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• Challenges for lattice QCD: 
1) Phase diagram and EoS at non-zero baryon density, see talk by Claudia Ratti
2) Properties of heavy quark and quarkonia at T>0

=> heavy flavor probes of high T QCD matter 
=> inner workings of QGP,  this talk

• Lattice QCD: complex potential at T>0 ( is Matsui-Satz conjecture on
screening and quarkonium melting correct ?), 
in-medium quarkonium masses and  widths, heavy quark diffusion coefficient 

• Connecting lattice QCD to phenomenology => Theory Topical Collaborations
• Computational needs
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Heavy flavor probes and lattice QCD  
From 2015 LRP: understanding the inner workings of QGP by probing different
length scales

RHIC
sPHENIX, STAR+

2023-2025

LHC Runs 3-5
ALICE 2-3, CMS+,ATLAS+,LHC+

2022-2038

Lattice: Phenomenology:

In-medium quarkonium masses and widths Transport models for quarkonium 
suppression and regeneration

Complex potential at T>0

M↵(T ), �↵(T )
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Langevin dynamics of quarkonium 
regeneration, open quantum system

Heavy quark diffusion coefficient
(average momentum transfer to heavy quark)

Collisional energy loss, open 
heavy flavor suppression 

(T )
<latexit sha1_base64="nqWm8NtiPibDJAWLukji6WYnqIM=">AAAB8HicdZDLSgMxFIYzXmu9VV26CRahbsqkiG13BTcuK/Qm7VAyaaYNTTIhyQhl6FO4caGIWx/HnW9jpq2goj8EPv7/HHLOCRVnxvr+h7e2vrG5tZ3bye/u7R8cFo6OOyZONKFtEvNY90JsKGeSti2znPaUpliEnHbD6XWWd++pNiyWLTtTNBB4LFnECLbOuhtMsVK41LoYFop+2fd9hBDMAFWvfAf1eq2CahBlkVMRrNQcFt4Ho5gkgkpLODamj3xlgxRrywin8/wgMVRhMsVj2ncosaAmSBcDz+G5c0YwirV70sKF+70jxcKYmQhdpcB2Yn5nmflX1k9sVAtSJlViqSTLj6KEQxvDbHs4YpoSy2cOMNHMzQrJBGtMrLtR3h3ha1P4P3QqZeT49rLYqKzOkQOn4AyUAAJV0AA3oAnagAABHsATePa09+i9eK/L0jVv1XMCfsh7+wRPNZAI</latexit><latexit sha1_base64="nqWm8NtiPibDJAWLukji6WYnqIM=">AAAB8HicdZDLSgMxFIYzXmu9VV26CRahbsqkiG13BTcuK/Qm7VAyaaYNTTIhyQhl6FO4caGIWx/HnW9jpq2goj8EPv7/HHLOCRVnxvr+h7e2vrG5tZ3bye/u7R8cFo6OOyZONKFtEvNY90JsKGeSti2znPaUpliEnHbD6XWWd++pNiyWLTtTNBB4LFnECLbOuhtMsVK41LoYFop+2fd9hBDMAFWvfAf1eq2CahBlkVMRrNQcFt4Ho5gkgkpLODamj3xlgxRrywin8/wgMVRhMsVj2ncosaAmSBcDz+G5c0YwirV70sKF+70jxcKYmQhdpcB2Yn5nmflX1k9sVAtSJlViqSTLj6KEQxvDbHs4YpoSy2cOMNHMzQrJBGtMrLtR3h3ha1P4P3QqZeT49rLYqKzOkQOn4AyUAAJV0AA3oAnagAABHsATePa09+i9eK/L0jVv1XMCfsh7+wRPNZAI</latexit><latexit sha1_base64="nqWm8NtiPibDJAWLukji6WYnqIM=">AAAB8HicdZDLSgMxFIYzXmu9VV26CRahbsqkiG13BTcuK/Qm7VAyaaYNTTIhyQhl6FO4caGIWx/HnW9jpq2goj8EPv7/HHLOCRVnxvr+h7e2vrG5tZ3bye/u7R8cFo6OOyZONKFtEvNY90JsKGeSti2znPaUpliEnHbD6XWWd++pNiyWLTtTNBB4LFnECLbOuhtMsVK41LoYFop+2fd9hBDMAFWvfAf1eq2CahBlkVMRrNQcFt4Ho5gkgkpLODamj3xlgxRrywin8/wgMVRhMsVj2ncosaAmSBcDz+G5c0YwirV70sKF+70jxcKYmQhdpcB2Yn5nmflX1k9sVAtSJlViqSTLj6KEQxvDbHs4YpoSy2cOMNHMzQrJBGtMrLtR3h3ha1P4P3QqZeT49rLYqKzOkQOn4AyUAAJV0AA3oAnagAABHsATePa09+i9eK/L0jVv1XMCfsh7+wRPNZAI</latexit><latexit sha1_base64="nqWm8NtiPibDJAWLukji6WYnqIM=">AAAB8HicdZDLSgMxFIYzXmu9VV26CRahbsqkiG13BTcuK/Qm7VAyaaYNTTIhyQhl6FO4caGIWx/HnW9jpq2goj8EPv7/HHLOCRVnxvr+h7e2vrG5tZ3bye/u7R8cFo6OOyZONKFtEvNY90JsKGeSti2znPaUpliEnHbD6XWWd++pNiyWLTtTNBB4LFnECLbOuhtMsVK41LoYFop+2fd9hBDMAFWvfAf1eq2CahBlkVMRrNQcFt4Ho5gkgkpLODamj3xlgxRrywin8/wgMVRhMsVj2ncosaAmSBcDz+G5c0YwirV70sKF+70jxcKYmQhdpcB2Yn5nmflX1k9sVAtSJlViqSTLj6KEQxvDbHs4YpoSy2cOMNHMzQrJBGtMrLtR3h3ha1P4P3QqZeT49rLYqKzOkQOn4AyUAAJV0AA3oAnagAABHsATePa09+i9eK/L0jVv1XMCfsh7+wRPNZAI</latexit>



Vacuum and in-medium properties as well as  dissolution of mesons  are encoded in the 
spectral functions: 

Melting is seen as progressive broadening and disappearance of the bound state peaks

Meson correlators and spectral functions  
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Consider large ⌧ behavior of C(⌧, T = 0):
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3Very difficult problem !
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Strategies to obtain the spectral functions from lattice 
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Z 1
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⇢↵(!, T ) = ⇢med
↵ (!, T ) + ⇢high↵ (!)

<latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0=">AAACUXicdVFBSxtBGP2y1aqx1rQ9ehkMgqLIThCNh4LQi0cLRoVsGr6dfMkOzuwsM7NCWPIXe2hP/R9ePLQ4qxG06IOBx3vvY755kxZKOh/HfxrRu4XF90vLK83VD2sf11ufPl84U1pBPWGUsVcpOlIyp56XXtFVYQl1qugyvf5W+5c3ZJ00+bmfFjTQOMnlWAr0QRq2MsYSm5lhlaAqMpxtJ0bTBPfOd9jXl86PRKPPrK40jZ 7HdpvsjWAmJ9lTcmfYasf7cRxzzllN+NFhHMjxcbfDu4zXVkAb5jgbtn4lIyNKTbkXCp3r87jwgwqtl0LRrJmUjgoU1zihfqA5anKD6qGRGdsKyoiNjQ0n9+xBfT5RoXZuqtOQrJd1/3u1+JrXL/24O6hkXpSecvF40bhUzBtW18tG0pLwahoICivDrkxkaFH48AnNUMLTS9nb5KKzzwP/ftA+6czrWIYN2IRt4HAEJ3AKZ9ADAT/hFv7Cv8bvxl0EUfQYjRrzmS/wAtHqPZ3Ps74=</latexit><latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0=">AAACUXicdVFBSxtBGP2y1aqx1rQ9ehkMgqLIThCNh4LQi0cLRoVsGr6dfMkOzuwsM7NCWPIXe2hP/R9ePLQ4qxG06IOBx3vvY755kxZKOh/HfxrRu4XF90vLK83VD2sf11ufPl84U1pBPWGUsVcpOlIyp56XXtFVYQl1qugyvf5W+5c3ZJ00+bmfFjTQOMnlWAr0QRq2MsYSm5lhlaAqMpxtJ0bTBPfOd9jXl86PRKPPrK40jZ 7HdpvsjWAmJ9lTcmfYasf7cRxzzllN+NFhHMjxcbfDu4zXVkAb5jgbtn4lIyNKTbkXCp3r87jwgwqtl0LRrJmUjgoU1zihfqA5anKD6qGRGdsKyoiNjQ0n9+xBfT5RoXZuqtOQrJd1/3u1+JrXL/24O6hkXpSecvF40bhUzBtW18tG0pLwahoICivDrkxkaFH48AnNUMLTS9nb5KKzzwP/ftA+6czrWIYN2IRt4HAEJ3AKZ9ADAT/hFv7Cv8bvxl0EUfQYjRrzmS/wAtHqPZ3Ps74=</latexit><latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0=">AAACUXicdVFBSxtBGP2y1aqx1rQ9ehkMgqLIThCNh4LQi0cLRoVsGr6dfMkOzuwsM7NCWPIXe2hP/R9ePLQ4qxG06IOBx3vvY755kxZKOh/HfxrRu4XF90vLK83VD2sf11ufPl84U1pBPWGUsVcpOlIyp56XXtFVYQl1qugyvf5W+5c3ZJ00+bmfFjTQOMnlWAr0QRq2MsYSm5lhlaAqMpxtJ0bTBPfOd9jXl86PRKPPrK40jZ 7HdpvsjWAmJ9lTcmfYasf7cRxzzllN+NFhHMjxcbfDu4zXVkAb5jgbtn4lIyNKTbkXCp3r87jwgwqtl0LRrJmUjgoU1zihfqA5anKD6qGRGdsKyoiNjQ0n9+xBfT5RoXZuqtOQrJd1/3u1+JrXL/24O6hkXpSecvF40bhUzBtW18tG0pLwahoICivDrkxkaFH48AnNUMLTS9nb5KKzzwP/ftA+6czrWIYN2IRt4HAEJ3AKZ9ADAT/hFv7Cv8bvxl0EUfQYjRrzmS/wAtHqPZ3Ps74=</latexit><latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0=">AAACUXicdVFBSxtBGP2y1aqx1rQ9ehkMgqLIThCNh4LQi0cLRoVsGr6dfMkOzuwsM7NCWPIXe2hP/R9ePLQ4qxG06IOBx3vvY755kxZKOh/HfxrRu4XF90vLK83VD2sf11ufPl84U1pBPWGUsVcpOlIyp56XXtFVYQl1qugyvf5W+5c3ZJ00+bmfFjTQOMnlWAr0QRq2MsYSm5lhlaAqMpxtJ0bTBPfOd9jXl86PRKPPrK40jZ 7HdpvsjWAmJ9lTcmfYasf7cRxzzllN+NFhHMjxcbfDu4zXVkAb5jgbtn4lIyNKTbkXCp3r87jwgwqtl0LRrJmUjgoU1zihfqA5anKD6qGRGdsKyoiNjQ0n9+xBfT5RoXZuqtOQrJd1/3u1+JrXL/24O6hkXpSecvF40bhUzBtW18tG0pLwahoICivDrkxkaFH48AnNUMLTS9nb5KKzzwP/ftA+6czrWIYN2IRt4HAEJ3AKZ9ADAT/hFv7Cv8bvxl0EUfQYjRrzmS/wAtHqPZ3Ps74=</latexit>

Me↵(⌧) =
1

a
ln[C↵(⌧)/C↵(⌧ + a)]

<latexit sha1_base64="0M8mqLDOo7wIUeLYfkcJ3eYfb5Q="></latexit><latexit sha1_base64="0M8mqLDOo7wIUeLYfkcJ3eYfb5Q="></latexit><latexit sha1_base64="0M8mqLDOo7wIUeLYfkcJ3eYfb5Q="></latexit><latexit sha1_base64="0M8mqLDOo7wIUeLYfkcJ3eYfb5Q="></latexit>

Larsen, Meinel, Mukherjee, PP, PLB 800 (20) 135119
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Strategy: use EFT to simplify the problem, use appropriately chosen correlation
functions to enhance sensitivity to quantities of interest, constrain the spectral 
function by T=0 results

Example: NRQCD using  correlation 
functions of  optimized meson 
operators  projecting on bottomonium
states of interest

