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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 )
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White papers for the 2023 LRP:
The Present and Future of QCD, arXiv:2303.02579

Hot QCD White Paper, arXiv:2303.17254

Conveners:
S. Mukherjee

PP

https://inspirehep.net/literature/2638645
https://inspirehep.net/literature/2648102


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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Strategies to obtain the spectral functions from lattice 
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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>
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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 
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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 

5

� � � � � � � � � � �

�
� � � � � � � �

�

�

�
� �

�
�

�
�

�

�

�

�

� �(1S) � �(2S) � �(3S)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.0

0.2

0.4

0.6

0.8

1.0

� (fm)

M
ef
f

su
b
(G
eV

)

Fit M sub
e↵ (⌧, T ) using a simple Ansatz:

⇢med
↵ (!, T ) = Acut

↵ (T ) �
�
! � !cut

↵ (T )
�
+A↵(T ) exp

 
� [! �M↵(T )]

2

2�2
↵(T )

!

<latexit sha1_base64="DHvdIa74JWBFx+PlOn5DvV0+RNs="></latexit><latexit sha1_base64="DHvdIa74JWBFx+PlOn5DvV0+RNs="></latexit><latexit sha1_base64="DHvdIa74JWBFx+PlOn5DvV0+RNs="></latexit><latexit sha1_base64="DHvdIa74JWBFx+PlOn5DvV0+RNs="></latexit>

) M↵(T ),�↵(T )
<latexit sha1_base64="RwvU8JkcQZSSIkdckluKPZIOahM=">AAACGXicdZDLSgMxFIYz9VbrrerSTbAVKkiZKYguCy50I1TpDTqlnEnTNjSZGZKMUoa+hhtfxY0LRVzqyrcxbadQRX8I/HznHE7O74WcKW3bX1ZqaXlldS29ntnY3Nreye7u1VUQSUJrJOCBbHqgKGc+rWmmOW2GkoLwOG14w4tJvXFHpWKBX9WjkLYF9H3WYwS0QZ2sjfPuLesPNEgZ3OPrTuwCDwcwLlSPT7B7CULAIst3sjm7eGpPhO2iPTcJcRKSQ4kqneyH2w1IJKivCQelWo4d6nYMUjPC6TjjRoqGQIbQpy1jfRBUtePpZWN8ZEgX9wJpnq/xlC5OxCCUGgnPdArQA/W7NoF/1VqR7p23Y+aHkaY+mS3qRRzrAE9iwl0mKdF8ZAwQycxfMRmABKJNmBkTwvxS/L+pl4qO8TelXLmUxJFGB+gQFZCDzlAZXaEKqiGCHtATekGv1qP1bL1Z77PWlJXM7KMfsj6/AUTWnyQ=</latexit><latexit sha1_base64="RwvU8JkcQZSSIkdckluKPZIOahM=">AAACGXicdZDLSgMxFIYz9VbrrerSTbAVKkiZKYguCy50I1TpDTqlnEnTNjSZGZKMUoa+hhtfxY0LRVzqyrcxbadQRX8I/HznHE7O74WcKW3bX1ZqaXlldS29ntnY3Nreye7u1VUQSUJrJOCBbHqgKGc+rWmmOW2GkoLwOG14w4tJvXFHpWKBX9WjkLYF9H3WYwS0QZ2sjfPuLesPNEgZ3OPrTuwCDwcwLlSPT7B7CULAIst3sjm7eGpPhO2iPTcJcRKSQ4kqneyH2w1IJKivCQelWo4d6nYMUjPC6TjjRoqGQIbQpy1jfRBUtePpZWN8ZEgX9wJpnq/xlC5OxCCUGgnPdArQA/W7NoF/1VqR7p23Y+aHkaY+mS3qRRzrAE9iwl0mKdF8ZAwQycxfMRmABKJNmBkTwvxS/L+pl4qO8TelXLmUxJFGB+gQFZCDzlAZXaEKqiGCHtATekGv1qP1bL1Z77PWlJXM7KMfsj6/AUTWnyQ=</latexit><latexit sha1_base64="RwvU8JkcQZSSIkdckluKPZIOahM=">AAACGXicdZDLSgMxFIYz9VbrrerSTbAVKkiZKYguCy50I1TpDTqlnEnTNjSZGZKMUoa+hhtfxY0LRVzqyrcxbadQRX8I/HznHE7O74WcKW3bX1ZqaXlldS29ntnY3Nreye7u1VUQSUJrJOCBbHqgKGc+rWmmOW2GkoLwOG14w4tJvXFHpWKBX9WjkLYF9H3WYwS0QZ2sjfPuLesPNEgZ3OPrTuwCDwcwLlSPT7B7CULAIst3sjm7eGpPhO2iPTcJcRKSQ4kqneyH2w1IJKivCQelWo4d6nYMUjPC6TjjRoqGQIbQpy1jfRBUtePpZWN8ZEgX9wJpnq/xlC5OxCCUGgnPdArQA/W7NoF/1VqR7p23Y+aHkaY+mS3qRRzrAE9iwl0mKdF8ZAwQycxfMRmABKJNmBkTwvxS/L+pl4qO8TelXLmUxJFGB+gQFZCDzlAZXaEKqiGCHtATekGv1qP1bL1Z77PWlJXM7KMfsj6/AUTWnyQ=</latexit><latexit sha1_base64="RwvU8JkcQZSSIkdckluKPZIOahM=">AAACGXicdZDLSgMxFIYz9VbrrerSTbAVKkiZKYguCy50I1TpDTqlnEnTNjSZGZKMUoa+hhtfxY0LRVzqyrcxbadQRX8I/HznHE7O74WcKW3bX1ZqaXlldS29ntnY3Nreye7u1VUQSUJrJOCBbHqgKGc+rWmmOW2GkoLwOG14w4tJvXFHpWKBX9WjkLYF9H3WYwS0QZ2sjfPuLesPNEgZ3OPrTuwCDwcwLlSPT7B7CULAIst3sjm7eGpPhO2iPTcJcRKSQ4kqneyH2w1IJKivCQelWo4d6nYMUjPC6TjjRoqGQIbQpy1jfRBUtePpZWN8ZEgX9wJpnq/xlC5OxCCUGgnPdArQA/W7NoF/1VqR7p23Y+aHkaY+mS3qRRzrAE9iwl0mKdF8ZAwQycxfMRmABKJNmBkTwvxS/L+pl4qO8TelXLmUxJFGB+gQFZCDzlAZXaEKqiGCHtATekGv1qP1bL1Z77PWlJXM7KMfsj6/AUTWnyQ=</latexit>

