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In this panel  we will discuss the state of the art and  after that the related open 
questions!



Input Data: Output Data: 

ρ±(ω), ω ∼ 1,...,𝒪(1000)

ill-posed !         i.e.  solutions with  ∞ χ2 = 0
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G±(τ), τ = 1,...,𝒪(10 − 100)

An allegory of life: You can’t get more out than you put in.

AND they are correlated!

Lattice Determinations of Quarkonia Width

Extracting Spectral F’ns

Euclidean Lattice Correlator Spectral F’n   G(τ) = ∫ dω K(ω, τ) ρ(ω)
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Meff ≡
1

G(τ)
dG(τ)

dτ

G(τ) ∼ Z e−M0τ

⟹ Meff ≡ M0

Meff



                     
⟹ Meff = f(τ) ↘

≠ M0

Γ

 GeV




T = 47 MeV

a−1
τ = 6

as /aτ = 3.5

close-up

of above

1 MeV

downward

drift?

Finite   Finite Resolution     is upper boundNτ ⟹ ⟹ Γ

Cuniberti, De Micheli and Viano, Commun. Math. Phys. 216 (2001), 59-83       (courtesy of Mikko Laine)
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Apples and Apples

Systematic effects in T
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close-up

Fitting:    for both  Tτ = [2,30]

Sequential suppression   as  Γ ↗ T ↗

Although  is upper bound,  we can resolve thermal trendsΓ

Preliminary Preliminary

Cuniberti, De Micheli and Viano, Commun. Math. Phys. 216 (2001), 59-83       (courtesy of Mikko Laine)
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PRELIMINARY

Comprehensive Study of Systematics

from Analysis Techniques

   ______________________
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Preliminary

Going lighter     mq ↘
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Lattice systematics - are “small”
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Open quantum system (OQS) approach

• Can treat heavy quarkonium states propagating through QGP using an open 
quantum system approach

• Total density matrix 

• Reduced density matrix

Probe

Medium

Probe = heavy-quarkonium state

Medium = light quarks and gluons that comprise the QGP

⇢probe = Trmedium[⇢tot]

<latexit sha1_base64="JzTAyIH5CW6x1pViUEWvfpQIbec=">AAACKHicbVBNSwMxFMzWr1q/qh69BIvgqeyKogfFghePFawW2qVk09c2NNksyVuxLPtzvPhXvIgo4tVf4rbdg7YOBCYz80jeBJEUFl33yyksLC4trxRXS2vrG5tb5e2dO6tjw6HBtdSmGTALUoTQQIESmpEBpgIJ98HwauzfP4CxQoe3OIrAV6wfip7gDDOpU75sm4HutBEeMYmMDiClF3R6vTVpbijoililLforjBpT6pc65YpbdSeg88TLSYXkqHfKb+2u5rGCELlk1rY8N0I/YQYFl5CW2rGFiPEh60MroyFTYP1ksmhKDzKlS3vaZCdEOlF/TyRMWTtSQZZUDAd21huL/3mtGHtnfiLCKEYI+fShXiwpajpujXaFAY5ylBHGjcj+SvmAGcYx63Zcgje78jy5O6p6x9WTm+NK7Tyvo0j2yD45JB45JTVyTeqkQTh5Ii/knXw4z86r8+l8TaMFJ5/ZJX/gfP8ApaKoIw==</latexit>

“Master equation”

d

dt
⇢tot = �i[Htot, ⇢tot]

