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What unique properties of QGP 
are we probing via quarkonia?
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What Unique Properties of QGP Are We Probing?
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Experimental data on , RAA vn Properties of QGP

Focus on data at low pT

• QGP affects quarkonia 
but not production of  

QQ̄ →
QQ̄

Theory

Phenomenology

Computation

• Nonrelativistic

(cold/hot medium effect, feeddown)

At high : medium effect on :pT g → cc̄

Mocsy, 0811.0337

Wiedemann (Tu 3:55pm)

Brewer (Wed 11:10am)

 production within jet:J/ψ Zhang (Wed 10:50am)



What Unique Properties of QGP Are We Probing?
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Experimental data on , RAA vn Properties of QGP
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Ei2(R2, t2)

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

Focus on data at low pT Chromoelectric correlator
Probe

• QGP affects quarkonia 
but not production of  

QQ̄ →
QQ̄

Yao, Mehen, 2009.02408

Theory

Phenomenology

Computation

• Novel transport coefficients

• New type gluon distribution

Open quantum system 
+ 

Effective field theory

• Nonrelativistic

(cold/hot medium effect, feeddown)



Open Quantum System
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QQ̄

QGP

OQS: treat  pairs as an open quantum system interacting with QGPQQ̄
<latexit sha1_base64="yaeyFk67EN/RA5hbZu8VeLV5mHI="></latexit>

⇢QQ̄(t) = TrQGP[U(t)⇢tot(0)U
†(t)]

<latexit sha1_base64="YEKlQO9w/F0TIqK2sMj9PFlNuNw=">AAACI3icbVDLSgMxFM3UV62vUZdugkWomzIjvhCEogtdtmAf0Cklk6ZtaGYyJHeEMsy/uPFX3LhQihsX/ovpA9TWA4HDOedyc48fCa7BcT6tzNLyyupadj23sbm1vWPv7tW0jBVlVSqFVA2faCZ4yKrAQbBGpBgJfMHq/uB27NcfmdJchg8wjFgrIL2QdzklYKS2feWpvmwnngowSEgLzjG+xlOt4vlEJZU0xZ4EHjCNf7KVu3LatvNO0ZkALxJ3RvJohnLbHnkdSeOAhUAF0brpOhG0EqKAU8HSnBdrFhE6ID3WNDQkZmcrmdyY4iOjdHBXKvNCwBP190RCAq2HgW+SAYG+nvfG4n9eM4buZSvhYRQDC+l0UTcWpg48Lgx3uGIUxNAQQhU3f8W0TxShYGrNmRLc+ZMXSe2k6J4Xzyqn+dLNrI4sOkCHqIBcdIFK6B6VURVR9IRe0Bt6t56tV2tkfUyjGWs2s4/+wPr6BoSVpDg=</latexit>

⇢tot(0) = ⇢QQ̄ ⌦ ⇢QGP

In certain limits, evolution equation is Lindblad equation (Markovian, non-unitary)

Semiclassical limits: Boltzmann equations (rate equation, Fokker-Planck/Langevin equation) 

<latexit sha1_base64="uP5n0713KeXdKOa+8yy8XxkIky8="></latexit>
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<latexit sha1_base64="Q5qA/0IrF9EAtMYCnJ/H0bx7Qik=">AAACCnicbZDLSsNAFIYnXmu9RV26GS2Cq5KIt41Q7MZlBXuBJpTJZNIOnZmEmYlQQtZufBU3LhRx6xO4822cthG09YeBj/+cw5nzBwmjSjvOl7WwuLS8slpaK69vbG5t2zu7LRWnEpMmjlksOwFShFFBmppqRjqJJIgHjLSDYX1cb98TqWgs7vQoIT5HfUEjipE2Vs8+8CKJcJZ5ksMwh1H+gzqHV7DejfyeXXGqzkRwHtwCKqBQo2d/emGMU06Exgwp1XWdRPsZkppiRvKylyqSIDxEfdI1KBAnys8mp+TwyDghjGJpntBw4v6eyBBXasQD08mRHqjZ2tj8r9ZNdXTpZ1QkqSYCTxdFKYM6huNcYEglwZqNDCAsqfkrxANkstEmvbIJwZ09eR5aJ1X3vHp2e1qpXRdxlMA+OATHwAUXoAZuQAM0AQYP4Am8gFfr0Xq23qz3aeuCVczsgT+yPr4BkWOaLQ==</latexit>

df

dt
= C[f ]

