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Spin polarization of Lambda hyperon

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

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

Zuo-Tang Liang1 and Xin-Nian Wang2’1 The ideal I elatiViStiC Splnnlng gaS:

Polarization and spectra

Produced partons have a large local relative orbital angular momentum along the direction opposite to
the reaction plane in the early stage of noncentral heavy-ion collisions. Parton scattering is shown to

polarize quarks along the same direction due to spin-orbital coupling. Such global quark polarization will - e .« + b
lead to many observable consequences, such as left-right asymmetry of hadron spectra and global F. Becattin1 ™ 5 F. Piccinini
transverse polarization of thermal photons, dileptons, and hadrons. Hadrons from the decay of polarized
resonances will have an azimuthal asymmetry similar to the elliptic flow. Global hyperon polarization is
studied within different hadronization scenarios and can be easily tested. 1 N
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before collision after collision
figure: M. Lisa, talk @ “Strangeness in Quark Matter 2016”
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Vorticity €= Spin polarization
w ~ kgT(Pa + Py)/h
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I
I
: Beam-beam - d—N = l(1 + OéH"PH |COS 9*)
| counter j . P | dcos@* 2
P, o* 4
Beam-bean : obs %
counter | Py = 8 <Sln(qjl qbp))

f;o; — TOH Res(V1)
Quark-gluon

plasma
| wmkpT(Py +Py)/h
- ~(9+1) x10*s!

Forward-going
beam fragment

Spin polarization of Lambda hyperon ===) Vorticity of QGP

Z. T. Liang and X. N. Wang PRL 94, 102301 (2005) F. Becattini, M. Buzzegoli, T. Niida, S. Pu, and A. Tang, Int.J.Mod.Phys.E 33 (2024) 06, 2430006
F. Becattini, F. Piccinini, and J. Rizzo, PRC 77, 024906 (2008)
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1 STAR, Nature 614, 7947 (2023)
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Fluctuation/correlation of strong force field

X. L. Sheng et al., PRL 131, 042304 (2023)

—GY=464+073m¢ .

myg

Quark-antiquark spin correlation

2
GY = gq2f> [3<B§>,y> + L Z!¢ <E§>,y> - %<B§>,$ + B2=Z> N

2
0o (B2, + E2.)]

~ filled: STAR (Au+Au & 20% - 60% Centrality)
| open: ALICE (Pb+Pb & 10% - 50% Centrality)
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Gluon polarization

J. P. Lv et al., Phys.Rev.D 109 (2024) 11, 114003

In-medium meson spectral property

Y. L. Yin, W. B. Dong, J. Y. Pang, S. Pu, and Q.
Wang, Phys. Rev. C 110 (2024) 2, 024905

F. Li and S. Liu, arXiv:2206.11890

Local spin density fluctuation
Kun Xu and M. Huang, Phys. Rev. D 110, 094034 (2024)

H. A. Ahmed, Y. Chen, and M. Huang, Phys. Rev. D 111, 086006 (2025)




SU(6) quark coalescence model
Z. T. Liang and X. N. Wang PRL 94, 102301 (2005)

P, =P,

P2=(4Pq—PS—3PSP%)/R2, R2=3—4PqPS+P2;

Pz =(4P,—P,—3P,P?)/Rz, Rz=3-4P,P,+P%;
Po=2P.(5+P%) /Ry, Rg=06(1+P3).

Hyperon polarization is dominated by the spin polarization of the strange quark
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i F B e H B (proton spin puzzle)

)

LQCD tells us that only about 40% of proton spin comes from quarks

Au: 85(4)% M: 13(5)%

As: -4(1)%

Ad: -41(2)%

Frame-independent spin sum rule

(Ji)

1 i h
SAZ+L+ T =

e AX/2 and Lé (sum to Jq) are the quark
helicity and OAM, respectively;
« Quark and gluon contributions J, and J,

can be obtained from GPD moments;
¢ The sum rule also works for the transverse

angular momentum in the IMF.

