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• Introduction: quark-gluon plasma (QGP) and heavy ion collision, hard 
probes of QGP: heavy quarks and quarkonia (bound states)


• Transport of heavy quarks in QGP


• Diffusion + radiation energy loss, diffusion transport coefficient


• Transport of quarkonia in QGP


• Open quantum system approach, Lindblad equation


• Novel transport coefficient v.s. heavy quark diffusion coefficient


• Transport in cold nuclear matter in pA and eA collisions
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Quark-Gluon Plasma and Heavy Ion Collision

• Asymptotic freedom —> deconfined 
phase of QCD matter expected at high 
temperature / density —> QGP


• Study QGP: heavy ion collision 
experiments at RHIC and LHC


• QGP fireball: strongly coupled, lifetime 
~10 fm/c, temperature 150—600 MeV

• Hard probes of QGP: large energy scale, heavy quarks, quarkonia and jets



I. Transport of Heavy Quarks in QGP
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Heavy Quark Diffusion and Radiation

• Modified Langevin equation

Q

Diffusion Radiation

Q

Fluctuation coefficient
<latexit sha1_base64="qbBZLPeb3hAzxO/Jbjl6/joS5z4="></latexit>

h⇠i(t)⇠j(0)i = �ij�(t)

<latexit sha1_base64="33GKUd3xKl/03zC2+5ZkdRmrY4A=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQUdSMUdeFGqNAXNCHcTCft0MmDmYlQQhdu/BU3LhRx60e482+ctllo64ELh3Pu5d57/IQzqSzr21hZXVvf2CxsFbd3dvf2zYPDtoxTQWiLxDwWXR8k5SyiLcUUp91EUAh9Tjv+6Hrqdx6okCyOmmqcUDeEQcQCRkBpyTNLDlXg3eBL7AQCSOaMIElgklXvmhPPLFsVawa8TOyclFGOhmd+Of2YpCGNFOEgZc+2EuVmIBQjnE6KTippAmQEA9rTNIKQSjebPTHBJ1rp4yAWuiKFZ+rviQxCKcehrztDUEO56E3F/7xeqoILN2NRkioakfmiIOVYxXiaCO4zQYniY02ACKZvxWQIOgylcyvqEOzFl5dJu1qxzyq1+1q5fpXHUUAldIxOkY3OUR3dogZqIYIe0TN6RW/Gk/FivBsf89YVI585Qn9gfP4A2P2XnA==</latexit>

⌘D =


2MT

Drag coefficient

<latexit sha1_base64="dOmcDfGjRTLB4TycsiAthUW7RDg=">AAACIXicbVDLSgMxFM3UV62vqks3wSIIYpmRot0IRV24rGAf0KlDJpNpQzMPkjtiGeZX3Pgrblwo0p34M6aPhbYeuNzDOfeS3OPGgiswzS8jt7S8srqWXy9sbG5t7xR395oqSiRlDRqJSLZdopjgIWsAB8HasWQkcAVruYPrsd96ZFLxKLyHYcy6AemF3OeUgJacYtX2JaGph2OHZ6kHGb7EpzYD4tyMJXyC7Sc+6b6T8uwhtWWAJfEyp1gyy+YEeJFYM1JCM9Sd4sj2IpoELAQqiFIdy4yhmxIJnAqWFexEsZjQAemxjqYhCZjqppMLM3ykFQ/7kdQVAp6ovzdSEig1DFw9GRDoq3lvLP7ndRLwq92Uh3ECLKTTh/xEYIjwOC7scckoiKEmhEqu/4ppn+jIQIda0CFY8ycvkuZZ2TovV+4qpdrVLI48OkCH6BhZ6ALV0C2qowai6Bm9onf0YbwYb8anMZqO5ozZzj76A+P7B4W0ooQ=</latexit>