<latexit sha1_base64="iKDAyQ0W7oUhRNXwpS/PRUGsSuQ=">AAACKXicbVDLSgMxFM34rPVVdekmWAQXWmakoguFgpsuK9gHdIaSyWTa0MxkSO6IZejvuPFX3Cgo6tYfMX0sauuBwMk555Lc4yeCa7DtL2tpeWV1bT23kd/c2t7ZLeztN7RMFWV1KoVULZ9oJnjM6sBBsFaiGIl8wZp+/3bkNx+Y0lzG9zBImBeRbsxDTgkYqVOouKEiNAuGWQBD7Kqe7LjAHiEDae43+IzjdnVGOp2LeJ1C0S7ZY+BF4kxJEU1R6xTe3EDSNGIxUEG0bjt2Al5GFHAq2DDvppolhPZJl7UNjUnEtJeNNx3iY6MEOJTKnBjwWJ2dyEik9SDyTTIi0NPz3kj8z2unEF55GY+TFFhMJw+FqcAg8ag2HHDFKIiBIYQqbv6KaY+Y6sCUmzclOPMrL5LGeckply7uysXK9bSOHDpER+gEOegSVVAV1VAdUfSEXtA7+rCerVfr0/qeRJes6cwB+gPr5xdYeqiH</latexit>

<latexit sha1_base64="FJMoKHeb5Rz9AyeK1oEGtI+HJn0=">AAACI3icbVDLSgMxFM34tr6qLt0Ei+CqzIioCELRjUsFq0KnDJn0tk2bSYbkjlim/Rc3/oobF4q4ceG/mD4Wvg5ccjjnXm7uiVMpLPr+hzc1PTM7N7+wWFhaXlldK65vXFudGQ5VrqU2tzGzIIWCKgqUcJsaYEks4Sbung39mzswVmh1hb0U6glrKdEUnKGTouJxaNo6ChHuMUeNA3pCQ5slUYemrvphakXUCQ1TLQk0lKN3LPajYskv+yPQvySYkBKZ4CIqvoUNzbMEFHLJrK0Ffor1nBkUXMKgEGYWUsa7rAU1RxVLwNbz0Y0DuuOUBm1q40ohHanfJ3KWWNtLYteZMGzb395Q/M+rZdg8qudCpRmC4uNFzUxS1HQYGG0IAxxlzxHGjXB/pbzNDOPoYi24EILfJ/8l13vl4KAcXO6XKqeTOBbIFtkmuyQgh6RCzskFqRJOHsgTeSGv3qP37L157+PWKW8ys0l+wPv8ApGrpXc=</latexit>

⇢tot =
X

j

pj | jih j |
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OQS + pNRQCD à Lindblad equation

• Separation of time scales

– Medium relaxation time scale 

– Intrinsic probe time scale

– Probe relaxation time scale

d⇢probe

dt
= �i[Hprobe, ⇢probe] +

X

n

✓
Cn ⇢probe C

†
n � 1

2
{C†

nCn, ⇢probe}
◆

<latexit sha1_base64="bqlq6O7tLsyz3JNqDNIWZhqoeXE="></latexit>

trel , tP � tM

<latexit sha1_base64="SGeQ3m6ttcH8d0IC6YUIiHvYhtI=">AAACE3icbVDJSgNBEO1xN25Rj14agyASwoxE9OBB8OJFiGAWyIShp1MZG3sWumvEMMw/ePFXvHhQxKsXb/6NnQ3U+KDg9XtVdNXzEyk02vaXNTM7N7+wuLRcWFldW98obm41dJwqDnUey1i1fKZBigjqKFBCK1HAQl9C0789H/jNO1BaxNE19hPohCyIRE9whkbyigfouQj3mCmQuVsuu+WJUMupGwR08rzMvWLJrthD0GnijEmJjFHzip9uN+ZpCBFyybRuO3aCnYwpFFxCXnBTDQnjtyyAtqERC0F3suFNOd0zSpf2YmUqQjpUf05kLNS6H/qmM2R4o/96A/E/r51i76STiShJESI++qiXSooxHQREu0IBR9k3hHElzK6U3zDFOJoYCyYE5+/J06RxWHGqlaOraunsdBzHEtkhu2SfOOSYnJELUiN1wskDeSIv5NV6tJ6tN+t91DpjjWe2yS9YH9+b6J6b</latexit>

• What are the relevant scales?

