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Relativistic heavy-ion collisions 
•  Interacting system evolves through different stages:  

early pre-equilibrium phase  formation of hot and dense partonic matter  
 phase transition to the excited hadronic gas as the system expands and cools down  
 chemical freeze-out  kinetic freeze-out  detectors 
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Properties of the medium - I 
• Properties of the sQGP in heavy-ion collisions: 

 extends ~ over a size of colliding nuclei  
 highest temperatures and energy densities 

•  RAA ~ 0.2 up to 20 ГэВ/c in central A_A 

•  Absence of suppression for dir and hadrons in p-A 

•  Same suppression for light hadrons  partonic level 

•  Heavy с-quarks are also suppressed 

•  Theory:  > 15 ГэВ/фм3; dNg/dy > 1100 

•  Teff ~ 240 MeV in AuAu@200 GeV 

• Teff ~ 300 MeV in PbPb@2760 GeV 

 the hottest medium ever 

 Teff >> Tc 
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Properties of the medium - II 
• Properties of the sQGP in heavy-ion collisions: 

 extends ~ over a size of colliding nuclei  
 highest temperatures and energy densities 
 fast thermalization, nearly perfect fluid, /s close to quantum bound (ℏ/4π) 
 partonic degrees of freedom 
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Non-central collisions 

• Huge angular momentum for the system in non-central collisions at high energy: 𝐿𝑦 = |𝑟 × 𝑝 | ~  𝐴𝑏 𝑠𝑁𝑁2  ~ 104-105 ℏ 

• Angular momentum of the system can polarize the system constituents (quarks) 

 global polarization  polarization of particles in the final state 
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Global polarization 

Phys.Rev.Lett.94:102301,2005; Erratum-ibid.Lett.96:039901,2006 
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Barnet effect (1915) 

• Magnetization by rotation: macroscopic rotation (global angular momentum)  
microscopic spin alignment 

• M ~ 𝜔 
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Spin hydrodynamic generation 
Nature Physics 12, pages52–56 (2016) 

• Equation for spin voltage:  

• Vorticity acts as a spin current source 

• Viscous fluid flow  vorticity  spin polarization 
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Non-central collisions 

Strong magnetic field (~ 1013 T) 
formed for a short period of time 
(NPA 803 (2008), Kharzeev et al.) 

Large angular momentum due to 
medium rotations (PRC 77 (2008) 
024906, Beccattini et al.) 
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Polarization in a relativistic fluid 

• Hydrodynamic, transport, or any other models don’t have the physics ingredients to 
generate particle spin polarization  

• Models generate hydrodynamic gradients (flow gradients, temperature gradients)  
sources of vorticity 

• To estimate particle polarization from vorticity  need a theoretical framework 

•  In a relativistic fluid at local thermodynamic equilibrium, spin polarization is driven by: 

F. Becattini et al.; arXiv:2103.14621 [nucl-th]; B. Fu et al.; arXiv:2103.10403 [hep-ph] 

 – four-temperature vector 
u – four velocity, T – proper temperature 
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Polarization in a relativistic fluid 

•  No theoretical knowledge about:  

 evolution of quark spin polarization in QGP 

 formation of a polarized hyperon from the polarized quarks 

 effect of hadronic scatterings on spin d.o.f 

 estimation of the relaxation times 

• Solution: Local equilibrium formula relates the mean spin vector S(p) of a spin ½ 
fermion to the vorticity sources at the hadronizationg hypersurface  (extension of 
Cooper-Frye formalism). 

