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World efforts for spin physics with polarized source

• Current running Exp. 
– Lepton-nucleon scattering: 

JLab
– Polarized proton-proton 

scattering, RHIC

• Future facilities
– EIC (US, BNL)
– EicC (China)
– LHCspin/AFTER 

(CERN)
– NICA-SPD (Russia)
– JPARC (Japan)
– GSI-FAIR (Germany)

HERMES@ DESY 
e+-p @27GeV

COMPASS@CERN
µ p@160GeV

Jefferson Lab
e-p@6,12GeV

RHIC@BNL
pp@200&500GeV

SLAC
E142-155 EMC/SMC

@CERN

• Finished experiments: SLAC, EMC, SMC, HERMES，COMPASS
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Goal: 
Nucleon spin structure
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Spin physics with unpolarized source ? 

• Yes!  Two examples: 

Ø Lambda spontaneous polarization in hadron collisions

Ø Global polarization in heavy ion collisions 
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Spin physics with unpolarized source ? 

• HIAF高能终端自旋物理：9.3GeV的质子束流

2.45～9.1GeV/u的重离子束流

• Yes!  Two examples: 

Ø Lambda spontaneous polarization in hadron collisions

Ø Global polarization in heavy ion collisions 



Self analyzing L polarization via weak decay

decay parameter
0.752

L polarization vector

• L polarization can be measured in experiment via weak decay:
Λ->pp-(Br64%), Λ->np0(Br36%) ,

    

€ 

dN
dΩ

∝ 1+ α (
! 
P Λ ⋅
⌢ p p
* )

-T.D.Lee, C.N.Yang(1957)

• L’s contain a strange constitute quark, whose spin is expected
to carry most of the L spin:

€ 

Λ↑ = (ud)00s
↑

• L polarization can serve as a powerful tool in spin physics of 
different field.  

Unit vector along 
proton momentum 
in L’s rest frame.
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• Large polarization with unpolarized  beam p + p ® L­ + X , 
observed in different experiments.
-G.Bunce et al PRL36,1113,(1976)   -583 citations, followed by 50+ measurements

• pQCD calculation ~0 (µmq).
Kane, Pumplin & Repko, PRL41,1689(1978).

Induced transverse L polarization

( xF= 2pL/Ös)
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What did the data tell us?

-- Data review, i.e., A.D. Panagiotou, Int.J.Mod.Phys.A 5, 1197,(1990)

• Polarization increase linearly with xF, ~40% at large xF !
• Polarization increase with p⊥ <1 GeV and saturates at p⊥ > 1 GeV
• Small energy dependence (Pbà12-2000 GeV)
• Anti-Lambda polarization much smaller, ~0
• Extended to Xi, Sigma polarization
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Ø More recent measurements at LHC, Belle, RHIC, JLab …
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LHCb, JHEP 09 (2024) 082



• pQCD calculation leads to P∼ 0 (µαsmq) at parton level

• Available Models (mostly based on recombination of a ud
diquark from the proton and a s quark from the sea):
ü Lund string fragmentation (B.Andersson et al, 1979)
ü De Grand-Mietinnen precession model (1981)
ü Angular momentum of valence quarks (Boros, Meng, Liang,1993)

• Most models give qualitative descriptions for data with pT<1GeV.
• No coherent description of all pheonomena!

-review of models by J. Felix, Mod.Phys.Lett.A 14 (1999) 827

Theoretical understanding - history
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- Fit of data:  M. Anselmino et al, 
PRD63 (2001) 054029;

- Predictions of pol. within a jet:
D.Boer et al, PLB 659 (2008) 127.
Z.B. Kang et al, PLB 809, 135756 (2020).

• Within QCD framework:
- polarization originates from non-perturbative processes->

! !
" " !
!

#

Polarizing fragmentation function

• High twist framework: high twist correlation, high twist fragmentation

! "
" " !"

$

Polarizing distribution function

! "#$%&'()**(+),-%$./-$),

! 0)1%!2/'*1%3 4/,+-$),
D. Boer, P. J. Mulders, 
PRD 57, 5780303 (1998), 

Theoretical understanding – QCD framework
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!"## $%&'"() *%"+,-(' .,+/01'-%2'-(%"()*%3+4,('!5(1, !6&)41,7%.&'8-2('%$%"()*%"+,-(' 2'%&'"() *%3+4,('

- Y. Kanazawa & Y. Koike,   PRD 64, 034019 (2001).

