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Understand the Big-Bang from the Little-Bang
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Sequential melting of bottomonium in HICs 
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of 368 µb�1, and the corresponding dataset is used to derive the centrality-integrated (0–100%)
double ratios and those in the 0–30% centrality range. For the second setup, the lower rate
allowed the sampling of the full integrated luminosity of 464 µb�1. This sample is used to an-
alyze the centrality dependence of the double ratio in the 30–100% range. We also studied a
possible contamination from photo-production processes in the peripheral region and found it
to be negligible.

Single muons are selected in the kinematic region p
µ
T > 4 GeV/c, |hµ| < 2.4, and required to

survive standard quality selection criteria [27]. The reconstruction algorithm was adapted to
account for the high track multiplicity in a PbPb event, using a combination of regional and
iterative tracking algorithms [33]. The muon momentum is derived from the fit obtained with
a Kalman filter algorithm [27] applied to the tracker hits and provides an U mass resolution
of around 1% in both pp and PbPb. When forming a muon pair, the two reconstructed muon
candidates are required to match the dimuon trigger and to originate from a common vertex
with a c2 probability larger than 1%. The U transverse momentum and rapidity ranges studied
in this analysis are pT < 30 GeV/c and |y| < 2.4. The U ratios are not affected by the small
number of additional collision vertices (pileup) present in the pp and PbPb samples.

Figure 1 shows the invariant mass distributions of opposite-charge muon pairs for centrality-
integrated PbPb collisions. The double ratios are computed from the signal yields obtained
independently from unbinned maximum likelihood fits to the pp and PbPb spectra. The anal-
ysis of the U(2S) double ratio is performed in three pT bins, two |y| bins, and nine centrality
bins, while the U(3S) double ratio is studied in four centrality bins. As a cross-check, simulta-
neous fits of the two dimuon invariant mass distributions, where the double ratios are directly
extracted, were also performed. The two procedures give consistent results.
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Figure 1: Measured dimuon invariant mass distribution in PbPb data. The total fit (solid blue
line) and the background component (dot-dashed blue line) are also shown, as are the individ-
ual U(1S), U(2S), and U(3S) signal shapes (dotted gray lines). The dashed red line represents
the pp signal shape added to the PbPb background and normalized to the U(1S) mass peak in
PbPb.

The shape of each U state is modeled with the sum of two Crystal Ball functions [34], with
parameters fixed from MC simulation studies. The mass parameter of the U(1S) resonance is
left free to account for possible shifts in the momentum scale of the reconstructed tracks, and
is found to be consistent between pp and PbPb data. The masses of the excited states are fixed

CMS, PRL120(2018) 142301
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Color screening of hot medium?



Heavy quark collective flow in HICs
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Hot medium is a near-perfect fluid?



Heavy flavor probes
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Probe the hot medium with different length scales…
<latexit sha1_base64="gsD3ObEVzrNi3smvZGE2qfrNJCA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbRT0WvXis0C9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxqaZkqQptEcqk6IdaUM0GbhhlOO4miOA45bYfju5nffqJKMykaZpLQIMZDwSJGsLFSy3OrjT7plyue682BVomfkwrkqPfLX72BJGlMhSEca931vcQEGVaGEU6npV6qaYLJGA9p11KBY6qDbH7tFJ1ZZYAiqWwJg+bq74kMx1pP4tB2xtiM9LI3E//zuqmJboKMiSQ1VJDFoijlyEg0ex0NmKLE8IklmChmb0VkhBUmxgZUsiH4yy+vklbV9a/ci4fLSu02j6MIJ3AK5+DDNdTgHurQBAKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBuh45k</latexit>

0.2Tc
<latexit sha1_base64="tt1WxGBDkkJKKwSVmjjbM79q6uw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07KrxXosevFYoV/QLiWbZtvQJLskWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemHCmjed9O4WNza3tneJuaW//4PCofHzS1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaSec3M/9zhNVmsWyaaYJDQQeSRYxgo2VOp5bqzYHZFCueK63AFonfk4qkKMxKH/1hzFJBZWGcKx1z/cSE2RYGUY4nZX6qaYJJhM8oj1LJRZUB9ni3Bm6sMoQRbGyJQ1aqL8nMiy0norQdgpsxnrVm4v/eb3URLdBxmSSGirJclGUcmRiNP8dDZmixPCpJZgoZm9FZIwVJsYmVLIh+Ksvr5P2levfuNeP1Ur9Lo+jCGdwDpfgQw3q8AANaAGBCTzDK7w5ifPivDsfy9aCk8+cwh84nz/rGY6n</latexit>

