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Quarkonium as Probe of Quark-Gluon Plasma

• Heavy quarkonium as probe of QGP: 

• Static screening: suppression of color attraction —>         
melting at high T, states of different sizes have different      
melting T —> thermometer


• Dissociation: induced by in-medium dynamical processes, can 
happen even below melting T


• Recombination: unbound heavy quark pair forms quarkonium, 
can happen below melting T, crucial for charmonium 
phenomenology and theory consistency


• Cold nuclear matter effect, feed-down contributions

A.Mocsy

0811.0337



• What are coupled Boltzmann equations? Inputs?


• Why do we use them?


• How do they work compared with experimental data?

Contents
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XY, W.Ke, Y.Xu, S.A. Bass, B.Müller 2004.06746



Coupled Transport Equations of Heavy Flavors
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Correlated v.s. Uncorrelated Recombination
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• Correlated recombination: heavy quark pair from same initial hard 
vertex / dissociation


• Uncorrelated recombination: heavy quark pair from different initial hard 
vertices; crucial contribution to charmonium production; important for 
charmonium but negligible for bottomonium


• Recombination in most transport calculations: uncorrelated


• How to incorporate correlated recombination in semiclassical 
transport? Need 2-particle distribution

/ fQfQ̄

/ f (eq)
onia



CQQ̄ = CQ + CQ̄
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Each independently interact with medium: 
(1) Potential between pair screened 
(2) Potential depends on color, average over

We use “Lido” for open heavy flavor transport: diffusion + radiation

W.Ke, Y.Xu, S.A.Bass, PRC 98, 064901 (2018)

Can handle both correlated and uncorrelated recombination

Coupled Transport Equations of Heavy Flavors
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Derivation of Quarkonium Boltzmann Equation from 
Open Quantum System

• Heavy  pair + QGP evolve together, trace out QGP


• Lindblad-like equation in quantum optical limit (weak coupling between system 

and environment —> relaxation is longest time scale)


• Use pNRQCD to write down operators, apply Wigner transform and semiclassical 

expansion (crucial to justify quantum optical limit, see XY, 2102.01736)

QQ̄
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Dissociation & Recombination Terms
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Chromoelectric Field Correlator

Dissociation: final-state interaction Recombination: initial-state interaction

 transformation,

assume state invariant

PT

KMS relation

[g++
E ]>ji(y, x) ⌘

D⇥
Ej(y)W[(y0,y),(+1,y)]W[(+1,y),(+1,1)]

⇤a

⇥
⇥
W[(+1,1),(+1,x)]W[(+1,x),(x0,x)]Ei(x)

⇤aE

T

<latexit sha1_base64="5LTOYgt3/gpFLdXjo3qRU+iWx5I="></latexit>

[g��
E ]>ji(y, x) ⌘

D⇥
W[(�1,1),(�1,y)]W[(�1,y),(y0,y)]Ej(y)

⇤a

⇥
⇥
Ei(x)W[(x0,x),(�1,x)]W[(�1,x),(�1,1)]

⇤aE

T

<latexit sha1_base64="UJpUGz4ewEfIlyTkvvM4TB5BcaM="></latexit>

For total reaction rates, integrating over final momentum leads to setting R1 → R2

t

R

Ei1(R1, t1)

Ei2(R2, t2)

(R1,+1) (R2,+1)
t

R
Ei1(R1, t1)

Ei2(R2, t2)

<latexit sha1_base64="irwUN7t83KHEAkGWzL/4HRgq1vw=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBahgpakFPVY9OKxiv2ANpbNdtMu3WzC7kQJof/DiwdFvPpfvPlv3LY5aPXBwOO9GWbmeZHgGmz7y8otLa+sruXXCxubW9s7xd29lg5jRVmThiJUHY9oJrhkTeAgWCdSjASeYG1vfDX12w9MaR7KO0gi5gZkKLnPKQEj3Zdv+9UTfNrj0ofkuF8s2RV7BvyXOBkpoQyNfvGzNwhpHDAJVBCtu44dgZsSBZwKNin0Ys0iQsdkyLqGShIw7aazqyf4yCgD7IfKlAQ8U39OpCTQOgk80xkQGOlFbyr+53Vj8C/clMsoBibpfJEfCwwhnkaAB1wxCiIxhFDFza2YjogiFExQBROCs/jyX9KqVpyzSu2mVqpfZnHk0QE6RGXkoHNUR9eogZqIIoWe0At6tR6tZ+vNep+35qxsZh/9gvXxDYlrkUI=</latexit>

