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Heavy-ion collisions at LHC and RHIC



Heavy quarkonia in heavy ion collisions I 2/21

⌅ bulk of matter created in HICs is expected to quickly reach some intermediate equilibrium
) “strongly coupled QGP”

⌅ But wait... what about heavy quarkonia?
⌅ M � T , only produced in early hard collisions
⌅ remain as bound states / melt into constituents

⌅ travel through QGP, thermalize to some extent via diffusion

⌅ form DD̄ or BB̄ meson pairs, decay into dileptons
) probes for transport properties of QGP

J/ ⌥

cc̄ bb̄

3.1GeV 9.5GeV

cf. T ⇠ O(100) MeV

[Figure: S. Bass, mod. by O. Kaczmarek]
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Heavy flavor probes

Probe the hot medium with different length scales
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Where Lattice QCD can help … 

• In-medium quarkonium properties:         
masses, widths, melting  

• Complex quark-antiquark potential:           
,  

• Charm degrees of freedom  
• Heavy quark diffusion: 

T

Re[V ] Im[V ]

Ds
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• Meson spectral function tells melting temperature and heavy quark diffusion
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<latexit sha1_base64="gG8hnwj88isOe9Lt7tpnzaNwflk=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9i00taLFL14rNC0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y0EVT0wcDjvRlm5vkxZ0oj9GEV1tY3NreK26Wd3b39g/LhUVdFiSTUJRGPZN/HinImqKuZ5rQfS4pDn9OeP7vJ/N49lYpFoqPnMfVCPBEsYARrI7mdq86IjMoVZF826wg1IbLREhmpNlCtBp1cqYAc7VH5fTiOSBJSoQnHSg0cFGsvxVIzwumiNEwUjTGZ4QkdGCpwSJWXLo9dwDOjjGEQSVNCw6X6fSLFoVLz0DedIdZT9dvLxL+8QaKDppcyESeaCrJaFCQc6ghmn8Mxk5RoPjcEE8nMrZBMscREm3xKJoSvT+H/pFu1nbpdu7uotK7zOIrgBJyCc+CABmiBW9AGLiCAgQfwBJ4tYT1aL9brqrVg5TPH4Aest0+Pno6K</latexit>

T > Tc

<latexit sha1_base64="wIHPA0RJIfWioBTpbO23ngzBiHc=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0GIEMKuinoMehG8RMgLskuYncwmQ+axzMyKIeRXvHhQxKs/4s2/cZLsQRMLGoqqbrq7ooRRbTzv21lZXVvf2Mxt5bd3dvf23YNCU8tUYdLAkknVjpAmjArSMNQw0k4UQTxipBUNb6d+65EoTaWom1FCQo76gsYUI2Olrlu4LwWSkz4qw8CgtAzrp1236FW8GeAy8TNSBBlqXfcr6EmcciIMZkjrju8lJhwjZShmZJIPUk0ShIeoTzqWCsSJDsez2yfwxCo9GEtlSxg4U39PjBHXesQj28mRGehFbyr+53VSE1+HYyqS1BCB54vilEEj4TQI2KOKYMNGliCsqL0V4gFSCBsbV96G4C++vEyaZxX/snL+cFGs3mRx5MAROAYl4IMrUAV3oAYaAIMn8AxewZszcV6cd+dj3rriZDOH4A+czx/EspL6</latexit>

K(!, ⌧, T )

From Imag.-time lattice to real-time physics

An example: meson spectral function



LQCD for Heavy FlavorsHai-Tao Shu 4

Relativistic heavy quarks on the lattice

<latexit sha1_base64="2wa+XQH5Xl43VjBB1NM0u6logYM=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqgShwljBwthK9CE1UeQ4TmvVdiLbQaqiDCz8CgsDCLHyEWz8DW6bAVqOZOnonHN1fU+YMqq043xba+sbm1vblZ3q7t7+waF9dNxTSSYx6eKEJXIQIkUYFaSrqWZkkEqCeMhIP5zczvz+A5GKJuJeT1PiczQSNKYYaSMFds1jJhyhoOMpyqEXS4Rzt8h50CkCu+40nDngKnFLUgcl2oH95UUJzjgRGjOk1NB1Uu3nSGqKGSmqXqZIivAEjcjQUIE4UX4+P6KAZ0aJYJxI84SGc/X3RI64UlMemiRHeqyWvZn4nzfMdHzt51SkmSYCLxbFGYM6gbNGYEQlwZpNDUFYUvNXiMfI9KBNb1VTgrt88irpXTTcZqPZuay3bso6KqAGTsE5cMEVaIE70AZdgMEjeAav4M16sl6sd+tjEV2zypkT8AfW5w+7Mpgs</latexit>