0.74Tc
<latexit sha1_base64="WxmBXagHfuSVuWSu/uKlgE49Teg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07KrRT0WvXis0C9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxqaZkqQptEcqk6IdaUM0GbhhlOO4miOA45bYfju5nffqJKMykaZpLQIMZDwSJGsLFSy3f9Rp/0yxXP9eZAq8TPSQVy1Pvlr95AkjSmwhCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nAMdVBNr92is6sMkCRVLaEQXP190SGY60ncWg7Y2xGetmbif953dREN0HGRJIaKshiUZRyZCSavY4GTFFi+MQSTBSztyIywgoTYwMq2RD85ZdXSevC9a/cy4dqpXabx1GEEziFc/DhGmpwD3VoAoFHeIZXeHOk8+K8Ox+L1oKTzxzDHzifP26JjmQ=</latexit>

1.1Tc
<latexit sha1_base64="Zqf0uV4l10Vdx4FznY9IiJ219ok=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9m1oh6LXjxW6Be0S8mm2TY2myxJVihL/4MXD4p49f9489+YbfegrQ8GHu/NMDMviDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqa5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QSTu8zvPFGlmRRNM42pH+GRYCEj2FipfVGtNQdkUK64VXcOtEq8nFQgR2NQ/uoPJUkiKgzhWOue58bGT7EyjHA6K/UTTWNMJnhEe5YKHFHtp/NrZ+jMKkMUSmVLGDRXf0+kONJ6GgW2M8JmrJe9TPzP6yUmvPFTJuLEUEEWi8KEIyNR9joaMkWJ4VNLMFHM3orIGCtMjA2oZEPwll9eJTYx76pae7is1G/zOIpwAqdwDh5cQx3uoQEtIPAIz/AKb450Xpx352PRWnDymWP4A+fzB3Mgjmc=</latexit>

2.3Tc

<latexit sha1_base64="s9o7Wr5Qtqu/v5r+q/ZR3dHYK9U=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFXbisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O4WV1bX1jeJmaWt7Z3evvH/Q0nGqCG2SmMeqE2BNOZO0aZjhtJMoikXAaTsY3Uz99hNVmsXywYwT6gs8kCxiBBsrPfa4jYa4f9svV9yqOwNaJl5OKpCj0S9/9cKYpIJKQzjWuuu5ifEzrAwjnE5KvVTTBJMRHtCupRILqv1stvAEnVglRFGs7JMGzdTfExkWWo9FYJMCm6Fe9Kbif143NdGVnzGZpIZKMv8oSjkyMZpej0KmKDF8bAkmitldERlihYmxHZVsCd7iycukdVb1Lqrn97VK/TqvowhHcAyn4MEl1OEOGtAEAgKe4RXeHOW8OO/OxzxacPKZQ/gD5/MHhjeQPA==</latexit>

�D

<latexit sha1_base64="v2rsexShqd2Cq8/nX+d6MTC+Pdw=">AAAB/nicbVBPS8MwHE39O+e/qnjyEhzCvIzWiXocevE40W6DtYw0S7ewJC1JKowy8Kt48aCIVz+HN7+N6daDbj4IPN77/fi9vDBhVGnH+baWlldW19ZLG+XNre2dXXtvv6XiVGLi4ZjFshMiRRgVxNNUM9JJJEE8ZKQdjm5yv/1IpKKxeNDjhAQcDQSNKEbaSD370PcSRVksqnWfIz2UPLufnPbsilNzpoCLxC1IBRRo9uwvvx/jlBOhMUNKdV0n0UGGpKaYkUnZTxVJEB6hAekaKhAnKsim8SfwxCh9GMXSPKHhVP29kSGu1JiHZjKPqOa9XPzP66Y6ugoyKpJUE4Fnh6KUQR3DvAvYp5JgzcaGICypyQrxEEmEtWmsbEpw57+8SFpnNfeiVr87rzSuizpK4AgcgypwwSVogFvQBB7AIAPP4BW8WU/Wi/VufcxGl6xi5wD8gfX5A/arlX8=</latexit>

