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Heavy-ion collisions

Strongly interacting Quark-Gluon
matter with vorticity Plasma
and magnetic fields

Beam (T
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 ,
Strong field ‘ Spin alignment for vector

mesons,
0O O
) ) y ="
S. A. Voloshi, nucl-th/0410089

Z.-T. Liang, X.-N. Wang, PRL 94, 102301 (2005) [Erratum: PRL 96, 039901 (2006)]; PLB 629, 20 (2005)
F. Becattini, F. Piccinini, J. Rizzo, PRC 76, 044901 (2007)
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Spin polarization
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Pq:

—mp p/4E(E + myg)

Quark global polarization
(Spin-orbit coupling)
Liang & Wang, PRL 2005
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Il = —tanh — | —w — .
2 m m(e +m)
UJCE = _E(}:".M)U {.u'p- ((’)V{.u'o. . 8{1-“;))

Hydrodynamic description
(Vorticity-induced polarization)
Becattini, Piccinini, Rizzo, PRC 2008
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First measurement
STAR, PRC 2007

)

=

[<}]

S

D->~

P (GeV/c)
Hydrodynamic simulation

Becattini, Csernai, Wang PRC 2013
(other early simulations

Becaattini, Inghirami, et. al., EPJC 2015;
Karpendko & Becattini, EPJC 2017)
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Recent review
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Becattini, Buzzegoli, Niida, Pu, Tang, IJMPE 2024

“Spin sign puz.zle’.’
for local po\anzahon

=) Talk by F. Becattini



Spin alignment

e Spin density matrix for a vector meson ( =17)

6oy P+1,+1  P+1,0 P+1,-1
-1 41 £-1.0 il

Spin alignment

1 1
=37 éﬂpiz""’ + T2 =1/3 for unpolarized meson

YN
Vector polarization

(3 components, not
measurable, parity odd)

Tensor polarization
(5 components,
measurable, parity even)
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A meson’s spin is determined
by its constituent & ~

Z.-T. Liang & X.-N. Wang, PLB 629,
20 (2005)

! /@
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p(rec) 1- Pq K* (rec)

K*O

1- P,P,
~ 3+ PP,

Spin is

K®—>K'+
Strong 2 Z 1 — poo + (3pog — 1) cos 6?] OAM
-wave decay ¢ —> K" +K"~
Dilepton / - *t+ — 3
decay ®

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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Global spin alignment
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¥0 (yl<1.0&1.2<p_<5.4 GeVlc)
o K”(ly| <1.08 1.0 <p_<5.0 GeVlc)
— GV =464+0.73 m

0.4

00 — 1/3 o

0.35 . (unpolarized case) || _|

ho e B R ]

i ? | - : ]

oal [ Non-trivial spin 1

LT alignment of |

. - filled: STAR (Au+Au & 20% - 60% Centrality) 1
.25

_ open: ALICE (Pb+Pb & 10% - 50% Centrality)|

Non-relativistic spin
coalescence

‘@
/]\T

(L +4)/V2 O

4
direction, ;

tuent quark/antiquark
itely 77

Spin triplet

In global OAM
spins of constl
tend to align oppos

II| | IItIIII[ 1 IEIIIE!! |

10° 10°

Sy (GeV)

Experiment: STAR, Nature 614, 244 (2023)

Theory prediction: XLS, L. Oliva, Q. Wang, PRD 101,
096005 (2020); PRD 105, 099903 (2022) (erratum)
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ark/antiquark _ ;
globally polarized

(PrPY) <0 [

are

Z.-T. Liang, X.-N. Wang, PLB 629, 20 (2005)
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e Local polarization y e Spin correlation in quantization direction
T Y z ] |
(P, P¥, P¥) ;a 1 o<z (1 +41)/V2 |oho >3
X

3

Quark spin correlation

e Spin correlation in transverse direction

—  =+1 1/4
1 171 1| (PFPY >0
—>—>2(TT+¢¢)+\/§[\/§(N+H)] = = 11//; Pho > 3 gpgpqy;o
- =—1
1 1 -  =+1 1/2 q
SOocte)=—20-H) 4 =0 0 |h<g z
L =—1 1/2 ©