Infinite-momentum frame spin sum
rule (Jaffe-Manohar)

1 h
—AX+AGHC, +C,=—
2 =8 2

o AG is the gluon helicity, £ p and 7 o are

canonical OAM;

« All terms have partonic interpretations, £’ g

and 7 ¢ are twist-three quantities;

» AG is measurable from e.g. RHIC-spin and

EIC: ¥ , and Z , can be extracted from GPDs.

X. D. Ji, F. Yuan, and Y. Zhao, Nature Rev. Phys. 3 (2021) 1, 27-38
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Probing properties of nuclear spin-orbit interaction with nucleon spin polarization in
intermediate-energy heavy-ion collisions

Jun Xul*

1 School of Physics Science and Engineering, Tongji University, Shanghai 200092, China
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Proton is a stable particle, making conventional polarization measurement based on particle decay infeasible!

How to determine nucleon polarization at existing collider experiments?

Yu-Tie Liang,mv Xiao-Rong Lv,! Andrzej Kupsc,3=4=|ﬂ Boxing Gou,"? and Hai-Bo Li5=2=E|
arXiv:2501.02439
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K. J. Sun et al., Phys. Rev. Lett. 134, 022301 (2025)
K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nature Commun. 15, 1074 (2024)
E. Jobst, M. Puccio, and S. Kundu https://repository.cern/records/w44qe-33g73

R.-J. Liu and J. Xu, Phys. Rev. C 109, 014615 (2024).

Stable (anti-)nuclei

Elementary hadrons
p(uud) d(np) ‘He(npp)

p(uad) d(mp) “He(npp)

A(uds) E(uss) Q(sss)

d(sS) K*0(ds) p+(ud) :> Unstable (anti-)(hyper-)nuclei

J/d(cc)

aH(npA)  “Li(nppp)

SH(npA)  “Li(nppp)

(3)

STAR, Nature 632, 8027 (2024)
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ALICE, Phys. Rev. Lett. 134 (2025) 16, 162301




AR

AZ N &,

\=

r
~ 3

)

Hadron Gas

/‘\\0 ,

i sin@*dé*

___________________________________

1 :
=3 (1+ ayPycosf™)!



PHYSICAL REVIEW D 87, 034506 (2013)

Light nuclei and hypernuclei from quantum chromodynamics

Relative branching ratio: in the limit of SU(3) flavor symmetry

Favors spin 1/2
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Kai-Jia Sun et al., Phys. Rev. Lett. 134, 022301 (2025)
» Spin wavefunction
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Parity-violating weak decay

5 dN
A ~
0"/ . el Tr[7pT]
- cos© 1+Pay
pp 1+P, A
2
_ 2
Z) Py: A polarization
bl

.3 s
0*: angle between proton momentum and A rest frame Pay: A H polarization

ay: /A decay parameter

A — p+ 7T O =2Re(T;T,) = 0.732+0.014

BESIII, Phys. Rev. Lett. 129, 131801 (2022).

0* : Angle between *He momentum and iH rest frame

.3
A3y < H decay parameter

The transition matrix | » T(3H — 7~ +° He)
I [ Ti+Tpcos®} Tpsin®e® )

T'(A—m o
( Tr)= Var \ T, sin@}e“qu Ts — T, cos 6,

F (3T T,cosB* —Tpsine*eiq’*)

"6 sme* —i0" 3T, + T, cos0*
The angular distribution \/_ s Top

dN 1
dN 1 _ %
dcos 0* 2 (1 cxPir|cos 67) dcos@* 2 v AHl
_ 1
o ~ — oA ~ ———
H denotes A and A ?\H 3T5,2+%Tp? A > 53 A

Sign flip !
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Thermal vorticity

‘ ]
. 1 :

E w"_u/ — _5(8;_1,/8}/ anB,LL) 1 6’”‘ = L#/T
m AuAu 7.7-200GeV, 20-50%, b=8fm [ r