⌥(3S)
<latexit sha1_base64="1+wbdIjjuc4BidJaHDEI973V9pY=">AAAB/nicbVBPS8MwHE39O+e/qnjyEhzCvIx2inocevE40W6DtYw0S7ewJC1JKowy8Kt48aCIVz+HN7+N6daDbj4IPN77/fi9vDBhVGnH+baWlldW19ZLG+XNre2dXXtvv6XiVGLi4ZjFshMiRRgVxNNUM9JJJEE8ZKQdjm5yv/1IpKKxeNDjhAQcDQSNKEbaSD370PcSRVksqnWfIz2UPLufnPbsilNzpoCLxC1IBRRo9uwvvx/jlBOhMUNKdV0n0UGGpKaYkUnZTxVJEB6hAekaKhAnKsim8SfwxCh9GMXSPKHhVP29kSGu1JiHZjKPqOa9XPzP66Y6ugoyKpJUE4Fnh6KUQR3DvAvYp5JgzcaGICypyQrxEEmEtWmsbEpw57+8SFr1mntRO7s7rzSuizpK4AgcgypwwSVogFvQBB7AIAPP4BW8WU/Wi/VufcxGl6xi5wD8gfX5A/UclX4=</latexit>

⌥(2S)
<latexit sha1_base64="EvG1yombO/RcItLMPXEl9uLIsxw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyxC3ZRERV0W3bisaNpCE8pkOmmHziPMTIQSCv6KGxeKuPU73Pk3TtostPXAwOGce7lnTpRQorTrflulpeWV1bXyemVjc2t7x97daymRSoR9JKiQnQgqTAnHviaa4k4iMWQRxe1odJP77UcsFRH8QY8THDI44CQmCGoj9eyDwE8UoYLXvIBBPZQsu5+c9OyqW3encBaJV5AqKNDs2V9BX6CUYa4RhUp1PTfRYQalJojiSSVIFU4gGsEB7hrKIcMqzKbxJ86xUfpOLKR5XDtT9fdGBplSYxaZyTyimvdy8T+vm+r4KswIT1KNOZodilPqaOHkXTh9IjHSdGwIRJKYrA4aQgmRNo1VTAne/JcXSeu07l3Uz+7Oq43roo4yOARHoAY8cAka4BY0gQ8QyMAzeAVv1pP1Yr1bH7PRklXs7IM/sD5/APONlX0=</latexit>

⌥(1S)

<latexit sha1_base64="f+YyR8Kuag05LiIvYnrrkTThuuk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU91VUY9FL+JpBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2rjut1NYWl5ZXSuulzY2t7Z3yrt7DS1TRWidSC5VK8SaciZo3TDDaStRFMchp81weDPxm09UaSbFgxklNIhxX7CIEWys1Lg76fiadcsVt+pOgRaJl5MK5PC75a9OT5I0psIQjrVue25iggwrwwin41In1TTBZIj7tG2pwDHVQTa9doyOrNJDkVS2hEFT9fdEhmOtR3FoO2NsBnrem4j/ee3URFdBxkSSGirIbFGUcmQkmryOekxRYvjIEkwUs7ciMsAKE2MDKtkQvPmXF0njtOpdVM/uzyu16zyOIhzAIRyDB5dQg1vwoQ4EHuEZXuHNkc6L8+58zFoLTj6zD3/gfP4A+YOOvw==</latexit>

J/ 
<latexit sha1_base64="fxT0YGDGIgjWWOtAjPURle4/Jkk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lU1GPRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO3XNT7vlilt1ZyDLxMtJBXLUu+WvTi9maYTSMEG1bntuYoKMKsOZwEmpk2pMKBvRAbYtlTRCHWSzYyfkxCo90o+VLWnITP09kdFI63EU2s6ImqFe9Kbif147Nf2bIOMySQ1KNl/UTwUxMZl+TnpcITNibAllittbCRtSRZmx+ZRsCN7iy8ukcV71rqoXD5eV2m0eRxGO4BjOwINrqME91MEHBhye4RXeHOm8OO/Ox7y14OQzh/AHzucPV6mOYw==</latexit>