Akamatsu, Rothkopf, 1110.1203; Akamatsu, 1403.5783

Reviews of OQS for quarkonia: Rothkopf, 1912.02253; Akamatsu, 2009.10559
Sharma, 2101.04268; Yao, 2102.01736



Separation of Energy Scales
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In vacuum M ≫ Mv ≫ Mv2 QCD

NRQCD

pNRQCD

M

Mv
Mv2

heavy quark mass

inverse of quarkonium size r−1

quarkonium binding energy

Medium case depends on where  fitsT

Q
Q

Resolving

power of QGP

Transitions between levels

1S
2S

unbound

• Quantum optical limit: low T • Quantum Brownian motion: high T

Q

Q

Decoherence of  pair, “diffusion”QQ̄

Resolving

power of QGP

Q
Q

cc̄ bb̄
1.3 4.2 GeV

0.5 0.5 GeV

0.7 1.3 GeV



Separation of Energy Scales and Physical Scenarios
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M ≫ T ≫ Mv2, ΛQCD

M ≫ Mv ≫ T, ΛQCD

NRQCD

pNRQCD

pNRQCD

Hierarchy of energy scales EFT Quantum Description Classical Description

Lindblad (quantum 
Brownian motion)

Lindblad (quantum 
Brownian motion)

Diffusion equation 
(semiclassical limit)

Boltzmann equation 
(quantum optical and 
semiclassical limits)

M ≫ Mv ≫ T, ΛQCD

T ≫ Mv2, expand Mv2/T

No expansion of Mv2/T

αs(T) small

rT small

rT small
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Various Calculation Approaches 
Differ in Treatments of Temperature Regimes

Nomenclature from Andronic, et al, 2402.04366,  
summarizing efforts of EMMI Rapid Reaction Task Force



Example 1: Statistical Hadronization Model
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• No dynamical evolution by assuming heavy quarks 
unbound in medium and reach thermal equilibrium 
(kinetic only, large )M

• Instantaneous hadronization at freezeout

Q

QGP

Q̄
Q̄

Q

QQ̄

Andronic, Braun-Munzinger, Köhler, Redlich, Stachel, 1901.09200

• Using Wigner function in hadronization:  
scale  enters, but not Mv Mv2

Corona effect

See e.g. Instantaneous Coalescence 
Model, Parton-Hadron-String Dynamics

Application in pp: Gossiaux (Tu 2pm)



Example 2: Lindblad Equation in Osaka and Nantes Approaches
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• Focus on  —> Lindblad equation (quantum Brownian motion), 1D numericsM ≫ T ≫ Mv2, ΛQCD

• Osaka: momentum basis Dij ∝ δij

kinetic + potential + …H =  singlet-octet, octet-octet transitionsLi :

• Nantes: position basis  has off-diagonal partDij

Miura, Akamatsu, Asakawa, Kaida, 2205.15551 Delorme, Katz, Gousset, Gossiaux, Blaizot, 2402.04488

<latexit sha1_base64="uP5n0713KeXdKOa+8yy8XxkIky8="></latexit>
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Example 3: Coupled Boltzmann Equations in Duke/MIT Approach
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<latexit sha1_base64="0lTySYVzEeC8Nhgqb5d6KNbX5UQ="></latexit>
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<latexit sha1_base64="YpWtP7useSMYBDV2JnA5BTgBHlM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiK+lkU3LhuwD2hDmExv2qGTSZyZCCV07cZfceNCEbd+gTv/xulD0NYDFw7n3Mu994QpZ0o7zpe1sLi0vLJaWCuub2xubds7u3WVZJJCjSY8kc2QKOBMQE0zzaGZSiBxyKER9q9HfuMepGKJuNWDFPyYdAWLGCXaSIF9EAW51w6JzL3hELcF3OEo8EzlP2Jgl5yyMwaeJ+6UlNAU1cD+bHcSmsUgNOVEqZbrpNrPidSMchgW25mClNA+6ULLUEFiUH4+fmWIj4zSwVEiTQmNx+rviZzESg3i0HTGRPfUrDcS//NamY4u/ZyJNNMg6GRRlHGsEzzKBXeYBKr5wBBCJTO3YtojklBt0iuaENzZl+dJ/aTsnpfPvNNS5WoaRwHto0N0jFx0gSroBlVRDVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3KK+alA==</latexit>

fQQ̄ 6= fQfQ̄ to handle correlated and uncorrelated (re)combination

Yao, Ke, Xu, Bass, Müller, 2004.06746

• Open heavy quarks & antiquarks for , unbound pairT ≫ Mv2

• Each quarkonium state  for nℓs Mv2 ≳ T



Boltzmann Equation for Quarkonium
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• Boltzmann/rate equation also used in Tsinghua, Saclay, Santiago, TAMU approaches

