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How interaction between heavy quark and anti-quark are modified at non-zero
temperature ?

The potential is expected to be complex

Important for understanding quarkonium production in heavy ion collisions



Wilson loops and potential at T>0

Rothkopf 2009, Hatsuda, Rothkopf, Hatsuda 2011

Correlation function of static Q and Q̄ at distance r (⌧ ⇥ r Wilson loop)
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potential at T > 0 is related to a peak structure in �r(!, T ):
peak position: ReV (r, T ) peak width: ImV (r, T )
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One needs large N⌧ to reconstruct �r(!, T ) but previous calculations in 2+1

flavor QCD use N⌧ = 12
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Here: fixed scale approach, a�1
= 7.04 GeV, m⇡ ' 300 MeV, 96

3 ⇥N⌧ ,

N⌧ = 32, (T = 220 MeV) and N⌧ = 24, (T = 294 MeV)
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Additional T = 0 (644) lattices for reference
<latexit sha1_base64="wnnXS72gE5a26R7pYDLKToqeIoo=">AAACI3icdVBNSwMxFMz6bf2qevQSbAW9SFJEqyAoXjwqtLXQ1pLNvtVgNlmSrFCK/8WLf8WLB0W8ePC/mG0rqOichpn38jITplJYR8h7MDY+MTk1PTNbmJtfWFwqLq80rM4MhzrXUptmyCxIoaDuhJPQTA2wJJRwEd6c5P7FLRgrtKq5XgqdhF0pEQvOnJe6xYO20kJFoFzhOIpELjKJy7VDUsab5d2dy53yFpbMOcHB4lgbbC AGA4pDt1gi24QQSinOCd3bJZ7s71crtIppbnmU0Ahn3eJrO9I8S/wxLpm1LUpS1+kz4x+XcFdoZxZSxm/YFbQ8VSwB2+kPMt7hDa9Egw/EWjk8UL9v9FlibS8J/WTC3LX97eXiX14rc3G10xcqzZxPNTwUZxI7jfPCcCQMcCd7njBufEMc82tmGHe+1oIv4Ssp/p80KtvU8/NK6agyqmMGraF1tIko2kNH6BSdoTri6B49omf0EjwET8Fr8DYcHQtGO6voB4KPT5oEol4=</latexit><latexit sha1_base64="wnnXS72gE5a26R7pYDLKToqeIoo=">AAACI3icdVBNSwMxFMz6bf2qevQSbAW9SFJEqyAoXjwqtLXQ1pLNvtVgNlmSrFCK/8WLf8WLB0W8ePC/mG0rqOichpn38jITplJYR8h7MDY+MTk1PTNbmJtfWFwqLq80rM4MhzrXUptmyCxIoaDuhJPQTA2wJJRwEd6c5P7FLRgrtKq5XgqdhF0pEQvOnJe6xYO20kJFoFzhOIpELjKJy7VDUsab5d2dy53yFpbMOcHB4lgbbC AGA4pDt1gi24QQSinOCd3bJZ7s71crtIppbnmU0Ahn3eJrO9I8S/wxLpm1LUpS1+kz4x+XcFdoZxZSxm/YFbQ8VSwB2+kPMt7hDa9Egw/EWjk8UL9v9FlibS8J/WTC3LX97eXiX14rc3G10xcqzZxPNTwUZxI7jfPCcCQMcCd7njBufEMc82tmGHe+1oIv4Ssp/p80KtvU8/NK6agyqmMGraF1tIko2kNH6BSdoTri6B49omf0EjwET8Fr8DYcHQtGO6voB4KPT5oEol4=</latexit><latexit sha1_base64="wnnXS72gE5a26R7pYDLKToqeIoo=">AAACI3icdVBNSwMxFMz6bf2qevQSbAW9SFJEqyAoXjwqtLXQ1pLNvtVgNlmSrFCK/8WLf8WLB0W8ePC/mG0rqOichpn38jITplJYR8h7MDY+MTk1PTNbmJtfWFwqLq80rM4MhzrXUptmyCxIoaDuhJPQTA2wJJRwEd6c5P7FLRgrtKq5XgqdhF0pEQvOnJe6xYO20kJFoFzhOIpELjKJy7VDUsab5d2dy53yFpbMOcHB4lgbbC AGA4pDt1gi24QQSinOCd3bJZ7s71crtIppbnmU0Ahn3eJrO9I8S/wxLpm1LUpS1+kz4x+XcFdoZxZSxm/YFbQ8VSwB2+kPMt7hDa9Egw/EWjk8UL9v9FlibS8J/WTC3LX97eXiX14rc3G10xcqzZxPNTwUZxI7jfPCcCQMcCd7njBufEMc82tmGHe+1oIv4Ssp/p80KtvU8/NK6agyqmMGraF1tIko2kNH6BSdoTri6B49omf0EjwET8Fr8DYcHQtGO6voB4KPT5oEol4=</latexit><latexit sha1_base64="wnnXS72gE5a26R7pYDLKToqeIoo=">AAACI3icdVBNSwMxFMz6bf2qevQSbAW9SFJEqyAoXjwqtLXQ1pLNvtVgNlmSrFCK/8WLf8WLB0W8ePC/mG0rqOichpn38jITplJYR8h7MDY+MTk1PTNbmJtfWFwqLq80rM4MhzrXUptmyCxIoaDuhJPQTA2wJJRwEd6c5P7FLRgrtKq5XgqdhF0pEQvOnJe6xYO20kJFoFzhOIpELjKJy7VDUsab5d2dy53yFpbMOcHB4lgbbC AGA4pDt1gi24QQSinOCd3bJZ7s71crtIppbnmU0Ahn3eJrO9I8S/wxLpm1LUpS1+kz4x+XcFdoZxZSxm/YFbQ8VSwB2+kPMt7hDa9Egw/EWjk8UL9v9FlibS8J/WTC3LX97eXiX14rc3G10xcqzZxPNTwUZxI7jfPCcCQMcCd7njBufEMc82tmGHe+1oIv4Ssp/p80KtvU8/NK6agyqmMGraF1tIko2kNH6BSdoTri6B49omf0EjwET8Fr8DYcHQtGO6voB4KPT5oEol4=</latexit>

