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Theory of Quarkonia
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• Quarkonium: bound state of heavy  pairQQ̄

Quarkonium Probes Deconfinement: Screening
• Screening of potential at finite T

Q
Q̄

Q

Q̄

Coulomb ∼
1
r

Confining  ∼ r

Flattened

Plasma screening

“Melting”

Matsui, Satz 1986
In vacuum In medium
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Assume quarkonium not exist inside QGP, 
only (re)generated at phase transition
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Statistical Hadronization Model (SHM)
• In QGP: charms unbound, reach kinetic equilibrium 

(large mass)

• Instantaneous hadronization at freezeout Q

QGP

Q̄
QQ̄

Corona effect

QQ̄

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

Andronic, Braun-Munzinger, Redlich, Stachel, 1710.09425

Valid at low pT

2210.08893
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 Meson ProductionBc

pT(GeV)

• Langevin for unbound heavy quarks

• Instantaneous coalescence at freezeout:                    
one bottom surrounded by multiple charmsc

c̄

b̄
b

b

c̄

<latexit sha1_base64="v8Iha4wSG4KyVbFJmDDFqYpw9DI=">AAACC3icbVC7TsMwFHXKq5RXgZHFaoVUliipeI0VLIxFkLZSElWO67RWbSeyHaQq6s7Cr7AwgBArP8DG3+A+Bmg50pWOzrlX994TpYwq7TjfVmFldW19o7hZ2tre2d0r7x+0VJJJTDycsER2IqQIo4J4mmpGOqkkiEeMtKPh9cRvPxCpaCLu9SglIUd9QWOKkTZSt1yRfuClirJE1Ny7kxAGinLo2PUA5oHkMObjbrnq2M4UcJm4c1IFczS75a+gl+CME6ExQ0r5rpPqMEdSU8zIuBRkiqQID1Gf+IYKxIkK8+kvY3hslB6ME2lKaDhVf0/kiCs14pHp5EgP1KI3Ef/z/EzHl2FORZppIvBsUZwxqBM4CQb2qCRYs5EhCEtqboV4gCTC2sRXMiG4iy8vk1bdds/ts9vTauNqHkcRHIEKqAEXXIAGuAFN4AEMHsEzeAVv1pP1Yr1bH7PWgjWfOQR/YH3+AGsBmWU=</latexit>

r[⌥(1S)] ⇠ 0.2 fm

<latexit sha1_base64="aTKMpelUspabU/RG4o8rW1GVvxs=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4ionUx7LoRlxVsA9IQplMJ+3QmUmYmQgldOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r0nShlV2nW/rYXFpeWV1dJaeX1jc2vb3tltqiSTmDRwwhLZjpAijArS0FQz0k4lQTxipBUNrsd+64FIRRNxr4cpCTnqCRpTjLSROvaB9G9PglTREAaKcug61QDmgeQw5qOOXXEddwI4T7yCVECBesf+CroJzjgRGjOklO+5qQ5zJDXFjIzKQaZIivAA9YhvqECcqDCffDGCR0bpwjiRpoSGE/X3RI64UkMemU6OdF/NemPxP8/PdHwZ5lSkmSYCTxfFGYM6geNIYJdKgjUbGoKwpOZWiPtIIqxNcGUTgjf78jxpnjreuXN2V63Uroo4SmAfHIJj4IELUAM3oA4aAINH8AxewZv1ZL1Y79bHtHXBKmb2wB9Ynz9Of5cx</latexit>

r[J/ ] ⇠ 0.4 fm

<latexit sha1_base64="bcGA4eOHRAhicSaq5XYIkvnlbo4=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KonWx7LUjcsK9gFJCJPppB06MwkzE6GEght/xY0LRdz6E+78G6dtFtp64MLhnHu5954oZVRpx/m2lpZXVtfWSxvlza3tnV17b7+tkkxi0sIJS2Q3QoowKkhLU81IN5UE8YiRTjS8mfidByIVTcS9HqUk4KgvaEwx0kYK7UPpNUIcQF9RDp3qec2HuS85jPk4tCtO1ZkCLhK3IBVQoBnaX34vwRknQmOGlPJcJ9VBjqSmmJFx2c8USREeoj7xDBWIExXk0x/G8MQoPRgn0pTQcKr+nsgRV2rEI9PJkR6oeW8i/ud5mY6vg5yKNNNE4NmiOGNQJ3ASCOxRSbBmI0MQltTcCvEASYS1ia1sQnDnX14k7bOqe1m9uKtV6o0ijhI4AsfgFLjgCtTBLWiCFsDgETyDV/BmPVkv1rv1MWtdsoqZA/AH1ucPi5KWMw==</latexit>

