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A Global polarization in heavy ion collisions

- Globally polarized quark gluon plasma (QGP) in non-central
relativistic heavy ion collisions
Zuo-tang Liang & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20(2005).

QCDE mE—#iE
|
HEERSFH

o BT EMERUL
PH =PH =Pq =Pq

o RENTFRIEBIEHT!
(spin alignment)
1-P;
-Measurements started soon after the prediction, Poo =37 P;
- first data available in 2007 from RHIC-STAR — 4
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A Global polarization in heavy ion collisions

* A global polarization observed with STAR BES-I (Nature cover),

new direction — spin physics in heavy ion

First observation P 3 ‘ 4
of fluid vortices >

formed by heavy- =
ion collisions N

STAR, Nature 548(2017)62
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Measurement of global polarization at STAR

« The A polarization can be determined through the angular distribution of
its weak decay products.

dN 1 o fH: hyperon polarization
10 = 4 (1 + ay Py - Pp Pp:unit vector of daughter baryon momentum
n ay: hyperon decay parameter

« At STAR, the global polarization has been extracted with
First adopted in PRC76, 024915 (2007)

. k —
P, = 8 1 (sin(¥; — ¢,)) k:
Tap AO Res (llll) s.;:t' ................ P
\lo
—45; —
apn = —az = 0.732 £ 0.014 7 beam direction (z)
X r&(\é\@
W,: azimuthal angle of 1%t order reaction plane B‘Q,Oo@" vy

-In this way, the detector acceptance is largely avoided, but rather a
scale effect with Ag
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Energy dependence of global polarization

P, [%]

STAR Au+Au 20%-50%
Nature548.62 (2017) @ A
PRC76.024915 (2007) @ A
PRC98.014910 (2018) @ A
PRC104.L061901 (2021) ® A
ALICE PRC101.044611 (2020)
# A @K Pb+Pb 15-50%
B HADES PLB835.137506 (2022)

A Au+Au 20-40%
A Ag+Ag 20-40%
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Increasing trend toward lower

« HADES data at Vs=2.4GeV Au+Au
and 2.7 GeV Ag+Ag

« STAR data down to Vs= 3 GeV

» ALICE results at 2.76 and 5.02 TeV
Pb+Pb, consistent with zero within
uncertainties

H. Li et al., PRC96, 054908 (2017), AMPT

Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE

Y. Xie et al., PRC95, 031901(R) (2017), PICR

Y. B. Ivanov et al., PRC100, 014908 (2019), 3FD model

I.Karpenko, F. Becattini, EPJ(2017)77.213
Y. Xie, D. Wang, L. P. Csernai, PRC95, 031901(R) (2017)

VEny =62.4 GeV, 20-50% central Au-Au, averaged IC
T T T T T T

energy described by various models i

Stronger shear flow in forward/ T 11 €0

backward regions+ baryon stopping * | Tl & s

with limited acceptance (related to 1l o

rapidity dependence) e | T B
Polarization continue to increase at ,, Hme

low energy ? - Y. lvanov, Phys. Rev. C103, 031903(2021)




Rapidity dependence of global polarization

Zuo-Tang Liang, Jun Song, Isaac Upsal, Qun Wang and Zhang-Bu
Xu, Chin. Phys.C 45 (2021), 014102
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Global polarization in Ru+Ru and Zr+Zr collisions

Shuzhe Shi, Kangle Li, Jinfeng Liao
PLB 788(2019) 409413
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System size dependence of global polarization?

Global polarization difference from different magnetic field in Zr+Zr and Ru+Ru?

STAR, arXiv:2505.05046, to appear in PLB

[ 05< p, < 6.0 GeVie ml<1

oy =-0p= 0.732+0.014

PR AN AT TR N N S

LT

AL L A L BN B B

;::ARRU&ZHZr Sy = 200 GeV 20-50%

1:_ “E-A L )
I
O—M%HHH

0

10 20 30 40 50 60 70 80 Ru&zZr Ru Zr

Centrality [%]

1.5

| STAR s, = 200 GeV

I 05%% 1 eRu+Ru&Zr+zr | ]
Ll I |
[ R i‘"}"" l

T | T | T ‘ T [ T | T | T | T

1 A+ A

oAu+Au

0 100 200 300
N

AMPT+MUSIC

Ru&Zr Au+Au
== — A equilibrium

== s-quark memory

A N N N A e |

0

10 20 30 40 50 60 70 80 20-50
Centrality [%]

» Significant global polarization observed, P, and Pz increase with centrality.

» No significant difference between P, and Pz in Rut+Ru and Zr+Zr collisions.

> Global polarization of A + A are consistent between Ru+Ru/Zr+Zr and Au+Au




A(A) global polarization from STAR BES-II

10— . T T T T T .
i STAR Au+Au collisions
i o 20-50% Centrality
- Nature548.62(2017) e A OA
- PRC108.014910(2023)+ A @ A
5+ BES-II STAR Preliminary
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- Splitting of A(A) global polarization due to the magnetic field ?