HISQ, 48
3 ⇥ 12 lattices with ml = ms/20

(from Tc and EoS calculations)
<latexit sha1_base64="vvPD8D1sMk5h4efZ6tiS0mw5vek="></latexit><latexit sha1_base64="vvPD8D1sMk5h4efZ6tiS0mw5vek="></latexit><latexit sha1_base64="vvPD8D1sMk5h4efZ6tiS0mw5vek="></latexit><latexit sha1_base64="vvPD8D1sMk5h4efZ6tiS0mw5vek="></latexit>



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
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<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 >> 1/T

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

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

7

Challenge: reconstruct ⇢r(!, T ) ) subtract the high ! part of the spectral
function using T = 0 lattice results and model the ground state peak by a
Gaussian form

<latexit sha1_base64="9nv7fpZn011cefwulmCxm2rodeg="></latexit><latexit sha1_base64="9nv7fpZn011cefwulmCxm2rodeg="></latexit><latexit sha1_base64="9nv7fpZn011cefwulmCxm2rodeg="></latexit><latexit sha1_base64="9nv7fpZn011cefwulmCxm2rodeg="></latexit>



Quark anti-quark potential at T>0 from the lattice 
Bala et al (HotQCD), PRD 105 (2022) 054513HISQ, N⌧ = 12

<latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="ZPr9tyqMjrUpkcHTLsukopa4MpM=">AAAB8XicbZBPS8MwGMbfzn9zTq169BLcBA8y2l30Ighe5kU2dG6wlZJm6RaWpiVJhVLmV/HiQRG/jDe/jdmfg24+EPjxPAnvmydIOFPacb6twtr6xuZWcbu0U97d27cPyo8qTiWhbRLzWHYDrChngrY105x2E0lxFHDaCcY307zzRKVisXjQWUK9CA8FCxnB2li+fdS4vW+do+qdn/c1TidXbr3q2xWn5syEVsFdQAUWavr2V38QkzSiQhOOleq5TqK9HEvNCKeTUj9VNMFkjIe0Z1DgiCovny0/QafGGaAwluYIjWbu7xc5jpTKosDcjLAeqeVsav6X9VIdXno5E0mqqSDzQWHKkY7RtAk0YJISzTMDmEhmdkVkhCUm2vRVMiW4y19ehcd6zTXccqAIx3ACZ+DCBVxDA5rQBgIZvMAbvFvP1qv1Ma+rYC16O4Q/sj5/AMWPkbY=</latexit><latexit sha1_base64="iEkPwyNcciP9oFwMlZ91Dfk2Ink=">AAAB8XicdZBLSwMxFIXv1FetVUddugm2ggspMwXRjSC4qRtp0T6gHYZMmrahmQdJRhiG+lfcuFDEP+POf2OmnYKKHggcvpNwb44XcSaVZX0ahZXVtfWN4mZpq7y9s2vulTsyjAWhbRLyUPQ8LClnAW0rpjjtRYJi3+O0602vs7z7QIVkYXCvkog6Ph4HbMQIVhq55kHj5q51iqq3bjpQOJ5d2vWqa1as2pmVCVk1a2lyYuekArmarvkxGIYk9mmgCMdS9m0rUk6KhWKE01lpEEsaYTLFY9rXNsA+lU46X36GjjUZolEo9AkUmtPvL1LsS5n4nr7pYzWRv7MM/pX1YzW6cFIWRLGiAVkMGsUcqRBlTaAhE5QonmiDiWB6V0QmWGCidF8lXcLyp+h/06nXbO1bFhThEI7gBGw4hytoQBPaQCCBJ3iBV+PReDbeFnUVjLy3ffgh4/0L07ORwA==</latexit><latexit sha1_base64="AUq+cEPR/2ZX+SvnDBtqVsJQDvA=">AAAB/HicdZDLSgMxFIYz9VbrbbRLN8FWcCElUxDdCAU3dSMt2gu0w5BJM21o5kKSEYahvoobF4q49UHc+TZm2imo6A+Bn++cwzn53YgzqRD6NAorq2vrG8XN0tb2zu6euX/QlWEsCO2QkIei72JJOQtoRzHFaT8SFPsupz13epXVe/dUSBYGdyqJqO3jccA8RrDSyDHLzevb9ims3jjpUOF4dmnVq45ZQbUzlAmiGlqanFg5qYBcLcf8GI5CEvs0UIRjKQcWipSdYqEY4XRWGsaSRphM8ZgOtA2wT6Wdzo+fwWNNRtALhX6BgnP6fSLFvpSJ7+pOH6uJ/F3L4F+1Qay8CztlQRQrGpDFIi/mUIUwSwKOmKBE8UQbTATTt0IywQITpfMq6RCWP4X/m269ZmnfRpVGPY+jCA7BETgBFjgHDdAELdABBCTgETyDF+PBeDJejbdFa8HIZ8rgh4z3LyKZkxM=</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit><latexit sha1_base64="kOb8YscSM+ZwPf0Y9YLTqu826RM=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcCElCYhuhIKbupEW7QXaECbTSTt0MgkzE6GE+ipuXCji1gdx59s4aVNQ0R8Gfr5zDufM78eMSmVZn0ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1J1dZvXtPhKQRv1PTmLghGnEaUIyURp5Zblzftk5h9cZLBwols0vbqXpmxaqdWZmgVbOWJid2TiogV9MzPwbDCCch4QozJGXftmLlpkgoihmZlQaJJDHCEzQifW05Col00/nxM3isyRAGkdCPKzin3ydSFEo5DX3dGSI1lr9rGfyr1k9UcOGmlMeJIhwvFgUJgyqCWRJwSAXBik21QVhQfSvEYyQQVjqvkg5h+VP4v+k4NVv7llOpO3kcRXAIjsAJsME5qIMGaII2wGAKHsEzeDEejCfj1XhbtBaMfKYMfsh4/wIjOZMV</latexit>
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⇢µ⌫V (!) ⌘
Z 1

�1
dtei!t

Z
d3x

D
[Ĵµ(t, ~x), Ĵ⌫(0,~0)]