�Q ⇠ 1

mQ
Compton wavelength of heavy quarks:

Small  requires fine  to resolve the dynamicsλQ a

• Need high temperature to study thermal effects on heavy flavor , 
but  can not be too small, so  must be small 

T = 1/(aNτ)
Nτ a

<latexit sha1_base64="lE7Npa8WfPTXlTbJ7Zy9LsKWVaA="></latexit>

aMc = 0.028 fm⇥ 1.273 GeV ⇥ 5.068 = 0.18 ⌧ 1
<latexit sha1_base64="8rf8e03HYbLnPmKE/fYMLUl42oI="></latexit>

aMb = 0.028 fm⇥ 4.183 GeV ⇥ 5.068 = 0.59 < 1

[HotQCD, PRD 112 (2025) 5, 054510]

First full QCD calculation with 
relativistic heavy quarks

Large & fine ensembles generated by HotQCD

<latexit sha1_base64="VA4VeiF/XVtSN/iuT86sgAhPx+0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbpHosevFYoV/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemHCmjed9O4WNza3tneJuaW//4PCofHzS1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gknd3O/80SVZlI0zTShQYxHgkWMYGOltu9WmwMyKFc811sArRM/JxXI0RiUv/pDSdKYCkM41rrne4kJMqwMI5zOSv1U0wSTCR7RnqUCx1QH2eLaGbqwyhBFUtkSBi3U3xMZjrWexqHtjLEZ61VvLv7n9VIT3QQZE0lqqCDLRVHKkZFo/joaMkWJ4VNLMFHM3orIGCtMjA2oZEPwV19eJ+2q69fc2sNVpX6bx1GEMziHS/DhGupwDw1oAYFHeIZXeHOk8+K8Ox/L1oKTz5zCHzifP3EGjmg=</latexit>

1.2Tc

<latexit sha1_base64="US/0poR+zqynacFwZe3tK8Ywvyc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IrpXosevFYoV/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemHCmjed9O4WNza3tneJuaW//4PCofHzS1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gknd3O/80SVZlI0zTShQYxHgkWMYGOltu9WmwMyKFc811sArRM/JxXI0RiUv/pDSdKYCkM41rrne4kJMqwMI5zOSv1U0wSTCR7RnqUCx1QH2eLaGbqwyhBFUtkSBi3U3xMZjrWexqHtjLEZ61VvLv7n9VIT3QQZE0lqqCDLRVHKkZFo/joaMkWJ4VNLMFHM3orIGCtMjA2oZEPwV19eJ+0r16+5tYdqpX6bx1GEMziHS/DhGupwDw1oAYFHeIZXeHOk8+K8Ox/L1oKTz5zCHzifP3QUjmo=</latexit>

1.4Tc

<latexit sha1_base64="X+42lIrPmMGe5xTUqul6WM5tMGY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07Ir0nosevFYoV/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemHCmjed9O4WNza3tneJuaW//4PCofHzS1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gknd3O/80SVZlI0zTShQYxHgkWMYGOltu9WmwMyKFc811sArRM/JxXI0RiUv/pDSdKYCkM41rrne4kJMqwMI5zOSv1U0wSTCR7RnqUCx1QH2eLaGbqwyhBFUtkSBi3U3xMZjrWexqHtjLEZ61VvLv7n9VIT3QQZE0lqqCDLRVHKkZFo/joaMkWJ4VNLMFHM3orIGCtMjA2oZEPwV19eJ+0r16+61YfrSv02j6MIZ3AOl+BDDepwDw1oAYFHeIZXeHOk8+K8Ox/L1oKTz5zCHzifP3cijmw=</latexit>

1.6Tc
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• Thermal broadening for both charm and bottom 
• More broadening for charm than bottom 
• Excited state peaks melt at the temperatures above Tc 

Quarkonium spectral function in PS channel

<latexit sha1_base64="kVUnBkQWjBTFkgFR6w5ZeCFdahI="></latexit>✓
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[HotQCD, PRD 112 (2025) 5, 054510]
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• Negligible thermal mass for ηc(1S) at the studied temperatures 
• Visible thermal mass for ηb(1S), but small compared to its mass 
• Substantial thermal width in the ηc(1S) state —> ηc(1S) is nearing dissolution 
• ηb(1S) exhibits little change and remains well-defined

