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~bleicher/index.html?content=urqmd
VI HE 8 A WA o8 B ek 4(Spin
fAzhE ' W, 1% = AT —) polarization)
0O ++ —
SR AH ELAF A 3% ‘ e
I : % EAF 14 & ek 7 (Spin
alignment)

0O O

S. A. Voloshi, nucl-th/0410089

Z.-T. Liang, X.-N. Wang, PRL 94, 102301 (2005); PLB 629, 20 (2005)
F. Becattini, F. Piccinini, J. Rizzo, PRC 76, 044901 (2007)
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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).
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Globally Polarized Quark-Gluon Plasma in
Noncentral A + A Collisions

Zuo-Tang_Liang' and Xin-Nian Wang?!

Show more ~

Phys. Rev. Lett. 94, 102301 - Published 14 March,
2005 Erratum Phys. Rev. Lett. 96, 039901 (2006)
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Article ‘ Published: 18 January 2023
Pattern of global spin alignment of ¢ and K mesons
in heavy-ion collisions

STAR Collaboration

Yu-Gang Ma, Jin-Hui Chen,
Nature 614, 244-248 (2023) | Cite this artie - Chen-Sheng Zhou, et al.

3084 Accesses ‘ 8 Citations ‘ 165 Altmetric ‘ Metrics

STAR, Nature 614, 244 (2023)
K°>K'+7 ¢>K'+K°
Strong p-wave decay

(B 3e - $hiEfzh &)

NFH#HILERT, REFVSIEAIA

— 1— oo+ (3 oo~ 1)cos?

0o- Spin alignment
: Polar angle of daughter particle’s momentum
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Strong-force field
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XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).
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Bk B e < Bk A 5 L
Cls (p1,p2) = (P (z1,p1)P5 (v2,p2))| 4 x4 Lorentz tensor
C;iz(plvp2): a, b= r,Yy,z.

b _
cia(p1,p2) = nia(pl)ng,b(f?z)
Correlation between spins in two particle’s respective rest frames

1 pé‘HE + Strong force field
- (K& s B RHFIIE

o BT B e &5 E b
P} (z,p) ~ P!(x, Ryp) Pl)(z,p) = P + Ph..
AR F R 23)
SR . x107
6; — e 10AAw/SFF
5t / | ; b e AR w/ SFF |
45_ *  abpy, STAR exp. 5 A w/ SFF 1
..9%3 | ‘ % Qi iTm T s I T R TITY
2} : e |
1 SN @ I AR wio SFF ]
f3+1DCLVisc ==y b Au+AU @ 27 GeV, 20-50% |
10 20 50 00 05 10 15 20 25 3.0
m (GeV) o¢ = [p1-¢2|
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¢ Net spin correlation:
difference between “same-sign” and “opposite-sign” pairs XLS, X.-Y. Wu,
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ab — ~/ ab ab\ _ _ab X.-N. Wang,
Chet = 5 (cha +ckx) — chx PRL 136, 8 (2026)
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[ STAR  AuAu s =200 GeV

PN IS T [ S S T [ S R N

20%-60%

fit: p +2p sin(29-2¥ )
[ *A  p, =0.01620.003 [%]
~0.001F #A P,=0.015:0.003 [%]

P, /syw =200 GeV RHIC

STAR, Nucl. Phys. A 982, 511 (2019); Phys.Rev.Lett. 123 (2019) 13, 132301.

F. Becattini, |. Karpenko, Phys.Rev.Lett. 120 (2018) 1, 012302
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F. Becattini, M. Buzzegoli, G. Inghirami, |. Karpenko, and A. Palermo, Phys. Rev. Lett. 127, 272302 (2021).
F. Becattini, M. Buzzegoli, T. Niida, S. Pu, A.-H. Tang, Int. J. Mod. Phys. E 33, 2430006 (2024)
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Shear-induced polarization

Shear-induced polarization v =

c"qhear (}‘J)

4mN

1 U
———'P7 T, / d¥X - pnp(l — np)—p—éj,,,;kp)‘
© u-p

4dm Np

'lm i\"

1
'’ p. /dL ;an(l—np)
5

(OubBy + 0uP)

b | =

1
_____F“mﬂﬁil/‘dzl??nF(l_‘”FJ Eorp”
N

No

ZaHAMMBIR, T ARSI IR AR AL
“Strange memory” scenario - using quark mass instead of hyperon mass