• Rigorous derivation from OQS + pNRQCD in quantum optical and semiclassical limits      
Dissociation/recombination terms depend on chromoelectric correlator, a new gluon distribution

Modeling reaction rates

<latexit sha1_base64="C7TGFluomrlvo49Rykh+uouqt9Y="></latexit>

[g��
adj ]

>(�E)

<latexit sha1_base64="FzExw9GH2cjX3UVtR9rzyKxTAyM="></latexit>

[g++
adj ]

>(��E)
<latexit sha1_base64="ZV3UqeYoh43crO235lgBR36U7ME="></latexit>

[g++
adj ]

>(t) / hEa
i (t)Wab(t, 0)Eb

i (0)iT

Yao, Mehen, 1811.07027, 2009.02408

<latexit sha1_base64="eH8FLIwxwbC9dyotMqQgKnHFHMQ="></latexit>

[g++
adj ]

>(!) = e!/T [g��
adj ]

>(�!)

QGP

Nijs, Scheihing, Yao, 2310.09325

<latexit sha1_base64="HQbjpso8Pgv6b4Z4YMQD34CuHr0="></latexit>

dnb(t,x)

dt
= ��nb(t,x) + F (t,x)

Gauge invariant

Density of bound state:

<latexit sha1_base64="lv8aYpjMt8XjJE2TDALUdXBg8X8="></latexit>

� =

Z
d3prel
(2⇡)3

F =

Z
d3pcm
(2⇡)3

d3prel
(2⇡)3

fQQ̄

<latexit sha1_base64="Jxvc+xfDafgFeq0FGkXHmrHm0Do="></latexit>
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i|2

<latexit sha1_base64="Jxvc+xfDafgFeq0FGkXHmrHm0Do="></latexit>
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Example 4: Lindblad Equation in Munich-KSU Approach
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• Focus on  and  —> Lindblad equation (quantum Brownian motion)M ≫ Mv ≫ T, ΛQCD T ≫ Mv2

• New development: 3-loop QCD potential, beyond Coulomb

<latexit sha1_base64="bVwdmfjvd/+OZeNBMujAOVv1vxk="></latexit>

d⇢QQ̄(t)

dt
= �i

⇥
H + �adj�h, ⇢QQ̄(t)

⇤
+ adj

�
L↵i⇢QQ̄(t)L

†
↵i �

1

2
{L†

↵iL↵i, ⇢QQ̄(t)}
�

Novel transport coefficients in terms of chromoelectric correlator
<latexit sha1_base64="pvpBJ0sEJj+0263CbPI+nqOW55Q="></latexit>

adj + i�adj ⌘
g2TF

3Nc

Z
dt
⌦
T Ea

i (t)Wab(t, 0)Eb
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T

<latexit sha1_base64="7xu7psNlSHCNsO0qlMyu/abhW3A=">AAACGnicbVDLSgMxFM3UV62vqks3wSJUCmVGfG0qRTcuFawKnelwJ5O2scnMkGSEMvQ73Pgrblwo4k7c+DemteCjHrhwcs695N4TJJwpbdsfVm5qemZ2Lj9fWFhcWl4prq5dqjiVhDZIzGN5HYCinEW0oZnm9DqRFETA6VXQOxn6V7dUKhZHF7qfUE9AJ2JtRkAbyS86bg+SBPzMlQJDeDPANdzsfD9bWaUy8FpHZTcWtAM1e9svluyqPQKeJM6YlNAYZ37xzQ1jkgoaacJBqaZjJ9rLQGpGOB0U3FTRBEgPOrRpaASCKi8bnTbAW0YJcTuWpiKNR+rPiQyEUn0RmE4Buqv+ekPxP6+Z6vahl7EoSTWNyNdH7ZRjHeNhTjhkkhLN+4YAkczsikkXJBBt0iyYEJy/J0+Sy52qs1/dO98t1Y/HceTRBtpEZeSgA1RHp+gMNRBBd+gBPaFn6956tF6s16/WnDWeWUe/YL1/AmLLn9E=</latexit>

adj = [g++
adj ]