® Spin alignment 4=mm) Anisotropy of spin correlation Non-relativistic

- 1 4 % {1 <PT . P?> B <PLPL>] X.-L. Xia, X.-G. Huang, PLB 817, 136325 (2021)
2 q q q'q

2 9 J.-H. Chen, Z.-T. Liang, Y.-G. Ma, XLS, Q. Wang,
Sci.China Phys.Mech.Astron. 68, 211001 (2025),

: . : Significant ~ spin correlation
e [nternal spin-spin interaction

No spin alignment

1
AH =-S,-S; = —5[(89. + 87)% — Sg - Sg] Independent of
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Traditional mechanisms

¢ Spin alignment induced by vorticity and magnetic field

1 Q.s o
(Py/a) = 5 (wy) £ 5—— (By) === pog X
0.02 01 2
e Hydrodynamic contributions to spin 0.
alignment are of ( ?) .
Numerical calculation including o
g
( 2) contributions —) 3,
A. Kumar, D.-L. Yang, P. Gubler, .
PRD 109, 5 (2024)
® Shear-induced spin alignment

( ) contribution

) {0 @]

D. Wagner, N. Weickgenannt, E. Speranza,
PRR 5, 013187 (2023)

F. Li, S. Liu, arXiv: 2206.11890

W.-B. Dong, Y.-L. Yin, XLS, S.-Z. Yang, Q.
Wang, PRD 109, 5 (2024)

Spoo(p) = dpss~")

May 13, 2026

Coefficient is
~10"2

0.012
0. 008
0. 004
0. 000
0. 004

GOETHE

(Y
\

,)kﬂ
\NeY

UNIVERSITAT

FRANKFURT AM MAIN

>2

I 1 2 Q>
5 — = {wy)” + 59 (By
3 9 Om:T
~10~% ~107°
34 —
—— N S ‘_-"""'T-—" T
33 ST~
¢-meson TN
\ N
32f o«
- —- c=0-15% ‘\
M — — ¢=15-30% ]
- - — ¢=30-60% :
30 ‘ : : : \
10 15 20 25 30 35 40

0.04

0.02

0. 00

0.02

C11

~0.008F . ~

Xin-Li Sheng

Transverse
— g,=1 Numerical

— g,=1 QPA
- - - g2 Numerical
- - - g~=2 QPA
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Strong-force field

¢ Effective Lagrangian with strong interaction mediated
by scalar and vector mesons

Log(x) = P(x)[i0 v~ (mo + gs0) ~{gv7 - V] ()
_|_

1 1 1
5 (8 O'a'ud' — 30‘2) + 5’”’1%—‘/’“‘/# — ZV'UVVPW
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w:;g p+ K*+
= w—p° *(0)

! V2 i
K R

BMV“’/ + m%/ VY= J' o) ¢u ~ —(g & /mgs ) Jé” current-field identity in vector

dominance model

Vector field might be generated from — ~ asymmetry in their PDFs,
or fluctuating strangeness current

e Polarization of /7 in a thermal equilibrium system

1 Qs
PH ~ —tvPe Wy + —2°2 F _+ 29 F¢
S/S( z,p) Amg Pv (Yoo (w-p)T, 77 (u- p)TJ i
Thermal vorticity Classical / Vector field
field (rotation and electromagnetic 9 e2
acceleration) field — ~O0(1) > —
4 4

L. P. Csernai, J. |. Kapusta, T. Wellwe, PRC 99, 2 (2019)
XLS, L. Oliva, Q. Wang, PRD 101, 9 (2020)
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Kinetic theory
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e Kadanoff-Baym equation mmm=) Matrix-form Boltzmann equation
Vv 1 pv \74
k-0: 5, (k) = 3 [e (A1, k)er (A2, k)Cpp (7, k) — fx s (m,k)CdiSS(ﬂ:,k)]
A yil 2 v
. - I/ / /
Dilute gas approximation Meson polarization Coalescence Dissociation kernel
fq ~ fq ~ fV <1 vectors kernel (independent of quark

o (EY —E%L, —E] )

j;i ! 1
BY (o . a'p
Ct':mlii'k} = / {:2?‘]’.'!;')‘3 Eff E9
p'k—p’
v x Tr @ o — 1) [1 + ey « [P¥(2, p’]]
vertex ~
k=0)-v+my|[1 +vy{ Pz, k—p)}

Polarizations of
quark/antiquark

X folz.p) fole, k — P),

¢ Cutting rule:
Probablllty of

Free

+7 5 - — >+

distributions)

XLS, L.Oliva, Z.-T.Liang, Q.Wang,
X.-N.Wang, PRD 109, 036004 (2024).