Y0 bk B
+ —
2T T

w= (Px+ Py)kpT/h
~ 10%%571

F. Becattini et al., PRC95.054902 (2017)

pA: A magnetic moment
T: temperature at thermal equilibrium

STAR Au+Au collisions
20-50% Centrality
- A STAR Preliminary
A PRC108.014910 (2023) |
A Nature548.62 (2017) |
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> No splitting between A(A) polarization with 10 times more statistics than BES-I
» More data coming from STAR BES-II FXT with energy down to 3 GeV




New Results from ALICE on A(A) global polarization

Py (%)

- Prottay Das @ SPIN2025

Global polarization measurement at LHC
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Pb-Pb 15-50%
0.5< P < 5GeV/e
lyl<0.5

ALICE PrRc 101, 044611 (2020)
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Pb-Pb 15-50%
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STAR_Namre 548, 62-65 (2017)
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v First observation of non-zero polarization of hyperons at LHC energies with 50 significance
v Vorticity at LHC energy: (3.27+ 0.66) 10%°s"'
v" Average polarization consistent with the empirical prediction based on directed flow slope at mid-rapidity
v" Several null hypothesis tests (1, 2, 3) performed succesfully
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= and £ global polarization measurement

« Two possible ways of measurement:

1) Direct measurement via weak decay,
but subject to small decay parameters.

nyperon decaymode  Ow TS opin
N—

A(uds)  pebos, 0732 -0613  1/2

= (daa =N

= (dss) g ooy -0-401 -0.6507 1/2
- Q-—ANK-

(Y (s88) gy a7gy 00157  -2.02 3/2

2) Through the polarization transfer to
daughter A4 in the decay process |

Py =Ce APt =1(1+29=)Pi.  Cz—j = +0.944

P} = Cq-AP4H = 1 (1 +449) Py
-Yq is not known, with estimation ~1, C~1

ag + B4+ 74 =1

STAR, PRL126, 162301 (2021)

P_(7.7)=7.34+3.02 [%]
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ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A @A

STAR Au+Au 20%-80%
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Q +Q (via daughter A P)
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» AMPT and hydro calculations capture

the trend:

D.-X. Wei, W.-T. Deng, and X.-G. Huang,

PRC99.014905 (2019)
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Z, 1 global polarization with STAR BES-II

e First measurement of =, 2 polarization with BES data, significant =
polarization observed, decrease trend with collision energy

e No significant difference between A and = global polarization within
uncertainties

e A hint of larger 2 polarization than A and = in low energies

Po =~ 5/3Py Model: H. Li et al Phys. Lett. B827, 136971 (2022)
) : — - ] e , . |
- Au+Au collisions at BES-II .
3 + 20-50% Centrality . - SRR i
i Inl <1.5, 0.5 <p_<6 [GeV/c] 1 10 Au+Au collisions at BES-Il
s + «  Z+E, PRL 126(2021) : - 20-50% Centrality
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Polarization along the beam direction

“Local polarization”

F. Becattini and |. Karpenko, PRL120.012302 (2018)
S. Voloshin, SQM2017

Stronger flow in in-plane than in out-

of-plane, known as elliptic flow, makes

local vorticity (thus polarization) along

beam axis.

AKI_:
. ]3’*
6"= -0
A beam direction (z:)
\@&Q}
X C}Q(b
.\@Q{b vy
dN 1 *
(cos 6%) = / o cos ey
= ag P, ((cos 9;)2)
i P (cos 03)
"% ag{(cos gty
~ 3{cosby)

— —— (if perfect detector)

a'H
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Polarization along the beam direction

“Local polarization”

STAR
Au+Au \} S 200 GeV

'\? L A+K
T AMPT (x 0.2)
;N 05r _ gw (spectra+v,)
Q
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STAR, PRL123.13201 (2019)

0.001
- STAR  Au+Au |5, = 200 GeV

20%-60%

0. 0005
¥ %
P Y

N

~0.00051 fit: p +2p sin(2¢-2% )
L YA p, ~0.01620.003 [%]
0001 #& P,=0.015:0.003 [%]

o ey by by
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(cos(8 *))s“b

» Polarization along the beam direction
expected from the “elliptic flow”

» STAR data indeed show such a
longitudinal polarization Pz depending on
azimuthal angle (sine function)

» Blast Wave model captures the trend with
correct sign, while many others do not.
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P ,: sign problem

Au+Au @ 200 GeV, 30-40%

of i
o |y|<
e Some model studies R I, Y ot
" , 5 % ' = " oo’se
predicted this behavior 8 Soptt H ]
with the correct sign Ay 08 Y.
y el v ¢ |
. g;-g)ggl(z:gzhgdro.: Y. Xie, et. al., EPJ r ‘polarizat‘i.on of quarks |
* Chiral kinetic: Y. Sun, et. al., PRC 99, p
011903(R) (2019)
* Others predicted the
Incorrect sign T T
» UrQMD+hydro: F. Becattini, 0.01f
et. al, PRL.120.012302 Sogy
(2018) ~0.02}
« AMPT: X. Xia, et. al., 0 7l " 32 an
PRC98.024905 (2018) %
- P, (1/1000) —— shear
=3 =2 = 0 1. 2 3 s quark
_ px [GeV/c]
« Recent considerations of a shear term may resolve the
sign discrepancies
B.Fuetal, PRL127 (2021) 14,142301 | i o oo
F. Becattini et al.,, PRL 127, 272302 (2021) 0 1 2 3
-J. Adams, QM 2022 i
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A polarization along the beam direction