E

drag constant

Spatial diffusion constant 
~ mean free path (weak coupling)

!UV

Momentum diffusion coefficient

For large quark mass the transport peak is very narrow even for strong coupling and its
difficult to reconstruct it accurately from Euclidean correlator calculated on the lattice 

area under the peak ~ heavy quark  coefficient ~ width of the peak�q
2

T
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Current-current correlators and heavy quark diffusion coefficient 

@tpi = �⌘pi + fi(t),

hfi(t)fj(t0)i = �ij�(t� t0)
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Heavy quark diffusion and lattice QCD   
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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

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
<latexit sha1_base64="FKwzRXMHGIlu6D3FJtBqJl26Xk8="></latexit><latexit sha1_base64="ya6UA4ycZzy1l2BylHNa260onUM="></latexit><latexit sha1_base64="ya6UA4ycZzy1l2BylHNa260onUM="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="UVz0rU5u12e7hxAgGNDN1KuhFFw=">AAACCXicbZBPS8MwGMbf+nfOqdWrl+AQBGG086AXQfDiRZiwf7DWkWbpFpamJUkHo/RDePGrePGgiF/Am9/GdNtBNx8I/HiehLzvEyScKe0439ba+sbm1nZpp7xb2ds/sA8rbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E49si70yoVCwWTT1NqB/hoWAhI1gbq2+fexyLIafIi7AeBWE2yR/ryJNz89oLJSbZBWrm2X3et6tOzZkJrYK7gCos1OjbX94gJmlEhSYcK9VznUT7GZaaEU7zspcqmmAyxkPaMyhwRJWfzZbK0alxBiiMpTlCo5n7+0WGI6WmUWBuFqOr5aww/8t6qQ6v/IyJJNVUkPlHYcqRjlHREBowSYnmUwOYSGZmRWSETQ/a9Fg2JbjLK69Cu15zDT84UIJjOIEzcOESbuAOGtACAk/wAm/wbj1br9bHvK41a9HbEfyR9fkDZkycww==</latexit><latexit sha1_base64="q7ws4THrConu8f2YQOGED86l6YU=">AAACCXicdZDLSgMxGIX/qbdaq1a3boJFEIQyUxHdCIIbN0KF3qAzlkyaaUMzmSHJFMowD+HGV3HjQhFfwJ1vY6YXUNEDgcN3EvL/x485U9q2P63Cyura+kZxs7RV3t7ZreyV2ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxx9d53plQqVgkmnoaUy/EQ8ECRrA2qF85cTkWQ06RG2I98oN0kt3XkSvn8NINJCbpKWpm6W3Wr1Tt2pmdC9k1e2kWxFmQKizU6Fc+3EFEkpAKTThWqufYsfZSLDUjnGYlN1E0xmSMh7RnrMAhVV46WypDR4YMUBBJc4RGM/r9RYpDpaahb27mo6vfWQ7/ynqJDi68lIk40VSQ+UdBwpGOUN4QGjBJieZTYzCRzMyKyAibHrTpsWRKWG6K/jftes0x/s6GIhzAIRyDA+dwBTfQgBYQeIAneIFX69F6tt7mdRWsRW/78EPW+xd0cJzN</latexit><latexit sha1_base64="jV1rW4oXOWRTaWJK+jOlUdDIPXg=">AAACFHicdZDLSgMxFIYz9VbrbdSlm2ARBKGkFdGNUHDjRqjQG3TGkkkzbWgmMySZQhnmIdz4Km5cKOLWhTvfxkw7BRX9IfDznXPIOb8XcaY0Qp9WYWl5ZXWtuF7a2Nza3rF399oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8cZXWb0zoVKxUDT1NKJugIeC+YxgbVDfPnE4FkNOoRNgPfL8ZJLe1aAj5/DS8SUmySlspslN2rfLqHKGMkFUQQuTk2pOyiBXo29/OIOQxAEVmnCsVK+KIu0mWGpGOE1LTqxohMkYD2nPWIEDqtxkdlQKjwwZQD+U5gkNZ/T7RIIDpaaBZzqz1dXvWgb/qvVi7V+4CRNRrKkg84/8mEMdwiwhOGCSEs2nxmAimdkVkhE2OWiTY8mEsLgU/m/atUrV+FtUrtfyOIrgAByCY1AF56AOrkEDtAAB9+ARPIMX68F6sl6tt3lrwcpn9sEPWe9fOZ2eOA==</latexit><latexit sha1_base64="jV1rW4oXOWRTaWJK+jOlUdDIPXg=">AAACFHicdZDLSgMxFIYz9VbrbdSlm2ARBKGkFdGNUHDjRqjQG3TGkkkzbWgmMySZQhnmIdz4Km5cKOLWhTvfxkw7BRX9IfDznXPIOb8XcaY0Qp9WYWl5ZXWtuF7a2Nza3rF399oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8cZXWb0zoVKxUDT1NKJugIeC+YxgbVDfPnE4FkNOoRNgPfL8ZJLe1aAj5/DS8SUmySlspslN2rfLqHKGMkFUQQuTk2pOyiBXo29/OIOQxAEVmnCsVK+KIu0mWGpGOE1LTqxohMkYD2nPWIEDqtxkdlQKjwwZQD+U5gkNZ/T7RIIDpaaBZzqz1dXvWgb/qvVi7V+4CRNRrKkg84/8mEMdwiwhOGCSEs2nxmAimdkVkhE2OWiTY8mEsLgU/m/atUrV+FtUrtfyOIrgAByCY1AF56AOrkEDtAAB9+ARPIMX68F6sl6tt3lrwcpn9sEPWe9fOZ2eOA==</latexit><latexit sha1_base64="ya6UA4ycZzy1l2BylHNa260onUM="></latexit><latexit sha1_base64="ya6UA4ycZzy1l2BylHNa260onUM="></latexit><latexit sha1_base64="ya6UA4ycZzy1l2BylHNa260onUM="></latexit><latexit sha1_base64="ya6UA4ycZzy1l2BylHNa260onUM="></latexit><latexit sha1_base64="jV1rW4oXOWRTaWJK+jOlUdDIPXg=">AAACFHicdZDLSgMxFIYz9VbrbdSlm2ARBKGkFdGNUHDjRqjQG3TGkkkzbWgmMySZQhnmIdz4Km5cKOLWhTvfxkw7BRX9IfDznXPIOb8XcaY0Qp9WYWl5ZXWtuF7a2Nza3rF399oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8cZXWb0zoVKxUDT1NKJugIeC+YxgbVDfPnE4FkNOoRNgPfL8ZJLe1aAj5/DS8SUmySlspslN2rfLqHKGMkFUQQuTk2pOyiBXo29/OIOQxAEVmnCsVK+KIu0mWGpGOE1LTqxohMkYD2nPWIEDqtxkdlQKjwwZQD+U5gkNZ/T7RIIDpaaBZzqz1dXvWgb/qvVi7V+4CRNRrKkg84/8mEMdwiwhOGCSEs2nxmAimdkVkhE2OWiTY8mEsLgU/m/atUrV+FtUrtfyOIrgAByCY1AF56AOrkEDtAAB9+ARPIMX68F6sl6tt3lrwcpn9sEPWe9fOZ2eOA==</latexit>
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Can be rigorously derived in Heavy Quark Effective Theory