Quark's full propagator

First order Higher orders...

related to

> + >——>—>—+ ..
: 45 P

(v p+m)(1+%7 =
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meson spin alignment

e Spin alignment of meson 038 1 % & STAR  — Out-of-Plane

measured along direction of €p Il e In-Plane

0.36¢+ | 1 ‘

1 1 . T

po ~ =+C|zw W — (e W)
3 3 =

) small &034; ..

+C {—s" e’ — (€ - s")2]

3 032}

493 - (15 @ B2
- m2T? 1l37¢ o (€0 - By) 0.30} |
4a2 1 , 1 2 .
L LA AR AN AL I P
meln L3 E TG,
Nu'“ 1k l-‘hﬁ"':--_-;.__:_:_
I Lorentz transform 05F (p)
' ' 10 20 | 50 100 200
Fields in lab frame
2pi @i /2 P . 9 cid o F% = [2 Vsun (GeV)
(93BLBL/TE) = (G3ELEL/TE) = F26+Aaiad | o _ o, &

- Cancellation for mixing terms (because of CP and reflection symmetries)

- All field contributions appear quadratically, spin alignment measures anisotropy of
fluctuations in meson’s rest frame

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

e Predictions for differential measurements
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In-Plane
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0.30} ] % . e S
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. et §
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0.30} H j SN 20%-60%)' A
02sl@© G o | L'
b2 s s e e Q” g4 Au+Au19.6 GeV N Al
kr (GeV/c) L 0°%-80% ;j" 4
e Anisotropy induced _ \ ]
by motion relative to % T w0 ¥ " Ourprédiction
background - sl ]
Lab frane Rest frame PRI s e Baoshan Xi @ QM2023F:
XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023) ° 05 1
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023). Iyl
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Color fields

Effective description

¢ Color field (QCD)

Early stage / heavy
quarkonium

Low temperature

® Global spin alignment induced by
glasma fields / QGP color field
fluctuations

A. Kumar, B. Mueller, D.-L. Yang, PRD
107, 7 (2023); PRD 108,1 (2023)

D.-L. Yang, X. Yao, PR 110, 7 (2024)
D.-L. Yang, PRD 111, 5 (2025)

=) Talk by D.-L. Yang

®* |n meson’s rest frame, chromomagnetic
field becomes anisotropic, leading to
spin-dependent dissociation rates

Z. Chen, S. Lin, PRD 111, 7 (2025)
G. Yan, S. Lin, PRD 113, 5 (2026)

= Talk by Shu Lin
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Vector meson field

Freeze-out stage, light
vector meson

-0.20 :
00 05 10 15 20 25 30

0 1 2 3 4 5

002

0 1 2 3 4 5 00 05 10 15 20 25 3.0

Poo—1/3 qr (GeV) (]
0.0020
M a,=03
0 a,=0.4
0.0015F
0.0010F
0.0005F
0.0000 &= . . . . . sy
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Rescattering effect

* For

Oor O their lifetimes are

comparable to time between chemical

freeze-out and kinetic freeze-out

K*® meson decay in a hadronic medium

" hadronic medium

@ ™

-

-

May 13, 2026

N
(1) RECONSTRUCTABLE (2) UNRECONSTRUCTABLE
no daughter rescattering at least one daughter rescattered
—— _,\_'“ i .
/ ﬂ A) _@_(/- :ﬁ\ -K"? K Y - 'ir"‘ @) .-\31) .'ﬂ‘ / K
e [ ® k@
e——>o @ 9——0 rescattenng
= w \
s & i S pos
® © @ g,\.}{ @B © ? ® .'
. = 3] /4 5 e @ i
~. ®) - B W = T
Both daughters escape the medium | At least one daughter undergoes rescattering
without further interaction. (deflection or absorption), so the decay
cannot be cleanly reconstructed.
by B0 X