r[Bc] ⇠ 0.34 fm

•  more “similar” to   than (1S)Bc J/ψ Υ

Zhao, He, 2407.05234
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Can Quarkonium Exist inside QGP?
• Deeply bound state at low T  small color dipole, e.g.  for (1S) at  MeV≈ rT ∼ 0.2 Υ T = 200

• Lattice hint at static limit : 
no screening of potential

MQ → ∞

Lattice NRQCD at finite bottom quark mass

<latexit sha1_base64="lqTkvukh1idKnKyyA6sU+W1txeg="></latexit>

hTr[W (⌧, r)W †(⌧, 0)]iT =

Z

!
⇢(!, r)e��!

HotQCD, 2308.16587
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Dissociation and Regeneration
• Same lattice calculation shows thermal width Quarkonium can dissociate

Q
Q̄

Q Q̄

• If quarkonium exists inside QGP, recombination can 
also happen,  as inverse process of dissociation

Absorb energetic gluon dynamically

Q
Q̄

Radiate out gluon

Thews, Schroedter, Rafelski, hep-ph/0007323

Laine, Philipsen, Romatschke, Tassler, hep-ph/0611300
Beraudo, Blaizot, Ratti, 0712.4394

Brambilla, Ghiglieri, Petreczky, Vairo, 0804.0993

Q̄

Q

HotQCD, 2308.16587
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Phenomenology with Dissociation and Regeneration
• Texas A&M University (TAMU) model

#(bound state) 

change rate

Equilibrium number,

time-dependent

<latexit sha1_base64="fXIHnCKUyOfV5iimNpVJAYlY2u8="></latexit>

dNB(⌧)

d⌧
= ��D[T (⌧)]

⇣
NB(⌧)�N eq

B [T (⌧)]
⌘

• Dissociation rate from
<latexit sha1_base64="dJUn1q5Wd49Omm8erDta84BvuQ8=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgFEoivpalbly2YB/QhHIznbZDJw9mJkIJWbjxV9y4UMStH+HOv3HSZqGtBwYO59zL3HO8iDOpLOvbKKytb2xuFbdLO7t7+wfm4VFHhrEgtE1CHoqeB5JyFtC2YorTXiQo+B6nXW96m/ndByokC4N7NYuo68M4YCNGQGlpYJbHVccHNSHAk0aKHRXiVtXxQCStdGBWrJo1B14ldk4qKEdzYH45w5DEPg0U4SBl37Yi5SYgFCOcpiUnljQCMoUx7WsagE+lm8xDpPhUK0M8CoV+gcJz9fdGAr6UM9/Tk9nBctnLxP+8fqxGN27CgihWNCCLj0Yxxzpq1ggeMkGJ4jNNgAimb8VkAgKI0r2VdAn2cuRV0jmv2Ve1y9ZFpd7I6yiiMjpBZ8hG16iO7lATtRFBj+gZvaI348l4Md6Nj8Vowch3jtEfGJ8/2ICXmg==</latexit>

g + B ! Q+ Q̄
<latexit sha1_base64="tqUIAqXKNVY0VhOmvMopNOH6BzU=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAIFaHOFF/LohuXLdgHdIaSSdM2NPMwyQhlqBt/xY0LRdz6F+78G9PpLLT1QOBwzr3cnONFnEllWd/GwuLS8spqbi2/vrG5tW3u7DZkGAtC6yTkoWh5WFLOAlpXTHHaigTFvsdp0xveTPzmAxWShcGdGkXU9XE/YD1GsNJSx9wvO4r5VBbvT/snNeSoEKXsuGMWrJKVAs0TOyMFyFDtmF9ONySxTwNFOJaybVuRchMsFCOcjvNOLGmEyRD3aVvTAOurbpImGKMjrXRRLxT6BQql6u+NBPtSjnxPT/pYDeSsNxH/89qx6l25CQuiWNGATA/1Yo50zkkdqMsEJYqPNMFEMP1XRAZYYKJ0aXldgj0beZ40yiX7onReOytUrrM6cnAAh1AEGy6hArdQhToQeIRneIU348l4Md6Nj+nogpHt7MEfGJ8/wuOVKw==</latexit>