↵ = ⌥(1S), ⌥(2S), ⌥(3S)
<latexit sha1_base64="4yY8f3rqNWC/ZjcmQ6mOO6q2C1Y=">AAACGHicdVBNS0JBFJ1nX2ZfVss2QxIohL2xSF0EQpuWhj0TVGTeOOrgvHmPmXmBPOxftOmvtGlRRFt3/ZvmqUVGHRg495x7uXOPG3CmtG1/WIml5ZXVteR6amNza3snvbtXV34oCXWIz33ZcLGinAnqaKY5bQSSYs/l9NYdXsb+7R2VivniRo8C2vZwX7AeI1gbqZM+aWEeDPBFywkU477Iolru+P67KixUp7VcJ52x87ZtI4RgTFDx3DakXC4VUAmi2DLIgDmqnfSk1fVJ6FGhCcdKNZEd6HaEpWaE03GqFSoaYDLEfdo0VGCPqnY0PWwMj4zShT1fmic0nKo/JyLsKTXyXNPpYT1Qv71Y/MtrhrpXakdMBKGmgswW9UIOtQ/jlGCXSUo0HxmCiWTmr5AMsMREmyxTJoSvS+H/pF7II8OvzzKVwjyOJDgAhyALECiCCrgCVeAAAh7AE3gBr9aj9Wy9We+z1oQ1n9kHC7Amn82qnu4=</latexit><latexit sha1_base64="4yY8f3rqNWC/ZjcmQ6mOO6q2C1Y=">AAACGHicdVBNS0JBFJ1nX2ZfVss2QxIohL2xSF0EQpuWhj0TVGTeOOrgvHmPmXmBPOxftOmvtGlRRFt3/ZvmqUVGHRg495x7uXOPG3CmtG1/WIml5ZXVteR6amNza3snvbtXV34oCXWIz33ZcLGinAnqaKY5bQSSYs/l9NYdXsb+7R2VivniRo8C2vZwX7AeI1gbqZM+aWEeDPBFywkU477Iolru+P67KixUp7VcJ52x87ZtI4RgTFDx3DakXC4VUAmi2DLIgDmqnfSk1fVJ6FGhCcdKNZEd6HaEpWaE03GqFSoaYDLEfdo0VGCPqnY0PWwMj4zShT1fmic0nKo/JyLsKTXyXNPpYT1Qv71Y/MtrhrpXakdMBKGmgswW9UIOtQ/jlGCXSUo0HxmCiWTmr5AMsMREmyxTJoSvS+H/pF7II8OvzzKVwjyOJDgAhyALECiCCrgCVeAAAh7AE3gBr9aj9Wy9We+z1oQ1n9kHC7Amn82qnu4=</latexit><latexit sha1_base64="4yY8f3rqNWC/ZjcmQ6mOO6q2C1Y=">AAACGHicdVBNS0JBFJ1nX2ZfVss2QxIohL2xSF0EQpuWhj0TVGTeOOrgvHmPmXmBPOxftOmvtGlRRFt3/ZvmqUVGHRg495x7uXOPG3CmtG1/WIml5ZXVteR6amNza3snvbtXV34oCXWIz33ZcLGinAnqaKY5bQSSYs/l9NYdXsb+7R2VivniRo8C2vZwX7AeI1gbqZM+aWEeDPBFywkU477Iolru+P67KixUp7VcJ52x87ZtI4RgTFDx3DakXC4VUAmi2DLIgDmqnfSk1fVJ6FGhCcdKNZEd6HaEpWaE03GqFSoaYDLEfdo0VGCPqnY0PWwMj4zShT1fmic0nKo/JyLsKTXyXNPpYT1Qv71Y/MtrhrpXakdMBKGmgswW9UIOtQ/jlGCXSUo0HxmCiWTmr5AMsMREmyxTJoSvS+H/pF7II8OvzzKVwjyOJDgAhyALECiCCrgCVeAAAh7AE3gBr9aj9Wy9We+z1oQ1n9kHC7Amn82qnu4=</latexit><latexit sha1_base64="4yY8f3rqNWC/ZjcmQ6mOO6q2C1Y=">AAACGHicdVBNS0JBFJ1nX2ZfVss2QxIohL2xSF0EQpuWhj0TVGTeOOrgvHmPmXmBPOxftOmvtGlRRFt3/ZvmqUVGHRg495x7uXOPG3CmtG1/WIml5ZXVteR6amNza3snvbtXV34oCXWIz33ZcLGinAnqaKY5bQSSYs/l9NYdXsb+7R2VivniRo8C2vZwX7AeI1gbqZM+aWEeDPBFywkU477Iolru+P67KixUp7VcJ52x87ZtI4RgTFDx3DakXC4VUAmi2DLIgDmqnfSk1fVJ6FGhCcdKNZEd6HaEpWaE03GqFSoaYDLEfdo0VGCPqnY0PWwMj4zShT1fmic0nKo/JyLsKTXyXNPpYT1Qv71Y/MtrhrpXakdMBKGmgswW9UIOtQ/jlGCXSUo0HxmCiWTmr5AMsMREmyxTJoSvS+H/pF7II8OvzzKVwjyOJDgAhyALECiCCrgCVeAAAh7AE3gBr9aj9Wy9We+z1oQ1n9kHC7Amn82qnu4=</latexit>

constrained at
T=0

parametrized
as single peak+ tail



Thermal mass shift of bottomonium 

�
� � �

�
� �b0(2P)

-100
-50
0
50
100

�M
�
(M
eV

)

� � � �
�

� �b0(1P)

150 200 250 300
-40
-20
0
20
40

T (MeV)

� � � � �

� �(3S)

-100
0

100
200

� � � � �

� �(2S)

-50
0
50

�M
�
(M
eV

)

� � � � �

� �(1S)

150 200 250 300
-40
-20
0
20
40

T (MeV)
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No significant thermal mass shift is observed in any of the bottomonium states
contrary to expectations of the potential model with screened potential 
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Thermal width of bottomonium 
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Significant thermal width for all bottomonium states that increases with T
Bottomonium states dissolve when thermal width is larger than the level splitting 

�↵(T ) > �E
<latexit sha1_base64="uewuQdrasFN7/aVODkojbWX8C1c=">AAACBXicdZDLSgMxFIYz9VbrrepSF8Ei1E2ZKYqupKCiywq9QaeUM2mmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0UVPSHwM93zuHk/F7EmdK2/WllFhaXlleyq7m19Y3Nrfz2TkOFsSS0TkIeypYHinIW0LpmmtNWJCkIj9OmN7yY1Jt3VCoWBjU9imhHQD9gPiOgDerm991rEAK6iQs8GsC4WDs6x+4l5RrwVTdfsEsn9kTYLtlzkxInJQWUqtrNf7i9kMSCBppwUKrt2JHuJCA1I5yOc26saARkCH3aNjYAQVUnmV4xxoeG9LAfSvMCjaf0+0QCQqmR8EynAD1Qv2sT+FetHWv/rJOwIIo1DchskR9zrEM8iQT3mKRE85ExQCQzf8VkABKINsHlTAjzS/H/plEuOcbfHhcq5TSOLNpDB6iIHHSKKugGVVEdEXSPHtEzerEerCfr1XqbtWasdGYX/ZD1/gXE35dj</latexit><latexit sha1_base64="uewuQdrasFN7/aVODkojbWX8C1c=">AAACBXicdZDLSgMxFIYz9VbrrepSF8Ei1E2ZKYqupKCiywq9QaeUM2mmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0UVPSHwM93zuHk/F7EmdK2/WllFhaXlleyq7m19Y3Nrfz2TkOFsSS0TkIeypYHinIW0LpmmtNWJCkIj9OmN7yY1Jt3VCoWBjU9imhHQD9gPiOgDerm991rEAK6iQs8GsC4WDs6x+4l5RrwVTdfsEsn9kTYLtlzkxInJQWUqtrNf7i9kMSCBppwUKrt2JHuJCA1I5yOc26saARkCH3aNjYAQVUnmV4xxoeG9LAfSvMCjaf0+0QCQqmR8EynAD1Qv2sT+FetHWv/rJOwIIo1DchskR9zrEM8iQT3mKRE85ExQCQzf8VkABKINsHlTAjzS/H/plEuOcbfHhcq5TSOLNpDB6iIHHSKKugGVVEdEXSPHtEzerEerCfr1XqbtWasdGYX/ZD1/gXE35dj</latexit><latexit sha1_base64="uewuQdrasFN7/aVODkojbWX8C1c=">AAACBXicdZDLSgMxFIYz9VbrrepSF8Ei1E2ZKYqupKCiywq9QaeUM2mmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0UVPSHwM93zuHk/F7EmdK2/WllFhaXlleyq7m19Y3Nrfz2TkOFsSS0TkIeypYHinIW0LpmmtNWJCkIj9OmN7yY1Jt3VCoWBjU9imhHQD9gPiOgDerm991rEAK6iQs8GsC4WDs6x+4l5RrwVTdfsEsn9kTYLtlzkxInJQWUqtrNf7i9kMSCBppwUKrt2JHuJCA1I5yOc26saARkCH3aNjYAQVUnmV4xxoeG9LAfSvMCjaf0+0QCQqmR8EynAD1Qv2sT+FetHWv/rJOwIIo1DchskR9zrEM8iQT3mKRE85ExQCQzf8VkABKINsHlTAjzS/H/plEuOcbfHhcq5TSOLNpDB6iIHHSKKugGVVEdEXSPHtEzerEerCfr1XqbtWasdGYX/ZD1/gXE35dj</latexit><latexit sha1_base64="uewuQdrasFN7/aVODkojbWX8C1c=">AAACBXicdZDLSgMxFIYz9VbrrepSF8Ei1E2ZKYqupKCiywq9QaeUM2mmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0UVPSHwM93zuHk/F7EmdK2/WllFhaXlleyq7m19Y3Nrfz2TkOFsSS0TkIeypYHinIW0LpmmtNWJCkIj9OmN7yY1Jt3VCoWBjU9imhHQD9gPiOgDerm991rEAK6iQs8GsC4WDs6x+4l5RrwVTdfsEsn9kTYLtlzkxInJQWUqtrNf7i9kMSCBppwUKrt2JHuJCA1I5yOc26saARkCH3aNjYAQVUnmV4xxoeG9LAfSvMCjaf0+0QCQqmR8EynAD1Qv2sT+FetHWv/rJOwIIo1DchskR9zrEM8iQT3mKRE85ExQCQzf8VkABKINsHlTAjzS/H/plEuOcbfHhcq5TSOLNpDB6iIHHSKKugGVVEdEXSPHtEzerEerCfr1XqbtWasdGYX/ZD1/gXE35dj</latexit>