[HotQCD, PRD 112 (2025) 5, 054510]

Thermal mass and thermal width of quarkonium
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NRQCD becomes possible due to scale separation:

<latexit sha1_base64="LKW/8pw7oMTfAtz8MDUhBd/PYig=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01U1GPRi8cK9gOSUDbbTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ETFMcMlawEGwbqoZSSLBOtHobup3npg2XMlHGKcsTMhA8phTAlbyAz1UZ4FK2ID0qjW37s6Al4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxSCTLDUkJHZMB8SyVJmAnz2ckTfGKVPo6VtiUBz9TfEzlJjBknke1MCAzNojcV//P8DOKbMOcyzYBJOl8UZwKDwtP/cZ9rRkGMLSFUc3srpkOiCQWbUsWG4C2+vEza53Xvqn7xcFlr3BZxlNEROkanyEPXqIHuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwAgEJEp</latexit>

⇢/!

<latexit sha1_base64="ToxSCRcw9BnraI6vCsDAfp/HUZg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXSXoAPfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fks2PIw==</latexit>!

<latexit sha1_base64="GnrMFLN4Zp481mG+BqIoQArDH6o=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCqyFtpa27oi5cVrAP6AxDJs20oZnMmGSEMgz4K25cKOLW73Dn35g+BBU9cOFwzr3ce48fc6Y0Qh9Wbml5ZXUtv17Y2Nza3inu7nVUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0648vpn73jkrFInGjJzF1QzwULGAEayN5xQMnkJikVYeMmHcLL7PUiVnmFUvIPmvUEGpAZKMZpqRSR9UqLC+UElig5RXfnUFEkpAKTThWql9GsXZTLDUjnGYFJ1E0xmSMh7RvqMAhVW46Oz+Dx0YZwCCSpoSGM/X7RIpDpSahbzpDrEfqtzcV//L6iQ4abspEnGgqyHxRkHCoIzjNAg6YpETziSGYSGZuhWSETR7aJFYwIXx9Cv8nnYpdrtnV69NS83wRRx4cgiNwAsqgDprgCrRAGxCQggfwBJ6te+vRerFe5605azGzD37AevsEYHiVxw==</latexit>

3�qD

⇡

<latexit sha1_base64="aU5QzHSWFT+WeAj07zlK/Q/Ao+Y=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0lq1fYgFL14rNgvaEPZbDft0s0m7G6EEvoTvHhQxKu/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQyK6tr6xvZzdzW9s7uXn7/oKXCWBLaJCEPZcfDinImaFMzzWknkhQHHqdtb3wz89sPVCoWioaeRNQN8FAwnxGsjXTfuLL7+YJdtOdAS6RarZRK58hJlQKkqPfzH71BSOKACk04Vqrr2JF2Eyw1I5xOc71Y0QiTMR7SrqECB1S5yfzUKToxygD5oTQlNJqryxMJDpSaBJ7pDLAeqd/eTPzL68bar7gJE1GsqSCLRX7MkQ7R7G80YJISzSeGYCKZuRWREZaYaJNOzoTw/Sn6n7RKReeieHZXLtSu0ziycATHcAoOXEINbqEOTSAwhEd4hheLW0/Wq/W2aM1Y6cwh/ID1/gXTu42E</latexit>

T = 0
<latexit sha1_base64="gG8hnwj88isOe9Lt7tpnzaNwflk=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9i00taLFL14rNC0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y0EVT0wcDjvRlm5vkxZ0oj9GEV1tY3NreK26Wd3b39g/LhUVdFiSTUJRGPZN/HinImqKuZ5rQfS4pDn9OeP7vJ/N49lYpFoqPnMfVCPBEsYARrI7mdq86IjMoVZF826wg1IbLREhmpNlCtBp1cqYAc7VH5fTiOSBJSoQnHSg0cFGsvxVIzwumiNEwUjTGZ4QkdGCpwSJWXLo9dwDOjjGEQSVNCw6X6fSLFoVLz0DedIdZT9dvLxL+8QaKDppcyESeaCrJaFCQc6ghmn8Mxk5RoPjcEE8nMrZBMscREm3xKJoSvT+H/pFu1nbpdu7uotK7zOIrgBJyCc+CABmiBW9AGLiCAgQfwBJ4tYT1aL9brqrVg5TPH4Aest0+Pno6K</latexit>