dpi
dt

= �⌘Dpi + ⇠i + f rad
i Radiation, likely to be perturbative

<latexit sha1_base64="rA9azwRrNBPkdIofzaPf+RMrXZg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiSlqBuhqAuXFfqCJobJdNIOnUyGmYlQQnHjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TCkaVdpxva2l5ZXVtvbBR3Nza3tm19/ZbKkklJk2csER2QqQIo5w0NdWMdIQkKA4ZaYfD64nffiBS0YQ39EgQP0Z9TiOKkTZSYB/eBApeQi+SCGeVxn1lnHlDJAQaB3bJKTtTwEXi5qQEctQD+8vrJTiNCdeYIaW6riO0nyGpKWZkXPRSRQTCQ9QnXUM5ionys+kLY3hilB6MEmmKazhVf09kKFZqFIemM0Z6oOa9ifif1011dOFnlItUE45ni6KUQZ3ASR6wRyXBmo0MQVhScyvEA2TS0Ca1ognBnX95kbQqZfesXL2rlmpXeRwFcASOwSlwwTmogVtQB02AwSN4Bq/gzXqyXqx362PWumTlMwfgD6zPHyLwlqg=</latexit>

Ds =
2T 2


Diffusion coefficient, likely 
to be nonperturbative
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Heavy Quark Diffusion Coefficient
<latexit sha1_base64="qbBZLPeb3hAzxO/Jbjl6/joS5z4="></latexit>

h⇠i(t)⇠j(0)i = �ij�(t)
<latexit sha1_base64="dOmcDfGjRTLB4TycsiAthUW7RDg=">AAACIXicbVDLSgMxFM3UV62vqks3wSIIYpmRot0IRV24rGAf0KlDJpNpQzMPkjtiGeZX3Pgrblwo0p34M6aPhbYeuNzDOfeS3OPGgiswzS8jt7S8srqWXy9sbG5t7xR395oqSiRlDRqJSLZdopjgIWsAB8HasWQkcAVruYPrsd96ZFLxKLyHYcy6AemF3OeUgJacYtX2JaGph2OHZ6kHGb7EpzYD4tyMJXyC7Sc+6b6T8uwhtWWAJfEyp1gyy+YEeJFYM1JCM9Sd4sj2IpoELAQqiFIdy4yhmxIJnAqWFexEsZjQAemxjqYhCZjqppMLM3ykFQ/7kdQVAp6ovzdSEig1DFw9GRDoq3lvLP7ndRLwq92Uh3ECLKTTh/xEYIjwOC7scckoiKEmhEqu/4ppn+jIQIda0CFY8ycvkuZZ2TovV+4qpdrVLI48OkCH6BhZ6ALV0C2qowai6Bm9onf0YbwYb8anMZqO5ozZzj76A+P7B4W0ooQ=</latexit>

dpi
dt

= �⌘Dpi + ⇠i + f rad
i

• Field operator definition of heavy quark diffusion coefficient
<latexit sha1_base64="j8PRx/9bbtmOx174aWKVitge8pU="></latexit>

 =

Z
dt

D
Trc

�
U(�1, 0)Ei(t)U(t, 0)Ei(0)U(0,�1)

�E

T

<latexit sha1_base64="g1Em5qVh7TQqL3OdN7/x0MUZwUs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqxKILHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmt5+o0kyKBzOJqR/hoWAhI9hYqXXbZ2X3vF8suRV3DrRKvIyUIEOjX/zqDSRJIioM4VjrrufGxk+xMoxwOi30Ek1jTMZ4SLuWChxR7afza6fozCoDFEplSxg0V39PpDjSehIFtjPCZqSXvZn4n9dNTHjlp0zEiaGCLBaFCUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oIINwVt+eZW0LiperVK9r5bq11kceTiBUyiDB5dQhztoQBMIPMIzvMKbI50X5935WLTmnGzmGP7A+fwBS8SOTQ==</latexit>

Ei(0)