Obtain the momentum  heavy quark transport coefficient through the force correlator



Extracting momentum diffusion coefficient from the lattice

10°3 10°2 10°1 100

!/T

10°3

10°2

10°1

100

2Ω
(!

)/
(!

T
2 )

LO

Truncated LO

NLO

ΩNLO
T=0

Ωnaive
NLO

ΩNLO

step

⇢low(!) =
!

2T

⇢high(!) =
g2(µ)!3

6⇡
<latexit sha1_base64="8EGpEnql6art/LZrvPA+XUgZ3lk="></latexit><latexit sha1_base64="2j47aipiVMELGHir0cri/SG1Sw4="></latexit><latexit sha1_base64="2j47aipiVMELGHir0cri/SG1Sw4="></latexit><latexit sha1_base64="zHUTBx4wvX0mpuQEPeOvtWqQiVc="></latexit>

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 known  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

<latexit sha1_base64="5EVPGHCX7NgFaluf7m2TP18VN6M="></latexit><latexit sha1_base64="5EVPGHCX7NgFaluf7m2TP18VN6M="></latexit><latexit sha1_base64="5EVPGHCX7NgFaluf7m2TP18VN6M="></latexit><latexit sha1_base64="5EVPGHCX7NgFaluf7m2TP18VN6M="></latexit>
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Extracting momentum diffusion coefficient from the lattice

We see small cutoff effects thanks improved actions

Gauge fields are smeared in the radius
p
8⌧F
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a <
p
8⌧F < ⌧/3
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Symanzik gauge action and 
Zeuthen flow

2+1 flavor QCD with ml = ms/5 (m⇡ = 320 MeV), T = 195 � 354 MeV,
963 ⇥ N⌧ lattices with N⌧ = 36, 32, 28, 24, 20; additional 643 ⇥ N⌧ lattices
with N⌧ = 20, 22, 24 ) 3 lattice spacings at each T ; Gradient flow for noise
reduction
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643 ⇥N⌧ lattices have been partly generated
using USQCD allocation (2022-2023).
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Analysis and modeling the chromo-electric correlator

⇢max(!, T ) = max(⇢low(!, T ), ⇢high(!))
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⇢smax(!, T ) =
q
(⇢low)2 + (⇢high)2

<latexit sha1_base64="7mSmaAtBPbzS7yebSHDMQG+kR98=">AAACJHicbVDLSgMxFM3UV62vUZduBovQopSZIiiIUHDjskJf0GlLJk07oclkTDJqGeZj3Pgrblz4wIUbv8W0nYW2Hgice8693NzjhZRIZdtfRmZpeWV1Lbue29jc2t4xd/cakkcC4TrilIuWByWmJMB1RRTFrVBgyDyKm97oauI377CQhAc1NQ5xh8FhQAYEQaWlnnnhCp93Y8ngQ1JwOcNDeFIrXrryVqi4MDMpv0+K3fJxWv pk6E/qpGfm7ZI9hbVInJTkQYpqz3x3+xxFDAcKUShl27FD1YmhUARRnOTcSOIQohEc4ramAWRYduLpkYl1pJW+NeBCv0BZU/X3RAyZlGPm6U4GlS/nvYn4n9eO1OC8E5MgjBQO0GzRIKKW4tYkMatPBEaKjjWBSBD9Vwv5UECkdK45HYIzf/IiaZRLjuY3p/lKOY0jCw7AISgAB5yBCrgGVVAHCDyCZ/AK3own48X4MD5nrRkjndkHf2B8/wAfSKUD</latexit><latexit sha1_base64="7mSmaAtBPbzS7yebSHDMQG+kR98=">AAACJHicbVDLSgMxFM3UV62vUZduBovQopSZIiiIUHDjskJf0GlLJk07oclkTDJqGeZj3Pgrblz4wIUbv8W0nYW2Hgice8693NzjhZRIZdtfRmZpeWV1Lbue29jc2t4xd/cakkcC4TrilIuWByWmJMB1RRTFrVBgyDyKm97oauI377CQhAc1NQ5xh8FhQAYEQaWlnnnhCp93Y8ngQ1JwOcNDeFIrXrryVqi4MDMpv0+K3fJxWv pk6E/qpGfm7ZI9hbVInJTkQYpqz3x3+xxFDAcKUShl27FD1YmhUARRnOTcSOIQohEc4ramAWRYduLpkYl1pJW+NeBCv0BZU/X3RAyZlGPm6U4GlS/nvYn4n9eO1OC8E5MgjBQO0GzRIKKW4tYkMatPBEaKjjWBSBD9Vwv5UECkdK45HYIzf/IiaZRLjuY3p/lKOY0jCw7AISgAB5yBCrgGVVAHCDyCZ/AK3own48X4MD5nrRkjndkHf2B8/wAfSKUD</latexit><latexit sha1_base64="7mSmaAtBPbzS7yebSHDMQG+kR98=">AAACJHicbVDLSgMxFM3UV62vUZduBovQopSZIiiIUHDjskJf0GlLJk07oclkTDJqGeZj3Pgrblz4wIUbv8W0nYW2Hgice8693NzjhZRIZdtfRmZpeWV1Lbue29jc2t4xd/cakkcC4TrilIuWByWmJMB1RRTFrVBgyDyKm97oauI377CQhAc1NQ5xh8FhQAYEQaWlnnnhCp93Y8ngQ1JwOcNDeFIrXrryVqi4MDMpv0+K3fJxWv pk6E/qpGfm7ZI9hbVInJTkQYpqz3x3+xxFDAcKUShl27FD1YmhUARRnOTcSOIQohEc4ramAWRYduLpkYl1pJW+NeBCv0BZU/X3RAyZlGPm6U4GlS/nvYn4n9eO1OC8E5MgjBQO0GzRIKKW4tYkMatPBEaKjjWBSBD9Vwv5UECkdK45HYIzf/IiaZRLjuY3p/lKOY0jCw7AISgAB5yBCrgGVVAHCDyCZ/AK3own48X4MD5nrRkjndkHf2B8/wAfSKUD</latexit><latexit sha1_base64="7mSmaAtBPbzS7yebSHDMQG+kR98=">AAACJHicbVDLSgMxFM3UV62vUZduBovQopSZIiiIUHDjskJf0GlLJk07oclkTDJqGeZj3Pgrblz4wIUbv8W0nYW2Hgice8693NzjhZRIZdtfRmZpeWV1Lbue29jc2t4xd/cakkcC4TrilIuWByWmJMB1RRTFrVBgyDyKm97oauI377CQhAc1NQ5xh8FhQAYEQaWlnnnhCp93Y8ngQ1JwOcNDeFIrXrryVqi4MDMpv0+K3fJxWv pk6E/qpGfm7ZI9hbVInJTkQYpqz3x3+xxFDAcKUShl27FD1YmhUARRnOTcSOIQohEc4ramAWRYduLpkYl1pJW+NeBCv0BZU/X3RAyZlGPm6U4GlS/nvYn4n9eO1OC8E5MgjBQO0GzRIKKW4tYkMatPBEaKjjWBSBD9Vwv5UECkdK45HYIzf/IiaZRLjuY3p/lKOY0jCw7AISgAB5yBCrgGVVAHCDyCZ/AK3own48X4MD5nrRkjndkHf2B8/wAfSKUD</latexit>