 - Fermi-Dirac phase-space distribution function 

• Vorticity results in equal polarization for particles and antiparticles 

• There are no relativistic calculations for particles with s > 1/2 
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Hyperon polarization 

•   p + - (BR ~ 64%, c ~ 8 cm),  parity violating weak decay 

• Daughter baryon is preferentially emitted in the direction of 
hyperon spin (opposite for antiparticle): 

• Polarization estimation procedure: 

 identify the reference axis 

 take a projection of the daughter proton’s momentum direction on the reference axis 

 average that projection over all hyperons in all events 

BESIII, Nature Phys. 15 (2019): 
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Global hyperon polarization (STAR) 

𝜙𝑝∗  - azimuthal angle of daughter proton in Λ(Λ ) rest frame  

1 – observed angular momentum angle 

Res(1) - resolution of 1 measurements 

STAR, Nature 548, 62 (2017) S. Voloshin, T. Niida; Phys. Rev. C 94, 021901(R) (2016) 
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Reconstruction of (𝚲 ) 

 Λ(Λ )  p(𝑝 )+ using identified tracks and V0 topology cuts 

V0 topology: 
 Variables or selections: 

 opposite charge p(𝑝 ) and  tracks pairs identified by dE/dx, ToF 
 χ2 of Kalman fit of track pair (how good the pair complies with 

hypothesis to originate from the same secondary vertex) 
 distance between tracks, < 0.5-1 cm 
 production radius (how far from the primary vertex), > 5 mm 
 α = angle between 𝑟  & 𝑝  ,  < 0.07 
 DCA of daughter tracks (track-to-PV distance), > mm 
 decay asymmetry 
 veto on competing 𝐾𝑠0 → 𝜋+𝜋− decay 

 Quite a lot of  variables, but most of them are correlated !!! 

 Selection cuts depend on the detector capabilities and physical signals/background 

 Optimized for high purity of signal and yet high efficiency of reconstruction 
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Event plane measurements  

 Event plane is estimated from the azimuthal distribution of tracks (TPC) or energy in 
forward detectors (V0, ZDC): 

 𝜓1𝐸𝑃is used for hyperon global polarization measurements 

 𝜓2𝐸𝑃is used for local polarization measurements 

 For m=1 weights had different signs for backward and forward rapidity 

 Event plane is a proxy for reaction plane smeared by event plane resolution 
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Global polarization measurement 

 Results from the invariant mass and event plane methods are consistent (systematics unc.) 

 Event plane method: 
1) number of Λ (Λ ) counted in each bin of the hyperon emission azimuthal angle relative to EP 
2) yield of Λ (Λ ) as a function of                is fitted with a sine function to obtain  

 Invariant mass method: polarization signal 
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• Global polarization of hyperons experimentally observed!!!; decreases with 𝑠𝑁𝑁 

• Feed down from (1385)  , 0 ;  reduces polarization by ~ 10-20% 

Global polarization 
EPJ Web Conf., 171 (2018) 07002; Nature 548, 62 (2017) 

• B estimates to explain a -Λ  difference within the range of theoretical predictions 

 - magnetic moment 

B = (𝑃Λ-𝑃Λ )T/(2 ) ~ 21011 T or eB ~ 10-2 𝑚𝜋2  

(𝑃Λ-𝑃Λ ) = 0.5%, T = 160 MeV at hadronization 
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Full energy dependence 

• Energy dependence of global polarization is reproduced by models: 
AMPT, 3FD, UrQMD+vHLLE 

• AMPT with partonic transport strongly underestimates measurements at 𝑠𝑁𝑁 = 3 GeV 

 hadron gas? 

arXiv:2108.00044v2 [nucl-ex] 

В. Рябов, ОФВЭ Семинар 18 



More differential, centrality 

STAR, PRC98, 014901 (2018) 

• Reduced polarization in most central collision → no initial angular momentum 

• Similar trends at lower collision energies 
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More differential, rapidity 
STAR, PRC98, 014901 (2018) 

• No rapidity dependence observed at || < 1 within uncertainties 

• Model predictions differ, wider  - coverage is needed 

В. Рябов, ОФВЭ Семинар 20 



More differential, azimuthal angle 

• Larger polarization is observed in-plane 

• Models predict the opposite dependence and larger polarization out-of-plane 

• Not fully understood 

arXiv:2003.03640 
PRC 99 014905 (2019) 

AMPT 
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Polarization of  and  
• ,  and  have different spins and magnetic 

moments, different number of  
s-quarks, less feedback for heavier hyperons 

• Direct measurements are difficult due to  small 
values of  

• Measured based on polarization of daughter  

Phys. Rev. Lett. 126, 162301 (2021) 