2⇥ (q/g +Q ! q/g +Q)

• Phenomenological factors, interference

• New development:                          
T-matrix summation + lattice input

Wu, Tang, Rapp, 2503.10089

2210.08893

2005.14518
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Phenomenology with Dissociation and Regeneration
• Santiago comover interaction model

<latexit sha1_base64="Jl7AdzSYD6rxS0Es7PVFRXfuSYc="></latexit>

⌧
d⇢B(⌧)

d⌧
= ��co�B

⇣
⇢co⇢B � ⇢Q⇢Q̄

⌘

Input: comover-quarkonium cross section 

No regeneration for bottomonium

Ferreiro, Lansberg, 1804.04474

• Tsinghua model: relativistic Boltzmann
<latexit sha1_base64="m+ILkOkIghDuTLcqNzkpRZGaY2I="></latexit>h
cosh(y � ⌘)

@

@⌧
+

sinh(y � ⌘)

⌧

@

@⌘
+ vT ·rT

i
fB = �↵fB + �

Only leading-order processes included

1905.13669

<latexit sha1_base64="HpLtqYUR6FHM+QtdvxsacWgM3zg=">AAACEHicbVDJSgNBEO1xjXGLevTSGEQhEGbE7RjixWMCZoFMCDWdnqRJz0J3jRKGfIIXf8WLB0W8evTm39hZDpr4oODxXhVV9bxYCo22/W0tLa+srq1nNrKbW9s7u7m9/bqOEsV4jUUyUk0PNJci5DUUKHkzVhwCT/KGN7gZ+417rrSIwjscxrwdQC8UvmCARurkTnoFNwDsM5BpeURdyX1UotdHUCp6oNWC64FKq6NOLm8X7QnoInFmJE9mqHRyX243YknAQ2QStG45doztFBQKJvko6yaax8AG0OMtQ0MIuG6nk4dG9NgoXepHylSIdKL+nkgh0HoYeKZzfLye98bif14rQf+6nYowTpCHbLrITyTFiI7ToV2hOEM5NASYEuZWyvqggKHJMGtCcOZfXiT1s6JzWbyonudL5VkcGXJIjsgpccgVKZFbUiE1wsgjeSav5M16sl6sd+tj2rpkzWYOyB9Ynz/gLp0j</latexit>

g + B $ Q+ Q̄
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What Properties of QGP are Probed?
• Temperature?

• Dissociation/recombination rate?

Separate intrinsic properties of quarkonium 
from intrinsic properties of QGP

Input from well-studied hydro

Property of quarkonium

Open quantum system (OQS) + effective field theory (EFT)
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Open Quantum System for Quarkonium

QQ̄

QGP

• QGP +  = closed quantum system;    = open quantum systemQQ̄ QQ̄
<latexit sha1_base64="yaeyFk67EN/RA5hbZu8VeLV5mHI="></latexit>

⇢QQ̄(t) = TrQGP[U(t)⇢tot(0)U
†(t)]