“Local polarization” in isobar collisions:
®: »

-v lIJ3
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STAR, PRL131, 202301(2023)
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70,001_— *A p1 =0.021+0.002 [%] ~0.001 oS p1 =0.010+0.002 [%]
(]).ol_ié I R R
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e First measurement relative to the 3"%-order event plane W
> Similar pattern to the 2™%-order, indicating v3-driven polarization
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Local polarization in iso-bar collisions

(P, sin[n(¢-w )]) [%]

(P, sin2(0-¥)]) [%]

1
| Ru+Ru&Zr+Zr, A+A
* h=2
¢ n=3
" Hydro(w, +SIP.;.), nT/(e+P)=0.08
0.5— n=2 Ru+Ru
n=3 Ru+Ru h
T
i FF ® @ [ﬂ
O_ ________________________________________________________________ Ry S
- STAR \s, =200 GeV
- 0.5<p <6 GeVic,ly <t ,=%;=0.732:0.014
1 1 1 | 1 1 Il J 1 1 1 | 1 1 ‘
0 20 40 60 80
Centrality [%]
STAR \/SNN =200 GeV 7
o
i b
0.5 O_,_ﬁ*ﬂ..-g ...é_ I
) 200 400 A
(Npm)
w N N
% @ a\:-og\=0.732104014
0 [ = N @ _________________________________ e
| * Ru+Ru&Zr+Zr, A+A
e Au+Au, A+A
B 0-5<PT<6 GeVie, |y |<1 Pb+Pb 5.02 TeV, A+A
1 1 L | 1 L L | 1 I 1 L |

| I 1
0 20 40 60 80

Centrality [%]

® Comparable 2™ and 3"% order sine
coefficients of P, ,,, especially in most
central events

® Hydrodynamic models with shear term

reasonably describes the data for
central collisions, but not for
peripheral, Additional constraint on
shear viscosity

® P(z,n) from Isobar data comparable to

Au+Au and Pb+Pb
v A hint of system size dependence
rather than energy dependence

STAR, PRL131, 202301(2023)
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New Results from ALICE on A(A) local polarization

- Prottay Das @ SPIN2025

Longitudinal second order polarization of A

C{)ll :l T 1T I | N ) I | I TEEIT | TT 171 N F LT T I L I T 17T 1: cz! O-OOG_I J I 4 ! 1 ’ | ! X ! | | J ! ! \ -

* oo0sf . YL ALICE Prelimi :

e ALICE Preliminary B - reliminary ]

- NEW! . ) NEW! 7

C e ’ B —50% e i

0.005- p,>05GeVic A : 30-50% ]

; A+A,ly| <05 ; 0.004— A+A,ly| <05 ]

0004 —— Py pp |5y = 5.02 TeV } - —— Pb-Pb |5, = 5.02 TeV .

B 0.003 i

0.003F-—*~ Pb-Pb ISy = 5-36 TeV & Rl Pb—Pb |s = 5.36 TeV i 7

- ‘ . 0.002]- -
0.002— — C m

- ] 0.001— i <

o0t e gy :

C ] C N ]

0 e e ; O_ _._I ................................................................ i

1 1 1 ' | 1111 | (i 1 | | (0 (3 ‘ | S | | | [ I I o4 I 1 L 1 1 l L ? - 1 l 1 l l e |

0 10 20 30 40 50 60 70 80 1 2 3 4 5 6

Centrality (%) P, (GeVic)

¥ P,q increases from central to peripheral collisions due to increasing anisotropy
v P.s2increases mildly with pr

¥ Run 3results are compatible with Run 2 with much smaller statistical uncertainties due to x20 data
sample




New Results from ALICE on A(A) local polarization

- Prottay Das @ SPIN2025

Comparison with STAR energy and model predictions

o 0.006 ‘ T T I } T T T | T T T T [ T T T ¥ T T T T _3
2} - T X1 0
QN : : (L\|° FEE | LI TR L L [ O O AL L
ooe.  AHCEPreliminary NEW! - @ | Pb-Pb {5y, = 5.02 TeV 30-50% Au-Au |Syp; = 200 GeV 20-60%-
; 30-50% e E 6 | ® ALICE (A + A) % STAR x 0.856 (A + A)
[ — & - =is AMPT + MUSIC (S quark -
0004 A4R |<05 - ; _AMPT: o EA)q ) STAR, PRL, 123, 132301 (2019)-
- —— Pb-Pb |5, = 5.02 TeV . e & N
0.003(— - . F J
- —— Pb-Pb |5, = 5.36 TeV I . C e n ]
B 4
E _ L . i
0.002|— ] ol R A |
L = - O -
- — Q
0.001— - - _ L i
====lln. : 0 m%i‘ ---------------------------------- .
= - -
- ] - - -
O o m s __ - |$ sl ﬂ L L1 A
L lx % 1 1 é I 113 | I é TR _6 0 1 2 3 4 5 6
p.. (GeV/c) P, (GeV/ce)