- J.Zhou, F.Yuan, Z.Liang,  PRD78 (2008)114008;
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• Belle experiment observed significant polarization of ! " #!
transverse to ! " #! - thrust axis plane in unpolarized $! $"

annihilation % &' () *+ ,$- .
!"##"$%&'(%)**+*,)-.%,/*,,)

!"#$%&#'()*+(,-..')/0(10 233 40
!"#$%&'()*+,#-"#./01*2 ,#."#32445(66/,##758)"#9(:"#$#;<=#>?@#>=<=<@#<?A<<;
$"#B2''+),#3"C"#D2E1,#F"#G(008,##758)"#9(:"#$#;<=#>H@#>=<=<@#<HI<<J
D"C"#B5(E,#3"G"#K*2E1,#L"K"#72E,#L"D"#M+E1,#M"L"#N(*,#758)"#K(OO"#C#P;I#>=<=;@#;QI=;J

! polarization in " ! " " – study of pFF
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• Belle experiment observed significant polarization of ! " #!
transverse to ! " #! - thrust axis plane in unpolarized $! $"

annihilation % &' () *+ ,$- .

! polarization in " ! " " – study of pFF

!"##"$%&'(%)**+*,)-.%,/*,,)

• No polarization at LEP ?!
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• Belle experiment observed significant polarization of ! " #!
transverse to ! " #! - thrust axis plane in unpolarized $! $"

annihilation % &' () *+ ,$- .

! polarization in " ! " " – study of pFF

!"##"$%&'(%)**+*,)-.%,/*,,)

• No polarization at LEP ?!

Ø Jet energy evolution effect ? # pol. in jet in pp at higher jet energy at RHIC?
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! !"#$%&'$(&")*+&(,&)*-.(*&)*/)!"#$%&'.0*!!*1"##&2&")

• # polarization in jet -> polarizing fragmentation function at STAR:

Ø More data are being analyzed at both 200 GeV and 500 GeV at STAR, with 
a wide range of jet momentum,  to test universality and scale dependence



! "#!$#%&'()*%&#%+,,*%%-#%".'/*%0.12#%+,33#%$%!"# *%456768%9:;:;<#

! First measurements of ! !!" vs ! in polarized p+p collisions, directly 
probing the polarized fragmentation functions. 

! The results are comparable to model prediction within uncertainties. 

=<;?

! : Jet momentum fraction  
carried by hyperon

STAR, PRD109, 012004 (2024)

!"#$%&'($)*+'%,+()-'+,+$&%(&%./012!34.
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!"#$%&'"%'(%)*$(+"#$%,'"(-55("'%./+%(#+(0!12

• First ! TT measurements in p+p collision at 200 GeV at RHIC: 

! 1#$transverse spin transfer 
measurement in p+p 
collisions at RHIC. 

! Most precise measurement on 
hyperon polarization in p+p 
collision at RHIC, which reach 
" ! ~6.7 GeV/c with statistical 
uncertainty of 0.04. 

! ! %%of          are consistent 
with a model prediction, also 
consistent with zero within 
uncertainty. 

! / !

- Q. Xu, Z.T. Liang, E. Sichtermann, 
- PRD 73, 077503(2006)

-STAR, PRD98, 091103R (2018)
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0)*$()3/#"*4#+*3$(3,(&'5+3"(6'%3$

r!! :  the probability to be in h=1 state, similar for r"! "!#and r$$#.

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

Ø For ! ®" ! #" "#, M! and M%are two pseudo-scalar mesons,

! !"#$%&'#($)*$+ " ,%-./.%01$1(23*,%45067,%6787.

W(c os! ) =
3

4
[(1 " #

00
) + (3#

00
" 1) cos2 ! ]

• Spin density matrix of a vector meson: ! =

!
11

!
10

!
1" 1

!
01

!
00

!
0" 1

!
" 11

!
" 10

!
" 1" 1

#

$

%
%
%
%

&

'

(
(
(
(

(! = P
i

i

" | i >< i | )

Qinghua Xu (Shandong U.)

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

**
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0)*$(#/*7$6'$+(3,(&'5+3"(6'%3$(*$(' 6' !

• Lot of spin alignment data at LEP (e&e' at 90GeV): 

W(cos! ) =
3
4

[(1! ! 00) +(3! 00 ! 1)cos2! ]• Spin alignment:

" Spin alignment measurement in hadron collisions at HIAF?

• ! *0     

OPAL, 1997

spz /2!

Q. Xu, Z. Liang, PRD63(2001)111301

Qinghua Xu (Shandong U.)

*
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L Global polarization in heavy ion collisions
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! 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).

-Measurements started soon after the prediction, 
first data available in 2007 from RHIC-STAR  

" #$$%&'()*)(+,



L Global polarization in heavy ion collisions

• L global polarization observed with STAR BES-I (Nature cover),
"#$%&'(%(')*+%– spin physics in heavy ion

  

!  

