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Heavy-ion collisions

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

Beam (N §
direction

https://itp.uni-frankfurt.de/
~bleicher/index.html?content=urqmd

Initial orbital ' Vorticity field l Polarized ' Spin polarization for baryons,
angular Magnetic field quark/gluon , 0 T

momentum ,
Strong field ‘ Spin alignment for vector

: mesons,
0 0
J J 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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Global spin polarization
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Measured by pairty-
violating weak decay

AN—=>p+T

dN

T = % (1 +OLH|EF"1{|COSG*)

H- decay constant

—

H- polarization
“p : proton momentum

10 10° 10°

Sy, (GEV)

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

Py

Evidence for vorticity field !

Magnetic field
I—» Difference between and polarization

|—> Has not been confirmed
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Global spin alignment
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Non-trivial spin

0-3 alignment of

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

0-25[ open: ALICE (Pb+Pb & 10% - 50% Centrality)

Non-relativistic spin
coalescence
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Significant spin correlation
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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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Spin alignment

e Polarizations of /™ in a thermal equilibrium system strong
1 Q @, interaction
9o b N
e ) a2 P p, |wpe £+ ———F,p £+ ———F \
8/5( p) Adm g Pv |@po (w-p)T (7 (w-p)T, *° * N ¢

Thermal vorticity Classical Vector field
field (rotation and electromagnetic 62 2

acceleration) field 1.~ o>~

¢ Spin alignment (in rest frame) of meson

- : : ' f fluctuations |
measuring along direction of €g Anisotropy O

in meson’s rest frame!

poo = % + C4 {%w’ cw' = (EU . w!)2j|
Rotation and . <1073in
+C; Esf &' — (€g- 5")2} acceleration heavy-ion collisions
4gq2b "]- ! / ! 2]
————C1 =B, -B, — (e - B
mbe}? ' L3 v (€ qb) Vector Zero mean value
493 ., o field - large fluctuations

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).
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038 ¢ *k & STAR  —— Out-of-Plane | Fit exp. data for o5 Vs / 'nN
!ii . meees In-Plane
| H 3 Extract parameters as
Boaal ' functions of \/ yn
<(g®Bgy/Th)2> = <(qugy/Th)2> = F]’% ‘
032}
((94B2/Th)*) = ((9oE2/Th)?) = F?
0307 ]] ‘
= 10 Predict oovs , ,
E
NLL 1 i .
0.5 ® Stronger fluctuations at
10 20 50 100 200 lower energies
Vs (GeV) e Nearly isotropic in lab frame

Experiment: STAR, Nature 614, 244 (2023)
Model calculation: XLS, L.Oliva, Z.-T.Liang, Q.Wang,
X.-N.Wang, PRL 131, 042304 (2023)

est frame

i in meson’s r
Anisotropy Iative to QGP

dominated by motion re
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Model predictions
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Predictions for azimuthal angle dependence and rapidity dependence

®
I —— Out-of-Plane ----- In-Plane [ STAR Preliminary
0.36¢ . 05— % 02 order (1.0<p_<5.0 GeVic) -
i | B o1¥order (1.0<p_<5.0 GeVic) |
= Py = 108 :_.-'
N 2 e Theory (1.2 <p_< 5.4 GeVie, 5
;,:: }§‘1 - 0.45— maa%]'l ‘:5‘... Bl
L E i ; & M
0.32¢ & .. AutAu19.6 GeV ¥
i - 0%-80% E
0.30} w |
00 05 10 15 20 25 30 S - b ]
Au-Au collisions ®» 12< <54GeV I e
at 200 GeV/A o <UL N
L i|'|'|'..|.|...I /I : I
XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, 0 / . o
PRL 131, 042304 (2023) L I'.‘p"E B. Xi’'s talk in
Our prediction QM2023

XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).
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° - spin-spin correlation in pp collisions