• Temperature !
• Bound state mass " ≫ !
• Bound state size $ ~ 1/"( ~ )0 (Bohr radius)
• Debye mass ""
• Binding energy * ~"(2

tP ⇠ 1

!i � !j

<latexit sha1_base64="PQCo/t4i1AF5dSDYL8kWuC7/m1k=">AAACD3icbZC7TsMwFIadcivlFmBksahALFQJKoKBoRILY5HoRWqiyHGd1tSOI9tBqqK8AQuvwsIAQqysbLwNbpsBWn7J0qf/nKPj84cJo0o7zrdVWlpeWV0rr1c2Nre2d+zdvbYSqcSkhQUTshsiRRiNSUtTzUg3kQTxkJFOOLqe1DsPRCoq4js9TojP0SCmEcVIGyuwj3XQhJ6iHHqRRDhz88wTnAxQQOEpLPA+D+yqU3OmgovgFlAFhZqB/eX1BU45iTVmSKme6yTaz5DUFDOSV7xUkQThERqQnsEYcaL8bHpPDo+M04eRkObFGk7d3xMZ4kqNeWg6OdJDNV+bmP/VeqmOLv2MxkmqSYxni6KUQS3gJBzYp5JgzcYGEJbU/BXiITK5aBNhxYTgzp+8CO2zmluvnd/Wq42rIo4yOACH4AS44AI0wA1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74I+vzBxtfnBI=</latexit>

hp(t)i ⇠ e�t/trel

<latexit sha1_base64="vmtu+AVcRiMAiIqVI3b/KPUk17Y=">AAACF3icbVA9T8MwEHX4LOUrwMhiUSHBQElQEQwMlVgYi0QBqQmV416LheNE9gVRRf0XLPwVFgYQYoWNf4PbZuDrSSc9v3cn370olcKg5306E5NT0zOzpbny/MLi0rK7snpukkxzaPJEJvoyYgakUNBEgRIuUw0sjiRcRDfHQ//iFrQRiTrDfgphzHpKdAVnaKW2Ww0kUz0JNN3CbRro8SMwIqZwle/gLrYDhDvMNcjBgLbdilf1RqB/iV+QCinQaLsfQSfhWQwKuWTGtHwvxTBnGgWXMCgHmYGU8RvWg5alisVgwnx014BuWqVDu4m2pZCO1O8TOYuN6ceR7YwZXpvf3lD8z2tl2D0Mc6HSDEHx8UfdTFJM6DAk2hEaOMq+JYxrYXel/JppxtFGWbYh+L9P/kvO96p+rbp/WqvUj4o4SmSdbJAt4pMDUicnpEGahJN78kieyYvz4Dw5r87buHXCKWbWyA84718pXp9R</latexit>

<latexit sha1_base64="pqrJQSR/IpQgkk58CZowdxAlKtQ=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUVgo6VWBiL1JfUVJXjOK1Vx45sB1RF+QIWfoWFAYRYmdn4G9w0A7Qc6UpH59xr33v8mFGlHefbKm1sbm3vlHcre/sHh0f28UlPiURi0sWCCTnwkSKMctLVVDMyiCVBkc9I35/dLPz+PZGKCt7R85iMIjThNKQYaSON7Vrq5Y+kkgQZ9CSdTDWSUjxAL5QIp26WdrJsbFedupMDrhO3IFVQoD22v7xA4CQiXGOGlBq6TqxHKZKaYkayipcoEiM8QxMyNJSjiKhRmm+SwZpRAhgKaYprmKu/J1IUKTWPfNMZIT1Vq95C/M8bJjpsjlLK40QTjpcfhQmDWsBFNjCgkmDN5oYgLKnZFeIpMjFok2DFhOCunrxOeo26e1Vv3F1WW80ijjI4A+fgArjgGrTALWiDLsDgETyDV/BmPVkv1rv1sWwtWcXMKfgD6/MHnyGdEg==</latexit>