• Extrapolate the lattice results on the chromo-electric correlator  to the continuum limit
• Perform the zero flow time extrapolation

Analysis of the chromo-electric correlator:

Fits to model spectral function:

⇢low(!, T ) =
!

2T
<latexit sha1_base64="ZU/RflIcCxAyoLOyj2qJdttklok=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARKkhJiqAboeDGZYXeoKnlZDpph04yYWailJDncOOruHGhiDtx49s4vSy09cDAx/+fw5nz+zFnSjvOt5VbWV1b38hvFra2d3b37P2DphKJJLRBBBey7YOinEW0oZnmtB1LCqHPacsfXU/81j2Viomorscx7YYwiFjACGgj9WzXk0Nxl3LxkJU8EdIBnNVP8RXGXiCBpN4I4hjwzMnSCq 5nPbvolJ1p4WVw51BE86r17E+vL0gS0kgTDkp1XCfW3RSkZoTTrOAlisZARjCgHYMRhFR10+lpGT4xSh8HQpoXaTxVf0+kECo1Dn3TGYIeqkVvIv7ndRIdXHZTFsWJphGZLQoSjrXAk5xwn0lKNB8bACKZ+SsmQzCZaJNmwYTgLp68DM1K2TV8e16sVuZx5NEROkYl5KILVEU3qIYaiKBH9Ixe0Zv1ZL1Y79bHrDVnzWcO0Z+yvn4A+XygIQ==</latexit><latexit sha1_base64="ZU/RflIcCxAyoLOyj2qJdttklok=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARKkhJiqAboeDGZYXeoKnlZDpph04yYWailJDncOOruHGhiDtx49s4vSy09cDAx/+fw5nz+zFnSjvOt5VbWV1b38hvFra2d3b37P2DphKJJLRBBBey7YOinEW0oZnmtB1LCqHPacsfXU/81j2Viomorscx7YYwiFjACGgj9WzXk0Nxl3LxkJU8EdIBnNVP8RXGXiCBpN4I4hjwzMnSCq 5nPbvolJ1p4WVw51BE86r17E+vL0gS0kgTDkp1XCfW3RSkZoTTrOAlisZARjCgHYMRhFR10+lpGT4xSh8HQpoXaTxVf0+kECo1Dn3TGYIeqkVvIv7ndRIdXHZTFsWJphGZLQoSjrXAk5xwn0lKNB8bACKZ+SsmQzCZaJNmwYTgLp68DM1K2TV8e16sVuZx5NEROkYl5KILVEU3qIYaiKBH9Ixe0Zv1ZL1Y79bHrDVnzWcO0Z+yvn4A+XygIQ==</latexit><latexit sha1_base64="ZU/RflIcCxAyoLOyj2qJdttklok=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARKkhJiqAboeDGZYXeoKnlZDpph04yYWailJDncOOruHGhiDtx49s4vSy09cDAx/+fw5nz+zFnSjvOt5VbWV1b38hvFra2d3b37P2DphKJJLRBBBey7YOinEW0oZnmtB1LCqHPacsfXU/81j2Viomorscx7YYwiFjACGgj9WzXk0Nxl3LxkJU8EdIBnNVP8RXGXiCBpN4I4hjwzMnSCq 5nPbvolJ1p4WVw51BE86r17E+vL0gS0kgTDkp1XCfW3RSkZoTTrOAlisZARjCgHYMRhFR10+lpGT4xSh8HQpoXaTxVf0+kECo1Dn3TGYIeqkVvIv7ndRIdXHZTFsWJphGZLQoSjrXAk5xwn0lKNB8bACKZ+SsmQzCZaJNmwYTgLp68DM1K2TV8e16sVuZx5NEROkYl5KILVEU3qIYaiKBH9Ixe0Zv1ZL1Y79bHrDVnzWcO0Z+yvn4A+XygIQ==</latexit><latexit sha1_base64="ZU/RflIcCxAyoLOyj2qJdttklok=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARKkhJiqAboeDGZYXeoKnlZDpph04yYWailJDncOOruHGhiDtx49s4vSy09cDAx/+fw5nz+zFnSjvOt5VbWV1b38hvFra2d3b37P2DphKJJLRBBBey7YOinEW0oZnmtB1LCqHPacsfXU/81j2Viomorscx7YYwiFjACGgj9WzXk0Nxl3LxkJU8EdIBnNVP8RXGXiCBpN4I4hjwzMnSCq 5nPbvolJ1p4WVw51BE86r17E+vL0gS0kgTDkp1XCfW3RSkZoTTrOAlisZARjCgHYMRhFR10+lpGT4xSh8HQpoXaTxVf0+kECo1Dn3TGYIeqkVvIv7ndRIdXHZTFsWJphGZLQoSjrXAk5xwn0lKNB8bACKZ+SsmQzCZaJNmwYTgLp68DM1K2TV8e16sVuZx5NEROkYl5KILVEU3qIYaiKBH9Ixe0Zv1ZL1Y79bHrDVnzWcO0Z+yvn4A+XygIQ==</latexit>