Entangled I

~ pair 9

Ay[<0.5, | STAR preliminary
Ag| < /3 ' p+p Vs =200 GeV
- . _ KeKs - . <1
®* Model prediction for - spin correlation . (p,)=1.35GeVic
in pp collisions - n DCA, <1cm
o AAT *
1072 | _ ;
6 p+p—>A+ﬁ+X ---:(:il N : .
L /S =200 GeV coeeneSce. 111 | AA- e Non-zero spin
o | ’ correlation for
- DSV i - :
5 2 . _ _ - pairs
G [ m=0 ] AKX| : @
| Pri2>5GeV B !
( | - a} :
_—/—_//___::T? ' ' | o TR B I
Rt S 04 02 O0_ 02 04 06
_4"'7'."-:-- L ] A,
0 05 ! L5 2 Jan Vanek (STAR) @ QM 2025

H.-C. Zhang, S.-Y. Wei, Phys. Lett. B 839, 137821 (2023)
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e \ector meson spin alignment vs hyperon spin correlation

Produced from the | " Short range (b
same or ( meson size)

(pp collisions) & %
1|

Interaction with QGP Long/short @ @
$O

(AA collisions) __range l

e Definition of two particle spin correlation o
Polarization vector

Cf; (p1,p2) — <P{L (Cﬂl,pl)PgV ($2,p2)> ===) 3 components in rest frame
Ph(zip) = > nb (0)Prst (i, pi)

a=x,y,z

4 x 4 Lorentz tensor

C%g(plaf)Q) — nﬁll,a(pl)ng,b(pz)cii(pl7p2)3 a, b= LY, .

Correlation between spins in two particle’s respective rest frames 3 x 3 tensor
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is fully

Hyperon spin polarization

e  Spin polarization of

In non-relativistic quark.
coalescence model, spin of

determined by spin of quark

Pi(z,p) ~ PA(2,Rp)  Rs = ma/ma

®  Spin polarization of quark at local thermal equilibrium

Hydrodynamic fields
| \ Strong force field

+ Plug + Py

Assumption: nO correlgtign
between hydrodynamic fields
and strong force fields

|
P (a,p) = Pl + P!

shear

e  Spin correlation functions of {z;,p;}

” 1 [ dX(z1) - p1 [ dX(z2) - p2|Py Py f1 fa
O (p1, p2) = ——
" (pl p2) Nevent event [f dZ(SE‘l) "P1 fl} [f dZ(IEQ) " P2 fQJ

1, 2 denotes A, A

XLS, X.-Y. Wu, D. H. Rischke, X.-N. Wang, in preparation
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¢ Correlation of strong force field

2 2 c o«
g FrG(xy —x 1,7) =(0,1), (0,2), (2,3), (3,1),
b ety = | B O =) () =(0.1), (0,2), (2.3), (3,1)
T(ml)T(TQ) FZ G(Tl — 332) (2:.7) - (Ga 3)3 (11 2):
v N
Fluctuation determined by fit of g Gaussian smearing
In(F3./m2) = ar,, — br,. In(vaan/GeV)  Glay —ms) zexp |- RS - G=XF) 6, =0, = 0.6 m
' oy (o
x10~4
* Energy denpendence of spin 5F CLVisc ot vy !
correlation is similar to (3+1D,vis.) \ P S
meson’s spin alignment 4} ]
i *  abpy STAR exp. |
» Difference between  and ~af Foo .
components is from global spin é Ly LEEEL :
polarization ot ' !
e Spin correlation induced by 1 __ L S 3
strong force field e e T
0 : . e e ]
10 20 50
XLS, X.-Y. Wu, D. H. Rischke, X.-N. Wang, in preparation \] syn (GeV)