Tmelt(⌥(3S)) ' Tmelt(�b(2P )) ' 220 MeV
<latexit sha1_base64="H4Ikdr7VA/3lSRqxHIVisjNQtfE="></latexit><latexit sha1_base64="qcfJy430YXwYJn3hCwVV0A2OvCg="></latexit><latexit sha1_base64="qcfJy430YXwYJn3hCwVV0A2OvCg="></latexit><latexit sha1_base64="oHgeAIGTHcOeohZZlM13/umACfQ="></latexit>

Tmelt(⌥(2S)) ' Tmelt(�b(1P )) ' 360 MeV
<latexit sha1_base64="eDZTzypXbq8Rq747h6Pm0U6GC0s="></latexit><latexit sha1_base64="mdIBggCSKv8E6AzZHj/KC3F20Jk="></latexit><latexit sha1_base64="mdIBggCSKv8E6AzZHj/KC3F20Jk="></latexit><latexit sha1_base64="dySK3mzxrIMOsdFl3nes2M/kRug="></latexit> 6



Quark anti-quark potential at T>0 

Conjecture, Matsui and Satz, PLB 178 (86) 416 �4

3

↵s

r
+ �r ! �4

3

↵s

r
e�mDr, T > Tc

<latexit sha1_base64="nKpTlv0d6JX1y0pEU6lt/M9HkU0="></latexit><latexit sha1_base64="nKpTlv0d6JX1y0pEU6lt/M9HkU0="></latexit><latexit sha1_base64="nKpTlv0d6JX1y0pEU6lt/M9HkU0="></latexit><latexit sha1_base64="nKpTlv0d6JX1y0pEU6lt/M9HkU0="></latexit>

Extending pNRQCD to T>0: the potential is complex, the real part can have thermal correction
but is not necessarily screened, except when r ~ 1/mD

Laine, Philipsen, Romatschke, Tassler, JHEP 03 (06) 054
Brambilla, Ghiglieri, PP, Vairo, PRD 78 (08) 014017  Based on weak coupling 

Calculate the potential non-perturbatively on the lattice by considering Wislon loops 
of size r x 𝞽 at T>0

W (r, ⌧, T ) =

Z 1

�1
⇢r(!, T )e

�!⌧

<latexit sha1_base64="SBpvSBpAaA8VMZl+mWeBRhXjI40="></latexit><latexit sha1_base64="SBpvSBpAaA8VMZl+mWeBRhXjI40="></latexit><latexit sha1_base64="SBpvSBpAaA8VMZl+mWeBRhXjI40="></latexit><latexit sha1_base64="SBpvSBpAaA8VMZl+mWeBRhXjI40="></latexit>

If potential at T > 0 exists the ⇢r(!, T ) should have a well define peak at
! ' ReV (r, T ), and the width of the peak is ImV (r, T )

<latexit sha1_base64="e1C6LbrBvFWsjXbqXoolZK+OtrY="></latexit><latexit sha1_base64="e1C6LbrBvFWsjXbqXoolZK+OtrY="></latexit><latexit sha1_base64="e1C6LbrBvFWsjXbqXoolZK+OtrY="></latexit><latexit sha1_base64="e1C6LbrBvFWsjXbqXoolZK+OtrY="></latexit>

Rothkopf, Hatsuda, Sasaki, PRL 108 (2012) 162001

Challenge: reconstruct ⇢r(!, T ) ) use the same approach as for reconstruction
of the NRQCD bottomonium spectral functions

<latexit sha1_base64="It6aiqsO25hfEyGMvJ8P+FhbDd8="></latexit><latexit sha1_base64="It6aiqsO25hfEyGMvJ8P+FhbDd8="></latexit><latexit sha1_base64="It6aiqsO25hfEyGMvJ8P+FhbDd8="></latexit><latexit sha1_base64="It6aiqsO25hfEyGMvJ8P+FhbDd8="></latexit>
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Quark anti-quark potential at T>0 from the lattice 
Bala et al (HotQCD), PRD 105 (2022) 054513HISQ, N⌧ = 12
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No color screening ! 
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Bethe-Salpeter amplitude at T>0 and potential model  
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No color screening 
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Heavy quark diffusion and lattice QCD   