——————
Note:

Reconstructable

= no daughter
rescattering

Unreconstructable

= at least one
daughter
rescattered

ChatGPT

pl]ll

GOETHE

Z. Li, W. Zha, Z. Tang, PRC 106, 6 (2022)
Z. Liu, Z. Li, W. Zha, Z. Tang, PLB 873,

1

40161 (2026)

Significant for spin alignment w.r.t.

production plane for

0.38

0.36

0.34

0.32

Xin-Li Sheng

Oor 0

||||| T T ||r|||| T T

L(b) Production Plane UrQMD (0.8 < p < 1.2 GeV/e)
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Spin alignment near critical point

(PgPg)c[1073] (PgPg)o[1073]

Near QCD critical point, vorticity-induced spin correlation

can be significantly enhanced

2.5
2.0
1.51
1.0

2.54
2.0
1.5
1.0

PRL 135, 3 (2025)

correlation without fluctuation

—_— T=83MeV
—-= T =84MeV
= T=85MeV

. T=86MeV

e — -
P el P

— T = 83MeV
- T =84MeV
— T =85MeV
=« T=86MeV
310 315 320 325 330
uMeV]

Could strong-field-
induced spin alignment
show similar behavior??

May 13, 2026

H.-L. Chen, W.-J. Fu, X.-G. Huang, G.-L. Ma,
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Non-monotonic

behavior
0.38 —— /
N f % STAR
0.37 1 ‘\ — Sheng et al.
‘\ —-= This work
0.36- -
1.
0.35 % $
0.34
033{ ]
10 20 50 100 200
Vs [GeV]
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Expeiment progress
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Different colliding systems

and °@ RHIC

0: + — 00
STAR, Nature 614, 244 (2023) n oISl
ature
Exp.: OPAL, PLB 412, 210 (1997)
ol T¥0 (W1<10812<p <54 Gevic) | Lo e ﬁ {0 saerer [ o0 $ oo T Theo.: K.-B. Chen, W.-H. Yang, Y.-J. Zhou, Z.-T.
s o K”(lyl <1.0&10<p, <50 GeVic) | M .
L a4 07308 T M, LPLTY 84, uﬁ rad Liang, PRD 95, 3 (2017)
.........,....E.. oy} .Ea.. e afsai
4 I e e 1 M T P
035 | ¥ =1
s FL B o= 2 & - AurAu 27 GeV AurAu39GeV Auvhu 624 GeV % AuvAu 200 GeV 08T T
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0.2 9= 0.2
STAR: Quark Matter 2022 STAR Preliminary od H 1 TPy = 13 Jog :
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Heavy-flavor mesons

e Spin alignmentof / @ LHC ALICE, PLB 815, 136146 (2021); PRL 131, 042303 (2023)