!  
P " #

!  
p p

* = P" cos$ *

STAR, Nature 548(2017)62
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!" !" #$%&'() ' # * $

!"#$%& '( )*+,-./012345678
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• Spin-orbit coupling leads to spin polarization of produced particles, like !
• Effects to global polarization from the magnetic field

Global polarization in heavy ion collisions
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! #$! %global polarization from STAR BES-II  

Ø No splitting between #$%#&global polarization within uncertainties
Ø More data coming from STAR BES-II FXT with energy down to 3 GeV

• Splitting of ! "#! $global polarization due to the magnetic field ?
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Energy dependence of global polarization 

• HADES data at √s=2.4GeV Au+Au
and 2.7 GeV Ag+Ag

• STAR data down to √s= 3 GeV

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

• Stronger shear flow in forward/ 
backward regions+ baryon 
stopping with limited acceptance 
(related to rapidity dependence)

• Polarization continue to increase 
at low energy ? 
Ø Good chance at HIAF in AA 

√s: 2.5~4.3GeV - Y. Ivanov, Phys. Rev. C103, 031903(2021)
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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.

2) Through the polarization transfer to 
daughter # in the decay process 

-γΩ is not known, with estimation ~1, C~1

Ø Can also be measured at HIAF energy

Ø 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. T. Liang, X.N. Wang, Phys.Lett.B629, (2005)

5678(6%)"#$%(6#9$,+$&%#$%:+(;<%#7$%=766#)#7$

• Vector mesons’ ρ(( from Au+Au at STAR BES-I:

STAR, !"#$%&!"# ' ())*+(,(-.

" Vector meson spin alignment at HIAF energy



27

Lambda-(anti)Lambda spin-spin correlation 

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

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

! !!"#"$%&'(")(*+((%",(-$.(,"/$%*01234*4%"! $%,"520%",03(-*04%"0%"($-6"6.2(34%75"3(5*"83$9(

: ! #"6.2(34%"&'4)$'"24'$30;$*04%"$'4%&"3($-*04%"2'$%(
" # !#"$;09<*6$'"$%&'("48",(-$."234*4%"3('$*0=("*4"*6("3($-*04%"2'$%(

Ø In particular for global polarization in heavy ion collision: 
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• Lambda-(anti)Lambda spin correlation in pp at 200GeV at STAR: 

- An indication of # ' %# spin correlation in pp, analysis in AA ongoing at STAR 
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Spin observables probing quark spin quantities

Z. Zhang, J.P. Lv, Z.H. Yu, and Z.T. Liang, arXiv: 2406.03840

• Complete list of spin observables in AA collisions, including spin correlations of 
hyperon pair production !

- Slides from Z. T. Liang
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Global polarization of hyper-nuclei in AA collision

• Possible spin structure of hypertriton:
" -./.&01,&2).&*3.&*45(67&89$:.;8$;:

• Angular distribution via 
hypertriton decay:

• Polarization predictions: 
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!"##$%&

• Lot of interesting spin measurements can be done at HIAF energy

" Spontaneous polarization to study QCD effect with proton beam

! ! , " hyperon polarization

! Vector measurement spin alignment

" Global polarization to study QCD medium property in heavy ion 
collisions with ion beam

! ! , " hyperon polarization

! Vector measurement spin alignment

! Di-hadron spin correlation

• With polarized target, more spin physics can be performed (not covered)
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!"##$%&

• Lot of interesting spin measurements can be done at HIAF energy

" Spontaneous polarization to study QCD effect with proton beam

! ! , " hyperon polarization

! Vector measurement spin alignment

" Global polarization to study QCD medium property in heavy ion 
collisions with ion beam

! ! , " hyperon polarization

! Vector measurement spin alignment

! Di-hadron spin correlation

• With polarized target, more spin physics can be performed (not covered)

!!"



>+()-'+,+$&%7*%9678(6%"76('#?(&#7$%(&%!34.
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! # ! $
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&'

(%) * " +"
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! /
$ ! %&'()*+, (+-.*/0.1/+,
23" %4,/1 5)61+* +7 8.49&1)* :.*'+, ;+;),14;
<! %&'()*+, 8)6.' (.*.;)1)*

• The ! polarization can be determined through the angular distribution of 
its weak decay product.

• At STAR, the global polarization has been extracted with 

Ψ1: azimuthal angle of 1st order reaction plane

-In this way, the detector acceptance is largely avoided, but rather a 
scale effect with A0

First adopted in PRC76, 024915 (2007)
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RHIC- 1st polarized proton-proton collider

• Spin direction changes from bunch to bunch,  longitudinal or transverse
• Two main experiments: sPHENIX (PHENIX) & STAR
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