GB(⌧) = �1
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<latexit sha1_base64="sNIqsgZaq28N+7AGfo+wofAGKCc=">AAACKHicbZDLSgMxFIYz9VbrrerSTbAIuikzRdCNWBDBpUIvQqcMZ9JMG5pMhiQjlKGP48ZXcSOiSLc+iWk7C239IfDnP+eQnC9MONPGdSdOYWV1bX2juFna2t7Z3SvvH7S0TBWhTSK5VI8haMpZTJuGGU4fE0VBhJy2w+HNtN5+okozGTfMKKFdAf2YRYyAsVFQvvaHkCQQ3OIr7HMmgsyXgvbBNxK7Y+xHCkhWw41xnttIDWRwezq/ngXlilt1Z8LLxstNBeW6D8rvfk+SVNDYEA5adzw3Md0MlGGE03HJTzVNgAyhTzvWxiCo7mazRcf4xCY9HEllT2zwLP09kYHQeiRC2ynADPRibRr+V+ukJrrsZixOUkNjMn8oSjm2FKbUcI8pSgwfWQNEMftXTAZg2RjLtmQheIsrL5tWrepZ/3BeqddyHEV0hI7RKfLQBaqjO3SPmoigZ/SKPtCn8+K8OV/OZN5acPKZQ/RHzvcPugeltg==</latexit><latexit sha1_base64="sNIqsgZaq28N+7AGfo+wofAGKCc=">AAACKHicbZDLSgMxFIYz9VbrrerSTbAIuikzRdCNWBDBpUIvQqcMZ9JMG5pMhiQjlKGP48ZXcSOiSLc+iWk7C239IfDnP+eQnC9MONPGdSdOYWV1bX2juFna2t7Z3SvvH7S0TBWhTSK5VI8haMpZTJuGGU4fE0VBhJy2w+HNtN5+okozGTfMKKFdAf2YRYyAsVFQvvaHkCQQ3OIr7HMmgsyXgvbBNxK7Y+xHCkhWw41xnttIDWRwezq/ngXlilt1Z8LLxstNBeW6D8rvfk+SVNDYEA5adzw3Md0MlGGE03HJTzVNgAyhTzvWxiCo7mazRcf4xCY9HEllT2zwLP09kYHQeiRC2ynADPRibRr+V+ukJrrsZixOUkNjMn8oSjm2FKbUcI8pSgwfWQNEMftXTAZg2RjLtmQheIsrL5tWrepZ/3BeqddyHEV0hI7RKfLQBaqjO3SPmoigZ/SKPtCn8+K8OV/OZN5acPKZQ/RHzvcPugeltg==</latexit><latexit sha1_base64="sNIqsgZaq28N+7AGfo+wofAGKCc=">AAACKHicbZDLSgMxFIYz9VbrrerSTbAIuikzRdCNWBDBpUIvQqcMZ9JMG5pMhiQjlKGP48ZXcSOiSLc+iWk7C239IfDnP+eQnC9MONPGdSdOYWV1bX2juFna2t7Z3SvvH7S0TBWhTSK5VI8haMpZTJuGGU4fE0VBhJy2w+HNtN5+okozGTfMKKFdAf2YRYyAsVFQvvaHkCQQ3OIr7HMmgsyXgvbBNxK7Y+xHCkhWw41xnttIDWRwezq/ngXlilt1Z8LLxstNBeW6D8rvfk+SVNDYEA5adzw3Md0MlGGE03HJTzVNgAyhTzvWxiCo7mazRcf4xCY9HEllT2zwLP09kYHQeiRC2ynADPRibRr+V+ukJrrsZixOUkNjMn8oSjm2FKbUcI8pSgwfWQNEMftXTAZg2RjLtmQheIsrL5tWrepZ/3BeqddyHEV0hI7RKfLQBaqjO3SPmoigZ/SKPtCn8+K8OV/OZN5acPKZQ/RHzvcPugeltg==</latexit><latexit sha1_base64="sNIqsgZaq28N+7AGfo+wofAGKCc=">AAACKHicbZDLSgMxFIYz9VbrrerSTbAIuikzRdCNWBDBpUIvQqcMZ9JMG5pMhiQjlKGP48ZXcSOiSLc+iWk7C239IfDnP+eQnC9MONPGdSdOYWV1bX2juFna2t7Z3SvvH7S0TBWhTSK5VI8haMpZTJuGGU4fE0VBhJy2w+HNtN5+okozGTfMKKFdAf2YRYyAsVFQvvaHkCQQ3OIr7HMmgsyXgvbBNxK7Y+xHCkhWw41xnttIDWRwezq/ngXlilt1Z8LLxstNBeW6D8rvfk+SVNDYEA5adzw3Md0MlGGE03HJTzVNgAyhTzvWxiCo7mazRcf4xCY9HEllT2zwLP09kYHQeiRC2ynADPRibRr+V+ukJrrsZixOUkNjMn8oSjm2FKbUcI8pSgwfWQNEMftXTAZg2RjLtmQheIsrL5tWrepZ/3BeqddyHEV0hI7RKfLQBaqjO3SPmoigZ/SKPtCn8+K8OV/OZN5acPKZQ/RHzvcPugeltg==</latexit>

B = lim
!!0

2T

!
⇢B(!)

<latexit sha1_base64="B7s4CXjGo5h0nSx2sQtlGxWQjtQ=">AAACKHicbZDNSgMxFIUz/lv/Rl26CRZBN2WmCLoRS924VGhV6AzDnTTThiaTIckIZejjuPFV3Igo0q1PYtrOQq0HAifn3ktyvzjjTBvPGzsLi0vLK6tr65WNza3tHXd3707LXBHaJpJL9RCDppyltG2Y4fQhUxREzOl9PLia1O8fqdJMpi0zzGgooJeyhBEwNorcy2AAWQZRE1/ggDMRFYEUtAeBkdgb4SBRQIo6bo3K3EaqL6Pm8ex6ErlVr+ZNheeNX5oqKnUTuW9BV5Jc0NQQDlp3fC8zYQHKMMLpqBLkmmZABtCjHWtTEFSHxXTRET6ySRcnUtmTGjxNf04UILQeith2CjB9/bc2Cf+rdXKTnIcFS7Pc0JTMHkpyji2FCTXcZYoSw4fWAFHM/hWTPlg2xrKtWAj+35XnzV295lt/e1pt1Esca+gAHaJj5KMz1EDX6Aa1EUFP6AW9ow/n2Xl1Pp3xrHXBKWf20S85X9+wMqWw</latexit><latexit sha1_base64="B7s4CXjGo5h0nSx2sQtlGxWQjtQ=">AAACKHicbZDNSgMxFIUz/lv/Rl26CRZBN2WmCLoRS924VGhV6AzDnTTThiaTIckIZejjuPFV3Igo0q1PYtrOQq0HAifn3ktyvzjjTBvPGzsLi0vLK6tr65WNza3tHXd3707LXBHaJpJL9RCDppyltG2Y4fQhUxREzOl9PLia1O8fqdJMpi0zzGgooJeyhBEwNorcy2AAWQZRE1/ggDMRFYEUtAeBkdgb4SBRQIo6bo3K3EaqL6Pm8ex6ErlVr+ZNheeNX5oqKnUTuW9BV5Jc0NQQDlp3fC8zYQHKMMLpqBLkmmZABtCjHWtTEFSHxXTRET6ySRcnUtmTGjxNf04UILQeith2CjB9/bc2Cf+rdXKTnIcFS7Pc0JTMHkpyji2FCTXcZYoSw4fWAFHM/hWTPlg2xrKtWAj+35XnzV295lt/e1pt1Esca+gAHaJj5KMz1EDX6Aa1EUFP6AW9ow/n2Xl1Pp3xrHXBKWf20S85X9+wMqWw</latexit><latexit sha1_base64="B7s4CXjGo5h0nSx2sQtlGxWQjtQ=">AAACKHicbZDNSgMxFIUz/lv/Rl26CRZBN2WmCLoRS924VGhV6AzDnTTThiaTIckIZejjuPFV3Igo0q1PYtrOQq0HAifn3ktyvzjjTBvPGzsLi0vLK6tr65WNza3tHXd3707LXBHaJpJL9RCDppyltG2Y4fQhUxREzOl9PLia1O8fqdJMpi0zzGgooJeyhBEwNorcy2AAWQZRE1/ggDMRFYEUtAeBkdgb4SBRQIo6bo3K3EaqL6Pm8ex6ErlVr+ZNheeNX5oqKnUTuW9BV5Jc0NQQDlp3fC8zYQHKMMLpqBLkmmZABtCjHWtTEFSHxXTRET6ySRcnUtmTGjxNf04UILQeith2CjB9/bc2Cf+rdXKTnIcFS7Pc0JTMHkpyji2FCTXcZYoSw4fWAFHM/hWTPlg2xrKtWAj+35XnzV295lt/e1pt1Esca+gAHaJj5KMz1EDX6Aa1EUFP6AW9ow/n2Xl1Pp3xrHXBKWf20S85X9+wMqWw</latexit><latexit sha1_base64="B7s4CXjGo5h0nSx2sQtlGxWQjtQ=">AAACKHicbZDNSgMxFIUz/lv/Rl26CRZBN2WmCLoRS924VGhV6AzDnTTThiaTIckIZejjuPFV3Igo0q1PYtrOQq0HAifn3ktyvzjjTBvPGzsLi0vLK6tr65WNza3tHXd3707LXBHaJpJL9RCDppyltG2Y4fQhUxREzOl9PLia1O8fqdJMpi0zzGgooJeyhBEwNorcy2AAWQZRE1/ggDMRFYEUtAeBkdgb4SBRQIo6bo3K3EaqL6Pm8ex6ErlVr+ZNheeNX5oqKnUTuW9BV5Jc0NQQDlp3fC8zYQHKMMLpqBLkmmZABtCjHWtTEFSHxXTRET6ySRcnUtmTGjxNf04UILQeith2CjB9/bc2Cf+rdXKTnIcFS7Pc0JTMHkpyji2FCTXcZYoSw4fWAFHM/hWTPlg2xrKtWAj+35XnzV295lt/e1pt1Esca+gAHaJj5KMz1EDX6Aa1EUFP6AW9ow/n2Xl1Pp3xrHXBKWf20S85X9+wMqWw</latexit>