T > Tc

<latexit sha1_base64="GEXnT4x/KbotngGkvX0V/vDV5rk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtRT0WvXhswX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9D7zu09UaRbJRzOLqS/wWLKQEWwyqSaGrWG54lbdBdA68XJSgRzNYflrMIpIIqg0hGOt+54bGz/FyjDC6bw0SDSNMZniMe1bKrGg2k8Xt87RhVVGKIyULWnQQv09kWKh9UwEtlNgM9GrXib+5/UTE976KZNxYqgky0VhwpGJUPY4GjFFieEzSzBRzN6KyAQrTIyNp2RD8FZfXiedWtW7rl616pXGXR5HEc7gHC7BgxtowAM0oQ0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8An1CN+Q==</latexit>

2mQ

[G. Aarts, et al., JHEP 07 (2014) 097]
[S. Kim, et al., JHEP 11 (2018) 088]
[R. Larsen, et al., PRD 100 (2019) 7, 074506]
[R. Larsen, et al., PLB 800 (2020) 135119]

Non-relativistic heavy quark

Quarkonium correlators can be computed with better resolution!

<latexit sha1_base64="rsFjw+ipUees7zG+pPFmmB9esWA=">AAACEnicbVDLTgIxFO3gC/E16tJNIzHRDZkhBl0S3biERB4JIOmUCzR0HmnvEMmEb3Djr7hxoTFuXbnzbyyPGAVP0vTknHtvb48XSaHRcb6s1Mrq2vpGejOztb2zu2fvH1R1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LNG1xP/NoQlBZhcIujCFo+6wWiKzhDI7XtsybCPU7nJJ6MYZz47XKz16PmosMfcpcft+2sk3OmoMvEnZMsmaPUtj+bnZDHPgTIJdO64ToRthKmUHAJ40wz1hAxPmA9aBgaMB90K5muMqYnRunQbqjMCZBO1d8dCfO1HvmeqfQZ9vWiNxH/8xoxdi9biQiiGCHgs4e6saQY0kk+tCMUcJQjQxhXwuxKeZ8pxtGkmDEhuItfXibVfM4t5Arl82zxah5HmhyRY3JKXHJBiuSGlEiFcPJAnsgLebUerWfrzXqflaasec8h+QPr4xs//53P</latexit>

mQ � mQv � mQv
2

<latexit sha1_base64="MqgvDQz1JPZdnxNXHbmzLmQ4a68="></latexit>

mQ : hard scale, quark creation and annihilation

mQv : soft scale, momentum exchange between QQ̄

mQv
2 : ultrasoft scale, binding/melting of QQ̄
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• No mass shift for all states

Model spectra:

Mass shift of bottomonium from NRQCD

<latexit sha1_base64="MPaBUPfy3Dx5s2hwb/1wUTIkVPQ="></latexit>

a [fm] 0.0493 0.0493 0.0493 0.0493 0.0493
T [MeV] 151 173 199 251 341

[丁亨通，黄玮平, et al.,  JHEP 05 (2025) 149]
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⇢med(!, T ) = Alow(T )� (! � !low(T )) +Amed(T )
�(!, T )

(! �Mmed(T ))
2 + �2(!, T )
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• Increasing thermal width with temperature for all states 
• Visible model dependence for thermal width 
• Thermal broadening follows the hierarchical increasing pattern when using the same model

Thermal width of bottomonium from NRQCD
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 [M. Laine, JHEP0703,054 (2007)]• Hard Thermal Loop resummed perturbation theory

Imaginary part becomes important for physical bottomonium at T>250 MeV!

• Non-perturbative determination matters at around and above Tc 

Wilson loop/thermal Wilson line correlators in Coulomb gauge [A. Rothkopf et al., PRL. 108 (2012) 162001]

• Subtract continuum contribution from zero temperature correlators 
• Model the potential as arguments of spectral function
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broadened. If the ground state peak would be
described by a Gaussian form meff would de-
crease linearly in ⌧ [9]. As discussed in Ref. [9]
at T > 0 in addition to the ground state peak
there is also a contribution to the spectral func-
tion at negative ! representing a heavy QQ̄ state
propagating forward in Euclidean time interact-
ing with backward propagating light state from
the medium. Based on these consideration we
write the medium dependent part of the spectral
function as ⇢med

r (!, T ) = ⇢peakr (!, T )+⇢lowr (!, T ),
where ⇢peakr is the broadened ground state peak
and ⇢lowr is the contribution to the spectral func-
tion at negative !. We expect that ⇢lowr is much
smaller than ⇢peakr but it dominates the correla-
tion functio at ⌧ around 1/T . This part of the
spectral function explains the rapid drop of meff

at large ⌧ [9] that can be see in Fig. 1.