Akamatsu, Rothkopf, 1110.1203; Akamatsu, 1403.5783

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

ρS ρS

ρS

<latexit sha1_base64="7UASiwU9blS8bDgk2L7gVIaaxzI=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURX8uiG5ct2Ac0IUym03boJBNmJkIN+RI3LhRx66e482+ctllo64ELh3Pu5d57woQzpR3n2yqtrW9sbpW3Kzu7e/tV++Cwo0QqCW0TwYXshVhRzmLa1kxz2kskxVHIaTec3M387iOVion4QU8T6kd4FLMhI1gbKbCrnhyLIGt5IZZZK88Du+bUnTnQKnELUoMCzcD+8gaCpBGNNeFYqb7rJNrPsNSMcJpXvFTRBJMJHtG+oTGOqPKz+eE5OjXKAA2FNBVrNFd/T2Q4UmoahaYzwnqslr2Z+J/XT/Xwxs9YnKSaxmSxaJhypAWapYAGTFKi+dQQTCQztyIyxhITbbKqmBDc5ZdXSee87l7VL1sXtcZtEUcZjuEEzsCFa2jAPTShDQRSeIZXeLOerBfr3fpYtJasYuYI/sD6/AEuYZNy</latexit>⇢QQ̄
<latexit sha1_base64="7UASiwU9blS8bDgk2L7gVIaaxzI=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURX8uiG5ct2Ac0IUym03boJBNmJkIN+RI3LhRx66e482+ctllo64ELh3Pu5d57woQzpR3n2yqtrW9sbpW3Kzu7e/tV++Cwo0QqCW0TwYXshVhRzmLa1kxz2kskxVHIaTec3M387iOVion4QU8T6kd4FLMhI1gbKbCrnhyLIGt5IZZZK88Du+bUnTnQKnELUoMCzcD+8gaCpBGNNeFYqb7rJNrPsNSMcJpXvFTRBJMJHtG+oTGOqPKz+eE5OjXKAA2FNBVrNFd/T2Q4UmoahaYzwnqslr2Z+J/XT/Xwxs9YnKSaxmSxaJhypAWapYAGTFKi+dQQTCQztyIyxhITbbKqmBDc5ZdXSee87l7VL1sXtcZtEUcZjuEEzsCFa2jAPTShDQRSeIZXeLOerBfr3fpYtJasYuYI/sD6/AEuYZNy</latexit>⇢QQ̄

<latexit sha1_base64="7UASiwU9blS8bDgk2L7gVIaaxzI=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURX8uiG5ct2Ac0IUym03boJBNmJkIN+RI3LhRx66e482+ctllo64ELh3Pu5d57woQzpR3n2yqtrW9sbpW3Kzu7e/tV++Cwo0QqCW0TwYXshVhRzmLa1kxz2kskxVHIaTec3M387iOVion4QU8T6kd4FLMhI1gbKbCrnhyLIGt5IZZZK88Du+bUnTnQKnELUoMCzcD+8gaCpBGNNeFYqb7rJNrPsNSMcJpXvFTRBJMJHtG+oTGOqPKz+eE5OjXKAA2FNBVrNFd/T2Q4UmoahaYzwnqslr2Z+J/XT/Xwxs9YnKSaxmSxaJhypAWapYAGTFKi+dQQTCQztyIyxhITbbKqmBDc5ZdXSee87l7VL1sXtcZtEUcZjuEEzsCFa2jAPTShDQRSeIZXeLOerBfr3fpYtJasYuYI/sD6/AEuYZNy</latexit>⇢QQ̄

<latexit sha1_base64="OKGUsRD1Y6E0WTHOjsqUjT863k4=">AAACFnicbVDJSgNBEO1xjXEb9eilMQjxYJgRt4sQ9OIxAbNAZhh6Oj1Jk56F7hohDPMVXvwVLx4U8Sre/Bs7i6CJDwoe71VRVc9PBFdgWV/GwuLS8spqYa24vrG5tW3u7DZVnErKGjQWsWz7RDHBI9YADoK1E8lI6AvW8gc3I791z6TicXQHw4S5IelFPOCUgJY889gJJKFZ5sgQd3NH9mMvqzs+kVk9z8twlP9YkOMr7Jklq2KNgeeJPSUlNEXNMz+dbkzTkEVABVGqY1sJuBmRwKlgedFJFUsIHZAe62gakZApNxu/leNDrXRxEEtdEeCx+nsiI6FSw9DXnSGBvpr1RuJ/XieF4NLNeJSkwCI6WRSkAkOMRxnhLpeMghhqQqjk+lZM+0TnBDrJog7Bnn15njRPKvZ55ax+WqpeT+MooH10gMrIRheoim5RDTUQRQ/oCb2gV+PReDbejPdJ64IxndlDf2B8fAOpfp+q</latexit>

d⇢QQ̄(t)

dt
=

Brambilla, Escobedo, Soto, Vairo, 1612.07248, 1711.04515; Blaizot, Escobedo, 1711.10812; 
Miura, Akamatsu, Asakawa, Rothkopf, 1908.06293, Yao, Mehen, 1811.07027, 2009.02408