 = E +
2

3
hv2iB

<latexit sha1_base64="l+ktSaMHMgYuQ3B1i23dvzEn1Fc="></latexit><latexit sha1_base64="l+ktSaMHMgYuQ3B1i23dvzEn1Fc="></latexit><latexit sha1_base64="l+ktSaMHMgYuQ3B1i23dvzEn1Fc="></latexit><latexit sha1_base64="l+ktSaMHMgYuQ3B1i23dvzEn1Fc="></latexit>

hfi(t)fj(t)i = hEi(t)Ej(t
0)i+ 1

3
hv2ih�ijBk(t)Bk(t

0)�Bi(t
0)Bj(t)i

<latexit sha1_base64="V6S9YGl/E2IUPEeuYBjWqvJ9D6M="></latexit><latexit sha1_base64="V6S9YGl/E2IUPEeuYBjWqvJ9D6M="></latexit><latexit sha1_base64="V6S9YGl/E2IUPEeuYBjWqvJ9D6M="></latexit><latexit sha1_base64="V6S9YGl/E2IUPEeuYBjWqvJ9D6M="></latexit>

Bouttefeux, Laine, JHEP 12 (2020) 150

 = 2MT⌘ = 2T 2/D
<latexit sha1_base64="NAWvk1pRFALfhFTwivIdUMnPlHM=">AAACAnicdZDLSgMxFIYzXmu9jboSN8EiuKrTQdGNUNCFG6FCb9AZSybNtKGZTEgyQhmKG1/FjQtF3PoU7nwbM+0UVPSHwM93zuHk/IFgVGnH+bTm5hcWl5YLK8XVtfWNTXtru6niRGLSwDGLZTtAijDKSUNTzUhbSIKigJFWMLzI6q07IhWNeV2PBPEj1Oc0pBhpg7r2rjdEQqBzF17DOvSIzmz91j267Nolp3ziZIJO2ZmZnFRyUgK5al37w+vFOIkI15ghpToVR2g/RVJTzMi46CWKCISHqE86xnIUEeWnkxPG8MCQHgxjaR7XcEK/T6QoUmoUBaYzQnqgftcy+Fetk+jwzE8pF4kmHE8XhQmDOoZZHrBHJcGajYxBWFLzV4gHSCKsTWpFE8LsUvi/abrlivE3x6Wqm8dRAHtgHxyCCjgFVXAFaqABMLgHj+AZvFgP1pP1ar1NW+esfGYH/JD1/gWnFJT0</latexit><latexit sha1_base64="NAWvk1pRFALfhFTwivIdUMnPlHM=">AAACAnicdZDLSgMxFIYzXmu9jboSN8EiuKrTQdGNUNCFG6FCb9AZSybNtKGZTEgyQhmKG1/FjQtF3PoU7nwbM+0UVPSHwM93zuHk/IFgVGnH+bTm5hcWl5YLK8XVtfWNTXtru6niRGLSwDGLZTtAijDKSUNTzUhbSIKigJFWMLzI6q07IhWNeV2PBPEj1Oc0pBhpg7r2rjdEQqBzF17DOvSIzmz91j267Nolp3ziZIJO2ZmZnFRyUgK5al37w+vFOIkI15ghpToVR2g/RVJTzMi46CWKCISHqE86xnIUEeWnkxPG8MCQHgxjaR7XcEK/T6QoUmoUBaYzQnqgftcy+Fetk+jwzE8pF4kmHE8XhQmDOoZZHrBHJcGajYxBWFLzV4gHSCKsTWpFE8LsUvi/abrlivE3x6Wqm8dRAHtgHxyCCjgFVXAFaqABMLgHj+AZvFgP1pP1ar1NW+esfGYH/JD1/gWnFJT0</latexit><latexit sha1_base64="NAWvk1pRFALfhFTwivIdUMnPlHM=">AAACAnicdZDLSgMxFIYzXmu9jboSN8EiuKrTQdGNUNCFG6FCb9AZSybNtKGZTEgyQhmKG1/FjQtF3PoU7nwbM+0UVPSHwM93zuHk/IFgVGnH+bTm5hcWl5YLK8XVtfWNTXtru6niRGLSwDGLZTtAijDKSUNTzUhbSIKigJFWMLzI6q07IhWNeV2PBPEj1Oc0pBhpg7r2rjdEQqBzF17DOvSIzmz91j267Nolp3ziZIJO2ZmZnFRyUgK5al37w+vFOIkI15ghpToVR2g/RVJTzMi46CWKCISHqE86xnIUEeWnkxPG8MCQHgxjaR7XcEK/T6QoUmoUBaYzQnqgftcy+Fetk+jwzE8pF4kmHE8XhQmDOoZZHrBHJcGajYxBWFLzV4gHSCKsTWpFE8LsUvi/abrlivE3x6Wqm8dRAHtgHxyCCjgFVXAFaqABMLgHj+AZvFgP1pP1ar1NW+esfGYH/JD1/gWnFJT0</latexit><latexit sha1_base64="NAWvk1pRFALfhFTwivIdUMnPlHM=">AAACAnicdZDLSgMxFIYzXmu9jboSN8EiuKrTQdGNUNCFG6FCb9AZSybNtKGZTEgyQhmKG1/FjQtF3PoU7nwbM+0UVPSHwM93zuHk/IFgVGnH+bTm5hcWl5YLK8XVtfWNTXtru6niRGLSwDGLZTtAijDKSUNTzUhbSIKigJFWMLzI6q07IhWNeV2PBPEj1Oc0pBhpg7r2rjdEQqBzF17DOvSIzmz91j267Nolp3ziZIJO2ZmZnFRyUgK5al37w+vFOIkI15ghpToVR2g/RVJTzMi46CWKCISHqE86xnIUEeWnkxPG8MCQHgxjaR7XcEK/T6QoUmoUBaYzQnqgftcy+Fetk+jwzE8pF4kmHE8XhQmDOoZZHrBHJcGajYxBWFLzV4gHSCKsTWpFE8LsUvi/abrlivE3x6Wqm8dRAHtgHxyCCjgFVXAFaqABMLgHj+AZvFgP1pP1ar1NW+esfGYH/JD1/gWnFJT0</latexit>