 0
<latexit sha1_base64="WdPsZ/nEkxEY7OTKeB2EIww7AE0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3qO9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5A3XCjxA=</latexit>�c

<latexit sha1_base64="A0+pEVr6lgIoikwfL4Q+qgvV5xg=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4MQm7hrRC2DFlpGMA9IYpid3E2GzMwuM7OBsKS08VdsLBSx9RPs/Bsnj0KjBy4czrmXe+/xI860cd0vJ7WwuLS8kl7NrK1vbG5lt3eqOowVhQoNeajqPtHAmYSKYYZDPVJAhM+h5vevxn5tAEqzUN6ZYQQtQbqSBYwSY6V2dr85IAoizXgocb4piOkpkVxD9TgQo/viUTubcwvuBPgv8WYkh2Yot7OfzU5IYwHSUE60bnhuZFoJUYZRDqNMM9YQEdonXWhYKokA3Uomj4zwoVU6OAiVLWnwRP05kRCh9VD4tnN8qZ73xuJ/XiM2wUUrYTKKDUg6XRTEHJsQj1PBHaaAGj60hFDF7K2Y9ogi1NjsMjYEb/7lv6R6UvDOCsXb01zpchZHGu2hA5RHHjpHJXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYX/YLz8Q0puJlr</latexit>

"(GeV/fm3)

2015 Long Run Plan Nuclear Science

Where LQCD has been delivering value… 

• In-medium quarkonium properties: masses, widths, melting T 
• Complex quark-antiquark potential: Re[V], Im[V] 
• Heavy quark (momentum) diffusion coefficient: Ds, kappa



Part I 
In-medium quarkonium properties



Meson spectral function
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💬  Junichi Takahashi, Tue 15:40 [232]Update: sparse modeling for charmonium

• Meson spectral function tells melting T and heavy quark diffusion 
• Need prior info in the spectral reconstruction
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K(!, ⌧, T )



Quarkonium spectral function (relativistic HQ)
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First full QCD calculation with relativistic heavy quarks

Need very fine and large lattice for heavy quark

• No resonance peaks are needed for charmonium eta_c down to 1.2 Tc  
• Thermally broadened resonance peaks persist for eta_b up to 1.4 Tc
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T = 1/(aN⌧ )
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Tc ⇠ 180 MeV

pNRQCD

UV asym.

hotQCD, Few Body Syst. 64 (2023) 3, 52



Non-relativistic heavy quark
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NRQCD becomes possible due to scale separation
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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



Extended meson source
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R. Larsen, et al., PRD 100 (2019) 7, 074506

Excited states accessible from extended meson operator

Upsilon

T<Tc
1/(T=333 MeV)

💬  Ioannis Trimis, Fri 9:20 [218]Update: anisotropic HISQ



Thermal mass shift of bottomonium
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simple model:

R. Larsen, et al., PLB 800 (2020) 135119



Thermal width of bottomonium
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• Increasing thermal width with temperature for all states 
• Thermal broadening follows the hierarchical increasing pattern
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R. Larsen, et al., PLB 800 (2020) 135119



Part II 
Complex quark-antiquark potential



Static quark potential in hot QCD
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lim
t!1

V (2)
> (t, r) = �g2CF

4⇡


mD +

exp(�mDr)

r

�
� ig2TCF

4⇡
�(mDr)

 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 T correlators 
• Model the potential as arguments of spectral function (modified Lorentzian)
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Static quark potential in hot QCD

Heavy Flavor ProbesHai-Tao Shu 12

💬  Peter Petreczky, Mon 14:10 [144]Update: hotQCD, complex potential
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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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hotQCD, in preparation

Real part: temperature insensitive Imag. part: increasing with T & r

• No color screening (no mass shift for bottomonium)
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Part III 
Heavy quark diffusion



Charm & bottom quark diffusion
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Model the transport peak contribution of quarkonium correlators

• Consistent with AdS/CFT

H.-T. Ding, HTS, et al., PRD 104 (2021) 11, 114508

<latexit sha1_base64="EGsfzNPbKONvKMWiu/qAj7XFklU="></latexit>

Gtrans(⌧) = G(⌧)�Gmod(⌧) =

Z
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⇡
3�qD

!⌘

!2 + ⌘2
K(!, ⌧, T )



Static quark momentum diffusion

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

Heavy quark momentum diffusion coefficient from HQET
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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

💬  Viljami Leino, Tue 16:40 [357]Update: quarkonium diffusion from adjoint chromo- electric/magnetic correlators 

⌧
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Z
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⇡
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Color-electric field correlation function
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Multi-level v.s. gradient flow 
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multi-level gradient flow

M. Luscher and P. Weisz, JHEP 09 (2001) 010

v.s.