We use temporal Wilson line correlators in Coulomb gauge instead of Wilson

loops (better signal)

For large N⌧ additional noise reduction is needed ) HYP smearing of the

temporal Wilson lines
<latexit sha1_base64="f63axgM9Z9gZDoCX5ZuHwjItMpI=">AAACx3icbVFNb9NAEF2br2K+Ahy5jEiQyqVKcoFjpSJULigg0hTFUTRej51t17vW7rgQWTnwF7lx4bewTiMEbef09Gbezpu3Wa2V5+HwVxTfun3n7r29+8mDh48eP+k9fXbibeMkTaXV1p1m6EkrQ1NWrOm0doRVpmmWnR91/dkFOa+s+cLrmhYVlkYVSiIHatn7nRqrTE6GkxlB4wmYqto61DBT2lsD3csgrXOkka3zoAwc2U bbKoMSm5IC4ZkwB1v81Vhbe9jPiJkceFUa1K/TNHlvHWh0QTP4uGxTxmYzAMxz1ZkJK4OX4MBR3siOAeXBEOWUwyD9rMoVo3P22wCOv07AV4ROmTKsTXh1s2+/7PWHB8NtwXUw2oG+2NVk2fuZ5lY2VQhEavR+PhrWvGjRsZKaNkkaIqpRnmNJ8wANVuQX7fYfNvAqMDkU4cjCGoYt+6+ixcr7dZWFyQp55a/2OvKm3rzh4u2iVaZumIy8XFQ0GthC96mQK0eS9ToAlC6kKUGu0KEM8fskhDC6evJ1cDI+GAX8adw/HO/i2BMvxEuxL0bijTgUx2IipkJG76KzyEccf4htfBF/vxyNo53mufiv4h9/ANuL3Ts=</latexit><latexit sha1_base64="f63axgM9Z9gZDoCX5ZuHwjItMpI=">AAACx3icbVFNb9NAEF2br2K+Ahy5jEiQyqVKcoFjpSJULigg0hTFUTRej51t17vW7rgQWTnwF7lx4bewTiMEbef09Gbezpu3Wa2V5+HwVxTfun3n7r29+8mDh48eP+k9fXbibeMkTaXV1p1m6EkrQ1NWrOm0doRVpmmWnR91/dkFOa+s+cLrmhYVlkYVSiIHatn7nRqrTE6GkxlB4wmYqto61DBT2lsD3csgrXOkka3zoAwc2U bbKoMSm5IC4ZkwB1v81Vhbe9jPiJkceFUa1K/TNHlvHWh0QTP4uGxTxmYzAMxz1ZkJK4OX4MBR3siOAeXBEOWUwyD9rMoVo3P22wCOv07AV4ROmTKsTXh1s2+/7PWHB8NtwXUw2oG+2NVk2fuZ5lY2VQhEavR+PhrWvGjRsZKaNkkaIqpRnmNJ8wANVuQX7fYfNvAqMDkU4cjCGoYt+6+ixcr7dZWFyQp55a/2OvKm3rzh4u2iVaZumIy8XFQ0GthC96mQK0eS9ToAlC6kKUGu0KEM8fskhDC6evJ1cDI+GAX8adw/HO/i2BMvxEuxL0bijTgUx2IipkJG76KzyEccf4htfBF/vxyNo53mufiv4h9/ANuL3Ts=</latexit><latexit sha1_base64="f63axgM9Z9gZDoCX5ZuHwjItMpI=">AAACx3icbVFNb9NAEF2br2K+Ahy5jEiQyqVKcoFjpSJULigg0hTFUTRej51t17vW7rgQWTnwF7lx4bewTiMEbef09Gbezpu3Wa2V5+HwVxTfun3n7r29+8mDh48eP+k9fXbibeMkTaXV1p1m6EkrQ1NWrOm0doRVpmmWnR91/dkFOa+s+cLrmhYVlkYVSiIHatn7nRqrTE6GkxlB4wmYqto61DBT2lsD3csgrXOkka3zoAwc2U bbKoMSm5IC4ZkwB1v81Vhbe9jPiJkceFUa1K/TNHlvHWh0QTP4uGxTxmYzAMxz1ZkJK4OX4MBR3siOAeXBEOWUwyD9rMoVo3P22wCOv07AV4ROmTKsTXh1s2+/7PWHB8NtwXUw2oG+2NVk2fuZ5lY2VQhEavR+PhrWvGjRsZKaNkkaIqpRnmNJ8wANVuQX7fYfNvAqMDkU4cjCGoYt+6+ixcr7dZWFyQp55a/2OvKm3rzh4u2iVaZumIy8XFQ0GthC96mQK0eS9ToAlC6kKUGu0KEM8fskhDC6evJ1cDI+GAX8adw/HO/i2BMvxEuxL0bijTgUx2IipkJG76KzyEccf4htfBF/vxyNo53mufiv4h9/ANuL3Ts=</latexit><latexit sha1_base64="f63axgM9Z9gZDoCX5ZuHwjItMpI=">AAACx3icbVFNb9NAEF2br2K+Ahy5jEiQyqVKcoFjpSJULigg0hTFUTRej51t17vW7rgQWTnwF7lx4bewTiMEbef09Gbezpu3Wa2V5+HwVxTfun3n7r29+8mDh48eP+k9fXbibeMkTaXV1p1m6EkrQ1NWrOm0doRVpmmWnR91/dkFOa+s+cLrmhYVlkYVSiIHatn7nRqrTE6GkxlB4wmYqto61DBT2lsD3csgrXOkka3zoAwc2U bbKoMSm5IC4ZkwB1v81Vhbe9jPiJkceFUa1K/TNHlvHWh0QTP4uGxTxmYzAMxz1ZkJK4OX4MBR3siOAeXBEOWUwyD9rMoVo3P22wCOv07AV4ROmTKsTXh1s2+/7PWHB8NtwXUw2oG+2NVk2fuZ5lY2VQhEavR+PhrWvGjRsZKaNkkaIqpRnmNJ8wANVuQX7fYfNvAqMDkU4cjCGoYt+6+ixcr7dZWFyQp55a/2OvKm3rzh4u2iVaZumIy8XFQ0GthC96mQK0eS9ToAlC6kKUGu0KEM8fskhDC6evJ1cDI+GAX8adw/HO/i2BMvxEuxL0bijTgUx2IipkJG76KzyEccf4htfBF/vxyNo53mufiv4h9/ANuL3Ts=</latexit>