Casalderrey-Solana, Teaney, PRD 74 (2006) 085012; Caron-Huot, Laine, Moore,  JHEP 0904 (’09) 053

GE(⌧) = �1

3

3X

i=1

D
ReTr

h
U(�, ⌧) gEi(⌧,~0)U(⌧, 0) gEi(0,~0)

iE

D
ReTr[U(�, 0)]

E

<latexit sha1_base64="89ATScDHs0ohvEJCXSQC9eTkUDY=">AAAC9HichVLLbtQwFHXCq4TXFJZsrhiBptJQOS0SbCpVoAqWBTVtpThEjsdJrToPbGekUZTvYMMChNjyMez4G5wHqEyRuFKk43OO7z2xnVRSaIPxT8e9cvXa9RsbN71bt+/cvTfZvH+sy1oxHrBSluo0oZpLUfDACCP5aaU4zRPJT5LzV51+suRKi7I4MquKRznNCpEKRo2l4k3He+K9jg9mxNB6C/bAewokVZQ1ftvstkB0nc eN2PPb97vgjZIHQF6KTBJJi0xyu4SGqBze8XYAR6odHGGn2QpmJOGGzocpZA4ZHMSiHzonS84a3PZ0MFD4ggf/MXS9uq4qgjGBImpM0NpQ/88U/s6Bt7oeay28eDLF27gvuAz8EUzRWIfx5AdZlKzOeWGYpFqHPq5M1FBlBJO89UiteUXZOc14aGFBc66jpr+0Fh5bZgFpqexXGOjZizsammu9yhPrzKk50+taR/5LC2uTvogaUVS14QUbBqW1BFNC9wJgIRRnRq4soEwJmxXYGbUXa+w76Q7BX//ly+B4Z9u3+O2z6f7OeBwb6CF6hGbIR8/RPnqDDlGAmPPB+eh8dr64S/eT+9X9NlhdZ9zzAP1V7vdfDqreJw==</latexit><latexit sha1_base64="89ATScDHs0ohvEJCXSQC9eTkUDY=">AAAC9HichVLLbtQwFHXCq4TXFJZsrhiBptJQOS0SbCpVoAqWBTVtpThEjsdJrToPbGekUZTvYMMChNjyMez4G5wHqEyRuFKk43OO7z2xnVRSaIPxT8e9cvXa9RsbN71bt+/cvTfZvH+sy1oxHrBSluo0oZpLUfDACCP5aaU4zRPJT5LzV51+suRKi7I4MquKRznNCpEKRo2l4k3He+K9jg9mxNB6C/bAewokVZQ1ftvstkB0nc eN2PPb97vgjZIHQF6KTBJJi0xyu4SGqBze8XYAR6odHGGn2QpmJOGGzocpZA4ZHMSiHzonS84a3PZ0MFD4ggf/MXS9uq4qgjGBImpM0NpQ/88U/s6Bt7oeay28eDLF27gvuAz8EUzRWIfx5AdZlKzOeWGYpFqHPq5M1FBlBJO89UiteUXZOc14aGFBc66jpr+0Fh5bZgFpqexXGOjZizsammu9yhPrzKk50+taR/5LC2uTvogaUVS14QUbBqW1BFNC9wJgIRRnRq4soEwJmxXYGbUXa+w76Q7BX//ly+B4Z9u3+O2z6f7OeBwb6CF6hGbIR8/RPnqDDlGAmPPB+eh8dr64S/eT+9X9NlhdZ9zzAP1V7vdfDqreJw==</latexit><latexit sha1_base64="89ATScDHs0ohvEJCXSQC9eTkUDY=">AAAC9HichVLLbtQwFHXCq4TXFJZsrhiBptJQOS0SbCpVoAqWBTVtpThEjsdJrToPbGekUZTvYMMChNjyMez4G5wHqEyRuFKk43OO7z2xnVRSaIPxT8e9cvXa9RsbN71bt+/cvTfZvH+sy1oxHrBSluo0oZpLUfDACCP5aaU4zRPJT5LzV51+suRKi7I4MquKRznNCpEKRo2l4k3He+K9jg9mxNB6C/bAewokVZQ1ftvstkB0nc eN2PPb97vgjZIHQF6KTBJJi0xyu4SGqBze8XYAR6odHGGn2QpmJOGGzocpZA4ZHMSiHzonS84a3PZ0MFD4ggf/MXS9uq4qgjGBImpM0NpQ/88U/s6Bt7oeay28eDLF27gvuAz8EUzRWIfx5AdZlKzOeWGYpFqHPq5M1FBlBJO89UiteUXZOc14aGFBc66jpr+0Fh5bZgFpqexXGOjZizsammu9yhPrzKk50+taR/5LC2uTvogaUVS14QUbBqW1BFNC9wJgIRRnRq4soEwJmxXYGbUXa+w76Q7BX//ly+B4Z9u3+O2z6f7OeBwb6CF6hGbIR8/RPnqDDlGAmPPB+eh8dr64S/eT+9X9NlhdZ9zzAP1V7vdfDqreJw==</latexit><latexit sha1_base64="89ATScDHs0ohvEJCXSQC9eTkUDY=">AAAC9HichVLLbtQwFHXCq4TXFJZsrhiBptJQOS0SbCpVoAqWBTVtpThEjsdJrToPbGekUZTvYMMChNjyMez4G5wHqEyRuFKk43OO7z2xnVRSaIPxT8e9cvXa9RsbN71bt+/cvTfZvH+sy1oxHrBSluo0oZpLUfDACCP5aaU4zRPJT5LzV51+suRKi7I4MquKRznNCpEKRo2l4k3He+K9jg9mxNB6C/bAewokVZQ1ftvstkB0nc eN2PPb97vgjZIHQF6KTBJJi0xyu4SGqBze8XYAR6odHGGn2QpmJOGGzocpZA4ZHMSiHzonS84a3PZ0MFD4ggf/MXS9uq4qgjGBImpM0NpQ/88U/s6Bt7oeay28eDLF27gvuAz8EUzRWIfx5AdZlKzOeWGYpFqHPq5M1FBlBJO89UiteUXZOc14aGFBc66jpr+0Fh5bZgFpqexXGOjZizsammu9yhPrzKk50+taR/5LC2uTvogaUVS14QUbBqW1BFNC9wJgIRRnRq4soEwJmxXYGbUXa+w76Q7BX//ly+B4Z9u3+O2z6f7OeBwb6CF6hGbIR8/RPnqDDlGAmPPB+eh8dr64S/eT+9X9NlhdZ9zzAP1V7vdfDqreJw==</latexit>

t ! i⌧

GE,B(⌧) =

Z 1

0

d!