Eigen equation
TF"u =eu,, box=1fm, ---> T, u-->
| | T, = cu
s=1/2 s =3/2 Fiuld energy- momentum tensor
T
v iy ST

o m o e e e e

(
L wm=l
I
yl<1 Velocity field : 9 = diag(1,-1,-1,—1) |
y < N DDl /
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B HUING AuAu 7.7-200GeV, 20-50%, b=8fm

AMPT & s=1/2 s=3/2

Spin polarization vector of single pariticle

_____________________________________________

( Y
1 ]_ 1
gpwx,p) — =2 (L= )P,y (),
T in the c.m. frame by a Lorentz boost
p-P
P =P — D,
E(m+ E)
o é; """" X
I I
L P="— o (s+1):
1 S 1
S !
5)
o Pse = 5Pa
Hadronization

(14)
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Xia, Li, Huang, Huang, Phys.Rev.C 100, 014913 (2019)

AuAu 7.7-200GeV, 20-50%, b=8fm

T"u,=eu,, box=1fm, --->T, u-->

s=1/2 s=3/2

(15)

Spin and parity C
/2% = 1/210" -1/3
Strong decay 1/27 —1/2"0" 1
3/27 — 1/2%0~ 1
3/27 = 1/2%0" -3/5
Weak decay 1/2 —1/2 0 (2y+1)/3
3/2 —1/2 0 (4y+1)/5
EM decay 1/2% = 1/211~ -1/3

Single particle
feed-down

o T Em mm = —

______________________________________

—— o e e e e e

—— o o e o e o = = -

—— o e e e e e e e =



BRAL R R AR (16)

o T Em o e e o e e e e e o

//Cross se(ct)ion 871 S up - R(S)T10¢(S) N
Oab—R\S) =
k? (5 = 50)% + ST joi(5)

I'op R =IR=ab =36 MeV

B inG AuAU 7.7-200GeV, 20-50%, b=8fm

I's+(1385) — An 10z (1385) > 2 = 87% :11.7%

. \/ [s — (g + 1) 21[s = (myg = )]
- 4s

T"u,=eu,, box=1fm, --->T, u-->

s=0
KN
\
|

s=1/2 s=3/2

AMPT &m
)

|
1
1
|
|
1
1
|
|
1
1
|
|
1
1
|
\

myo = 1192 MeV
\\\mA = 1116 MeV /I

N o e o e o e e e e o e e e o e e e e e e e e e e e o =

Breit-Wigner Distribution
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d b C
5_"'I ' oo ' 1" ' oo ] ' o ) '3"""I
- Lambda (A) 1 Proton (p) Hypertriton (3 H) _
4f Au+ Au(20-50%) + = AMPT (Hadronization) + :
* A (STAR, 2017) 1 ®& AMPT (Kinetic Freeze-out) T+ ;

33 * A (STAR, 2023)

10 100

vV SNN [GeV]
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Spin-dependent Coalescence model C 5
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F. Hildenbrand and H.-W. Hammer, Phys. Rev. C 102, 064002 (2020)
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No final-state interaction

