodynamic effect is suppressed by 1-2 orders of magnitude
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Summary

®* Vector meson spin alignment
4==m) anisotropy of short-range quark spin correlation
€¢==m) strong-field fluctuations (vector meson field or color field)

anisotropy induced by motion of meson relative to QGP
or intrinsic anisotropy of field fluctuations

®* \ector meson tensor polarization (off-diagonal elements)
4=m) anisotropy of field fluctuation or quark spin correlation

= 1 5 % 1 - -~ SRy \/E .
Repi _, = 5.0?;0 T P00~ 5 —V2Im(pYy — g _,) =1 - Qp[(][-}”” — Peo
; %42)/VZ _ 3 y s (5+2)/VZ _ %
_lep{—l =1- 2:9[()0 i pg() \/iRe(p"fU - oof}J:—l) =1- 2!90?’1 ‘ — Poo
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Summary

S0

* |dentify different mechanisms for hyperon spin correlation

| & | Netspincomsiatin
+ —

Excited vacuum 0% ~ ~0
Initial Partonic scattering / pair creation — (s-channel)
7 Lo ., - + + (t-channel) +
’ ’ + (total)
Initial net spin polarization + ? ?

_ ! Hydrodynamic effects + + ~0
Field- _
induced Strong-force field + = +

Thanks for your attention!!
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Strong field

° Production of
meson from

coalescence Im

e  Spin alignment induced
by vector meson field

July 28, 2026

@
Im <Fvaa_ﬁ>
* * *— * —
Im (FK™FK“FK™FE™)

Higher order correlation
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Off-diagonal elements

e Off-diagonal elements of vector meson density matrix
(spin quantization direction is set to -direction)

z (x,p) ~ 1 — g P*P? — lp P- Difference between - correlation and
Poo\ X, P g q q q .
3 3 3 174 - ( - ) correlation
Rep? _,(x,p) ~ ! (P;P; — PYP),, Difference between - correlation
| 3 . and - correlation
Z ~ T DY 47
~Impt 1 (x,p) ~ 3 (P Py + F{F)y - correlation
VA Z \/§ T Dz z DT
Re (Pm - Po,—l) (x,p) ~ 3 <Pq FP7 + P/ F] >V - correlation
z z \/§ z z pY :
—Im (pm = P(),—l) (x,p) = 3 <P$P§ + P, Py >V - correlation
e Average over constituent /7’s relative
position and relative momentum p/2

o 1 [ . p?
P?’P3> =— /d‘ax Py exp | — 22 — a2 x2
< ¢ta/,, =3 bd Pb €XP 2

X P;(xl,pl)Pg(Xzz P2)
-Ps

X.-L. Xia, H. Li, X.-G. Huang, H.-Z. Huang, PLB 817, 136325 (2021)
XLS, Q. Wang, X.-N. Wang, Phys.Rev.D 102 (2020) 5, 056013
J.-H. Chen, Z.-T. Liang, Y.-G. Ma, XLS, Q. Wang, arXiv:2407.06480
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How to measure?

Vector polarization

PP = V2Re(p}y + pb_1)

P = —v2Im(pfy + pf 1)

; G, ; [ |
5 — i —P=1—d

Tensor polarization

T = _2111’1}9?,—1

T35 = —V2Im(ply — pi_1)
T3t = V2Re(ply - p5,—1)
Ta = oo — 5 + 2Rep}_,
T3 = ol — 3 — 2Regl_,
T8 = 20k — 3)

T+ T2 +Ta3 =0

July 28, 2026

e Strong -wave decay

dN _ 3 n n
Q= & (1= po) + (3050 — 1) cos™ 0

—2Rep?’ 4 sin® 6 cos 2¢ + 2ImpT 4 sin® fsin 2¢
—V2Re(p%, — Po.—1) sin260 cos ¢

+v/2Im(p%, — pB ) sin 20 sin ¢ Direction of
’ n matters!
e Dilepton decay / - T+
dN _ 3

n n 2
a9 = 16n [(1 + Po0) + (1 = 3pgg) cos™ 6
+2Rep] _; sin? 6 cos 2¢ — 2ImpY _, sin® @ sin 2¢
+V/2Re(pt, — Po.—1) sin 260 cos ¢

—V2Im(p%, — P0.—1) Sin 26 sin aﬁ]

K. Schilling, P. Seyboth, G. E. Wolf, NPB 15, 397 (1970) [Erratum-ibid. B 18, 332 (1970)].
P. Faccioli, C. Lourenco, J. Seixas, H. K. Wohri, EPJC 69, 657-673 (2010)
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