R R T I T e I e T T e TR ¢ 06 T T T T T
<
0.4F Jy — pips Helicity £ Collins-Soper 05b ALICE, Pb-Pb |5, =502 TeV E
E ¥ i Inclusive Jiy — w25 <y <4 00 < 1/3
04F -
E3 %— E 0.3f A E
i3 E 0.2f : E
i Ean L e
III ALICE, Pb-Pb fs_NN =5.02TeV,25<y <4 3 -0.1F Ea =
O ALICE, pp /s =8 TeV, 25<y <4 E _o2f *gig:ﬁ/ Event olane
! | ! I 1 ,LHCb‘ppG=7TpV,3<yJ<3.5 I 0.3 .‘ | ‘ﬂ 1 1 1 Ip \
II"'\"’I"‘I"'I"'_"'I"I"'I"'I"’IIII 0 2 4 6 8 10 12
pY(GeWc)
STAR Ru+Ru&Zr+Zr |Syy =200 GeV 0
R Helicity | [ Collins-Soper ® i i
e No spin 175 ] Spin alignment of @ LHC
ali nmentof 1 | E_ 8 PO e L L
9 _— : U - ALICE ]
/ @RHIC <% | ? 0.6]- 30-50% Pb-Pb, (5, = 5.02 TeV -
. OF # [ .
isobar T - Reaction plane
. m ik L / | ]
collisions £ Centrality: 0-80% 0.5 | -
08 @ Data, Jy—e'e, [y V|<0.8 L . ]
STAR. arXiv: 08F 4 ptp 200 GeV, Jy—e'e, v ¥i<1 r Linear ]
2604.07005 0.4 dependence? 7
0.3F J
C o Prompt D*, 0.3 <lyl<0.8 1
0.2 ¢ Inclusive J/y,25<y <40
Lnnaallannnllnrnelaannllannnllnnnallanal
. 4;_ [ I I . [ E]
o 2F —_—— E
| - o _.__._*i = -
‘I_o."4:_||-*n||llllll|l\‘IIIJ]II||||||\JIJI_:
R ) s 0 5
)" (GeV/e) P, (GeVic)
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) ) ) TT]IF['I'['II!I"['\'II]’([F'I}IITT]TIIF[\'I
Off-diagonal elements of spin density Re(o )| | STAR Preliminary
matriX Y 1 o = pm 90_1 E Au+Au 19.6 GeV
Repy =~ 3 (PgPf — P{Fy7) B | 20-60% Centrality
y 1 o o § Iyl <1
Inlpljil =2 3 <Pq Pq + Pq Pq> Im(p. -p_) @: 1.2<p_<5.4 (GeV/c)
f 10 ° 0-1 _ll:_i ‘
2 z z E
Re(pfy —p%10) =~ ?<P5P6+Pqu> B B
V2 ) e s e Re(p, ) == ¥,
Im(pyy — pL; ) —3 (PYP; + Py PY) = o] W,
J-P.Lv, Z-H. Yu, Z.-T. Liang, Q. Wang, X.-N. Wang, PRD 109, 11 (2024) @
J.-H. Chen, Z.-T. Liang, Y.-G. Ma, XLS, Q. Wang, Sci.China Im(p_ ) : . .
Phys.Mech.Astron. 68, 1 (2025) " ; Gavin Wilks @ SQM2026
I\II\II|III|‘I\II|\I\I‘Illll\ll\l\l
-0.01 0 0.01 0.02 0.03 004 0.05
This can be easily proven by rotating ] SPME
the density matrix: Grete e
| 1 1 0015l5TAR K Predictions using
Y - y _ - r D ' '
Repl,—l 2 (POO 3) " (Poo 3) 0.01033r6|lmlnar¥"* ". data in
o ; ; :  STAR, Nature 614, 244
& o005} ' v (2023)
Energy dependence provides a cross-check for  “ o000k y '
previous data S O
-0.005F & Srenaa=mmm T
Differential measurements are important for probing -
anisotropy of quark spin correlations I T o
VNN (GeV)
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Hyperon spin correlation

e \ector meson spin alignment vs. hyperon spin correlation

Produced from the same | " Short range

or or vacumm Spin- 8 ( meson S|ze)
triplet state (pp collisions)
Interaction with QGP N Long/short
(AA collisions) S range

— ~—

. Hyperon spin correlation induced by local vorticity [ ( 2)]

2 (X GeV
10 oL _.(m ’my.) ! E.S; 3 10 X107 (b) IYI€ [0, 1], n./s=0.08
‘ E 10 ' ‘ - w
St | * Au+Au 62.4 GeV—— 20—30%---- D—5% :
05 Au+Au200GeV —= 20-30%-w= D—5%
. LI T = [ o\ Pb4Pb2T6TeV ==m= 20-30% 0-5% | o
- Ny - s Vorticity-induced What
2 o1 oo T | correlations are small. V
- 0 € _ .
l” = = 0 L n /
= Gl T about strong interactio
=5 1 L L L
-1.0 0 /4 n/2 3n/d b
10 Ab=Ip; = ol

L.-G. Pang, H. Petersen, Q. Wang, X.-N. Wang, PRL 117, 19 (2016)

May 13, 2026 Xin-Li Sheng 12



Hyperon spin correlation

May 13, 2026 Xin-Li Sheng

Hyperon spin correlation:

Cha (p1,p2) = (Pf (x1,p1)P5 (v2,p2))| 4 x4 Lorentz tensor
9
b _ 12 * X
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,
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 (#P) > (@ Rsp) s/ S( P) ~ shear SHE i (fluctuation extracted
Hydrodynamic effects from spin alignment)
x107* x107
6f XX zz ] 10} ~ = = AW/ SFF |
: / ; b e AR w/ SFF |
4 Y * adpy STAR exp. ! 5.- AN w/ SFF
3t ?9, 0 R w e e LA R
ot : f |
1 e @ el c=v== AR wfo SFF ]
E 3+1D CLVisc R : Au+Au @ 27 GeV, 20-50% |
ot ; n B [ g e P P S TN SN
10 20 50 0.0 0.5 1.0 1.5 20 25 3.0
\swv (GeV) o0 = |-

20
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Net spin correlation

® Net spin correlation:

difference between “same-sign” and “opposite-sign” pairs

) ab

net — ((1 — CAA
x107*
————————— T
XxW/SFF ===== vy wf SFF zz wi SFF
------ xxwloSFF oo yy w0 SFF == = = zzwioSFF:
O ™., 15010 ’
O, 1.0 -,
05f.
"-%;4- “" GD[ h'}‘“"ﬁ.,l A
= - rs T
0 ; Se o amen
-~ Yo -0.5 ot L1l

1.0

1.5
o¢ =

2.0
|p1—2]

2.5

®  Spin correlation is small (~107%)

o Converge to zeros at large
o Hydrodynamic effect is suppressed by 1-2 orders of magnitude

May 13, 2026
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XLS, X.-Y. Wu,
X.-N. Wang,
PRL 136, 8 (2026)
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PHysicaL
REVIEW
LETTERS

" 1 D"’ 4 Amerian Physcal Scity SAPS Volums 136, Nunber 8
XX W/ SFF ===== yy wi SFF - - zz w/ SFF
Nilmit=lie xxwfo SFF ..o ¥y Wio SFF = = = zzwlo SFF
Rl 3F i
6 . 5l xm'ﬁ
r L
- . 1¢ ! '-'..'f“' 'u,
—~ 4l v (= ==== T, J
* l. '''''
w 4 ™ \‘ -'1 F -.'- 1 -
= I 21 i
O & '
- L e -3 PR B
> : ,
2'_ R 00 05 10 15 20]
&
3 S
L R
.
D b o R N W NS R N NN LM —‘-:-'—h&k—-—.“ -

0.0

(short-range)

Xin-Li Sheng

0.5

1.(} 1.5 2.0

Y =[Y1-Yo
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Initial spin density

¢ Participant nucleons carry random spins #Pb-2%Ph
10 V3w = 5.02 TeV
1 5HF s A 4 ol

A nonzero initial net spin polarization

E of
>

Spin correlation of final hadrons =
. . —10¢
G. Giacalone, E. Speranza, arXiv: 2502.13102 P =0.032 L s=—1
—10 -5 0 5 10
=) Talk by E. Speranza z (fm)
e Studying -cluster structure in & L o 1060
. . . . [ —— NLEFT 3 L _ —— NLEFT
light nuclei using spin correlation T e (PGCM) £ 10f Vaw=536Tev T 0
| —— tetra (VMC) ] L e =.B[’,r'tetra i
2”1\] 20]\1 i w— tetra (NLEFT) 1.02 - |
(')DQ)) e+ e 02 —— 3pf ] oo :____,‘:_-'-"” B
Rane/mO = Scﬁ];:% 160 : . 1 O i
s + oL 180 + 160 1 oo o . o
(\/ (P ))mled i /AN =5.36 TeV ] i .
‘ ! 1 096 .
0.0—T0—20 30 40 50 60

X. Fan, J.-Q. Tao, Z.-F. Jiang, Centrality % 10 20 30 40 50

B.-W. Zhang, arXiv:2512.24079 o . o Centrality (%]
Strong short-range spin—isospin correlation in

May 13, 2026 Xin-Li Sheng 22
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Quark fragmentation

¢ Hyperon spin correlation in s-channel ~— - =

Quark spin transfer to
Entangled through spin-dependent
" pair fragmentation functions