Effective masses at T=0
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HYP smearing is needed

to obtain a plateau in me↵

already at small r, without
smearing the errors are too

large for ⌧/a > 10
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For ⌧/a > 10 HYP smearing

only shifts me↵ by a constant
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Temperature dependence of  the effective masses

• Tiny T -dependence at small ⌧

• The T -dependence increases
with increasing r and ⌧

• No plateau in me↵ at T > 0,
and qualitatively similar to
bottomonium e↵ective mass at T > 0
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Larsen, Meine, Mukherjee, Petreczky,
PLB 800 (2020) 135119
PRD 100 (2019) 7, 074506

The approximately linear decrease
in the effective masses is due
to the width



Subtracted effective masses at T>0

Tiny T -dependence at small ⌧ ) �r(!, T ) = �med
r (!, T ) + �high

r (!)
W (⌧, r, T ) = Wmed(⌧, r, T ) +W high(⌧)
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�r(!, T = 0) = A�(! � V T=0(r))
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Excited states

After evaluating the ground state at T = 0 one can also estimate W high(⌧)
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W sub(⌧, T ) = W (⌧, T )�W high(⌧)
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�me↵(⌧, T ) =
1

a
ln

W sub(⌧, r, T )

W sub(⌧ + a, r, T )
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• No significant dependence on the
number of smearings

• The thermal width ⇠ T
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Subtracted effective masses at T>0 (cont’d) 
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The subtracted e↵ective masses

agree well with the previous

calculations on N⌧ = 12 and

N⌧ = 16 lattices for ⌧T > 0.2
but have smaller errors

thanks to HYP smearing
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Summary 

• We calculated Wilson line correlators on fine lattice with a�1 = 7.04 GeV
and m⇡ ' 300 MeV at T = 0, T = 220 MeV and T = 293 MeV

• In order to obtain signal at su�ciently large ⌧ HYP smearing has to be
used

• The distortion due to HYP smearing can be controlled and are limited to
quite small spatial separation and ⌧

• The temperature and ⌧ dependence of the e↵ective masses is consistent
with the non-zero thermal width (imaginary part of the potential), which
is roughly proportional to the temperature

• Our results are consistent with previous calculations performed on coarser
lattices with N⌧ = 12 and 16
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