⇡
⇢E,B(!)

cosh
�
⌧ � 1

2T

�
!

sinh !
2T

<latexit sha1_base64="LBN3xF1tVN85tvanMAzJr09tyX4="></latexit><latexit sha1_base64="LBN3xF1tVN85tvanMAzJr09tyX4="></latexit><latexit sha1_base64="LBN3xF1tVN85tvanMAzJr09tyX4="></latexit><latexit sha1_base64="LBN3xF1tVN85tvanMAzJr09tyX4="></latexit>

hv2i = 3T

M
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@tpi = �⌘pi + fi(t),

hfi(t)fj(t0)i = �ij�(t� t0)
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Heavy quark effective theory:



Extracting momentum diffusion coefficient from the lattice
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Challenge 1: obtain precise results for chromo-electric  and chromo-magnetic  (very noisy) 
Þ Noise reduction via multi-level algorithm, applicable to quenched QCD (pure glue plasma)
Þ Noise reduction by gradient flow method (new development !) , also applicable in full 

QCD

Challenge 2: reconstruct the spectral function  from the Euclidean time lattice correlator  

Þ use knowm large
and small energy  behavior of 
the spectral 

Parameterize ⇢(!, T ) as smooth
interpolation between ⇢low(!, T )
and ⇢high(!), and treat  as well
as the additional nuisance parameters
of interpolation as fit parameters
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Heavy quark diffusion constant in QCD and 1/M correction 
2+1 flavor QCD with m⇡ = 300 MeV, 963 ⇥N⌧ lattice; Gradient flow for noise
reduction
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1.5Tc : B = (1.23� 2.54)T 3, B = (1.0� 2.1)T 3
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Brambilla et al, arXiv:2206.02861 Banerjee et al, arXiv:2204.14075

10-20% correction for bottom quark, ~30% correction for charm quark

/T 3 is significantly larger
in 2+1 flavor QCD than in
quenched QCD and is close
to the AdS/CFT limit
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1/M correction: 
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HEaY\ FlaYRU TheRUY in QCD MaWWeU

OSen HF 
RbV. in AA

QXaUkRniXm 
RbV. in AA

SSecWUal fcWV. + 
WUanVS. cReffV.

HQ/RniXm WheRU\
in Vmall V\VWemV

FiniWe-T HF
LaWWice-QCD

QXanWXm TUanV. 
TheRU\

HQ EFTV 
+ QMBT

HF RbVeUYableV
SS, SA + EIC

IniWial cRndiWiRnV 
fRU AA 

Ba\eVian 
anal\VeV

Lattice QCD and phenomenology of heavy flavor probes  

New proposal for topical 
collaboration

Ralf Rapp(PI), P. Petreczky,
R. Vogt (co-spokespersons),
S. Bass, X. Dong, Frawley, 
Y-J. Lee T. Mehen, S. Mukherjee,
J. Qiu, M. Strickland, I. Vitev

See talk by I. Vitev

INT program 
Heavy Flavor Production in Heavy-Ion and Elementary Collisions (22-3)
Z. Meziani, P. Petreczky, R. Vogt

https://www.int.washington.edu/programs-and-workshops/22-3
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Computational needs

Progress described above in lattice QCD calculations
would not have been possible without SciDAC program and computational 
sources provided by USQCD clusters, NERSC, ALCC and INCITE programs

Need to increase the lattice extent and go to physical quark masses

Currently N⌧ = 12 or m⇡ = 300 MeV
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Continue and increase investments in nuclear physics computing



Computational Nuclear Physics and AI/ML Workshop

• Organized by:
– Alessandro Lovato (ANL)
– Joe Carlson (LANL)
– Phiala Shanahan (MIT) 
– Bronson Messer (ORNL)  
– Witold Nazarewicz (FRIB/MSU) 
– Amber Boehnlein (JLab)
– Peter Petreczky (BNL)
– Robert Edwards (JLab)
– David Dean (JLab) 

• 6-7 September 2022 at SURA in Washington, DC
• 60 registered participants (40 in person, 20 on-line), including DOE representation
• https://indico.jlab.org/event/581/

– All talks archived
– Short white paper being prepared for the LRP

Computational NP workshop 15

https://indico.jlab.org/event/581/


Workshop Resolution
High-performance computing is essential to advance nuclear physics on the experimental 
and theory frontiers. Increased investments in computational nuclear physics will facilitate 
discoveries and capitalize on previous progress. Thus, we recommend a targeted program 
to ensure the utilization of ever-evolving HPC hardware via software and algorithmic 
development, which includes taking advantage of novel capabilities offered by AI/ML.
The key elements of this program are to:
1) Strengthen and expand programs and partnerships to support immediate needs in HPC 

and AI/ML, and also to target development of emerging technologies, such as 
quantum computing, and other opportunities.

2) Take full advantage of exciting possibilities offered by new hardware and software 
and AI/ML within the nuclear physics community through educational and training 
activities.

3) Establish programs to support cutting-edge developments of a multi-disciplinary 
workforce and cross-disciplinary collaborations in high-performance computing and 
AI/ML.

4) Expand access to computational hardware through dedicated and high-performance 
computing resources.

Computational NP workshop 16

Similar computational nuclear physics workshop was organized for the 2015 Long Range Plan
and its recommendation have been adopted as one of the initiatives in 2015 ! 



Summary 

Tmelt(⌥(3S)) ' Tmelt(�b(2P )) ' 220 MeV
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Tmelt(⌥(2S)) ' Tmelt(�b(1P )) ' 360 MeV
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Consistent with analysis of 
spatial meson correlators
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• The thermal width of bottomonium increases with T and leads to melting:

• No significant thermal modification of bottomonium masses have been
found in contrast with the expectations based on potential models with
screened potential

• Lattice calculations confirm the existence of the imaginary part of the
potential; There is no evidence for the screening of the real part of the
potential ) Matsui and Satz picture is not correct, quarkonium melting
is not related to color screening

• First full QCD calculation of the heavy quark di↵usion coe�cient become
available now and indicate that /T 3 is larger than un quenched QCD
and close to the Ads/CFT bound

• Need to interface lattice QCD and phenomenology ) Theory Topical Col-
laboration

• Increased investments in computational nuclear physics are needed
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