ALICE Collaboration, Phys. Rev. Lett. 128, 172005 (2022)

v P, at the LHC is smaller in magnitude to top RHIC energy at low pr
v" 3+1 D hydro model MUSIC + AMPT initial conditions predicts correct sign polarization if shear-induced

polarisation is included and the inherits quark s polarisation at the hadronisation stage
16

B.Fu et al., Phys. Rev. Lett. 127, 142301 (2021)
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Longitudinal polarization in small system at CMS

P, n pPb collisions

- Chenyan Li @ SPIN2025

1 arXiv:2502.07898 pPb 186 nb” (8.16 TeV) arXiv:2502.07898 pPb 186 nb™ (8.16 TeV)
T T T T I T T T T { T T T T { T T T T I T T T T T T T T | T T T T T T T T | T T T T | T
| CMS Data  TRENTo0-3D+CLVisc | - CMS A+A . 1
[ _ offline
- 0.8<p_<6.0GeVic LR Aeq. - 0.6 |n| <24 + 1855 Ny <250
- - . u | offline B
;\3 0.5l In<24 ¢*A isotheq. ;\3 L 605,:/f'f?ikne <120
>~ L + A+A squarkeq. ~ i $ 3sNy <60
= “ = L )
-y i ¢ | -
> t 3y s | 304 -
E Qe . £ i i
S| f x| ' :
g | 1 g | . :
2N : . D, 0.2 + _
o ] Q t
~ _0.5+ — ~ - 4
I ] i .+. a, =0.750+ 0.009 |
i @, =0.750=0.009 a.=-0.758x0.010 | L a_=-0.7581 0.010 |
1 1 1 1 | 1 1 1 1 \ 1 1 1 1 J 1 1 1 1 I 1 1 1 L 1 1 Il 1 | 1 1 Il 1 | 1 1 Il 1 | 1 Il Il 1 | 1
0 50 100 150 200 250 ;0 0 1 2 3 4
NOiTine p. (GeVrc)

Significant positive P, s, signal observed for the entire multiplicity range
P, s2 values for A, A are consistent

P, s» decrease as function of multiplicity, increase as function of pr

Hydro calculation is not consistent with data
Not consistent with the trend of v2
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Longitudinal polarization in small system at CMS

 Is it from cold-QCD effect like polarizing fragmentation function ?

Is 1t from spin physics?

PRL 122 (2019) 042001 A

Ji n (Analogous jet axis) )
N ;
N P 7

K ’\ _a ~
S S—nthrustpr K ® P
. ’
+ Clockwise L’
- O
A0
7 AN
P // ‘\
Z ®
P Vg

Transverse polarization of A has been a long standing puzzle
Recent Belle measurement in e"e shows a significant signal wrt thrust axis
Projection into x-y plane introduce a P, wrt thrust axis (n)

Thrust axis coincide with 2" order event plane at low multiplicity
Opposite direction than our signal; but could have a z, dependence
Diluted towards high multiplicity

- Chenyan Li @ SPIN2025
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Spin polarization of vector meson

. . . pll p (0) pl—l
« Spin density matrix of a vector meson: o =| p,, 0o,
p—ll —10 p—l—l

(p=21>,.|i><i|)

p11- the probability to be in h=1 state, similar for p.;.; and pyy.

« Spin polarization information of vector meson can be extracted via it decay

> For V>M+M,, M;and M, are two pseudo-scalar mesons,

W(cos@3 = %[(1 — Pgo) + k3p00 — 11 cos? 6*]

/

“Spin alignment” , J.F. Donoghue, PRD19, 1979.

©*: angle between decay daughter M and the quantization axis in rest frame of V

Qinghua Xu (Shandong U.) 22



Spin alignment of vector meson in e*e-

. . 3 2 *
- Spin alignment: W(cos0) = Z[(l — 040) +(30,, —Dos” 6]
* Lot of spin alignment data at LEP (e*e at 90GeV):
g 08— T T 770y _I o lJ;_I.I_I - Ic;P);ulu;Klo'él_
= | oPAL, 1997 I i T e onenoas |
i . o(782) | —e— é OPAL 0.3<x<06
0.6 - ‘K I ] K'(892) : E —e— OPAL x>0.7 :
E E 1("(892)0 —— OPAL 0.3<x<0.5
0.5 ] K'(892)° i —0— DELPHI x>0.4 |
0.4 % ] ®(1020) : E —— OPAL x>0.7 :
[ - | . o »(1020) ' —0— DELPHI x>0.7
03 ."+‘"‘+H+ ] D010y | . OPALcoD |
) [ A U U P P FUTT T P P B’ _:"— OPAL
0 o01 02 03 04 05 06 07 08 09 1 8" B : ALEPH 7]
ZEZP/'\/E ‘ B’ _. L _Q:_I S R B |DFTLETH1.—
0 0.2 04 0.6 0.8 1
Q. Xu, Z. Liang, PRD63(2001)111301 Heliclty matris dlemen o

» Global spin alignment measurement in A+A collisions?
Z. T Liang, X.N. Wang, Phys.Lett.B629, (2005)

Qinghua Xu (Shandong U.) 23



Global spin alignment in heavy ion

« Spin alignment of ¢, K* meson in Au+Au collision at STAR:

Yield of ¢, K* is corrected for efficiency and acceptance using STAR embedding
simulations, then fitted with decay angle distribution:

e Observed poo°Pbs is calculated from
fitting the yield with function:

dN
= Ny x [(1 = pig) + Bpid* -
A(coso™) 0 [( P ) + Bpgg

1) cos?6™)]
e Observed pooebs is corrected for TPC
event plane resolution (R)

1_ 4(
Poo 3—1 Poo

obs __ l)

[7ang et. al, Phys. Rev. C 98, 044907 (2018)|

STAR Preliminary

o
b

II‘[IIl[{|[II|]I[|]II|]\I|]\I)(

Zr+Zr 200 GeV, 20-60%, 1.5<p, <2.0 GeV/e
s Data (K )
15.0 0[(1 pggS) (3p20%-1) cos® 67]

L1l ‘ I \ 1 \ I - ‘ L1l ‘ 111 \ - ‘ L1l
0.0 01 0.2 0.3 0.4 0.5 06 07 08 09 1.0
cos 0"
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1t STAR paper on spin alignment

p00

Spin alignment measurements of the K °(892) and ¢(1020) vector
mesons in heavy ion collisions at /syny = 200 GeV

B. I. Abelev et al. (STAR Collaboration)

Phys. Rev. C 77, 061902(R) — Published 12 June 2008
y ) J.H. Chen, Z.B. Tang et. al.
0.8 f{tll L B 08—
ragmentation: ”
i gpqp >y ® o (20-60%) | e 0 (20-60%) p, =13
g T . ‘0 ' o " 0 " o
0.6 |- — "0-03<P;P.<0.15 » K7 (20-60%) | 06 - ° K™ (20-60%) |
Py =1/3 | i ) L A
sl P A 1 bi ] 04 - PR P ¢ 1 -
= ot r AT = L S N [ s = fo J_; """"""""""""""""
 § | I |
0.2 | ~ recombination: = 0.2 - - | ]
I -0.03<P,P.<0.15 ' | © ¢ (p+p)
— P,P,=-0.3 I
0 L = = A 4 A = . l = L = L l 4 A L 4 ] A L 4 4 0 ' A I | L l ' A | L l ' A L Il l A A 1 A l | L 1 '
0 1 2 3 4 5 0 1 2 3 4 5
p; (GeVic) p, (GeV/c)

w.r.t. reaction plane w.r.t. production plane
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Global spin alignment in heavy ion collision

* Vector mesons’ py, from Au+Au at STAR BES-I:
Z. T Liang, X.N. Wang, Phys.Lett.B629, (2005)

STAR, Nature 614, 244 (2023)

III

0.4

0.35

p00

0.3

0.25

Au+Au (20-60%)

*

o

o(lyl<1.0&1.2< p. <54 GeV/c)
K°(lyl <1.0 & 1.0 <p_<5.0 GeVrc)

cY =1109 = 143 fm®
\I[

Open: Pb+Pb (10-50%)

for gy +q5 >V

4

1—(PyPgz) 1—(Py)(Pg)

Poo =

3+ (PyPg) 3+ (Pg)Pg)

 two folded average

inside the mesor;%/"

over the system

\

(Pqpﬁ) = <<Pqpﬁ>y>s

J

—
o

10?

Is\n (GeV)

10°

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

Wang, PRD 109, 114003 (2024)

STAR Data indicate: (P,P;) + (P, )(

P;) simply means correlation!

» Polarization by a strong force field of vector meson

X. Sheng, L. Oliva, and Q. Wang, PRD101.096005(2020)
X. Sheng, Q.Wang, and X. Wang, PRD102.056013 (2020)
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Evidence of Spin-Orbital Angular Momentum Interactions in Relativistic
Heavy-Ion Collisions

ALICE, PRL125, 012301 (2020) S. Acharya et al.”
(The ALICE Collaboration)
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SR K* poo from Isobar collisions

ol 1 |*K*-: First measurement of global poo
Tk STAR Preliminary :
038? J( || <1010 <50GeVic |
. — — * *, /. - .
- | sobar200Gev,2060% 1 | |® KO vs. K1~ 2.50 difference
8 036 KK 1 |v Ordering opposite to the expectation
i * KT =K ] from B field |vang, et. al, Phys Rev C 97, 034917 (2018)|
0.34— —
FTTTTTT AU+AU 200 GeV, 20-60% -
0.82/- KE+K® - |- Effects from vector meson strong
\ !
10° 10° force field?
sy (GeV)

* Need inputs from theory to understand this behavior

19 Subhash Singha @ QM 2022

Spin alignment becomes a new hot topic in heavy ion physics!
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D* spin alignment at ALICE

R - Mingze Li @ SPIN2025
ﬂ D** yield extraction |

ALICE

*+ o i
For D™ analysis in pp and Pb-Pb collisions, > Reduce the combinatorial background