>(! = 0)

Brambilla, Magorsch, Strickland, Vairo, Griend, 2403.15545



Chromoelectric Correlators
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• Similar to but different from heavy quark diffusion coefficient, in terms of operator ordering

• Axial gauge puzzle: Feynman gauge calculations show the two correlators differ, 
but would be same in (temporal) axial gauge

<latexit sha1_base64="Iqc3CaL2C9coTml4qbOOitTC8/Q="></latexit>

fund =
g2

3Nc
Re

Z
dt
⌦
Trc[U(�1, t)Ei(t)U(t, 0)Ei(0)U(0,�1)]

↵
T,Q

HQ diffusion

Quarkonium

t

Eller, Ghiglieri, Moore, 1903.08064; Binder, Mukaida, Scheihing, Yao, 2107.03945

Bruno Scheihing: obstruction in defining (temporal) axial gauge for  κfund

puzzle solved Scheihing, Yao, PRL 130, 052302 (2023)

<latexit sha1_base64="owsVCzWFX1tvzOXzn7bQY24Jiqk="></latexit>

adj = [g++
adj ]

>(! = 0) =
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3Nc
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dthEa
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Chromoelectric Correlators in Weakly and Strongly Coupled Plasmas
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Nijs, Scheihing, 
Yao, 2310.09325

• NLO calculation in QCD compared with 
strong coupling results in  SYM𝒩 = 4

• Implication for phenomenology

In strong coupling limit: 
<latexit sha1_base64="3o32L5uhLg56P2S1j9UVTpK8Dmw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahUiiJ+FpJ0Y3LCvYBTRom02k6diYJMxOhhG7c+CtuXCji1n9w5984bbPQ1gMXDufcy733+DGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhowSgUkdRywSLR9JwmhI6ooqRlqxIIj7jDT9wfXYbz4QIWkU3qlhTFyOgpD2KEZKS5653w681BEcou79qJOWyyO3c1lyIk4CdOSZRatiTQDniZ2RIshQ88wvpxvhhJNQYYakbNtWrNwUCUUxI6OCk0gSIzxAAWlrGiJOpJtOvhjBQ610YS8SukIFJ+rviRRxKYfc150cqb6c9cbif147Ub0LN6VhnCgS4umiXsKgiuA4EtilgmDFhpogLKi+FeI+EggrHVxBh2DPvjxPGscV+6xyentSrF5lceTBHjgAJWCDc1AFN6AG6gCDR/AMXsGb8WS8GO/Gx7Q1Z2Qzu+APjM8fRW6Xyw==</latexit>

[g++
adj ]

>(!)

Lindblad and Boltzmann equations 
(Markovian) become trivial (no dynamics)

Need non-Markovian description
<latexit sha1_base64="yaeyFk67EN/RA5hbZu8VeLV5mHI="></latexit>

⇢QQ̄(t) = TrQGP[U(t)⇢tot(0)U
†(t)]

Bruno Scheihing 

Poster #75 and 
Friday 9:06 AM

vanishes at ω < 0
<latexit sha1_base64="rAlEjU5p09NRfvYcxzrhj5vu6cE=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUR8bYSiG5cV7AOaEG4mk3bs5MHMRCwhv+LGhSJu/RF3/o3TNgttPXDhcM693HuPn3ImlWV9G0vLK6tr65WN6ubW9s6uuVfryCQThLZJwhPR80FSzmLaVkxx2ksFhcjntOuPbiZ+95EKyZL4Xo1T6kYwiFnICCgteWbNGUGagpc7IsIQPBRXlmfWrYY1BV4kdknqqETLM7+cICFZRGNFOEjZt61UuTkIxQinRdXJJE2BjGBA+5rGEFHp5tPbC3yklQCHidAVKzxVf0/kEEk5jnzdGYEaynlvIv7n9TMVXro5i9NM0ZjMFoUZxyrBkyBwwAQlio81ASKYvhWTIQggSsdV1SHY8y8vks5Jwz5vnN2d1pvXZRwVdIAO0TGy0QVqolvUQm1E0BN6Rq/ozSiMF+Pd+Ji1LhnlzD76A+PzB4oplCA=</latexit>

adj = 0



Summary and Path Forward
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Quarkonia data at low pT Chromoelectric correlator
Probe

Theory

Phenomenology


Computation

• Future question 1: What is microscopic structure of QGP probed by different quarkonia,
as reflected by chromoelectric correlator?