⇢pow(!, T ) = ⇢low(!, T ), !  !IR
<latexit sha1_base64="N4pJc00wMoyeP8mvfGBMteZKDjQ=">AAACKXicbZDLSgMxFIYzXmu9VV26CRahQikzRdCNUHCjuyq9QaeWTHrahmYmQ5JRylAfx42v4kZBUbe+iGmnC9v6Q+DjP+dwcn4v5Exp2/6ylpZXVtfWUxvpza3tnd3M3n5NiUhSqFLBhWx4RAFnAVQ10xwaoQTiexzq3uByXK/fg1RMBBU9DKHlk17AuowSbax2puTKvriLQ/EwyrnChx7JV04uEpPPmPnHBF0OOKF2fH07ameydsGeCC+CM4Usmqrczry5HUEjHwJNOVGq6dihbsVEakY5jNJupCAkdEB60DQYEB9UK55cOsLHxungrpDmBRpP3L8TMfGVGvqe6fSJ7qv52tj8r9aMdPe8FbMgjDQENFnUjTjWAo9jwx0mgWo+NECoZOavmPaJJFSbcNMmBGf+5EWoFQuO4ZvTbKk4jSOFDtERyiEHnaESukJlVEUUPaEX9I4+rGfr1fq0vpPWJWs6c4BmZP38AiDvpxU=</latexit><latexit sha1_base64="N4pJc00wMoyeP8mvfGBMteZKDjQ=">AAACKXicbZDLSgMxFIYzXmu9VV26CRahQikzRdCNUHCjuyq9QaeWTHrahmYmQ5JRylAfx42v4kZBUbe+iGmnC9v6Q+DjP+dwcn4v5Exp2/6ylpZXVtfWUxvpza3tnd3M3n5NiUhSqFLBhWx4RAFnAVQ10xwaoQTiexzq3uByXK/fg1RMBBU9DKHlk17AuowSbax2puTKvriLQ/EwyrnChx7JV04uEpPPmPnHBF0OOKF2fH07ameydsGeCC+CM4Usmqrczry5HUEjHwJNOVGq6dihbsVEakY5jNJupCAkdEB60DQYEB9UK55cOsLHxungrpDmBRpP3L8TMfGVGvqe6fSJ7qv52tj8r9aMdPe8FbMgjDQENFnUjTjWAo9jwx0mgWo+NECoZOavmPaJJFSbcNMmBGf+5EWoFQuO4ZvTbKk4jSOFDtERyiEHnaESukJlVEUUPaEX9I4+rGfr1fq0vpPWJWs6c4BmZP38AiDvpxU=</latexit><latexit sha1_base64="N4pJc00wMoyeP8mvfGBMteZKDjQ=">AAACKXicbZDLSgMxFIYzXmu9VV26CRahQikzRdCNUHCjuyq9QaeWTHrahmYmQ5JRylAfx42v4kZBUbe+iGmnC9v6Q+DjP+dwcn4v5Exp2/6ylpZXVtfWUxvpza3tnd3M3n5NiUhSqFLBhWx4RAFnAVQ10xwaoQTiexzq3uByXK/fg1RMBBU9DKHlk17AuowSbax2puTKvriLQ/EwyrnChx7JV04uEpPPmPnHBF0OOKF2fH07ameydsGeCC+CM4Usmqrczry5HUEjHwJNOVGq6dihbsVEakY5jNJupCAkdEB60DQYEB9UK55cOsLHxungrpDmBRpP3L8TMfGVGvqe6fSJ7qv52tj8r9aMdPe8FbMgjDQENFnUjTjWAo9jwx0mgWo+NECoZOavmPaJJFSbcNMmBGf+5EWoFQuO4ZvTbKk4jSOFDtERyiEHnaESukJlVEUUPaEX9I4+rGfr1fq0vpPWJWs6c4BmZP38AiDvpxU=</latexit><latexit sha1_base64="N4pJc00wMoyeP8mvfGBMteZKDjQ=">AAACKXicbZDLSgMxFIYzXmu9VV26CRahQikzRdCNUHCjuyq9QaeWTHrahmYmQ5JRylAfx42v4kZBUbe+iGmnC9v6Q+DjP+dwcn4v5Exp2/6ylpZXVtfWUxvpza3tnd3M3n5NiUhSqFLBhWx4RAFnAVQ10xwaoQTiexzq3uByXK/fg1RMBBU9DKHlk17AuowSbax2puTKvriLQ/EwyrnChx7JV04uEpPPmPnHBF0OOKF2fH07ameydsGeCC+CM4Usmqrczry5HUEjHwJNOVGq6dihbsVEakY5jNJupCAkdEB60DQYEB9UK55cOsLHxungrpDmBRpP3L8TMfGVGvqe6fSJ7qv52tj8r9aMdPe8FbMgjDQENFnUjTjWAo9jwx0mgWo+NECoZOavmPaJJFSbcNMmBGf+5EWoFQuO4ZvTbKk4jSOFDtERyiEHnaESukJlVEUUPaEX9I4+rGfr1fq0vpPWJWs6c4BmZP38AiDvpxU=</latexit>

⇢pow(!, T ) = A!↵, !IR < ! < !UV
<latexit sha1_base64="KtgVUtiHU+BZ2Mu+dWpP9sox95Y="></latexit><latexit sha1_base64="KtgVUtiHU+BZ2Mu+dWpP9sox95Y="></latexit><latexit sha1_base64="KtgVUtiHU+BZ2Mu+dWpP9sox95Y="></latexit><latexit sha1_base64="KtgVUtiHU+BZ2Mu+dWpP9sox95Y="></latexit>