<latexit sha1_base64="1V2Wkt654cxarJZ3o5FaDw/cftY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMiuAxgnlAsoTZyWwyZnZ2mekVQsg/ePGgiFf/x5t/4yTZg0YLGoqqbrq7gkQKg6775eRWVtfWN/Kbha3tnd294v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup75rUeujYjVPY4T7kd0oEQoGEUrNW96ooynvWLJrbhzkL/Ey0gJMtR7xc9uP2ZpxBUySY3peG6C/oRqFEzyaaGbGp5QNqID3rFU0YgbfzK/dkpOrNInYaxtKSRz9efEhEbGjKPAdkYUh2bZm4n/eZ0Uw0t/IlSSIldssShMJcGYzF4nfaE5Qzm2hDIt7K2EDammDG1ABRuCt/zyX9I8q3jnlepdtVS7yuLIwxEcQxk8uIAa3EIdGsDgAZ7gBV6d2Hl23pz3RWvOyWYO4Recj2+zGI6R</latexit>

Ei(t)Gauge invariant object—>physical

Zero frequency in Fourier transform

J. Casalderrey-Solana, D. Teaney, hep-ph/0605199
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Calculation and Extraction of Diffusion Coefficient

ALICE, JHEP01(2022)174

L.Apolinário, Y.J.Lee, M.Winn, 2203.16352

<latexit sha1_base64="4i5bsXL3O6xB7sS/S7FqzMLUlis=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewagh5BLx7RyEcCG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaR4MJOY+hEeChYygo2VWvf9tF6f9oslt+zOgVaJl5ESZGj0i1+9gSRJRIUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSgSOq/XR+7RSdWWWAQqlsCYPm6u+JFEdaT6LAdkbYjPSyNxP/87qJCa/8lIk4MVSQxaIw4chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLAheMsvr5LWRdmrlit3lVLtOosjDydwCufgwSXU4BYa0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8AOoGO6g==</latexit>

RAA

STAR, 1812.10224
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Short Summary for Heavy Quark Dynamics

• Perturbative calculation of heavy quark diffusion coefficient probably 
not applicable; lattice calculations need more precision and go 
beyond quenched approximation

• Extraction from experimental data has model dependence, need 
more data, especially at 200 GeV, sPHENIX



II. Transport of Quarkonia in QGP
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Analog of Langevin Equation for Quarkonia?
• Quantum Brownian motion (high T)

Resolving 
power of QGP

Q

Q

Diffusion of heavy Q pair

Q

Q

Wavefunction decoherence

—> dissociation

Q
Q

Resolving 
power of QGP

Transitions between levels

1S

2S

unbound

• Quantum optical limit (low T)
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Lindblad Equation for Quarkonia

Quarkonia: non-unitary,  
time-irreversible evolution 

Lindblad equation

Quantum optical 
limit (low T)

Quantum Brownian 
motion (high T)

TrE
h
U(t, 0)(⇢S ⌦ ⇢E)U

†(t, 0)
i

Lindblad equation

Quarkonia + QGP: unitary, 

time-reversible evolution 

Focus on quarkonia

<latexit sha1_base64="meusfPymM77uwMmB2FgBKj3zllg=">AAACFHicbVBNSwMxEM3Wr1q/Vj16CRahRSm7UtRjUQSPFd220K0lm6ZtaHazJLNCKf0RXvwrXjwo4tWDN/+N6bYHrT4IvHlvhsm8IBZcg+N8WZmFxaXllexqbm19Y3PL3t6paZkoyjwqhVSNgGgmeMQ84CBYI1aMhIFg9WBwMfHr90xpLqNbGMasFZJexLucEjBS2z70CnDkFAu+6sv2jS+Bh0zjtLosYu/O75Bej6m0qW3nnZKTAv8l7ozk0QzVtv3pdyRNQhYBFUTrpuvE0BoRBZwKNs75iWYxoQPSY01DI2J2t0bpUWN8YJQO7kplXgQ4VX9OjEio9TAMTGdIoK/nvYn4n9dMoHvWGvEoToBFdLqomwgMEk8Swh2uGAUxNIRQxc1fMe0TRSiYHHMmBHf+5L+kdlxyT0rl63K+cj6LI4v20D4qIBedogq6QlXkIYoe0BN6Qa/Wo/VsvVnv09aMNZvZRb9gfXwDbI6ckA==</latexit>

U(t, 0)(⇢S ⌦ ⇢E)U
†(t, 0)