! 1

T
<latexit sha1_base64="mdkQMXjZnvZ13p9Oc49SRKLlLU4=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgqswU0S4LIrisYB/QGUomzbShmcyQZJQS5gvc+CtuXCji1rU7/8Z0OgttPXDhcM69yb0nSBiVynG+rdLa+sbmVnm7srO7t39gHx51ZZwKTDo4ZrHoB0gSRjnpKKoY6SeCoChgpBdMr+Z+754ISWN+p2YJ8SM05jSkGCkjDe2a9vJHtCCjDHqCjicKCRE/QC8UCGs309dZNrSrTt3JAVeJW5AqKNAe2l/eKMZpRLjCDEk5cJ1E+RoJRTEjWcVLJUkQnqIxGRjKUUSkr/NNMlgzygiGsTDFFczV3xMaRVLOosB0RkhN5LI3F//zBqkKm76mPEkV4XjxUZgyqGI4zwaOqCBYsZkhCAtqdoV4gkwMyiRYMSG4yyevkm6j7l7UG7fn1VaziKMMTsApOAMuuAQtcAPaoAMweATP4BW8WU/Wi/VufSxaS1Yxcwz+wPr8AYhHnQM=</latexit>

! 1

E
<latexit sha1_base64="Tv2tHYT0LYIsEzn882wGRqTZkF4="></latexit>

! 1

self-energy
⇠ 1

↵sa20⇤
3

N. Brambilla, M. A. Escobedo, J. Soto and A. Vairo, 1612.07248, 1711.04515 

Λ = #, %

non-perturbative matching
(long-range quarkonium)

perturbative matching
(short-range quarkonium)

perturbative matching
&

&'$ ~ %

&' ~1*

QCD

NRQCD

pNRQCD

!′

!

<latexit sha1_base64="2fzt0R74ZMRd/nZ6oa+R+v47Ees=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkiLosPsBlhb6gCWEynaRDZ5IwMxFKqBt/xY0LRdz6F+78G6dpFtp64MKZc+5l7j1+wqhUlvVtlJaWV1bXyuuVjc2t7R1zd68j41Rg0sYxi0XPR5IwGpG2ooqRXiII4j4jXX90PfW7D0RIGkctNU6Iy1EY0YBipLTkmQf2qYBOGMIWdCTlkHs3+fPWM6tWzcoBF4ldkCoo0PTML2cQ45STSGGGpOzbVqLcDAlFMSOTipNKkiA8QiHpaxohTqSb5RdM4LFWBjCIha5IwVz9PZEhLuWY+7qTIzWU895U/M/rpyq4dDMaJakiEZ59FKQMqhhO44ADKghWbKwJwoLqXSEeIoGw0qFVdAj2/MmLpFOv2ee1+v1ZtXFVxFEGh+AInAAbXIAGuANN0AYYPIJn8ArejCfjxXg3PmatJaOY2Qd/YHz+ADs3lNY=</latexit>

1/r � T ⇠ mD � E
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OQS + pNRQCD Hamiltonian and collapse operators

d⇢probe

dt
= �iHe↵⇢probe + i⇢probeH

†
e↵ +

X

n

Cn ⇢probe C
†
n

<latexit sha1_base64="uVnyFvpO3/nZDYct7uBOYJLAPOM="></latexit>

Six collapse operators cover
• singlet à octet, 
• octet à singlet
• octet à octet

