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Quarkonium in heavy ion collisions

 Quarkonium is a useful probe for the quark gluon plasma (QGP) in 

heavy ion collisions.

 Heavy-quark potential :
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Polarization of vector quarkonia

 Spin alignment of J/𝜓 (polarization of quarkonia) :

 Spin alignment w.r.t the reaction plane :

 Unexpectedly large spin alignment cannot be explained by vorticity 

responsible for the spin polarization of light quarks (for Λ hyperons).
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Theoretical frameworks

 How to construct the transport theory for quarkonia from the first principle?
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 OQS + pNRQCD

 Quarkonia (or heavy quarks) are dilute : open quantum system (OQS) 

Total system= subsystem + environment

 Separation of scales : non-relativistic effective fields theories (NREFT)

𝑀

𝑀𝑣

𝑀𝑣2

QCD

Heavy quark effective theory,

Non-relativistic QCD (NRQCD)

potential NRQCD (pNRQCD) 
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Evolution of the density matrix 

 Tracking the evolution of the density matrix (unitary → time reversible):

 Tracing over the environment (non-unitary → time irreversible): 

5

environment correlation function :

master eq :
≈ 𝜌𝑇(0) : static thermal equilibrium medium

a matrix in both 

color & spin spaces



From OQS to kinetic equations

 Master eq. :

 Markovian approximation (coarse graining such that 𝜏𝑅 ≫ 𝑡 ≫ 𝜏𝐸) : the time-

difference eq. becomes a differential eq. 
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Quantum optical limit (low T) 

Quantum Brownian motion (high T) 

𝜏𝑅 ≫ 𝜏𝐸~𝑇
−1, 𝜏𝑅 ≫ 𝜏𝑆~1/(𝑀𝑣2)

𝜏𝑅 ≫ 𝜏𝐸 , 𝜏𝑆 ≫ 𝜏𝐸

Boltzmann eq.

Langevin/Fokker-Planck eq.

color singlet :

color octet :

polarization (vector mesons)

recombination dissociation

Wigner 

transform 

(keeping diag. com. 

& gradient exp.)

pol indep. : X. Yao, T. Mehen, PRD 99 (2019) 096028;

JHEP 02 (2021) 062. 



Building blocks of pNRQCD

 Collision terms depend on the details of interaction :

 Adopted NRQCD Lagrangian :

 Introducing the composite field :

7

from an effective 

Lagrangian
(𝑀−1 expansion)

 color decomposition :

 spin decomposition :

polarization vector

(for pseudo scalar & vector)

e.g., 𝜂𝑐 & 𝐽/𝜓

spin

color

(𝜀0 𝑖 = ො𝑛𝑖)

𝑖 : spatial indices

singlet octet

singlet triplet



Effective Lagrangian in pNRQCD

 Spin-independent case (with multipole expansion, small 𝑟~(𝑀𝑣)−1 ) :

 Spin-dependent case (the transition terms) :
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color singlet-octet transitions

kinetic terms &

static potentials

pseudo scalar-vector transitions :

vector mesons polarized by B fields

vector-vector transitions(pseudo) scalar-scalar transitions



Dissociation for vector quarkonia

 Dissociation term :
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field-field correlators :

E of J/𝜓 E of 𝑄 ത𝑄 E of gluons



Recombination for vector quarkonia

 Recombination term :
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field-field correlators :



Phenomenological applications

 From the quarkonium distribution functions to spin alignment :

 Chromo-electric & magnetic correlators of QGP are needed.

 Further studies of chromo-magnetic correlators for quarkonia are 

needed.
11

𝜌00: spin alignment

𝜌11 − 𝜌−1−1: spin polarization

 chromo-electric correlator (for quarkonia):

perturbative theory :

AdS/CFT correspondence :

lattice (preliminary) :

 chromo-magnetic correlator :

lattice (for heavy quarks) :

 The correlators for quarkonia and heavy quarks differ in terms of operator 

orderings in the Wilson lines. B. Scheihing-Hitschfeld, X. Yao, PRL 130 (2023) 052302

T. Binder et al., JHEP 01 (2022) 137

G. Nijs, B. Scheihing-Hitschfeld, X. Yao, JHEP 06 (2023) 007; arXiv:2310.09325

V. Leino, PoS LATTICE2023 (2024) 385 [2401.06733]

J. Mayer-Steudte et al., PoS LATTICE2021 (2022) 318 [2111.10340].

L. Altenkort et al., arXiv:2402.09337



Summary

 We utilize the OPS & pNRQCD to derive the polarization-dependent 

Boltzmann equation for vector quarkonia in the quantum optical limit. 

 Quarkonium polarization can be induced by chromo-magnetic correlators via 

the spin singlet-triplet transition.

 A Lindblad equation with the spin singlet-triplet transition can also be derived in 

the quantum Brownian motion limit (not discussed in this talk).
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 Take-home messages :

 Outlook :

 We may first calculate chromo-magnetic correlators perturbatively. 

 We also need to track                    . 

 There exists implicit spin dependence for the chromo-electric int. through 

in recombination. e.g., initial polarization of heavy quarks from glasma?

A. Kumar, B. Müller, DY, PRD 108, 016020 (2023); 107, 076025 (2023).

solving coupled Boltzmann eqs.

X. Yao et al., JHEP 01 (2021) 046



Thank you!
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Heavy quark v.s. quarkonia
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