=) measurablein e

-+

e” = 2" 5 g7 — AX

D. Floreian, M. Strtmann, W. Vogelsang, PRD 57, 5811 (1998)
H.-C. Zhang, S.-Y. Wei, PLB 839, 13 (2023)

X. Li, Z.-X. Chen, S. Cao, S.-Y. Wei, PRD 109, 01 (2024)

S.-J. Lin, M.-J. Liu, D. Y. Shao, S.-Y. Wei, JHEP 11, 082 (2025)

® hyperon helicity correlation in pp & AA collisions

-2
e —— — 0.20 — . —_— o
. —— Sce. U _— i
6F p+poA+A+X :‘f il i 018k VSN =200 GeV ] o e
= . T ) --- AuAu010% | correlation (dominated
4 | ﬁ:z“ﬂ CeV e Sce. 111 i [}.16"""'-.__‘_ -== AnAn :)“-G[)E({ i by _Channel)
o pev ] OMp_ T
302F, g e 1 s~ | Enhanced correlation in
0 — 1 © .
{]{ pyl_g:'»fi(}e\-’] : 0.10F — AA collisions
i ________)_______.. 0.08}
—2— __.—"‘----‘r-. - 0.06F ;'\Li'\L ??1=U —
__________ 12 > 5 GeV
] I BT S
0 0.5 1 1.5 2 0.00 0.25 050 0./5 1.00 125 1.50 1.75 2.00

May 13, 2026 Xin-Li Sheng 23



=
GOETHE \;%
UNIVERSITAT

FRANKFURT AM MAIN

Experimental results

« Hyperon spin correlation in p+p collisions @ RHIC ™ Talks by X.-R. Gou,

J.-L. Zhang
lAy| < 0.5, STAR - STAR Q o Data
[Ad] < /3 _ 0.3 |- P +p, s =200 GeV 77/, SU(B) quark madel
KO- D PP LSHEER | [ AA <1 1 Burkardt-Jaffe model
| <1 L (o, 0=135GeV
M -

=

|
|
|
1
I
& (P )=135Gevic 0.2 |- _+_
- g i ;
AAL = . I ;
I -
I .
I -
o
| -
|
|
1
|

a) -0.1 |- \ \ \ bl - AR pairs
o b by b by by g g by - L L L L ! ! I L L L L L ) i ! J
-02 041 0 P 0.1 0.2 0.3 0 1 2 3
Ay
AR = VAY® + Ag®

e Significant positive spin correlation for
* No significant spin correlation for  and
* Converge to zero at large

e Evidence of quark condensate? (virtual
pairs in vacuum are in spin triplet states)

STAR, Nature 650, 44-45 (2026)
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e Hyperon spin correlation in p+p (p+Pb) collisions @ CMS

pp 28.6 pb™ (13 TeV) + pPb 186 nb™'(8.16 TeV)
T j T T T | I

- pp 13TeV
AA CMS Preliminary pp 200GeV
Inl<24, G_S{pT{EGeV pr 2. 16TeV
+ PP 13 TeV pp 28.6 pb™' (13 TeV) + pPb 186 nb” (8.16 TeV)
02k B pPbB.16 TeV | 0.1k f:\xs IA"rz:ﬁminLary I I

STAR Jf Inl<24,08<p <6GeV

- lyl<1.0,05<p_<5GeV B e I 1= o

|"{: B pp 200 GeV * . + . +
o [ 1 pp 200 GeV short range -0f g . )
L ] pp 200 GeV long range e g :‘; ‘;:;;:;fm“"?”””af p 216 Te]
] ’ T AR=2A A‘3 : H g
i Ll_! i [ Iml<24,08<p <6GeV
! n_;;;”'“f“";";"-""+ """" 1
! . !
| (P01 =1.33GeV, (p) e =1.72 GeV. (p,)5 " = 1.35 GeV HiE + -
. | R R S S——
0 2 4 AR=[AP+AR AllAR
&H:V,ﬁ.l12(ﬁy2)+ﬂ¢2 All AR Jieke Wang @ DI1S2026
o : Consistent with zero within uncertainties (hint of negative value)
B & : Negative spin correlation at small

e Might be due to different production mechanisms, e.g. fragmentation, > 77

May 13, 2026
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Top-quark pair

* Spin density matrix of a top-quark pair

I+ Y2, (Bjo-*" ®L+BL® (r") +30 C, @

(Y
\
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d

p = = : :
Y \
Polarization of ,

®* Measured through angular distribution

1 do 1

;dﬁ a = i (1 +Q‘]B| - €1 +£]:’2Bg - €9 + 128 Cé’g)
[ =<2

singlet state)