Isothermal local equilibrium - neglecting T-gradient

B. Fu, S. Liu, L. Pang, H. Song, Y. Yin, Phys. Rev. Lett. 127, 142301 (2021)
F. Becattini, M. Buzzegoli, G. Inghirami, |I. Karpenko, and A. Palermo, Phys. Rev. Lett. 127, 272302 (2021).
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F. Becattini, M. Buzzegoli, A. Palermo,
Phys.Lett.B 820 (2021) 136519

S. Liu, Y. Yin, JHEP 07 (2021) 188

Y.-C. Liu, X.-G. Huang, Sci.China
Phys.Mech.Astron. 65 (2022) 7, 272011,
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l-} Triangular flow originating
from initial geometry

¢ Au-AuorPb-Pb: ,= 3
Ru+tRu:  ,= s(exp.) ,<  3(theo.)

O.DGSIIII|IIIIIIIIIII|II|III'IIII'II|III|IIIII|

ALICE Preliminary .

Pb-Pb |5, = 5.36 TeV ¢
A+A, ly <05, p.> 0.5 GeV/e

o
S, | RutRuszrzr, A+X
—_ * n=2
A
3 Hydro Ru+Ru, nT/(e+P)=0.08
c
e——
c
w
]
o
S

PZ.SI'I

0.004

- B n=2 (0, +SIP,)
0.5\ BEEn=2(m +SIP_ ) ideal hydro
-==n=2 (o, +SIP )

B n=3 (0, +SIP,,)

0.003
Z,52

tot

0.002 2,53

0.001

-
-
-

e
!

-

[ STAR |5, =200GeV ~~TTTTreeeaseeent
i 0,5«:qu6 GeVic, |y |<1 o, = 0= 0.732+0.014

s b b by by by vy by by g 14 L L L | L L L | 1 L L | 1 1 L ]
] 10 20 30 40 50 60 70 80 0 20 40 60 80
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FORIER, FBRAARTE ) JFFEERSHK
* Woods-Saxon a2 A TEKRKKN , FHAFLEER
¢ mWEARSEHTERES 3/ > 1?7 (BEHHEEARTTE)

PZ,82
o

0—3
T T T T | TTTT | L | L | 71T | T T TT | T 1T 17T TT 11 i L L LI L= —— — T T T T T T T T T T T T T T T T T T T T
- 4 ™M - O —
— ALICE Preliminary N EW ! 15 6F -m ws 3+1D CLVisc —
i 1 - ~ —a— tetrahed - -
5 _ 00, ﬁ =5.36 TeV _ x sF etranedron E
- A+A,|n|<0.8, p.>0.5GeV/c —1 1 Y R O @R —
4 :— Uncertainties: stat. (bar), total sys. (open box) ‘ —: ELN 4 ___ & ® _]
3 :_ l _: E l _
. I : I + //T E
5 1 u T _
/2 C _ \ - - /T’ .
i * L ! ° - /? —:
1 | - C ‘ .
0 E... ............................................................................ _.E E E
L1l | 11 | L1 11 | L1 1 | 11 | L1 11 | L1 1.1 |1 11 II 111 I| L1 11 0 R " e PR B 1 R | R " P | PR R Y i
K 0 5 10 15 jZO 25 30 35 40 45 50 0 10 20 30 40 50
_ FTOC centrality (% i
Y (%) C.Yi, XLS, in preparation Centrality (%)
Chiara de Martin @ Rencontres de Moriond 2026 Fig. for nucleon structures: X.-L. Zhao, Z.-W. Lin, Y.

Zhou, C. Zhang, G.-L. Ma, PLB 874, 140254 (2026)
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tho ~ 3+ (PrPE+PiP; —2P!PY)
Repl ) ~ 5 (PiP;-PiP})
gl _, ~ 3 (PPf+PrP;)
Re(Pi’o_PgLo) ~ ?(ngqz—i'}jqug)
Im(Pi’o_PELO) ~ —?(Png—l—P;Pé’)

(PAPA) = (PsPs) + O[(F,)"]