• AMPT is consistent with measurements 

• Polarization of   is larger compared with : 

•  results are not feed-back corrected (~ 15%) 

• The AMPT is consistent with measurements 

• Polarization of   is larger compared with  

• Earlier freeze-out of multi-strange baryons is 
consistent with larger value of PH for  

• Large uncertainties for , can expect larger 

signal, P = 
𝑠 𝑠  ~ 

𝑠+13  𝜔 𝑇        PRC95.054902 (2017) 
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Polarization along the beam direction,  Pz 

 

• v2 which manifests itself in stronger flow in in-plane that 
in out-of-plane is a source of vorticity along the beam 
direction (z-axis) 

• The vorticity and the corresponding polarization have 
azimuthal angle dependence (quadrupole structure) in 
the transverse plane - local polarization 

• Use weak decays of hyperons to measure polarization 

 

S. Voloshin, EPJ Web Conf.171, 07002 (2018) 

• This polarization can be characterized by the 
second harmonic sine component in the 
Fourier decomposition of the polarization 
along the beam axis (Pz) as a function of the 
particle azimuthal angle relative to the 
elliptic flow plane 

Phys. Rev. Lett. 123, 132301 
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Polarization along the beam direction,  Pz 
arXiv:2107.11183 [nucl-ex] 

• Pz at the LHC is similar in magnitude compared to top RHIC energy (tends to be smaller in 
semicentral collisions) 

• At pT < 2.0 GeV/c, Pz at the LHC is smaller than the STAR results in semi-central collisions 
although v2(pT) at top RHIC and the LHC energies are comparable 

• The sign of phase modulation of Pz is the same at RHIC and the LHC 
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Polarization along the beam direction,  Pz 
Phys.Rev.Lett. 123 (2019) 13, 132301, S. Voloshin, EPJ Web Conf.171, 07002 (2018)  

• Hydro-inspired BW model (kinematic vorticity,                                 , u – local flow velocity  ) 
describes the data unlike more realistic models  

• Hydro and transport models which describe the elliptic flow in heavy-ion collisions generate 
similar amplitude but different sign Pz (“spin sign puzzle”). 
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Spin alignment for vector mesons 

𝑑𝑁𝑑𝑐𝑜𝑠𝜃 = 𝑁0 1 − 𝜌0,0 + 𝑐𝑜𝑠2𝜃 3𝜌0,0 − 1  

Zuo − Tang Liang, Xin − Nian Wang, Phys. Lett. B629: 20 − 26,2005 

𝜌0,0 is a probability for vector meson to be in spin state = 0 

• Quantization axis: 

 normal to the event plane (impact parameter and beam axis) 

 normal to the production plane (momentum of the vector 
meson and the beam axis) 

• Expectations: 

 To be observed at low pT  where 
hadronization via recombination 
dominates 

 small signal for central and 
peripheral collisions, maximum 
effect for mid-central collisions 

𝜌00 (PP) - 
13 =[𝜌00  (EP) - 

13 ] [
1+3𝑣24  ] 
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Reconstruction of vector mesons 
• Invariant mass method, mixed-event spectrum for uncorrelated combinatorial background 

• Resonance peaks are described with Voigitian function, remaining background with polynomials after 
subtraction of uncorrelated combinatorial background 

PRC 95, 064606 (2017); PRC 91 024609 (2015) 
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Angular distributions 

• Not flat distributions with respect to EP and PP 
quantization axis for vector mesons in non-central 
heavy-ion collisions 

 

• Flat angular distributions: 

 for vector mesons with respect to random 
quantization axis in heavy ion collisions 

 for neutral 𝐾𝑠0 with respect to any axis in 
heavy-ion collisions 

 For vector mesons and 𝐾𝑠0 in pp collisions 

PRL 125, 012301 (2020) 
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• 00 ~ 1/3 for: 

 pT(K*0) > 2 GeV/c and pT() > 0.8 GeV/c 

 𝐾𝑠0 with zero spin 

 K*0  and   in pp collisions 

 K*0  and   with random plane in Pb-Pb@2.76  

• 00 < 1/3 for K*0 and  at low pT in semi-
central Pb-Pb@2.76 collisions 

PRL 125, 012301 (2020) 