<latexit sha1_base64="D5WgMFDQ/jU8iYjLh81uknRmWIM="></latexit>

d⇢S(t)

dt
= �i

⇥
HS,e↵, ⇢S(t)

⇤
+
X

n

Dn

�
Ln⇢S(t)L

†
n � 1

2
{L†

nLn, ⇢S(t)}
�

Quantum analog of Langevin equation

Review: XY, 2102.01736
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Transport Properties for Quarkonium
• “D” term in Lindblad equation

t
R

Ei1(R1, t1)

Ei2(R2, t2)

(R1,�1) (R2,�1) (1,�1)

t

R

Ei1(R1, t1)

Ei2(R2, t2)

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

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>

• After Fourier transform

XY, T.Mehen, 2009.02408
T.Binder, K.Mukaida, B.S.Hitschfeld, XY, 2107.03945

Zero frequency in quantum Brownian motion limit (transport coefficient)
Finite frequency in quantum optical limit

Gauge invariant
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Chromoelectric Correlators for HQ and Quarkonia

Ei2(R2, t2)

Ei1(R1, t1) Ei1(R1, t1)

Ei2(R2, t2)

Single heavy quark Heavy quark antiquark pair

T.Binder, K.Mukaida, B.S.Hitschfeld, XY, 2107.03945

• At NLO: temperature-dependent parts agree 
but vacuum parts differ by a constant Y.Burnier, M.Laine, J.Langelage, L.Mether, 1006.0867

• Currently no NNLO calculations

• Currently no nonperturbative calculations for quarkonium correlator

• Some phenomenological studies exist by using quarkonium correlator

• In temporal axial gauge, they are the same! Axial gauge cannot be 
applied in the presence of infinitely long Wilson lines B.S.Hitschfeld, XY, 2205.04477
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Phenomenology Using Quarkonium Correlators

N.Brambilla, et al, 2205.10289

Quantum Brownian motion

No nPDF effect

Use heavy quark correlator 
(nonperturbative)

Quantum optical limit —>  
semiclassical Botlzmann equation

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

<latexit sha1_base64="mD+WSmPP2lG49zwMNCaPfVeXcZs=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN66kgn1AZyiZNG1Dk0xIMkIZ+htuXCji1p9x59+YtrPQ1gMXDufcm9x7YsWZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRyySpJrRJEp7oTowN5UzSpmWW047SFIuY03Y8vp357SeqDUvko50oGgk8lGzACLZOCu97WagFUljbaa9c8av+HGiVBDmpQI5Gr/wV9hOSCiot4diYbuArG2XuLUY4nZbC1FCFyRgPaddRiQU1UTbfeYrOnNJHg0S7khbN1d8TGRbGTETsOgW2I7PszcT/vG5qB9dRxqRKLZVk8dEg5cgmaBYA6jNNieUTRzDRzO2KyAhrTKyLqeRCCJZPXiWti2pwWa091Cr1mzyOIpzAKZxDAFdQhztoQBMIKHiGV3jzUu/Fe/c+Fq0FL585hj/wPn8ACC6Rsg==</latexit>

Npart

The nPDF uncertainty dominates

—> use ratios of RAA

Use quarkonium correlator (perturbative)
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Transport in pA and eA collisions
• Experimental evidence of final-state effects in pA collisions

Lead-going direction (negative rapidity) exhibits sequential pattern

Extract transport properties (chromoelectric correlators) of cold nuclear matter?

• Further information from eA collisions?
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Summary

• Transport properties of heavy quarks and quarkonia governed by 
gauge invariant chromoelectric field correlators, they are different in 
terms of Wilson lines


• Need nonperturbative calculation of the chromoelectric field 
correlator for quarkonium (zero frequency)


• Perform extraction from experimental data, unique opportunity at 
RHIC collision energy —> learn finite frequency of the correlator


• Transport properties in cold nuclear matter
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Backup: 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—>1P) ~ (1P—>2S) because of similar binding 
energy, but primordial production cross section �1P

�2S
⇠ 4.5

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