° WM S HIZEQGP Y = A T 5E fyhot spot 454y Hot spots
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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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Kinetic theory

e Kadanoff-Baym equation mmm=) Matrix-form Boltzmann equation
1
|4 / |4 :
k-0: 5, (k) = 3 [e (A1, k)e, (A2, k)CEY (2, k) — X (m,k)CdiSS(ﬂ..,k)]
A A 1 v
. - I/ / /
Dilute gas approximation Meson polarization Coalescence Dissociation kernel
fq ~ fq ~ fV <1 vectors kernel (independent of quark
distributions)
d;ipx 1 ) ] .
G ala. k)= / - ) [Eﬂ'i —E, —FEl )
coa 9-h)2 4 a P k—p
{_ h) EP'IEI{—[JI
v x Tr @ o — M) [1 + ey « [P¥(2, p’]]
vertex ~—
k=0)-v+my|[1 +vy{ Pz, k—p)}
X fa(z,p) fo(z,k — p'), Polarizations of XLS, L.Oliva, Z.-T.Liang, Q.Wang,
| | quark/antiquark X.-N.Wang, PRD 109, 036004 (2024).
* Cutting rule: Quark’s full propagator

PI’ObabIhty of Free First order Higher orders...

+ - ‘ g + 7 7 + 77 + ...
related to = R

(v p+m)(1+%7 =

May 17, 2026 Xin-Li Sheng 12



7~
GOETHE @

Experiment results

UNIVERSITAT
FRANKFURT AM MAIN
1 arXiv:2502.07898 pPb 186 nb” (8.16 TeV) CMS PLB 765 (2017) 193
LN N L AL N N B NN N N D DN LB N N N N BN B N | T T L] T | T T T T | T 1 T T I T T
- CMS Data  T_ENTo-3D+CLVisc | o.10L pPb E 5 TeV i
| 0.8<p, <6.0GeVic ® A A eq. | o VI02, JANf>2)
[ m| <24 ® A iso-th eq. 1 m v,{4}
0'5__ + A+A s quark e i *
I * qUAlced: 7 _ 0 V,{8) |
i $ ] 0 v,{LYZ} e s0ce, .
: S | . - !
= o

g ”"35?' odmég LN B *

(P sin[2(6-W))) (%)
T

-0.5 1
0.3< p_* 3.0 GeVlic

1 1 1 I 1 1 1 1
-]
g &

T T T I T T T T

a, =0.750+ 0.009 a- = -0.758+ 0.010 il <2.4
PRI T T N TN N T T N TN TN N T NN N T SN N N WO S W R RS R a3 1l g ¢ 4 4 Ll
0 50 100 150 200 250 0 100 200 300 (
anfline offline
trk Nlrk

» Quadropole structure of vorticity?
» Not consistent with trend of -
» Not consistent with hydro calculation

C.Yi, X.-Y. Wu, J. Zhu, S. Pu, G.-Y. Qin, Phys.Rev.C 111, 044901 (2025)
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Experiment results

e and °@RHIC
STAR, Nature 614, 244 (2023)
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0

-+

in ~collisions
Exp.: OPAL, PLB 412, 210 (1997)

b ‘ 45»:0‘(]}'“1163'1.‘22';;'!5.4(;9\/&;; e ﬁ [ o [ oo ; Tee ] Theo.: K.-B. Chen, W.-H. Yang, Y.-J. Zhou, Z.-T.
g o K®(lyl < 1.0&1.0<p. <50 GeVic) 1 .
i ) ] 'LV il o f P Liang, PRD 95, 3 (2017)
I (& SOl 2 OE: . O P F L I I TR O WY L. E. I8
L H ) ] e & 4 W . %- " gﬁ
Iy | B Y |
035 | ¢ £ I 1 0.8
b # & I p AutAu 27 GeV AurAU39 GV [ AurAu 62.4 GaV AurAu 200 GeV - LI L 0
(= T =] - 4
S ! 8 ; + e Rt
Q ﬁ{ ‘% &5 &) K 0o order EP K glK® = * SPAI:(_‘ v =
[ o4k g L 4 —_— = 5CGeV
ol — 1.0 F ) =
0.3 1 o < S 8 0.6 —— Q= 9L -
Ko[<1.0  feeeeen T bﬂmﬁ‘ R Y- S P == 9= 500GeV 2
L 1.0<p <50GeVic i g 1
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Experiment results

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

* Spin density matrix of a top-quark pair

I+ Y2, (Bjo-*" ®L+BL® (r") +30 C, @
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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
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CMS, PRD 100, 7 (2019)
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