A physically appealing parametrization of
⇢peak is a Lorentzian form. However, a Lorentzian
form is only valid in the vicinity of the peak. In
general we can assume that correlation function
has a pole at some complex !, so

⇢peakr = Im A
!�ReV�i�(! =

⇡A �(!)
(!�ReV )2+�2(!) . (4)

For ! ' ReV we can approximate �(!) by a con-
stant: �(!) ' �0. However, for ! values far away
from the peak �(!) will quickly go to zero. The
self-consistent T -matrix calculation of QQ̄ propa-
gators indeed show an exponential fall o↵ of �(!)
away from the peak [13]. In incorporate this fea-
ture of the spectral function in our analysis we as-
sume that ⇢peakr is given by �0/((!�ReV )2+�2

0)
for |!�ReV | < �0 and is zero otherwise. It turns
out that such cut Lorentzian form will also give
rise to almos linear behavior of meff at small ⌧
as required by the lattice results.

Figure 2. The real part of the potential as function
of r at di↵erent temperatures.

Figure 3. The estimate of the imaginary part of the
potential from the fit using cut Lorentzian form as
function of rT for di↵erent temperature. The three
panels focus on di↵erent temperature ranges. The
circle corresponds to the smallest lattice spacing a =
0.028 fm, the square to the next to smallest lattice
spacing, a = 0.04 fm, and the triangles correspond to
the largest lattice spacing a = 0.049 fm.

The most general parametrization of ⇢lowr
would be a sum of delta functions at negative
!. However, to describe our data on the e↵ective
mass it turns out to be su�cient to include a sin-
gle delta function at negative !, rholowr (!, T ) =
clowr (T )�(! + !low

r (T )).
With these forms of ⇢peakr and ⇢lowr we fitted

the lattice data on the e↵ective mass and de-
termined the fit parameters ReV (r, T )),�0(r, T ),
clowr (T ) and !low

r (T ). The values of clowr (T ) and
!low
r (T ) are given in the Supplemental Material.
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Real part: temperature insensitive Imag. part: increasing with T & r

• No color screening from cut-Lorentzian model SPF (no mass shift for bottomonium)
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Static quark potential in hot QCD

[HotQCD, PRD 109 (2024) 7, 074504]
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Real part: temperature sensitive Imag. part: increasing with T & r

Static quark potential in hot QCD

• Color screening evident from HTL-inspired model SPF 
• Model dependence demands further investigation
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Charm degrees of freedom in hot matter

• Strong interaction matter undergoes a chiral crossover at Tpc ~156.5 MeV 

• In heavy-ion collisions, relevant degrees of freedom change from partonic to hadronic in 
going from high temperature phase to temperatures below Tpc 

• What are the relevant charmed d.o.f.s. after the onset of hadron melting?  

• Do charmed hadrons start melting at Tpc? 

• Can we get a signal for the appearance of new degrees of freedom at Tpc? 

• Find missing open-charm states by comparing LQCD and HRG
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Charm degrees of freedom in hot matter
• Compare pressure (including contributions from meson&baryon&quark)  computed using 

LQCD and HRG models

[HotQCD, PRD 112 (2025) 3, 034509]

• Below Tpc : QM-HRG describes the susceptibilities while PDG-HRG not: missing 
charmed hadrons in PDG (isospin partners) 

• Above Tpc : QM-HRG overpredicts the lattice results  —> charmed hadrons melt 
• Above Tpc : non-zero contributions to pressure from charm quark
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Heavy quark diffusion from meson correlators
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∑, Brambilla et al. '20
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[丁亨通, OK, AL, HO, HS, 舒海涛, PRD104(2021) 11, 114508]

• Still limited to the quenched approximation (but in the continuum limit) 
• Extension to full QCD on the way （pseudo-scalar -> vector）



• Large quark mass limit in HQ effective field theory

• Mass dependent momentum diffusion coefficient
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[J. Casalderrey-Solana and D. Teaney, PRD 74, 085012] 

[S. Caron-Huot et al., JHEP 0904 (2009) 053] 

[A. Bouttefeux, M. Laine, JHEP 12 (2020) 150]
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@tpi = �⌘Dpi + ⇠i(t)