Separation of Energy Scales and Nonrelativistic EFT
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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

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

cc̄ bb̄
1.3 4.5 GeV

0.5 0.5 GeV

0.7 1.1 GeV

Q

Q
Q̄



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 Limit

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



Case 1: Lindblad Equation in Quantum Brownian Motion
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• , 1D numericsM ≫ T ≫ Mv2, ΛQCD

• Osaka group: momentum basis Dij ∝ δij

kinetic + potentialH =  singlet-octet, octet-octet transitionsLi :

• Nantes: position basis  has off-diagonalDij

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

<latexit sha1_base64="uP5n0713KeXdKOa+8yy8XxkIky8="></latexit>

d⇢QQ̄(t)

dt
= �i[H, ⇢QQ̄(t)] +

X

ij

Dij

�
Li⇢QQ̄(t)L

†
j �

1

2
{L†

jLi, ⇢QQ̄(t)}
�

Occupancy

in steady 
state
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• Munich-Kent approach:  and M ≫ Mv ≫ T, ΛQCD T ≫ Mv2

<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)}
�

<latexit sha1_base64="pvpBJ0sEJj+0263CbPI+nqOW55Q="></latexit>

adj + i�adj ⌘
g2TF

3Nc

Z
dt
⌦
T Ea

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

↵
T

Brambilla, Magorsch, Strickland, 
Vairo, Griend, 2403.15545

Case 2: Lindblad Equation in Quantum Brownian Motion

• Perturbative at : 3-loop QCD potential, beyond Coulomb 
Nonperturbative transport parameters:  and  from 
chromoelectric correlator

Mv
κadj γadj

• New development: perturbative beyond dipole limit



0 100 200 300 400
Npart

0.0

0.5

1.0

1.5

R
A

A

1S, theory

1S, syst

1S, stat

2S, theory

2S, syst

2S, stat
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Case 3: Boltzmann Equation in Quantum Optical & Classical
• Rigorous derivation

<latexit sha1_base64="0+jhWIDqI/KVT0T5cDsJGpuGGIc="></latexit>

dnB(t,x)

dt
= ��nB(t,x) + F (t,x)

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

[g��
adj ]

>(�E)

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

[g++
adj ]

>(��E)

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

� =

Z
d3prel
(2⇡)3

F =

Z
d3pcm
(2⇡)3

d3prel
(2⇡)3

fQQ̄

<latexit sha1_base64="Jxvc+xfDafgFeq0FGkXHmrHm0Do="></latexit>

|h b|r| prel
i|2

<latexit sha1_base64="Jxvc+xfDafgFeq0FGkXHmrHm0Do="></latexit>

|h b|r| prel
i|2

QGP

Nijs, Scheihing, Yao, 2310.09325

Chromoelectric 
correlator

Yao, Mehen, 
1811.07027, 
2009.02408

Quarkonium 
transition

• Duke-MIT: coupled Boltzmann equations 
for open heavy quarks and quarkonia

Yao, Ke, Xu, Bass, 
Müller, 2004.06746

Yao, Müller, 
1709.03529

Open heavy quark dynamics 
crucial for quarkonium equilibrium

M ≫ Mv ≫ T, ΛQCD

<latexit sha1_base64="YpWtP7useSMYBDV2JnA5BTgBHlM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiK+lkU3LhuwD2hDmExv2qGTSZyZCCV07cZfceNCEbd+gTv/xulD0NYDFw7n3Mu994QpZ0o7zpe1sLi0vLJaWCuub2xubds7u3WVZJJCjSY8kc2QKOBMQE0zzaGZSiBxyKER9q9HfuMepGKJuNWDFPyYdAWLGCXaSIF9EAW51w6JzL3hELcF3OEo8EzlP2Jgl5yyMwaeJ+6UlNAU1cD+bHcSmsUgNOVEqZbrpNrPidSMchgW25mClNA+6ULLUEFiUH4+fmWIj4zSwVEiTQmNx+rviZzESg3i0HTGRPfUrDcS//NamY4u/ZyJNNMg6GRRlHGsEzzKBXeYBKr5wBBCJTO3YtojklBt0iuaENzZl+dJ/aTsnpfPvNNS5WoaRwHto0N0jFx0gSroBlVRDVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3KK+alA==</latexit>

fQQ̄ 6= fQfQ̄
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Chromoelectric Correlators for Heavy Quark and Quarkonium
<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