July 2, 2025 Xin-Li Sheng 10



UNIVERSITA

Spin correlation FIRENZE INFN

x107*
B - YY\ — Y pY
T ] [t = (P <
Al - N-A w/ SFF Distinct behaviours
o . R-F w/ SFF ® Hydrodynamic fields: by hydrodynamic fields
S T independentto  and and SFF
S 7 DT ; samefor -, - ,and -
2 A-AWIoSFF 1 e strong force field (SFF):
mm" - Ua ] q .
S Au+AU @ 27 GeV, 20-50% ; stronger spin correlation at smaller  or
| 00 05 10 15 20 25 30 - (") oppositeto -~ o
Dominated by 50 = |p1-¢| Similar to pp
global spin » collisions
oA x1
polarlzatlon [ g T ' STAR preliminar
[ iminary
3~ — N-A W/ SFF 5 = p+p Vs =200 GeV T e e ]
X —_— 0.3 — AR, Iyl < W k model ]
:- - A—A W! SFF 3 B (,\1‘)}\1_)I J=Y|1 .3:‘3 GeVie /AH :Sff;rgti;ﬂe maodel B
r _ [ DCA,<1cm a
: N . N\=-A\ w/ SFF 02— ' ]
o 1 \ E - _+— ]
9/ 0;“"-“-" Trmrmimememem o ST n_"= 0.1} -
-1; _ | O: e — T S —
: ~=-=-=- A=\ wlo SFF - 1 -
e AusAu @ 27 GeV, 20-50%]  o1F | VAN T g
................... - Y
0.0 0.5 1.0 1.5 2.0 0 1 2 3

AR = | Ay?+A¢?

OY =1Y1-Yo Jan Vanek (STAR) @ QM 2025

XLS, X.-Y. Wu, D. H. Rischke, X.-N. Wang, in preparation
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Spin correlation

(z) x p, xY

(x7) x pr = (cos ¢, sin @)

Short-distance in momentum space
==) Short-distance in coordinate space ]
==) Significant SFF correlation o)
==) Significant spin-spin correlation -2} — :y;g\\)’ :
—_— (7 !

-3F . . . . . ;

0 1 2 3 4 5 6
¢
XLS, X.-Y. Wu, D. H. Rischke, X.-N. Wang, in preparation
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t
®* Vector meson spin alignment @ isntrgpagction
4=m) Anisotropy of short-range spin correlation VO (b
c . - N\
=) Am%)tropy of strong field fluctuation % %

motion of meson relative to QGP

- Extracted strength of fluctuation from exp.
- Predicted rapidity and azimuthal angle dependence

e Hyperon spin correlation
@) | ong/short-range spin correlation ~ -

Hydrodynamic fields: same for , —,
Strong field: ,  oppositeto

Open a poten’ual
new avenue for
studying behaviour
of strong interaction

- Provides a way to test our understanding on
spin correlation/alignment
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Outlook

e Relation between spin alignment/correlation and baryon number
fluctuation (critial end point)?

—

Net-proton C,,
&
o

0.8

Collision Energy |s,,, (GeV)

Data (0-5%) Au+Au Collisions at RHIC 15F STAR g
¢ Data (70-80%) 04< pT < 2.0 GeVlc, ly| <0.5 -
by L LR EEE P L R bl ettt %—
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8oy ok e e 2% TN oo Jhgg ®
B » : ﬁ' b v O ] - 1
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~ - Hydro EV X2 { oost e) =2 )+
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STAR, arXiv: 2504.00817
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e Spin density matrix for vectormeson ( =17)

¢ K*0
P+1.+41 P+10 P+1,—-1
Pfs.zi — PO, +1 P00 Po,—1 @ @ @
P—1,+1 P—1 %13—1 @ @

_* Spin alignment
3 +}PE U T;,?E%. =1/3 for unpolarized meson

Vector polarization Tensor polarization decays:

in
(3 components, not (5 components, Parity- Conr??jr;te?mmed by
measurable, parity odd) measurable, pairty even) distributio um conservation

angU\"“‘r moment

*() 4+ —
Strong K" —>K'+7 % [1 — poo + (3poo — 1) cos? 9] OAM
-wave decay ¢ —> K" +K"~
Dilepton / o T+ - % [1 + poo + (1 — 3pgo) cos? 9] Spin