dN/sing do

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

proton angle distribution

in rest frame of Hypertriton

*

numerical
Free A : (1+aA cose*)lz

A in hypertriton: (1-(aA cose*)/3)/2 i

C:\Users\Administrator\OneDrive\Research\37LightNucleiSpinThreebody\code\Decay

Pu Preliminary

Density Plot
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Preliminary
E(MeV) structure L| decay mode |[I'(MeV)
ALICR) |  gs. 3He(%+)—p(%+) 1|*Li =3 He+p| 6.03
LicP)| 032 |*He(3 ) —p(A ) [1]*Li =3 He+p| 7.35
i 2.08 [3He(1")—p(L)|1[*Li =3 He+p| 9.35
2.85 |*He(L")—p(L")|1]|*Li =3 He+p| 13.51
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Preliminary
state |E(MeV) structure L| decay mode |I'(MeV) si;é%
LiCPR)| gs. 3He(%+) — p(%Jr) 1[*Li —° He+p| 6.03 (Py+4PvPL+ P7) (Beos?0* — 1))
LiCP)| 032 PHe(A ) —p(A )| 1[*Li 23 He+p| 7.35 |1 (1— L (P2 — 42y + P?) (3cos26* — 1))
Li('py)| 2.08 |PHe(1™)—p(L )| 1/*Li =3 He+p| 9.35 1
‘Li('p)| 285 |PHe(1")—p(A )| 1[*Li 53 He+ p| 13.51 1(1-2P2(3cos26% — 1))
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1. (Anti-)hypertriton is globally polarized in non-central heavy-ion collisions.
2. Combining the measurements of Lambda and hypertriton polarizations, one

can reveal the proton spin polarization.
a b

Hadron Gas

| 1 :
TR T 1+ aHPHcose*)i

___________________________________
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E. Jobst, M. Puccio, and S. Kundu, https://repository.cern/records/w44qe-33g73

Counts per bin

ALICE Run2 Pb-Pb @ 5.02TeV
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First Measurements of Hyper-Nucleus /E{H Global
Polarization in Au+Au Collisions at STAR

Chenlu Hu (huchenlu@ucas.ac.cn), for the STAR Collaboration
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A. Andronic et al., Phys. Lett. B 697, 203-207 (2011)
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Deuteron Density Matrix Formulation
(sudden approximation)

Ny =Tr(pspa)
=g J dT ps({x;, p:}) X Wy ({x1,0:})
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Different polarization and decay patterns!
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The measurement of hypertriton polarization provides a novel
method to uniquely determine its internal spin structure
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Prpa = Pn ® Pp ©Pa+ 3 ( B0 @6, Pa

+ R 6.0 @ Gpp @ P+ G0 @A D Py)

I opya o a o
T 2_3€npAG”aa & Cp.B D OAy;

o 3B+ 5(Bp) = 3(PA) — (BB Pa) +C
AT (B B) ) + L (BB +Cy

1 . L ..
C- = —7 () +{pn%n) +{Ga%p)) — 7 {Capn)s

Ch = = ((c) — 25 — 2

‘genuine’ correlation terms

Induced correlations
We can express the polarization of a particle as P = (P) + 8P with 82 denoting its space and momentum depen-
dent fluctuations, which leads to the relations (B,P,) = (B,)(Pp) + (8P,0Py) and (P, PpPa) = (Pu){(Pp)(Pn) +

(8P,8P,) (PA) + (BPLOPA) (Pp) + (8P,0P) (Pn) + (8P,8P, 0Py ). Assuming again (F,) ~ (P,) ~ (Pa) and neglecting
the three-body correlation, we then have

Py~ (1 (32,5%,) — (38,005) — (3B,5P))(T).

This result suggests that it is possible to extract the information on the spin-spin correlations among nucleons and
A hyperons from the measurement of hypertriton polarization in heavy-ion collisions, although it is non-trivial in
practice.
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2. (Anti-)Hypertriton Polarization with Spin-1/2 Triglet

» Spin wavefunction
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2. (Anti-)Hypertriton Polarization with Spin-1/2 Singlet

The polarization of hypertriton is solely determined
by that of the A hyperon

T?\H ~ Q)A

A3~ X
AH A
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2. (Anti-)Hypertriton Polarization with Spin-3/2

» Density matrix
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2. (Anti-)Hypertriton Polarization with Spin Structure

J* Structure Decay mode dN /(sin 0*dO*)

; AGY) =np(1h) SH — 7~ + °He L1 = (1/2.58)a, Py cos 6]
1 AGT) = np(0") SH — 7~ + °He (14 ap Py cos %)

3+ 1+y _ + 3 -3
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1= A) —ap(1* 3H — 7" 4 *He L1 = (1/2.58)a;P; cos 0%
3 AF) —map(0* 3H — 7" 4 *He 2(1 + az Py cos 0%)

3 AG) —mp(1F >H — 7" +He
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