(R2,�1)
<latexit sha1_base64="6mLHzj1iTFn22mhqIdk8ZAgyNzc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpZEinosevFYxX5AG8tmu2mXbjZhd6OE0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmeRFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7TRXGktAGCXko2x5WlDNBG5ppTtuRpDjwOG15o+uJ33qkUrFQ3Oskom6AB4L5jGBtpIfyXc85QaddJnydHPeKJbtiT4EWiZOREmSo94pf3X5I4oAKTThWquPYkXZTLDUjnI4L3VjRCJMRHtCOoQIHVLnp9OoxOjJKH/mhNCU0mqq/J1IcKJUEnukMsB6qeW8i/ud1Yu1fuikTUaypILNFfsyRDtEkAtRnkhLNE0MwkczcisgQS0y0CapgQnDmX14kzbOKc16p3lZLtassjjwcwCGUwYELqMEN1KEBBCQ8wyu8WU/Wi/Vufcxac1Y2sw9/YH3+AIfdkUE=</latexit>

(R1,�1)

<latexit sha1_base64="rj+KwM9vD1TWRPl21uMgitsvrUk="></latexit>

[g±±
E ]>(p) =

Z
d4x eip·x[g±±

E ]>(x, 0)

This object is what we learn from experimental data, like HQ diffusion coefficient



13

Q
Q

Resolving 
power of QGP

Resolving 
power of QGP

Q

Q

Transitions between levels -> Boltzmann Diffusion of HQ pair -> Langevin

Q

Q Wavefunction 
decoherence

—> dissociation

1S

2S

unbound

• Quantum Brownian motion (high T)• Quantum optical limit (low T)

Two Temperature Regimes

Gapped transition: finite energy transferred

Gapless transition: transport coefficient

<latexit sha1_base64="EFhSVJ+45A0FDWlnEHqd197KlEw=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclkaKuSlEElxXsA9I0TKaTduhkEmYmQgnZ+CtuXCji1s9w5984bbPQ1sO9cDjnXmbu8WNGpbKsb6Owsrq2vlHcLG1t7+zumfsHbRklApMWjlgkuj6ShFFOWooqRrqxICj0Gen445up33kkQtKIP6hJTNwQDTkNKEZKS5555Ay9237ai0NdmduvV2LPqltnnlm2qtYMcJnYOSmDHE3P/OoNIpyEhCvMkJSObcXKTZFQFDOSlXqJJDHCYzQkjqYchUS66eyADJ5qZQCDSOjmCs7U3xspCqWchL6eDJEayUVvKv7nOYkKrtyU8jhRhOP5Q0HCoIrgNA04oIJgxSaaICyo/ivEIyQQVjqzkg7BXjx5mbTPq/ZFtXZfKzeu8ziK4BicgAqwwSVogDvQBC2AQQaewSt4M56MF+Pd+JiPFox85xD8gfH5AzB3lX8=</latexit>

[g±±
E ]>(p0 > 0)

T.Miura, Y.Akamatsu, M.Asakawa, A.Rothkopf, 1908.06293
J.-P. Blaizot, M.A.Escobedo, 1711.10812