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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Quark coalescence
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(z,k)

= DpEeiRSEnnlngr CELENen XLS, L.Oliva, Z.-T.Liang, Q.Wang,
‘ Kadanoff-Baym equation for Wigner function X.-N.Wang, PRD 109, 036004
2024).
‘ Matrix-form Boltzmann equation ( )
k- Opfy. k) = = [¢* (A1, K)ew Oha, K)CH2 (2, k) — Y k)Caiss(, k
’ xf)\l)\? (::C? ) _ g [E,u( ;J )EV( 2, ) coal (3"‘-'- ) B f}\l/\g (‘Tj ) diss(ﬁ—-: )]
A il 7
[~ / /
Dilute gas Meson Coalescence Dissociation (independent
izati from quark distributions)
~ fo o <1 polarization 4+ .
Ja~ Jar~ Jv vectors >+
e  Contribution from coalescence
5 .
H . == d P 1 Yy V.- - q
CrcatlZ: k) = / @rh) BB 0 (Ek Ep, Ek_P,]
p' “k-p’ . : :
Y 1 , ; - ’ Spin density matrix
% . .~ = —|_ Hi'._'_uH.' . ; T. & v
vertex ~ 1 @P —Ma) [ | R J] (k) = e (A1, k)&, (Ao, k)C (2, k)
- ArAg 7 - * 1w
@{L = !”"} w -'";r _|_ !I!q] [1 _|._ H;'.'_:H,I' ® Pq{; k_ —_ p;} } Z/\=0.ﬂ:l Gu()\'k)ﬂl(/\'k)cioal
X[L;;{J:_ p)fy(z, k — p"}] Polarizations of
quark/antiquark
unpolarized quark/antiquark
distributions
July 2, 2025
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¢ Intrinsic geometry of QGP,
transverse fluctuation
# longitudinal fluctuation

F2 — |2
<g§B;Bi/T§> = <g§E;E§,/Tf> = F*§" +Aa'a’ F2—F2 LA
P~ P~ P~ [ da da z -

Isotropic

Anisotropy of QGP
* Transformation of fields between lab |
frame and particle’s rest frame gg ;
¥ K
B, = 7By — W xEg + (1 —9)—52v
v Lab frane / Rest frame
/ A Ef.fﬂ
E;, = 7Ey; +yv xBg +(1-7) 2 " Anisotropy induced by motion

relative to background

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRD 109, 036004 (2024).
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).
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Production of

wTp -+ *—+
: P K
meson from ~ v2 w—p? -
. —_ *
coalescence Im : p e K

e  Spin alignment induced
by vector meson field

pr= af

Im <F£*+F;%*+F£*_F){i*_>

Higher order correlation
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Spin correlation

x10~*
o ' —  A-Aw/SFF
N A-R wi SFF
A-R w/ SFF
o
2 S A-R wio SFF ]
-2} Au+Au @ 27 GeV, 20-50% ]
00 05 10 15 20 25 30
O = |p1-¢2|
x107*
e —— A-A W/ SFF
of A-Rw/ SFF
A T~ A-7 wi SFF ]
Jfrme e T
1} _ ]
- == A=Kk Wlo SFF
-2} Au+Au @ 27 GeV, 20-50%§
00 05 10 15 20 25 30
0¢ = |p1-¢2|

x107
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— A-AW/SFF ]
- A=A\ w/ SFF

Diagonal elements
of C15 have similar

A-A w/ SFF behavior

XLS, X.-Y. Wu, D. H. Rischke, X.-N. Wang, in preparation
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x107* . | .
gbi.. — A-AW/SFF
o - A-Rw/ SFF
S A-R wi SFF
oF——= —
-1 - A=A wlo SFF
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