Heavy quark diffusion via HQEFT
• Langevin equations of heavy quark motion



• Cheaper to measure on the lattice  
• No peak structures in spectral functions  
• Absence of transport peak
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Momentum diffusion on the lattice

<latexit sha1_base64="LKW/8pw7oMTfAtz8MDUhBd/PYig=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01U1GPRi8cK9gOSUDbbTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ETFMcMlawEGwbqoZSSLBOtHobup3npg2XMlHGKcsTMhA8phTAlbyAz1UZ4FK2ID0qjW37s6Al4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxSCTLDUkJHZMB8SyVJmAnz2ckTfGKVPo6VtiUBz9TfEzlJjBknke1MCAzNojcV//P8DOKbMOcyzYBJOl8UZwKDwtP/cZ9rRkGMLSFUc3srpkOiCQWbUsWG4C2+vEza53Xvqn7xcFlr3BZxlNEROkanyEPXqIHuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwAgEJEp</latexit>

⇢/!

<latexit sha1_base64="ToxSCRcw9BnraI6vCsDAfp/HUZg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXSXoAPfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fks2PIw==</latexit>!

<latexit sha1_base64="aU5QzHSWFT+WeAj07zlK/Q/Ao+Y=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0lq1fYgFL14rNgvaEPZbDft0s0m7G6EEvoTvHhQxKu/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQyK6tr6xvZzdzW9s7uXn7/oKXCWBLaJCEPZcfDinImaFMzzWknkhQHHqdtb3wz89sPVCoWioaeRNQN8FAwnxGsjXTfuLL7+YJdtOdAS6RarZRK58hJlQKkqPfzH71BSOKACk04Vqrr2JF2Eyw1I5xOc71Y0QiTMR7SrqECB1S5yfzUKToxygD5oTQlNJqryxMJDpSaBJ7pDLAeqd/eTPzL68bar7gJE1GsqSCLRX7MkQ7R7G80YJISzSeGYCKZuRWREZaYaJNOzoTw/Sn6n7RKReeieHZXLtSu0ziycATHcAoOXEINbqEOTSAwhEd4hheLW0/Wq/W2aM1Y6cwh/ID1/gXTu42E</latexit>

T = 0
<latexit sha1_base64="gG8hnwj88isOe9Lt7tpnzaNwflk=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9i00taLFL14rNC0hTaUzXbTLt1swu5GKKG/wYsHRbz6g7z5b9y0EVT0wcDjvRlm5vkxZ0oj9GEV1tY3NreK26Wd3b39g/LhUVdFiSTUJRGPZN/HinImqKuZ5rQfS4pDn9OeP7vJ/N49lYpFoqPnMfVCPBEsYARrI7mdq86IjMoVZF826wg1IbLREhmpNlCtBp1cqYAc7VH5fTiOSBJSoQnHSg0cFGsvxVIzwumiNEwUjTGZ4QkdGCpwSJWXLo9dwDOjjGEQSVNCw6X6fSLFoVLz0DedIdZT9dvLxL+8QaKDppcyESeaCrJaFCQc6ghmn8Mxk5RoPjcEE8nMrZBMscREm3xKJoSvT+H/pFu1nbpdu7uotK7zOIrgBJyCc+CABmiBW9AGLiCAgQfwBJ4tYT1aL9brqrVg5TPH4Aest0+Pno6K</latexit>

T > Tc

<latexit sha1_base64="LKW/8pw7oMTfAtz8MDUhBd/PYig=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01U1GPRi8cK9gOSUDbbTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ETFMcMlawEGwbqoZSSLBOtHobup3npg2XMlHGKcsTMhA8phTAlbyAz1UZ4FK2ID0qjW37s6Al4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxSCTLDUkJHZMB8SyVJmAnz2ckTfGKVPo6VtiUBz9TfEzlJjBknke1MCAzNojcV//P8DOKbMOcyzYBJOl8UZwKDwtP/cZ9rRkGMLSFUc3srpkOiCQWbUsWG4C2+vEza53Xvqn7xcFlr3BZxlNEROkanyEPXqIHuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwAgEJEp</latexit>

⇢/!

<latexit sha1_base64="ToxSCRcw9BnraI6vCsDAfp/HUZg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXSXoAPfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fks2PIw==</latexit>!