N. Brambilla, M. A. Escobedo, J. Soto and A. Vairo, 1612.07248, 1711.04515 

<latexit sha1_base64="AcjqrLdD1gEY2ivwkuVhL5UGNvs=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSEw8kV1i1CPRC0dM5JHASmaHBibMzm5melWy4T+8eNAYr/6LN//GAfagYCWdVKq6090VxFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJRoDnUeyUi3AmZACgV1FCihFWtgYSChGYxupn7zAbQRkbrDcQx+yAZK9AVnaKX7areD8IRprKMAJt1C0S25M9Bl4mWkSDLUuoWvTi/iSQgKuWTGtD03Rj9lGgWXMMl3EgMx4yM2gLalioVg/HR29YSeWqVH+5G2pZDO1N8TKQuNGYeB7QwZDs2iNxX/89oJ9q/8VKg4QVB8vqifSIoRnUZAe0IDRzm2hHEt7K2UD5lmHG1QeRuCt/jyMmmUS95FqXx7XqxcZ3HkyDE5IWfEI5ekQqqkRuqEE02eySt5cx6dF+fd+Zi3rjjZzBH5A+fzBxM5kuU=</latexit>

Hprobe

Total width à Im[V]

He↵ = Hprobe �
i

2
�

<latexit sha1_base64="XdpLn01j3InrZ1UP06s7YMl2SXI=">AAACFnicbVBNS8NAEN34WetX1aOXYBG8WBJR9KAgeLDHCrYVmhA224ku7iZhdyKWkF/hxb/ixYMiXsWb/8bth6CtDwbevjfDzrwwFVyj43xZU9Mzs3PzpYXy4tLyymplbb2lk0wxaLJEJOoqpBoEj6GJHAVcpQqoDAW0w9uzvt++A6V5El9iLwVf0uuYR5xRNFJQ2a0HHsI95hBFxcnPI1VJCMWuFynKcl7ke4V3TqWkQaXq1JwB7EnijkiVjNAIKp9eN2GZhBiZoFp3XCdFP6cKORNQlL1MQ0rZLb2GjqExlaD9fHBWYW8bpWtHiTIVoz1Qf0/kVGrdk6HplBRv9LjXF//zOhlGR37O4zRDiNnwoygTNiZ2PyO7yxUwFD1DKFPc7GqzG2qyQJNk2YTgjp88SVp7NXe/dnCxXz09HsVRIptki+wQlxySU1InDdIkjDyQJ/JCXq1H69l6s96HrVPWaGaD/IH18Q3QQaBk</latexit>
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A parallelizable approach:  Quantum trajectories

d⇢probe

dt
= �iHe↵⇢probe + i⇢probeH

†
e↵ +

X

n

Cn ⇢probe C
†
n

<latexit sha1_base64="uVnyFvpO3/nZDYct7uBOYJLAPOM="></latexit>

Can treat this “quantum jump” term stochastically

• Can be reduced to the solution of a large set of “quantum trajectories” in which we 
solve a 1D Schrödinger equation with a non-Hermitian Hamiltonian !!"", subject 
to stochastic quantum jumps.  

• The evolution with the non-Hermitian "eff preserves 
the color and angular momentum state of the system 
(but not norm).

• Collapse/jump operators encode transitions 
between different color/angular momentum 
states (subject to selection rules).

• For each physical trajectory (path through the QGP) we average over a 
large set of independent quantum trajectories à Embarrassingly parallel

• Added benefit:  Can describe all angular momentum states (no cutoff) .

N. Brambilla, M.-A. Escobedo, M.S., A. Vairo, P. Vander Griend, and J.H. Weber, 2012.01240

Non-unitary “no jump” evolution

l=0

l=2

l=1

singlet octet

... ...
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Coupled Boltzmann Equations of Heavy Flavors

open heavy quark antiquark

each quarkonium state

nl = 1S, 2S,1P etc.

b

b̄

1S

b

b̄propagate

b

diffuse

b̄

b

b̄

1S

B

hadronization

hadronization

initial  
production QGP medium expands and cools

time

hadron gas

B̄

(
@

@t
+ ẋQ ·rxQ + ẋQ̄ ·rxQ̄

)fQQ̄(xQ,pQ,xQ̄,pQ̄, t) = CQQ̄ � C+
QQ̄

+ C�
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Boltzmann equation for quarkonium derived from first principles by using open quantum 
systems in the quantum optical limit  + pNRQCD (T.Mehen, X.Yao 1811.07027, 
2009.02408), includes dissociation and recombination (both correlated and uncorrelated), 
HQ diffusion drives system to kinetic equilibrium, dissociation and recombination drive 
system to chemical equilibrium (X.Yao, B.Müller 1709.03529)
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Coupled Boltzmann Equations: Phenomenology 