⇢pow(!) = ⇢high(!), ! � !UV
<latexit sha1_base64="tlQ7z+r+ORhAcFhZFoVCdviVgaU=">AAACJ3icbZDLSsNAFIYnXmu9VV26GSyCgkhSBN0oBTcuK5gqNDVMpifJ4CQTZiZKCfVp3PgqbgQV0aVv4rQp4u2HgY//nMOZ8wcZZ0rb9rs1MTk1PTNbmavOLywuLddWVttK5JKCSwUX8iIgCjhLwdVMc7jIJJAk4HAeXB0P6+fXIBUT6ZnuZ9BNSJSykFGijeXXjjwZi8siEzeDLU8kEJHtw9KKWRR/eTu3JWAvAlyiX7jtgV+r27v2SPgvOGOoo7Fafu3J6wmaJ5BqyolSHcfOdLcgUjPKYVD1cgUZoVckgo7BlCSgusXozgHeNE4Ph0Kal2o8cr9PFCRRqp8EpjMhOla/a0Pzv1on1+FBt2BplmtIabkozDnWAg9Dwz0mgWreN0CoZOavmMZEEqpNtFUTgvP75L/Qbuw6hk/36s3GOI4KWkcbaAs5aB810QlqIRdRdIce0DN6se6tR+vVeitbJ6zxzBr6IevjE+R0pno=</latexit><latexit sha1_base64="tlQ7z+r+ORhAcFhZFoVCdviVgaU=">AAACJ3icbZDLSsNAFIYnXmu9VV26GSyCgkhSBN0oBTcuK5gqNDVMpifJ4CQTZiZKCfVp3PgqbgQV0aVv4rQp4u2HgY//nMOZ8wcZZ0rb9rs1MTk1PTNbmavOLywuLddWVttK5JKCSwUX8iIgCjhLwdVMc7jIJJAk4HAeXB0P6+fXIBUT6ZnuZ9BNSJSykFGijeXXjjwZi8siEzeDLU8kEJHtw9KKWRR/eTu3JWAvAlyiX7jtgV+r27v2SPgvOGOoo7Fafu3J6wmaJ5BqyolSHcfOdLcgUjPKYVD1cgUZoVckgo7BlCSgusXozgHeNE4Ph0Kal2o8cr9PFCRRqp8EpjMhOla/a0Pzv1on1+FBt2BplmtIabkozDnWAg9Dwz0mgWreN0CoZOavmMZEEqpNtFUTgvP75L/Qbuw6hk/36s3GOI4KWkcbaAs5aB810QlqIRdRdIce0DN6se6tR+vVeitbJ6zxzBr6IevjE+R0pno=</latexit><latexit sha1_base64="tlQ7z+r+ORhAcFhZFoVCdviVgaU=">AAACJ3icbZDLSsNAFIYnXmu9VV26GSyCgkhSBN0oBTcuK5gqNDVMpifJ4CQTZiZKCfVp3PgqbgQV0aVv4rQp4u2HgY//nMOZ8wcZZ0rb9rs1MTk1PTNbmavOLywuLddWVttK5JKCSwUX8iIgCjhLwdVMc7jIJJAk4HAeXB0P6+fXIBUT6ZnuZ9BNSJSykFGijeXXjjwZi8siEzeDLU8kEJHtw9KKWRR/eTu3JWAvAlyiX7jtgV+r27v2SPgvOGOoo7Fafu3J6wmaJ5BqyolSHcfOdLcgUjPKYVD1cgUZoVckgo7BlCSgusXozgHeNE4Ph0Kal2o8cr9PFCRRqp8EpjMhOla/a0Pzv1on1+FBt2BplmtIabkozDnWAg9Dwz0mgWreN0CoZOavmMZEEqpNtFUTgvP75L/Qbuw6hk/36s3GOI4KWkcbaAs5aB810QlqIRdRdIce0DN6se6tR+vVeitbJ6zxzBr6IevjE+R0pno=</latexit><latexit sha1_base64="tlQ7z+r+ORhAcFhZFoVCdviVgaU=">AAACJ3icbZDLSsNAFIYnXmu9VV26GSyCgkhSBN0oBTcuK5gqNDVMpifJ4CQTZiZKCfVp3PgqbgQV0aVv4rQp4u2HgY//nMOZ8wcZZ0rb9rs1MTk1PTNbmavOLywuLddWVttK5JKCSwUX8iIgCjhLwdVMc7jIJJAk4HAeXB0P6+fXIBUT6ZnuZ9BNSJSykFGijeXXjjwZi8siEzeDLU8kEJHtw9KKWRR/eTu3JWAvAlyiX7jtgV+r27v2SPgvOGOoo7Fafu3J6wmaJ5BqyolSHcfOdLcgUjPKYVD1cgUZoVckgo7BlCSgusXozgHeNE4Ph0Kal2o8cr9PFCRRqp8EpjMhOla/a0Pzv1on1+FBt2BplmtIabkozDnWAg9Dwz0mgWreN0CoZOavmMZEEqpNtFUTgvP75L/Qbuw6hk/36s3GOI4KWkcbaAs5aB810QlqIRdRdIce0DN6se6tR+vVeitbJ6zxzBr6IevjE+R0pno=</latexit>

⇢high(!) = ⇢LO,NLO(!)
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ALICE

• /T 3 has significant temperature dependence

• Ds is significantly smaller in 2+1 flavor QCD than in quenched QCD and
is close to the AdS/CFT limit
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Ds =
2T 2
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Extend the calculations to smaller T and physical quark light quark masses
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USQCD proposals

2005-2021 All Type-A proposal focused on EoS and various aspects of QCD phase diagram,
a few Type-B proposals on spectral function 

2022-2023 Type-A proposal ”The heavy quark diffusion coefficient in (2+1)-flavor QCD 
from lattice” 

Requested: 28.8 M KNL core hours, 0.22M MI100 GPU hours
Awarded: 16M KNL core hours, 0.175M MI100 GPU hours

Goal : generate 643 ⇥ N⌧ lattices, N⌧ = 20, 22, 24 for ml = ms/5 and ml =
ms/20 for the calculation of the heavy quark di↵usion coe�cient