Spin correlation

t— b+ W| Weak decay

CMS 359 o' (13 TeV) CMS 35.9 b (13 TeV)
—e— Data —+— POWHEGV?2 + PYTHIAS —*— Data —*— POWHEGV2 + PYTHIA8
—=— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx] —#®— NLO calculation —*— MG5_aMC@NLO + PYTHIAS [FxFx]
—%— NNLO calculation
3‘1‘ b t “: } | 0.005 +0.010+ 0.021 ckk '_'—'—JL' 0.300 + 0.022 + 0.031
v e
B; b : i'; : | 0.007 +0.010 + 0.021 (o3 ‘Hi"._H 0.081+0.023 £ 0.023
3] ) w‘\
B: ——e+ : -0.023+0.011+0.013 Cnn H—.o—H 0.329+0.012+ 0.016
b M
B; :: -0.010£0.011+£ 0.017 [ _D HH ] 0.237 +£0.007 + 0.009
- 2]
B }—}ﬂ—:—l—( 0.006 +0.009+0.010 Af:sw » 0.167 +0.003 £ 0.010
g
H
v i 4 Fo A -
B2 No sizable ., 0.017:£0.0090.009 Anyy ™ Negative spin o1ozo00m:0007
quark polarization et () correlation SO
PR SN T T [N TN T N (N TN YT (N T N T AN Y T A N N P T N T T A T T T T TN SO SO T T NN S SO T
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0 0.1 02 0.3 04 0.5
Polarization Spin correlation coefficient/asymmetry
CMS, PRD 100, 7 (2019)
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Hyperons and hypernuclei

® Spin correlation
between constituent
quarks give high
order corrections

® Spin of hypernuclei

3H— 1+ He

/il . a -
v h kO *
i | N\ (. 0
e e
. ’ v E
ISt ! \*ea‘ i

on @r @

Vi
+ ! 1

spin = quark spin?
spin correlation =

quark spin correlation?

dpA
P" i P‘;z T 3
A : C,l
{Sp‘d = C'E,:S}Pdi 5 CE:S}PM = 5 (1:;:;{8)

Cp=T1 -0 — P Pl

it

(PAPr) = (PsPs) + O[(Py)°]

1
%

GOETHE

(Y
\

,)kﬂ
\NeY

order in
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4

valid at leading

J.-P. Lv, Z.-H. Yu, Z.-T. Liang, Q. Wang, X.-N.

Wang, PRD 109, 11 (2024)

also see:

J.-P. Lv, Z.-H. Yu, X.-W. Li, Z.-T. Liang,
arXiv:2603.15135

L. Oliva, Q. Wang, X.-N. Wang, arXiv:
2603.10427

I ; D
m = [1 — (5B + 8By PL+ 118]) (3cos™ B* — 1)} )

i = Talk by K.-J. Sun
Li— "He+p
- Sin‘é% ~ %{SX%[1——(IP,E+4TN?L+£PE](300529*—1)}
" 1:’"‘- + 3x % [1 —%{2’%—451\'5?;_—5—5575](300529*— 1)} +%+3 x % {1 —%5?5(%0328*— 1)} }

|dentifying internal spin structure through K.-J. Sun, D.-N. Liu, Y.-P. Zheng, J.-H. Chen, C. M. Ko, PRL 134, 2 (2025)

measuring its global polarization

May 13, 2026
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Y.-P. Zheng, D.-N. Liu, L.-W. Chen, et al. arXiv: 2509.15286
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Summary

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

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

* |dentify different mechanisms for hyperon spin correlation

Excited vacuum 0% ~
Intrinsic | partonic scattering / pair creation — (s-channel)
. . - + + (t-channel) +
’ ' + (total)
Initial net spin polarization + ? ?
_ Hydrodynamic effects + + ~0
Field-

induced Strong-force field + — +
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