Initial production: Trento (position distribution) + 
Pythia with EPPS16 nPDF (momentum 
distribution)
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QGP evolution in spacetime: calibrated 
2+1D viscous hydro

Hadronic phase: feed-down
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QUESTIONS!
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finite T (or in medium)?  What experimental observables can provide the most constraining power for models?  Should we fix 
a set of possible background evolutions that could serve as a reference point for removing    this variation?
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Q1. What can we learn from quarkonium suppression on the QGP? Can we learn something directly from experiment? Do we 
always need to pass through a model? How can we connect the    quarkonium suppression data to information on QCD at 

finite T (or in medium)?  What experimental observables can provide the most constraining power for models?  Should we fix 
a set of possible background evolutions that could serve as a reference point for removing    this variation?

Q1: We are studying electric correlator of QGP by measuring quarkonium suppression

X. YAO

Di1i2(q
0, q) = g2

Z
dt d3Reiq

0(t1�t2)�iq·(R1�R2)hEi1(t1,R1)WEi2(t2,R2)iT

Dissociation & recombination rates in Boltzmann equations depend on it (T.Mehen, X.Yao 2009.02408), extract from data + 
transport calculations

Due to nPDF uncertainty, Raa ratios are better observables

Medium description calibrated with observables of light particles (pions, kaons, protons)



Questions/Answers – M. Strickland
What can we learn from quarkonium suppression in the QGP? Can we learn something directly from experiment? Do 
we always need to pass through a model? 

• I would say that we have already learned something that is valuable by comparing the suppression in pPb and 
PbPb, with the former being much smaller than the latter.  Of course, one could argue that this is not clear 
evidence of the creation of a QGP since one could create a model with very strong final state interactions (e.g. co-
mover models) and mock-up the effect.

• I’m afraid we will always need a model, if for nothing else, for the medium evolution to be treated properly.   We 
certainly need realistic medium evolution for observables like v2.

How can we connect the quarkonium suppression data to information on QCD at finite T (or in medium)?

• At least in the equilibrium case, we strive to formulate things in terms of mathematical objects (e.g. EE correlators) 
that are computable on the lattice.  Out of equilibrium this becomes more difficult (see subsequent question)

What experimental observables can provide the most constraining power for models?  

• At this moment I would say that the the double-ratios as a function of Npart and pT provide the strongest 
constraints at present.  

• If we could obtain experimental measurements of the suppression of P-wave states such as the chib, this would 
also be great; however, I think this is a very difficult observable since chib does not decay to dimuons and instead 
makes an E&M transition to 1S.  As a result, experimentalists must detect the emitted photon and the subsequent 
1S dimuon decay.

Should we fix a set of possible background evolutions that could serve as a reference point for removing this 
variation?

• Yes.  These should be made publicly available in an easy-to-read format.

M. Strickland 5



Q2. Quarkonium suppression is the result of a nonequilibrium process.  Which techniques do we

    have to address the non-equilibrium evolution of a nonrelativistic system in a hot medium? 

    For example, how can one incorporate large local rest frame momentum-space anisotropies


    expected in high-energy heavy-ion collisions in a real-time non-equilibrium approach?


Questions/Answers – M. Strickland
Quarkonium suppression is the result of a nonequilibrium process.  Which techniques do we have to address 
the non-equilibrium evolution of a nonrelativistic system in a hot medium

• Here I would point to my recent work with B. Kasmaei and K. Boguslavski (2102.12587) on the extraction 
of the imaginary part of the heavy-quark potential using real-time Yang Mills (classical statistical 
approach).  There we demonstrated that this is possible, and that one can obtain a continuum 
extrapolated despite the Rayleigh-Jeans divergence.  We found that this method can be used in EQ.