Is the QGP a weakly coupled gas of quarks/gluons 
or a strongly coupled fluid, probed by  ?Υ(nS)

We need both RHIC and LHC data for this

Constrain chromoelectric correlator from data

Data from RHIC important to constrain 
<latexit sha1_base64="3o32L5uhLg56P2S1j9UVTpK8Dmw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahUiiJ+FpJ0Y3LCvYBTRom02k6diYJMxOhhG7c+CtuXCji1n9w5984bbPQ1gMXDufcy733+DGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhowSgUkdRywSLR9JwmhI6ooqRlqxIIj7jDT9wfXYbz4QIWkU3qlhTFyOgpD2KEZKS5653w681BEcou79qJOWyyO3c1lyIk4CdOSZRatiTQDniZ2RIshQ88wvpxvhhJNQYYakbNtWrNwUCUUxI6OCk0gSIzxAAWlrGiJOpJtOvhjBQ610YS8SukIFJ+rviRRxKYfc150cqb6c9cbif147Ub0LN6VhnCgS4umiXsKgiuA4EtilgmDFhpogLKi+FeI+EggrHVxBh2DPvjxPGscV+6xyentSrF5lceTBHjgAJWCDc1AFN6AG6gCDR/AMXsGb8WS8GO/Gx7Q1Z2Qzu+APjM8fRW6Xyw==</latexit>

[g++
adj ]

>(!) at finite  (sPHENIX & STAR)ω

1S 2S 3S



Summary and Path Forward
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• Future question 2: lattice calculation of chromoelectric correlator

Analytically continue to Euclidean spacetime, 
evaluate and invert

Scheihing, Yao, 2306.13127

Leino, 2401.06733; Brambilla, Wang, 2312.05032Renormalization

<latexit sha1_base64="zQ8kSQletsVq/279WmXq9fha6dg="></latexit>
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Spectral function is non-odd
<latexit sha1_base64="C+eQvlY1FqZngtSQcyso6sX87f4="></latexit>
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!!0

T
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h
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adj (�!)
i

• Future question 4: solve Lindblad equation for multiple  pairsQQ̄

Important for charmonium phenomenology, but computationally expensive

Machine learning? Quantum computing?

• Future question 3: spin alignment/polarization of quarkonium probes chromomagnetic correlator
<latexit sha1_base64="iYYZeJKl20l8uaf0IPSjWe+vEI4=">AAACInicbVDLSgMxFM34rPVVdekmWIQKUmbE567oxqVCa4VOHe6kaQ3NZIbkjlCGfosbf8WNC0VdCX6M6bQLXwcCh3POJfeeMJHCoOt+OFPTM7Nz84WF4uLS8spqaW39ysSpZrzBYhnr6xAMl0LxBgqU/DrRHKJQ8mbYPxv5zTuujYhVHQcJb0fQU6IrGKCVgtKJL0H1JKengbiBCu5QPwK8ZSCz5vAmg3BYwV13J7fDiiW+zvNBPSiV3aqbg/4l3oSUyQQXQenN78QsjbhCJsGYlucm2M5Ao2CSD4t+angCrA893rJUQcRNO8tPHNJtq3RoN9b2KaS5+n0ig8iYQRTa5Gh/89sbif95rRS7x+1MqCRFrtj4o24qKcZ01BftCM0ZyoElwLSwu1J2CxoY2laLtgTv98l/ydVe1TusHlzul2unkzoKZJNskQrxyBGpkXNyQRqEkXvySJ7Ji/PgPDmvzvs4OuVMZjbIDzifX3Biol4=</latexit>

hBa
i (t)Wab(t, 0)Bb

i (0)iT

Theoretical calculations and experimental constrain

Cheung, Vogt, 2203.10154; Zhao, Chen, 2312.01799

Boltzmann/Lindblad equations derived from OQS + pNRQCD Yang, Yao, 2405.20280

Lin, Luo, Yao, Shanahan, 2402.06607
de Jong, Metcalf, Lee, Mulligan, Płoskoń, Ringer, Yao, 2010.03571

2106.08394