Luscher & Weisz, JHEP1102(2011)051 
Narayanan & Neuberger, JHEP0603(2006)064
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• Consistent quenched results from ML & GF 
• Gradient flow paves the way to full QCD



Modeling the color-electric correlators
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T = 195 MeV

• Wide temperature range with Mpi=320 MeV 
• Much larger magnitudes in full QCD than in quenched QCD 
• Good description of lattice data using different models

hotQCD, PRL 130 (2023) 23, 231902

First full QCD calculation of kappa!
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Summary of heavy quark diffusion coefficient
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• Agree with AdS/CFT at ~Tc (rapid equilibrium) 
• Agree with T-matrix estimate at moderate T 
• Agree with NLO perturbative estimate at large T  
• Smaller than quenched estimates
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2⇡TD =
4⇡

/T 3

N. Branbilla, et al., PRD 102 (2020) 7, 074503 

L. Altenkort, HTS, et al., PRD 103 (2021) 1, 014511 

D. Banerjee, et al., arXiv: 2206.15471

Quenched results (blue):

hotQCD, PRL 130 (2023) 23, 231902

Full LQCD results (red):



Finite mass correction to HQ momentum diffusion
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• Renormalization known in MSbar scheme via finite-volume scheme 

• Matching under gradient flow solved
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D. Banerjee, et al., JHEP 08 (2022) 128

<latexit sha1_base64="bjbbu+otgwAMU1YGWEr5IyUWSPU="></latexit>

Z2 =

✓
1� 2

g2CA

16⇡2
ln(µ2⌧F )

◆✓
1 + 2K

g2CA

16⇡2

◆
⌘ Z2

fZ
2
K

1.0 1.5 2.0 2.5 3.0

T/Tc
0

1

2

3

4

∑B

T 3
Banerjee '22 (ML)

TUMQCD '22 (flow*)

this work (flow)
<latexit sha1_base64="vDs7WjXiVYJtsp+0Xq0lm9BPC20=">AAACF3icbZBNSwMxEIaz9avWr6pHL8EieCq7VdSLUCqoRwWrYrddZtNpG5rNLklWKEv/hRf/ihcPinjVm//GtPbg1wuBl2dmmMwbJoJr47ofTm5qemZ2Lj9fWFhcWl4prq5d6jhVDOssFrG6DkGj4BLrhhuB14lCiEKBV2H/aFS/ukWleSwvzCDBZgRdyTucgbEoKJZPgtrhTVBrVW5aFV+A7AqklrWyEBQOfTUmQeYbSIPjYVAsuWV3LPrXeBNTIhOdBcV3vx2zNEJpmACtG56bmGYGynAmcFjwU40JsD50sWGthAh1MxvfNaRblrRpJ1b2SUPH9PtEBpHWgyi0nRGYnv5dG8H/ao3UdA6aGZdJalCyr0WdVFAT01FItM0VMiMG1gBT3P6Vsh4oYMZGWbAheL9P/msuK2Vvr7xzvluq1iZx5MkG2STbxCP7pEpOyRmpE0buyAN5Is/OvfPovDivX605ZzKzTn7IefsEH2ifVw==</latexit>

GB = Z2
BZ

2hGbare
B i⌧F

L. Altenkort, HTS, et al. in preparation

D. Guazzini, et al., JHEP 10 (2007) 081

Charm & bottom quark 
not heavy enough

A. Bouttefeux, M. Laine, JHEP 12 (2020) 150
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• Consistent quenched results among different calculations

David Cruz, Guy Moore,  in preparation



Summary & outlook
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A special thank you to those who sent me materials and thoughts! 
[Ali, Bala, Bazavov, Leino, Petreczky, Trimis, Weber]