Boosted Decision Trees (BDT) with 3-class (prompt,

» Separate prompt and non-prompt charm hadrons
non-prompt, background) classification are used to: - s it

x10° x10° Run 2

v fiee T G g [lod G ] g
> = yi<® X ol —— t -
2 | 30-50% Pb-Pb, s, =5.02 TeV = | 30-50% Pb-Pb, s, =5.02 TeV = EE ]
< | D**— D% and charge conjugate 1 & 085+ E
S 4 Pb—-Pb 4<p_<6GeVic - - ]
g 0.4l 03<lyl<0.8 4<pT<6G*|eV/c _ o Data | 0.7 E
o I 0.0 <|cos®*< 0.2 - Prompt D** _ 0.6F 3
§ [ A Non-prompt D** 0.5E Pb—Pb _
© o2 04F E
[ Pb—Pb | | 0% E

i lema:d B 0.ob Pb-Pb, VS =5.02TeV,lyl<0.8

- “F o= 0-10% ]
0.0]25000 ¢¢¢ $ ¢¢ <:>¢r 0 o 30-50% E

| " ) N | 4 N wll ENEE RN BT EE BT T R
0.14 0.145 015 : . : ; 0.0% 10 15 20 25 30
M(Knr)-M(Kn) (GeV/c?) Min. BDT output prob. for non-prompt D** P, (GeV/c)

Mingze.li@cern.ch | CCNU | SPIN 2025 15/27
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D* spin alignment at ALICE

- Mingze Li @ SPIN2025

Q

[]poo extraction

» Helicity: Direction of vector meson momentum Spin alignment:
» Production: Direction perpendicular to vector No[(1 )+ (3 D 20*]
: = No|(1 = pgo) + (3pg0 — 1)cos
meson momentum and beam axis dcos0*
3 3 3

- % Run3 - o~ Run3 5 &————————+ Run3
< 10 ALICE Prellmlnary J & 6F 1 & | ]
. -~ K x 5F .
[ % F ]

g o E g 5f 2 ﬁx
2 | pp, Vs = 13.6 TeV ] 1234; S 4 3
© 6F 10<p <20 GeVE, | < 0.8 -: S 1 "4 ]
- e o o 3.—_ e - 3 _lProductlon frame |
4—¢|eI|C|ty frame — e o e o [ Helicity frame ] ok X/NDF'127 ]

[ %%/NDF = 1.38 17 2F ,ZINDF = 1.41 . Py = 0.296+ 0.007 ]

oF £y, = 0-341+0.004 ] F p_=0.419+0.007 ] 1: Non-prompt fraction: 89.70%x= 0. 10% ]

[ N(;)n -prompt fraction: 1.30%= 0. 01% ’ 1 N(();)n -prompt fraction: 89.70%= 0. 10% ]
G"' 0 N B O L L 1]
=1 -0.5 0 0.5 1 =1 —0.5 0 0.5 1 =1 -0.5 0 0.5 1
Cosf* Cost* Cosb*
Prompt D** Non-prompt D** Non-prompt D**

Mingze.li@cern.ch | CCNU | SPIN 2025 16/27
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D* spin alignment in pp at ALICE

- Mingze Li @ SPIN2025

ﬂ D** spin alignment in pp collisions
ALICE
5 0.60; 1 §084————————— Run 3
= g ALICE Prellmlnary F 13 TeV : F pp Is= 136TeV y|<0.8 ;
055 rm======m=——- o c—D* -] 058 SR 7 .
'_I-I_e_h_cltz frame 1 i i pe 1 ' I_PLogu_ct_lo_n ira_m_e' 1 | Measurement in agreement
0.50 - 0.50- 13.6 TeV = : o
: ] F «f c—»D**e 1 | with prediction of PYTHIA
0.45 _ ¢ 045 ¢ b—D” .
: ] £ PYTHIA8 + EVTGEN { |[8-3+EVTGEN
0.40- _$_ -] 0.40- @3 c—-D" 7
. 355 . — . = b-D* 1 [J PYTHIA8.3: SciPost Phys.Codeb. 2022 (2022), 8
0.30?:%%:@:’5_@-__ _ 0:30%-_3}_3} % ﬂ: [T EVTGEN: EPJ Web Conf. 295 (2024), 03012
0.26——t—ssuul . 0.25
4567810 20 3040 107 4567810 20 3040 102
[ (G eV/c) P, (GeVic)
> Prompt D** > Non-prompt D**
= No significant deviation from p,y= 75 = poo larger than % for helicity frame
= Not supporting any hadronization scenario = Helicity conservation in weak decays of
employing spin-dependent FFs beauty hadrons

Mingze.li@cern.ch | CCNU | SPIN 2025 20/27
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D* spin alignment in Pb+Pb at ALICE

- Mingze Li @ SPIN2025

UD** spin alignment in Pb—Pb coIIisions1

ALICE
First measurement of D** spin alignment with respect to the reaction plane in Pb—Pb collisions
Extracted po, parameter for prompt D** &S ALIICE ARRARRRRRERRRRRRRN V) 2
> In less central rapidity regions|0.3 < |y| < 0.8 0'6- Pb—Pb, s, = 5.02 TeV B
QO Central collisions (0-10%): O.Sf— :reoargg;?;ane _
Consistent with pyo= 75
O Non-central collisions (30-50%): 0'4:_ E
Evidence of p,, larger than % at high pr 0.3:__ #*‘ g
= Consistent with the scenario of X
polarized charm quarks hadronizing 0-2;" 03<lyl<0.8 ]
via fragmentation 0 1:_ . galgg‘é/o E
> oo Ly by b by o by g Ly gyl
[Poo =;i§:£} } 1/3] 0 5 10 15 20 2ZT(G3£V/C)
[ Liang et al, Physics Letters B 629 (2005) 20-26 [ ALICE, arxiv: 2504.00714, accepted by JHEP