<latexit sha1_base64="ARp47BSG9Vk6k3nRrryRoMKN1Lk="></latexit><latexit sha1_base64="ARp47BSG9Vk6k3nRrryRoMKN1Lk="></latexit><latexit sha1_base64="ARp47BSG9Vk6k3nRrryRoMKN1Lk="></latexit><latexit sha1_base64="ARp47BSG9Vk6k3nRrryRoMKN1Lk="></latexit>

2022-2023 Type-A continuation  proposal ”The heavy quark diffusion coefficient in (2+1)-
flavor QCD from lattice” 

Requested: 40.3 M KNL core hours, 0.315M MI100 GPU hours

Goal : generate 643 ⇥N⌧ lattices, N⌧ = 18, 20, 22, 24, 26, 28 for ml = ms/20
for the calculation of the heavy quark di↵usion coe�cient

<latexit sha1_base64="WWhAzmI75+4gt5Aq2oaK5tdQKLc="></latexit><latexit sha1_base64="WWhAzmI75+4gt5Aq2oaK5tdQKLc="></latexit><latexit sha1_base64="WWhAzmI75+4gt5Aq2oaK5tdQKLc="></latexit><latexit sha1_base64="WWhAzmI75+4gt5Aq2oaK5tdQKLc="></latexit>

The generated gauge configurations will be also used to estimate meson spectral
functions and the complex potential at T>0 
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Lattice QCD and phenomenology of heavy flavor probes  
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Y-J. Lee T. Mehen, S. Mukherjee,
J. Qiu, M. Strickland, 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


Summary 

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>

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

• Extend the lattice calculations to larger N⌧ and physical quark masses
(Goal of the 2022 and 2023 USQCD proposals)

• Interface between lattice QCD and phenomenology ) Theory Topical
Collaboration

<latexit sha1_base64="cZOr2ERx8WQnnPo1YorRWER7xIQ=">AAAF63icbVRNjxtFEJ0NNoThawNHLiXWSEFCie0cQHAJWgggQZQQbxJpZ7Oq6anxtNzT3XT3eONY/gtcOIAQV/4QN/4N1fNhwmbnVOqqrnrv1evJrZI+TKf/HFx7bTR+/Y3rb6Zvvf3Ou+8d3nj/sTeNE3QijDLuaY6elNR0EmRQ9NQ6wjpX9CRfHcf8kzU5L41ehI2lsxqXWpZSYOCj8xujgyynpdRbGaiWL2iXplkM00VFEC </latexit><latexit sha1_base64="cZOr2ERx8WQnnPo1YorRWER7xIQ=">AAAF63icbVRNjxtFEJ0NNoThawNHLiXWSEFCie0cQHAJWgggQZQQbxJpZ7Oq6anxtNzT3XT3eONY/gtcOIAQV/4QN/4N1fNhwmbnVOqqrnrv1evJrZI+TKf/HFx7bTR+/Y3rb6Zvvf3Ou+8d3nj/sTeNE3QijDLuaY6elNR0EmRQ9NQ6wjpX9CRfHcf8kzU5L41ehI2lsxqXWpZSYOCj8xujgyynpdRbGaiWL2iXplkM00VFEC </latexit><latexit sha1_base64="cZOr2ERx8WQnnPo1YorRWER7xIQ=">AAAF63icbVRNjxtFEJ0NNoThawNHLiXWSEFCie0cQHAJWgggQZQQbxJpZ7Oq6anxtNzT3XT3eONY/gtcOIAQV/4QN/4N1fNhwmbnVOqqrnrv1evJrZI+TKf/HFx7bTR+/Y3rb6Zvvf3Ou+8d3nj/sTeNE3QijDLuaY6elNR0EmRQ9NQ6wjpX9CRfHcf8kzU5L41ehI2lsxqXWpZSYOCj8xujgyynpdRbGaiWL2iXplkM00VFEC </latexit><latexit sha1_base64="cZOr2ERx8WQnnPo1YorRWER7xIQ=">AAAF63icbVRNjxtFEJ0NNoThawNHLiXWSEFCie0cQHAJWgggQZQQbxJpZ7Oq6anxtNzT3XT3eONY/gtcOIAQV/4QN/4N1fNhwmbnVOqqrnrv1evJrZI+TKf/HFx7bTR+/Y3rb6Zvvf3Ou+8d3nj/sTeNE3QijDLuaY6elNR0EmRQ9NQ6wjpX9CRfHcf8kzU5L41ehI2lsxqXWpZSYOCj8xujgyynpdRbGaiWL2iXplkM00VFEC </latexit>



Back-up: Mass suppressed correction  to heavy quark diffusion coefficient 

1.5Tc : B = (1.23� 2.54)T 3, B = (1.0� 2.1)T 3
<latexit sha1_base64="gFoC2OIpnAVczMc97LKcyYNK+f4="></latexit><latexit sha1_base64="gFoC2OIpnAVczMc97LKcyYNK+f4="></latexit><latexit sha1_base64="gFoC2OIpnAVczMc97LKcyYNK+f4="></latexit><latexit sha1_base64="gFoC2OIpnAVczMc97LKcyYNK+f4="></latexit>

Brambilla, Leino, Mayer-Steudte, PP 
(TUMQCD), PRD 107 (2023) 054508

Banerjee, Datta, Laine JHEP 08 (2022) 128

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

Gradient flow + incomplete 1-loop matching

Multi-level algorithm + 
non-perturbative matching 
via Schrödinger functional

<v2> is taken from PP, EPJC 62 (2009) 85

1/M correction to the momentum heavy quark di↵usion coe�cient ) GB(⌧, T )
GB(⌧, T ) has anomalous dimension ) additional matching to MS is needed

<latexit sha1_base64="Q1vFDTLhwJZiedU2ChyAJ3kreRk="></latexit><latexit sha1_base64="Q1vFDTLhwJZiedU2ChyAJ3kreRk="></latexit><latexit sha1_base64="Q1vFDTLhwJZiedU2ChyAJ3kreRk="></latexit><latexit sha1_base64="Q1vFDTLhwJZiedU2ChyAJ3kreRk="></latexit>

Quenched QCD



Back-up: Bethe-Salpeter amplitude at T>0 and potential model  
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Shi et al, PRD 105 (‘22) 014017Larsen, Meinel, Mukherjee, PP, PRD 102 (‘20) 114508 

No color screening 

21