• The next step is to turn on the dynamical expansion which makes everything time-dependent.  This will 
include the development of momentum-space anisotropies due to the rapid longitudinal expansion of the 
QGP.   Using such studies, we can assess how large of the effects of momentum-anisotropy on Im[V]

For example, how can one incorporate large local rest frame momentum-space anisotropies expected in high-
energy heavy-ion collisions in a real-time non-equilibrium approach ??

• As mentioned above, we can extract a momentum-anisotropic potential.  These could be used in Heff
simulations, however, since the rotation symmetry is broken 1D evolution no longer suffices.  We are 
looking into ways to obtain effective isotropic screening masses and Im[V] which can be used in 1D 
simulations.  Also, can directly solve the 3D problem, but this quite computationally demanding.

How can lattice inform our efforts on this front?  What formulation of lattice could address non equilibrium 
evolution?  Can classical Yang-Mills simulations provide some input?

• Yes, I think so (see above).  There have also been recent works on Hamiltonian formalism for lattice 
application.  Perhaps Chris can comment on this.

M. Strickland 6

Q3. How can lattice inform our efforts on this front?  What formulation of lattice could address

    non equilibrium evolution?  Can classical Yang-Mills simulations provide such  tool? or quantum computing?



Q2: Open quantum system approach: Lindblad equation, quantum Brownian motion v.s. quantum optical limit (review: X.Yao 
2102.01736)

We only know how to derive the evolution equation when the 
system and thermal bath are weakly coupled

Q5+Q3: Quantum computing may be able to solve Lindblad equation efficiently, at least the number of qubits 
needed ~ 3*log_2(# of states) (W.A.de Jong, M.Metcalf, J.Mulligan, M.Płoskoń, F.Ringer, X.Yao, 2010.03571)

Quantum computing may also provide ways to efficiently calculate real-time quantities 
that are difficult to calculate on Euclidean lattice; For applications at finite temperature, we 
need to prepare thermal states. (E.g. prepare thermal states for QED in 1+1D, W.A.de 
Jong, K.Lee, J.Mulligan, M.Płoskoń, F.Ringer, X.Yao, 2106.08394)

X. YAO

Hamiltonian Approach circumvents sign problem… and has been overlooked (relatively speaking) for decades(!)


C.ALLTON   Q3 Q5   



Q4.To what degree does quarkonium suppression characterize QGP formation?  How does this compare to 
quarkonium suppression observed in pp and pA?  Is there a smooth connection   between suppression in high-

multiplicity pp and pA events and suppression in peripheral AA collisions?
Q5. What are the state of art methods that can be used to solve for non-equilibrium dynamics in  open quantum 

systems?  Can the approach to thermalization be efficiently and systematically described?  Is it possible to solve the 
early-time dynamics using quantum evolution and late-times using a semi-classical Boltzmann approach?  Can one 
leverage quantum computing advances to solve the Lindblad equation and perhaps more general master equations 

more  efficiently? 

Q4 STRICKLAND There is a probably a continuous connection between high-multiplicity pp and pA into AA.  
Hydro seems to describe the spectra and anisotropic flow coefficients reasonably well suggesting that a small 
drop of QGP can be created.  As increased the multiplicity, we will have stronger and stronger final state 
interactions.  I don’t expect (but could be wrong) that there would be some “step” in this dependence 

Q5 STRICKLAND These are all excellent questions for open discussion among the panelists and participants. 




 Q6.What are the theoretical limits to the extraction of the (equilibrium) spectral features of

    quarkonium from the lattice at finite temperature? What can be expected from the lattice in the


     next few years for predictions of widths given the likely quality of data that will be

     available?

Q6 ALLTON There are theoretical limits to the extraction of the widths from a given 
“quality” of data, where “quality” is a measure of the size of  and statistics. 
Understanding the merits of different analysis techniques is work in progress.

Nτ