Mingze.li@cern.ch | CCNU | SPIN 2025
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D* spin alignment in Pb+Pb at ALICE

pOO

SN O I I T 17T l L | LI | L EL T Run 2
- ALICE .
0.6~ 30-50% Pb—Pb, |s,,, = 5.02 TeV .
- Reaction plane #
0.5/ .
0.4~ | + =
0.3 .
- 4 o Prompt D**, 0.3 <lyl<0.8 -
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—l | A e | | l 1 l | S S | I [ P G P | I | S T | I { NS S ] | I Ll l—
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O — o ———————————— ;
I —
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[T ALICE, arxiv: 2504.00714, accepted by JHEP

- Mingze Li @ SPIN2025

ALICE
3 reaction plane in Pb—Pb collisions
8 IIIII I N B P | I L I LU I L I LI R n 2

< | ALICE ol
0-8F Pb-Pb, Y5, = 5.02 TeV ’
- Prompt D** .
0.5[ Reaction plane B
0.4F -
e | ]
0.3 ]
: 0.3<lyl<0.8
r 0-10% 4
e 30-50% _
111 1 I L1 11 I 111 I 111 1 I 11 1 I 111 I 11 l-
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E ALICE, arxiv: 2504.00714, accepted by JHEP
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Global spin alignment of J/

° J/llj production mechanism: ALlCE, PRL131 (2023) 042303
S 0-5:""[""I""I""[""I""I""I""l"" ARE
1 27 o

0_35_ 2<pT<6GeV/c,2.5<y<4 -

FERUST 4 — fifiE R ] — 38iiin 0.1f

_0_1— ¢ Stat. uncert.

BIEEMN — QGPH — REEKHE

DSyst uncert Event plane
BrEMN — QGPH 020 10 20 30 40 50 60 70 80 90 100
Centrality (%)

« J/Y spin alignment determination, along angular momentum direction

Decay channel : J/i) — ete™

1 (<-:"'I"'I"'I"'I"'I"'

2 0.5E ALICE, Pb-Pb 5, =5.02 TeV E
W ( 6 ) o< 3 n l ( 1+ /19 COs 9) s quarkonium z 04 - Inclusive Jiy — p'u~, 25<y <4 3
= 0 rest frame ’

£ 03¢ _
A6=(1-3pgo)/ (1+pgo) J :ﬁ:
~ ——

plane
Jg = 1: transverse polarization T

A = -1: longitudinal polarization ‘/\ DN 0 1_ $ _
e y —U. I ]

A9 = 0: no polarization x 7, E 4 0-20% ]
-0.2F o -
£ & 30-50% Event plane 3
_0.3 Lo b b v v by v by b T
0 2 4 6 8 10 12
W(o) « [(1 + Poo) + (1_3POO)C0529] (GeVic)

- i |
— P. Faccioli et al., Eur. Phys. J. C (2010) 69: 657 > Different as other vector meson! ”



J/P global spin alignment in iso-bar at STAR

- Dandan Shen @ SPIN2023

0.5 0.6
0.45 —e— STAR, ZrZr+RuRu@200GeV,-1<y<1, 0.3<pT<6 GeVlic —e— STAR, ZrZr+RuRu@200GeV,-1<y<1, 0.3<pT<6 GeVic
—o— ALICE PbPb@5.02TeV,2.5<y<4, 2<pT<6 GeV/c, PRL2023 0.5 —a— ALICE PbPb@5.02TeV,2.5<y<4, 2<pT<6 GeV/c, PRL2023
0.4
0.4
P L
O_g 0.3+ ﬂ] % [%] Q_g 0.3+ l}l{) \_*j (} %’
0.25- % '
0.2
0.2
TPC second-order event plane 0.1- TPC second-order event plane
0.15 ’
STAR Preliminary r STAR Preliminary
L | L | L | L | L | L | L | L 1 | | Il 1 | 1
% ""10 20 30 40 S0 60 70 80 % 50 100 150 200 250 300 350 400
Centrality(%) <Npart
» The pyo at RHIC energy 1s comparable to LHC results, despite of very different
collision energy, systems and rapidity
09/26/2023 Dandan Shen @ SPIN 2023 19
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Spin observables probing quark spin quantities

« Complete list of spin observables in A+A collisions, including spin correlations of
hyperon pair production !