Major achievements since Lattice 2022
• First quarkonium study with relativistic heavy quarks in full QCD 
✓ Dissociation temperature of quarkonium  
๏ Heavy quark diffusion coefficient 

• First full QCD calculation of static quark momentum diffusion 
✓Much larger than in quenched case 
✓Finite-mass correction is calculated in quenched case 
๏Calculate finite-mass correction in full QCD 

๏Calculate HQ momentum diffusion at physical pion mass 
• No screening for Re[V] & increasing Im[V] with T & r 
• No mass shift for bottomonium & increasing thermal width 

Lattice QCD is in a phase to provide accurate and realistic 
inputs for HIC phenomenology



Backup:Melting temperatures (relativistic)
✓ H.-T. Ding, et al., PRD 86, 014509 (2012), charmonium on quenched lattice 
✓ Y. Burnier, et al., JHEP 1711 (2017) 206, eta_c & eta_b on quenched lattice in the continuum 
✓ H.-T. Ding, et al., PRD 104 (2021) 11, 114508, J/Psi & Upsilon on quenched lattice in the continuum 
✓… 
✓ Update: hotQCD, Few Body Syst. 64 (2023) 3, 52, quarkonium in Nf=2+1 HISQ sea
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� = 8.249, a = 0.028 fm
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ii (!) = A⇢pertV (! �B)⇢pertV (!) = Amatch�(!)⇢pNRQCD

V (!)✓(!match � !) + ⇢vacV (!)✓(! � !match)

• potential NRQCD calculations applicable around the threshold 
• Ultraviolet asymptotics valid well above the threshold 
• Combine two parts by interpolation: Y. Burnier, et al., JHEP 11 (2017) 206

Y. Burnier, et al., EPJC72, 1902 (2012)

M. Laine, JHEP 05 (2007) 028

need higher temperatures 
and continuum limit



Backup:Melting temperatures (NRQCD)
Scale separation becomes an advantage in building NRQCD  

• Absent of transport peak 
• Unchanged physics for bound states 
• Possibility of reaching HIC relevant temperatures
✓ G. Aarts, et al., JHEP 07 (2014) 097, bottomonium Nf=2+1 NRQCD, Mpi=400 MeV 
✓ S. Kim, et al., JHEP 11 (2018) 088, quarkonium in Nf=2+1 NRQCD, Mpi=160 MeV
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!
kill low-energy tail

• Bottomonium S-wave survives up to T = 407MeV= 2.63Tc 
• Bottomonium P-wave survives up to T = 185MeV= 1.19Tc 
• Charmonium S-wave melts in 1.29 −1.35Tc  
• Charmonium P-wave melts above 1.19Tc 

✓ R. Larsen, et al., PRD 100 (2019) 7, 074506, bottomonium in Nf=2+1 NRQCD, Mpi=160 MeV, ground 
✓ R. Larsen, et al., PLB 800 (2020) 135119, bottomonium in Nf=2+1 NRQCD, Mpi=160 MeV, excited

continuum contribution subtracted from T=0 correlators 
Long tail from the left of the peak cut by theta function



Backup:Melting temperatures (others)
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• In-medium screening masses from spatial bottomonium correlators 
• Compare finite-T masses and zero-T masses
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• the eta_b(1S) and Upsilon(1S) states melt at T > 500 MeV 
• chi_b0(1P) and h_b(1P) melt at T > 350 MeV 
• Need understand mechanism of dissociate at intermediate temperatures

From the screening masses of quarkonium
✓ F. Karsch, et al., PRD 85 (2012) 114501, charmonium on Nf=2+1 lattice, Mpi=220 MeV, significant modification above 1.5Tc 
✓ A. Bazavov, et al., PRD 91 (2015) 054503, charmonium on Nf=2+1 lattice, Mpi=160 MeV, significant modification above 1.3Tc 
✓ P. Petrezcky, et al., PRD 104. 054511 (2021), bottomonium on Nf=2+1 lattice, Mpi=160 MeV 

• Different methods developed to investigate the dissociation of quarkonium 
• Understanding dissociation from the binding energy and thermal width?  
• (1S) charmonium melts at T≳ 1.2Tc 
• (1S) bottomonium melts at T≳ 2.63Tc 

✓ A. Jakovac, et al., PRD 75 (2007) 014506, quarknoium on quenched anisotropic lattice