N.Brambilla, et al, 2205.10289

<latexit sha1_base64="xpOzDzSV1mrVfdsNjVVf3gNtyFw=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFqJuSSFE3SlEElxXsA9I0TKaTduhMMsxMhBKy8VfcuFDErZ/hzr9x2mahrYd74XDOvczcE3BKpLLtb6OwtLyyulZcL21sbm3vmLt7LRknAuEmimksOgGUmJIINxVRFHe4wJAFFLeD0c3Ebz9iIUkcPagxxx6Dg4iEBEGlJd88cAf+bS/tcqYr83pXFe7bl/aJb5btqj2FtUicnJRBjoZvfnX7MUoYjhSiUErXsbnyUigUQRRnpW4iMYdoBAfY1TSCDEsvnR6QWcda6VthLHRHypqqvzdSyKQcs0BPMqiGct6biP95bqLCCy8lEU8UjtDsoTChloqtSRpWnwiMFB1rApEg+q8WGkIBkdKZlXQIzvzJi6R1WnXOqrX7Wrl+ncdRBIfgCFSAA85BHdyBBmgCBDLwDF7Bm/FkvBjvxsdstGDkO/vgD4zPHy7xlX4=</latexit>

[g±±
E ]>(p0 = 0)

<latexit sha1_base64="G0mEtGnwjD6lxo4HfwUcXgyLWAw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae2oUy2m3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M72Z++4kpzWP5YCYJ8yMcSh5yisZKj70xJgn2s8a0X664VXcOskq8nFQgR71f/uoNYppGTBoqUOuu5ybGz1AZTgWblnqpZgnSMQ5Z11KJEdN+Nr94Ss6sMiBhrGxJQ+bq74kMI60nUWA7IzQjvezNxP+8bmrCGz/jMkkNk3SxKEwFMTGZvU8GXDFqxMQSpIrbWwkdoUJqbEglG4K3/PIqaV1UvavqZeOyUrvN4yjCCZzCOXhwDTW4hzo0gYKEZ3iFN0c7L86787FoLTj5zDH8gfP5A7uzkPg=</latexit>Q

<latexit sha1_base64="WpwvSeQan+pJRD2NH1EBNZKcHH0=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0lE1GPRi8cW7Ac0IUy2m3bpZrPsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8SDCqtOt+W6W19Y3NrfJ2ZWd3b//Arh52VJpJTNo4ZansRaAIo5y0NdWM9IQkkESMdKPx7czvPhCpaMrv9USQIIEhpzHFoI0U2lV/DEJAmLf8CGTemk5Du+bW3TmcVeIVpIYKNEP7yx+kOEsI15iBUn3PFTrIQWqKGZlW/EwRAXgMQ9I3lENCVJDPT586p0YZOHEqTXHtzNXfEzkkSk2SyHQmoEdq2ZuJ/3n9TMfXQU65yDTheLEozpijU2eWgzOgkmDNJoYAltTc6uARSMDapFUxIXjLL6+Sznndu6xftC5qjZsijjI6RifoDHnoCjXQHWqiNsLoET2jV/RmPVkv1rv1sWgtWcXMEfoD6/MHrWWUSQ==</latexit>QQ̄

NRQCD

pNRQCD

T.Mehen, XY, 1811.07027, 2009.02408



0 100 200 300 400
Npart

0.0

0.2

0.4

0.6

0.8

1.0

R
A

A

1S, theory

1S, syst

1S, stat

2S, theory

2S, syst

2S, stat

3S, theory

14

Compare w/ LHC Data on Upsilon at 5.02 TeV

without cross-talk recombinationwith cross-talk (correlated) recombination

Coulomb potential —> no bottomonium mass change at finite T (see R. Larsen’s talk)

Initial conditions: momentum: Pythia + nPDF EPPS16; position: Trento, binary collision

2+1D viscous hydro calibrated; HQ dynamics calibrated

Bottomonium: 1S, 2S, 3S, 1P, 2P; no recombination for 3S, 2P 
Feed-down networks

CMS arXiv:1805.09215
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High : 
breakdown of 
nonrelativistic 
treatment
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Uncertainty of nPDF and nPDF at RHIC Energy

ATLAS: 2205.03042

Input of nPDF:






RpAu = 0.82
±0.10(stat)
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STAR: 2207.06568
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Double Ratio and Flow Observables

ATLAS: 2205.03042
ALICE: 2011.05758
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More precise flow observables 
in LHC Run3
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Experimental Test of Correlated Recombination
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Correlated recombination predicts 
1P more suppressed than 2S