Hadron

Measurables

Sensitive quantities

Spin 1/2
(hyperon H)

Hyperon polarization Py

average quark polarization (P,)

Hyperon spin correlation ¢y, y,, €y, a,

long range spin correlations cgq, C4g

Spin 1
(Vector mesons)

Spin alignment pgo

local spin correlations ¢4

Off diagonal elements p,,m

local spin correlations ¢4

Spin 3/2

JP = (%)+baryons

Hyperon polarization Py or §;

average quark polarization (P,)

Rank 2 tensor polarization S;;

local spin correlations ¢,

Rank 3 tensor polarization S;;;

local spin correlations c4qq

Z. Zhang, }.P. Lv, Z.H. Yu, and Z.T. Liang, arXiv: 2406.03840
—> Systematic studies of quark spin correlations in QGP!

- Slides from Z. T. Liang

e

¢
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Lambda-(anti)Lambda spin-spin correlation

« Angular distribution of Lambda-(anti)Lambda pair production in pp/AA:

dN g dNy4 +f dNy, +f dNy, +f dN 4
dcos 6;d cos 07 — Mdcos 0;d cos 67 “dcos 07 d cos 67 ™ dcos 0;d cos 0 “Td cos 0; d cos 67
= 411 [14 Aap cos 0 + Bay cos 8} + Caj cos b cosb}] ,
0,* : angle between decayed (anti)proton i and spin direction in each hyperon’s rest frame

> In particular for global polarization in heavy ion collision:

9 64 ) . . .
hp = —-(cos ] cos 9;‘) _ PK, Or cip= =—5 (sin A¢; sin A¢j) — PK,
o =)

P,: hyperon global polarization along reaction plane
A®*: azimuthal angle of decay proton relative to the reaction plane
i

&> -y

- D.Y. Shen, J.H. Chen, A.H. Tang, arXiv:2407.21291
- H.C Zhang, S.Y. Wei, Phys.Lett.B 839 (2023) 137821

o%

bl

=X
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Lambda-Lambda spin-spin correlation in pp

Lambda-(anti)Lambda spin correlation in pp at 200GeV at STAR:
STAR, arXiv:2506.05499

STAR event display
pip s =200 GeV

AA

Ayl <05, | STAR 0.5<lAyl<20, |
AGl<m/3 p+p Vs =200 GeV orlA¢l >m/3 1
E:* Iyl <1 +D|]
| (p, ) =1.35GeV/c !
& DCA, <1cm d
I |
| |
d b
— e ——
I |
| : -o-Data
o [
! e | * S PYTHIAS3
a) | b) !
I|III| ilJIllIIIIlIlIIIIIIIIllllIlllll Illlllllll
-0.2 -01 0 01 02 03 -0.2 -0.1 PO 0.1 0.2

A,

e Spin correlation C ,fl 4, (Pa,a,) can be determined as:

1 dN
N dcosfi, 2

A,

[1+ a;a,C4 p, cOS O] ;]

61 , is the angle between the momentum of the protons,
each boosted to the rest frame of their parent particle

> A nonzero spin correlation is observed in AA pairs

» How about heavy ion collisions? Data analysis at STAR is ongoing
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Lambda-Lambda spin-spin correlation & CEP

® Hyperon spin correlation could be sensitive to the CEP in the QCD phase

Hao-Lei Chen, et. al, PRL 135. 032302 (2025)

correlation without fluctuation
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Lambda-Lambda spin-spin correlation in AA

® Different spin correlation behaviors of AA and AA pairs are predicted by

theoretical model
Xin-Li Sheng, et. al, arXiv: 2508.03496
A0
4t AAw/ SFF
TS, mmee- AN\ w/ SFF
2[ ——— AA W/ SFF
£°
~ 0 ______________
Ll LT AR wio SFF
p--mT Au+Au @ 27 GeV, 20-50% |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
O = |p1-¢-|




Global polarization of hyper-nuclei in AA collision

« Possible spin structure of hypertriton: - K.J. Sun et. al. PRL134 (2025), 022301

3 1 1t +
: 3 3
/,———-\\AH(z) /,——-\\AH(E) ,—-—\\XH(E)

’ e
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! 48 D & / S
/1t oty T X 5
1 ,’ \ \ ! ’ \ ] 7z \ —
\ \ 1 1 / A\ \ | A \ \ n e
\ - . \ u v g \ .
\ X - +
\ \
b ’
’

or @r @

JP structure decay mode dc‘i%
L] L[] L] L] + + _
« Angular distribution via 1TIAGT) —np(1h) | 3H -~ +3He | 3(1 — 7tz 00 Pp cos6)
: . 1+ 1+ - 1
hypertriton decay: 2 A ) —np(0) [ 3H— 7~ +°He |  3(1+ 0tp Py cos6)
3T IA(LT +\|3 -3 1 2 2 o*
. . T . 5 5 )—np(1l H—n"+’He |5(1—P5(3cos“0*—1
« Polarization predictions: 2 1A ) =rp(7) [} 2 (1= 24 )
1 iH—"I“'sHe ' ' ' oL 2H _),L-+3He 2t iH—>;r'+3He
O = === :.—..—.c" -o- — —‘}};‘;.»"‘ ) A+ | 7}3”(;-) OF =|- - - g eee0@ 0~ —0— — —ATHQ— -
. y N of 2t r T
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Summary

« Exciting spin measurements in heavy ion collisions

» Polarization to study QCD medium property in heavy ion
collisions

v hyperon global polarization
v hyperon local polarization
v Vector meson spin alignment
v Di-hadron spin correlation
» Polarization measurements to study QCD effect in pp
v hyperon polarization relative to reaction plane

v Vector meson spin alignment
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