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

adj = [g++
adj ]

>(! = 0) =
g2TF

3Nc

Z
dthEa

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

• Operator orderings are different; evident difference seen in lattice calculation

HQ:

Quarkonium:

Eller, Ghiglieri, Moore, 1903.08064; Binder, Mukaida, Scheihing, 
Yao, 2107.03945; Scheihing, Yao, 2205.04477, 2306.13127

Nijs, Scheihing, 
Yao, 2310.09325

Mayer-Steudte, PoS 
LATTICE2024 (2025) 205

Need new dynamical description 
to access strong coupling effect
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What Properties of QGP are Probed?

• Light hadrons  and vn ⟨pT⟩ • Shear and bulk viscosities , η ζ

• High-  particles suppressionpT • Jet quenching parameter ̂q

• Open heavy flavors  and RAA vn

• Low-  quarkonium  and pT RAA vn

• Heavy quark drag and diffusion 
coefficients , ηD κfund

• Quarkonium transport 
parameters  and ,    
and more generally, 
chromoelectric correlator

κadj γadj

<latexit sha1_base64="wd0OUEI9xN3f5aJmCRA0S6UKagw=">AAACH3icbVDLSgMxFM34rPVVdekmWAq6KTOi1WVRBJcVrBU67XAnvW1DM5khyQhl6J+48VfcuFBE3Pk3pmMXvg4EDufcS849YSK4Nq774czNLywuLRdWiqtr6xubpa3tGx2nimGTxSJWtyFoFFxi03Aj8DZRCFEosBWOzqd+6w6V5rG8NuMEOxEMJO9zBsZKQanmC5ADgfQi4F2gfgRmyEBkrUk3g3CSyyH1VT4UXO/7cYQDOAhKZbfq5qB/iTcjZTJDIyi9+72YpRFKwwRo3fbcxHQyUIYzgZOin2pMgI1ggG1LJUSoO1l+34RWrNKj/VjZJw3N1e8bGURajyMbtzLNr397U/E/r52a/mkn4zJJDUr29VE/FdTEdFoW7XGFzIixJcAUt1kpG4ICZmylRVuC9/vkv+TmsOrVqsdXR+X62ayOAtkle2SfeOSE1MklaZAmYeSePJJn8uI8OE/Oq/P2NTrnzHZ2yA84H59mB6KV</latexit>
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Quarkonium Production from AA to pp, pA

•  v.s. event activity in pp
ψ(2S)
J/ψ

Universality of long-distance 
may break down in pp?

2312.15201

2204.10253
b

b̄

nS
Q

Q̄

Short 
distance

Long 
distance



Excited state | | (GeV)Eb

2503.02139
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Quarkonium Production from AA to pp, pA
• Final-state interaction effect in quarkonium production in pA collisions pT > 2 GeV

• Consistent theoretical description needed

Nature of “environment”, how its property depends on multiplicity

How formation of quarkonium is affected by “environment”, dependence on size & binding energy

Interaction time with “environment”,  dependencepT /m
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Summary and Future Prospects

• Quarkonium probes deconfinement in AA


• Uniquely probes chromoelectric correlator of QGP in the dipole limit


• From AA to pp, pA


• Details of model descriptions: Andronic, et al, 2402.04366, summarizing 
efforts of EMMI Rapid Reaction Task Force started at GSI 2019


• Other interesting directions: (1) quarkonium spin alignment/polarization

(2) novel techniques to solve Lindblad equations 

(3) quarkonium production at intermediate/high , within jet pT

Hydro formulation: Rais, van Hees, Greiner, 2502.21047

Neutral network: Lin, Luo, Yao, Shanahan, 2402.06607