Traditional sequential suppression argument based on hierarchy of binding energy

or size —> (2S) ~ (1P), since their binding energies are closeRAA RAA

Correlated recombination rates (2S—>unbound—>1P) ~ (1P—>unbound—>2S) 
because of similar binding energy, but primordial production cross section

�1P

�2S
⇠ 4.5



• Coupled Boltzmann equations for open and hidden heavy flavors: 
Boltzmann equation for quarkonium is derived from open quantum 
system, valid for both weakly-coupled and strongly-coupled QGPs, see 
review 2102.01736


• Bottomonium phenomenology: nPDF uncertainty cancels in double ratio 
observables; importance of correlated recombination —> experimental 
test; opportunities at RHIC and LHC; include 3S recombination in future


• Joint experimental, phenomenological and theoretical (lattice) efforts 
to understand QGP properties from quarkonium production 

• Understand chromoelectric field correlators: gauge invariant, 
encode properties of QGP 

• Lattice/analytic calculations, phenomenological Bayesian analysis 
from experimental data (like what is done for HQ diffusion)

Conclusions
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Conclusions
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<latexit sha1_base64="4dZldKqCYSuQsYXyzecZ5ezFb/8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqxKILHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmt5+o0kyKBzOJqR/hoWAhI9hYqXVbNv3qeb9YcivuHGiVeBkpQYZGv/jVG0iSRFQYwrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtFTii2k/n107RmVUGKJTKljBorv6eSHGk9SQKbGeEzUgvezPxP6+bmPDKT5mIE0MFWSwKE46MRLPX0YApSgyfWIKJYvZWREZYYWJsQAUbgrf88ippVSveRaV2XyvVr7M48nACp1AGDy6hDnfQgCYQeIRneIU3RzovzrvzsWjNOdnMMfyB8/kDXy2OWg==</latexit>

E(t2)
<latexit sha1_base64="4dZldKqCYSuQsYXyzecZ5ezFb/8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqxKILHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmt5+o0kyKBzOJqR/hoWAhI9hYqXVbNv3qeb9YcivuHGiVeBkpQYZGv/jVG0iSRFQYwrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtFTii2k/n107RmVUGKJTKljBorv6eSHGk9SQKbGeEzUgvezPxP6+bmPDKT5mIE0MFWSwKE46MRLPX0YApSgyfWIKJYvZWREZYYWJsQAUbgrf88ippVSveRaV2XyvVr7M48nACp1AGDy6hDnfQgCYQeIRneIU3RzovzrvzsWjNOdnMMfyB8/kDXy2OWg==</latexit>

E(t2)
<latexit sha1_base64="Xw9zefnWuiTh/GpZgGy9sn7G7UU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMiuAxgnlAsoTZyWwyZnZ2mekVQsg/ePGgiFf/x5t/4yTZg0YLGoqqbrq7gkQKg6775eRWVtfWN/Kbha3tnd294v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup75rUeujYjVPY4T7kd0oEQoGEUrNW/K2PNOe8WSW3HnIH+Jl5ESZKj3ip/dfszSiCtkkhrT8dwE/QnVKJjk00I3NTyhbEQHvGOpohE3/mR+7ZScWKVPwljbUkjm6s+JCY2MGUeB7YwoDs2yNxP/8zophpf+RKgkRa7YYlGYSoIxmb1O+kJzhnJsCWVa2FsJG1JNGdqACjYEb/nlv6R5VvHOK9W7aql2lcWRhyM4hjJ4cAE1uIU6NIDBAzzBC7w6sfPsvDnvi9ack80cwi84H99dqI5Z</latexit>

E(t1)

HQ diffusion: single HQ Quarkonium 
transport:  pairQQ̄

• At NLO, they differ by temperature independent 
constant


• In axial gauge, the two would seem to be the same    
—> problem of axial gauge when infinite Wilson lines 
are involved


• Nonperturbatively, not much is known about the 
correlator for quarkonium


• Go to Bruno Scheihing-Hitschfeld’s talk for details

Y.Burnier, M.Laine, J.Langelage, L.Mether, 1006.0867

T.Binder, K.Mukaida, B.Scheihing-Hitschfeld, XY, 2107.03945

B.Scheihing-Hitschfeld, XY, 2205.04477