⌧

� <latexit sha1_base64="R6FKTF3SPyp0se/UCYn3cZDRM1E=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRIVdVkUwWUF+4A2hMn0ph06eTBzI5YQ8FfcuFDErd/hzr9x2mahrQcuHM65d+7c4yeCK7Ttb2NhcWl5ZbW0Vl7f2NzaNnd2mypOJYMGi0Us2z5VIHgEDeQooJ1IoKEvoOUPr8d+6wGk4nF0j6ME3JD2Ix5wRlFLnrnfRXjEyTuZL1LIsxuP555Zsav2BNY8cQpSIQXqnvnV7cUsDSFCJqhSHcdO0M2oRM4E5OVuqiChbEj70NE0oiEoN5usza0jrfSsIJa6IrQm6u+JjIZKjUJfd4YUB2rWG4v/eZ0Ug0s341GSIkRsuihIhYWxNc7C6nEJDMVIE8ok13+12IBKylAnVtYhOLMnz5PmSdU5r57enVVqV0UcJXJADskxccgFqZFbUicNwkhGnskreTOejBfj3fiYti4Yxcwe+QPj8wdj2pZq</latexit>

Ei
<latexit sha1_base64="R6FKTF3SPyp0se/UCYn3cZDRM1E=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRIVdVkUwWUF+4A2hMn0ph06eTBzI5YQ8FfcuFDErd/hzr9x2mahrQcuHM65d+7c4yeCK7Ttb2NhcWl5ZbW0Vl7f2NzaNnd2mypOJYMGi0Us2z5VIHgEDeQooJ1IoKEvoOUPr8d+6wGk4nF0j6ME3JD2Ix5wRlFLnrnfRXjEyTuZL1LIsxuP555Zsav2BNY8cQpSIQXqnvnV7cUsDSFCJqhSHcdO0M2oRM4E5OVuqiChbEj70NE0oiEoN5usza0jrfSsIJa6IrQm6u+JjIZKjUJfd4YUB2rWG4v/eZ0Ug0s341GSIkRsuihIhYWxNc7C6nEJDMVIE8ok13+12IBKylAnVtYhOLMnz5PmSdU5r57enVVqV0UcJXJADskxccgFqZFbUicNwkhGnskreTOejBfj3fiYti4Yxcwe+QPj8wdj2pZq</latexit>

Ei

<latexit sha1_base64="U8Pj/4gH9thYJ69gu2N7x1DSRYg="></latexit>

 = E +
2

3
hv2iB

<latexit sha1_base64="rwdhNVWZ0lWJarwewXyqiZiHlAw="></latexit>

G(⌧, T ) =

Z
d!

⇡
K(!, ⌧, T )⇢(!, T )

Color-electric field correlation function

<latexit sha1_base64="XcszG3vqg7ZImkIXeJnc4uK8ECE="></latexit>

1

2⇡TD
=



4⇡T 3
=

1

2⇡T 2
lim
!!0

⇢(!)

!

<latexit sha1_base64="ZEs4y8+nAC7XxNGCq8rA3wHIkSs=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuStKKuhGKbtwIFfqCJpbJdNIOnUzCzKRQQv7Ajb/ixoUibt2682+cpllo64ELh3Pu5d57vIhRqSzr21haXlldWy9sFDe3tnd2zb39lgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS90c3Ub4+JkDTkDTWJiBugAac+xUhpqWeeOAzxASMwcTw/GafpQ8URmXLl+ALhpNpIk7u0Z5asspUBLhI7JyWQo94zv5x+iOOAcIUZkrJrW5FyEyQUxYykRSeWJEJ4hAakqylHAZFukv2TwmOt9KEfCl1cwUz9PZGgQMpJ4OnOAKmhnPem4n9eN1b+pZtQHsWKcDxb5McMqhBOw4F9KghWbKIJwoLqWyEeIh2D0hEWdQj2/MuLpFUp2+fl6v1ZqXadx1EAh+AInAIbXIAauAV10AQYPIJn8ArejCfjxXg3PmatS0Y+cwD+wPj8AZlTnQY=</latexit>

hv2i = 3T

M



LQCD for Heavy FlavorsHai-Tao Shu 18

0.25 0.30 0.35 0.40 0.45 0.50

øT
3

4

5

6

7

8

9
GE

Gnorm

T [MeV]
195
220
251
293

352*

First full QCD calculation of , only possible via Gradient Flow!κ
[Luscher & Weisz, JHEP1102(2011)051]
[Narayanan & Neuberger, JHEP0603(2006)064]

• 195 MeV <= T <= 352 MeV 
•  2+1 flavor in the sea 
• pion mass 320 MeV

First full QCD calculation of EE correlators

[LA, OK, RL, SM, PP, 舒海涛, SS, PRL 130 (2023) 23, 231902]
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Spectra analysis

[LA, OK, RL, SM, PP, 舒海涛, SS, PRL 130 (2023) 23, 231902]
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• HQ mass dependence of HQ diffusion: mild  
• Universal change pattern with quark mass 
• Weak quark mass dependence in LQCD & 

T-matrix 
• Weaker than quasi-particle model (QPM) 

calculations

Charm and Bottom quark diffusion
First full QCD determination of charm&bottom quark diffusion!