Results for K*0 and  vs. pT 

В. Рябов, ОФВЭ Семинар 



30 

Results for K*0 and  vs. pT 

• Results are now confirmed with new preliminary measurements for K*0 in Pb-Pb@5.02 TeV 

В. Рябов, ОФВЭ Семинар 

Results for K*0 and  vs. pT 
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• High pT (3-5 GeV/c): 

 00 ~ 1/3 

• Low pT (0.8-1.2 GeV/c for K*0 and 0.5-0.7 GeV/c for ): 

 00 < 1/3 in semi-central PbPb@2.76 by 2-3  

 follows centrality dependence of angular momentum 

PRL 125, 012301 (2020) 

Results for pT and centrality 
dependence of 00 are 

qualitatively consistent with 
quark recombination in a 

polarized medium 

Results for K*0 and  vs. centrality 
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• 00 for K∗0
 is smaller than 1/3 at low pT in semi-central heavy-ion collisions; no 

significant collision energy dependence within uncertainties 

• 00 for  is > 1/3 at RHIC and is < 1/3 at the LHC 

• Observed large deviation of 00  from 1/3 challenges theoretical understanding  00 
can depend on multiple physics mechanisms (vorticity, magnetic field, hadronization 
scenarios, lifetimes and masses of the particles etc.)  more theoretical efforts are 
required for understanding of the data 

NPA 1005 (2021) 121733, Singha et al. 

Energy dependence 



   Conclusions 

• Polarization effects were predicted and experimentally observed in non-central heavy-
ion collisions in a wide energy range: 

 global polarization of Λ(Λ ) hyperons, energy dependence is reproduced by theoretical 
models, a sign problem for azimuthal dependence 

 first measurements of global polarization for  (s=1/2, slightly higher that Λ) and  (s = 3/2, 
large uncertainties) 

 local polarization related to v2 is observed, “spin sign puzzle” 

 evidence of spin alignment for vector mesons related to initial angular momentum spin 
alignment, not observed for spin = 0 particles and in pp 

• Many open questions remain, more precise measurements are needed for better 
understanding of the nature of polarization in heavy-ion collisions 
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   BACKUP 
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Highlights in the CERN Courier 
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Relation between EP 
and PP 
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The physical picture is that spin 

alignment with respect to the event plane 

is coupled to that in the production plane 

through the elliptic flow of the system. 

 

The 00(RndEP) is lower than 1/3 as the 

quantization axis is always perpendicular 

to the beam axis, resulting in a residual 

effect. 

𝜌00 (PP) - 
13 =[𝜌00  (EP) - 

13 ] [
1+3𝑣24  ] 

arXiv:1910.14408 (ALICE) 
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STAR, Phys. Rev. C 98, 014915 

Becattini et al, Eur. Phys. J. C 78, 354 (2018) 

• No single model that satisfactorily explains the directed flow 
dependencies on centrality, collision energy, system size, rapidity, 
transverse momentum and particle type 

• The directed flow originates in the initial-state spatial and 
momentum (initial collective velocity fields) asymmetries in the 
transverse plane  tilted source initial conditions 

• To describe the v1 in heavy-ion collisions requires accounting for 
vorticity 

PRL 108, 202301 (2012) 

Directed flow v1 
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• Non-zero baryon potential can hardly explain the 
polarization difference for  and Λ  

Different polarization for  and 𝚲  

arXiv:1604.04036v1 

• B estimates are within the range of theoretical predictions 

 - magnetic moment 

B = (𝑃Λ-𝑃Λ )T/(2 ) ~ 21011 T or eB ~ 102 𝑚𝜋2  

(𝑃Λ-𝑃Λ ) = 0.5%, T = 160 MeV at hadronization 

• Λ − Λ  
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Vorticity vs. J 
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