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Hydrodynamic expansion of the QGP
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Response of partons from hard-scatterings
inside the QGP
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Response of partons from hard-scatterings
inside the QGP



Relativistic heavy-ion collision
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Hadronization
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Interactions in the hadronic phase



Relativistic heavy-ion collision
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Strong magnetic field and vorticity
at the initial state

Angular momentum

Magnetic field



Effects from the strong EM field

9

PRC 89, 054905 (2014)

• The decay time of the magnetic field is 
related to the conductivity of the QGP!

Electric field 
induced by decreasing B

Lorentz force 
on moving charge

σ = 0

σ = 0.023 fm-1
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Pb-Pb 2.76 TeV pT = 0.25, 0.5, 1.0 GeV/c2



Measurement of directed flow
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• Proxy of the reaction plane:
Direction of the spectator neutron
èspectator plane

• The energy of spectator neutrons is 
measured with Zero-Degree Calorimeters



Measurement of directed flow
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PRC 98, 014915 (2018)

• Vorticity (tilt) due to asymmetric initial velocity 
generates directed flow 

PRL 111, 232302 (2013)



Measurement of directed flow
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PRC 98, 014915 (2018)

• Vorticity (tilt) due to asymmetric initial velocity 
generates directed flow

• Significantly smaller magnitude
than RHIC energies  



Closer to the initial state using heavy flavor
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σ = 0.023 fm-1

• The formation time of the charm quark is about 0.1 fm/c
èWhen the magnetic field is maximum

• Directed flow of charm hadrons is expected to be larger than light hadrons

PLB 768 (2017) 260



Closer to the initial state using heavy flavor
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σ = 0.023 fm-1

• The formation time of the charm quark 
is about 0.1 fm/c
èWhen the magnetic field is maximum

• Shifted from the bulk
èEnhance dipole asymmetry 
resulting in a larger directed flow 

PRC 98, 014915 (2018)

PLB 798 (2019) 134955
PRL 120 192301 (2018)



Closer to the initial state using heavy flavor
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PRL 125, 022301 (2020)
• Much larger v1 signal for D mesons than light hadrons
• Opposite rapidity dependence between 𝐷! and "𝐷!
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Closer to the initial state using heavy flavor
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PRL 123, 162301 (2019)



Global hyperon polarization
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• Parity violating weak decay:
Daughter baryon is preferentially emitted
in the direction of hyperon spin

• Polarization measurement:
Take a projection of the daughter proton's 
momentum direction on the reference axis



Global hyperon polarization
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Global hyperon polarization

Deflection of the spectator



Global hyperon polarization
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PRC 101, 044611 (2020)



Global hyperon polarization
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• Consistent with zero within uncertainties
• Significantly smaller than RHIC energies:

Decreasing trend with collision energy

PRC 101, 044611 (2020)



Global hyperon polarization
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arXiv:2211.04384

PRC 101, 044611 (2020)



Local polarization
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• Local polarization along the z-axis:

PRL 117, 192301 (2016)

Elliptic flow Non-uniform expansion of the QGP



Local polarization
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PRL 128, 172005 (2022)

ALICE

STAR

• Pz,s2 (polarization along the beam axis) is similar between 200 GeV and 5.02 TeV



Local polarization
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• Blast-Wave model describe the Pz,s2 data
• Hydro and AMPT models, which can describe collective flow, show negative Pz,s2  

PRL 123, 132301 (2019)



Local polarization
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• The AMPT+MUSIC-based model with fluid shear + thermal vorticity show 
a positive Pz,s2 in case of inheriting the spin information from the strange quark

PRL 123, 132301 (2019)



Vector meson spin alignment

• Spin alignment of vector mesons (decay products) to the reference axis
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Reaction plane:
Axis orthogonal to the reaction plane in the center-of-mass frame

Helicity frame:
Direction of vector meson in the center-of-mass frame

EPJC 69 (2010) 657



Spin-orbit angular momentum interaction in HIC
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Quark (spin ½)
Vector meson (spin 1)



Vector meson spin alignment: K*0, 𝝓
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PRL 125, 012301 (2020)



Vector meson spin alignment: K*0, 𝝓

32

• Spin alignment for K*0 and 𝝓 at low pT

• No spin alignment for K0
S 

• No spin alignment with random plane
• No spin alignment in pp collisions



Vector meson spin alignment: K*0, 𝝓
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PRL 125, 012301 (2020)

• Maximum effect in mid-central Pb-Pb 
collisions

• No spin alignment for high pT

at the entire centrality ranges



Vector meson spin alignment: D*+, J/𝝍
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• Measurement of D*+ polarization 
with respect to the reaction plane

• ML technique to reduce background 
and  non-prompt (B decay) contribution



Vector meson spin alignment: D*+, J/𝝍
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PRL 108, 082001 (2012)
EJPC 78 (2018) 562
EPJC 73 (2013) 11
JHEP 12 (2017) 110

• Results in pp collisions agree with zero polarization



Vector meson spin alignment: D*+, J/𝝍
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• Low pT:
𝜌!! < 1/3 for J/𝜓 can be explained by 
recombination

• High pT:
𝜌!! < 1/3 for D*+ can be explained by
fragmentation



Summary
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Directed flow:
Strong vorticity
Hint of a B-field effect?

Global 𝚲 polarization:
Very weak B-field effect

Local 𝚲 polarization:
Need more models

Vector meson spin alignment:
Polarization at low pT 



BACKUP

38