[LA, DC, OK, RL, GDM, SM, PP, 舒海涛, SS, PRL 132 (2024) 5, 051902]
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HQ diffusion at the physical point 

• Similar magnitudes as previous studies 
• Approaching AdS/CFT limit near  
• Consistent with NLO at high temperature 

Tc

[JDG, SM, PP, 舒海涛, JHW, et al., JHEP 09 (2025) 180]
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Heavy-flavor diffusion is insensitive to 
changes in the light degrees of 

freedom across the phase transition
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Summary of LQCD on heavy flavors
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• First full QCD study of quarkonium using relativistic heavy quarks 
• Screening or not requires more theory guidance  
• increasing  with  Im[V ] T & r

3

broadened. If the ground state peak would be
described by a Gaussian form meff would de-
crease linearly in ⌧ [9]. As discussed in Ref. [9]
at T > 0 in addition to the ground state peak
there is also a contribution to the spectral func-
tion at negative ! representing a heavy QQ̄ state
propagating forward in Euclidean time interact-
ing with backward propagating light state from
the medium. Based on these consideration we
write the medium dependent part of the spectral
function as ⇢med

r (!, T ) = ⇢peakr (!, T )+⇢lowr (!, T ),
where ⇢peakr is the broadened ground state peak
and ⇢lowr is the contribution to the spectral func-
tion at negative !. We expect that ⇢lowr is much
smaller than ⇢peakr but it dominates the correla-
tion functio at ⌧ around 1/T . This part of the
spectral function explains the rapid drop of meff

at large ⌧ [9] that can be see in Fig. 1.

A physically appealing parametrization of
⇢peak is a Lorentzian form. However, a Lorentzian
form is only valid in the vicinity of the peak. In
general we can assume that correlation function
has a pole at some complex !, so

⇢peakr = Im A
!�ReV�i�(! =

⇡A �(!)
(!�ReV )2+�2(!) . (4)

For ! ' ReV we can approximate �(!) by a con-
stant: �(!) ' �0. However, for ! values far away
from the peak �(!) will quickly go to zero. The
self-consistent T -matrix calculation of QQ̄ propa-
gators indeed show an exponential fall o↵ of �(!)
away from the peak [13]. In incorporate this fea-
ture of the spectral function in our analysis we as-
sume that ⇢peakr is given by �0/((!�ReV )2+�2

0)
for |!�ReV | < �0 and is zero otherwise. It turns
out that such cut Lorentzian form will also give
rise to almos linear behavior of meff at small ⌧
as required by the lattice results.

Figure 2. The real part of the potential as function
of r at di↵erent temperatures.

Figure 3. The estimate of the imaginary part of the
potential from the fit using cut Lorentzian form as
function of rT for di↵erent temperature. The three
panels focus on di↵erent temperature ranges. The
circle corresponds to the smallest lattice spacing a =
0.028 fm, the square to the next to smallest lattice
spacing, a = 0.04 fm, and the triangles correspond to
the largest lattice spacing a = 0.049 fm.

The most general parametrization of ⇢lowr
would be a sum of delta functions at negative
!. However, to describe our data on the e↵ective
mass it turns out to be su�cient to include a sin-
gle delta function at negative !, rholowr (!, T ) =
clowr (T )�(! + !low

r (T )).
With these forms of ⇢peakr and ⇢lowr we fitted

the lattice data on the e↵ective mass and de-
termined the fit parameters ReV (r, T )),�0(r, T ),
clowr (T ) and !low

r (T ). The values of clowr (T ) and
!low
r (T ) are given in the Supplemental Material.
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• Comparing LQCD and HRG reveals missing PDG charmed hadrons and provides 
information on the dissociation of charm hadrons above Tpc  

• First full QCD calculation of HQ diffusion coefficient at the physical point in wide 
temperature range
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Lattice techniques provide crucial insights into heavy-flavor physics