Use anisotropic lattice for finer resolution in the temporal direction  

💬 Ioannis Trimis, Fri 9:20 [218]Update: extension to HISQ!
• Gauge anisotropy tuning performed with the Symanzik gradient flow  
• Tuning of the strange quark mass and quark anisotropy using spectrum measurements on quenched ensembles  
• Discussion on the impact of anisotropy on pion taste splittings for aHISQ 



Backup: Complex potential in hot QCD
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 M. Laine, JHEP0703,054 (2007)• Hard Thermal Loop resummed perturbation theory

Real part: binding energy  ~ peak location 
Imag part: thermal width ~ peak width

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

• Non-perturbative determination matters at around and above Tc 
Lattice formulation via Wilson loop/thermal Wilson line correlators in Coulomb gauge 

A. Rothkopf et al., PRL. 108 (2012) 162001
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1. Wilson loop as static quarkonium correlator 2. Real-time evolution ignoring non-potential effects

3. Solution of potential in spectra representation 4. Re[V] and Im[V] as arguments of spectra

• Model of the spectral function: Gaussian, Lorentzian, Pade, HTL, Bayesian analysis…

<—>

✓ A. Rothkopf, et al., PRL108 (2012) 162001, quenched via WLoop, first lattice study, MEM 
✓ Y. Burnier, A. Rothkopf, PRD 86, 051503 (2012),  quenched via WLoop, Modified Breit-Wigner 
✓ Y. Burnier, A. Rothkopf, PRD 87, 114019 (2013), quenched via WLine, HTL fits  
✓ Y. Burnier, A. Rothkopf, PRL.111, 182003 (2013), quenched via WLoop, BR method  
✓ Y. Burnier, et al., JHEP 12 (2015) 101, Nf=2+1, Mpi=160 MeV via WLoop, Gaussian 
✓ hotQCD, PRD 105 (2022) 5, 054513, Nf=2+1, Mpi=160 MeV via WLine, Gaussian, Pade, HTL, BR



Backup: Complex potential at T=0 and T>0

hotQCD, PRD 105 (2022) 5, 054513

Real part determines the binding energy. 

Imginary part gives the thermal width, characterizing the thermal effects on the dilepton production from 
bottomonium. 

The imaginary part originating from the Landau-damping of low-frequency gauge fields. 
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Backup: HQ diffusion at physical quark masses
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≠1
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·T

Gtrans
ii (·T )/Gtrans

ii (·T = 0.5) + shift

Charmonium, Lorentzian
1.1Tc
1.3Tc
1.5Tc

2.25Tc
2fiTD =0.2

2fiTD =1
2fiTD =2

2fiTD =3
2fiTD =4

Gtrans
ii (⌧T ) = Gii(⌧T )�Gmod

ii (⌧T )

• Modeling the transport peak

• Reconstruct the transport contribution:

<latexit sha1_base64="tBHw3YEbp6h0eEGinAQ/WAg2wE4="></latexit>

Gtrans(⌧) =

Z
d!

⇡
K(!, ⌧)⇢transii (!)

⇢transii (!) = 3�qD
!⌘2

!2 + ⌘2



Backup: kappaE from lattice QCD

✓ A. Francis, et al., PRD92 (2015)116003, quenched using ML 
✓ L. Altenkort, et al., PRD 103 (2021) 1, 014511, quenched using GF 
✓ TUMQCD, PRD 107 (2023) 5, 054508, quenched using GF 
✓ D. Banerjee, et al., arXiv: 2206.15471, quenched using ML 
✓ Update: hotQCD, PRL 130 (2023) 23, 231902, Nf=2+1 HISQ, Mpi=320 MeV, using GF

• Leading term of heavy quark diffusion using ML and GF

• Construct a kinetic mass dependent momentum diffusion coefficient

(M) ⌘ M2!2

3T�q

X

i

2T⇢iiV (!)

!

���
⌘⌧|!|.!UV

D =
2T 2

(M))+ D = T/(⌘M) S. Caron-Huot et al., JHEP 0904 (2009) 053



Backup:Finite mass correction kappaB

<latexit sha1_base64="fSuKJ0EyL4QEJm5UciGoDcIKdII="></latexit>

[GB(⌧)]physical
[GB(⌧)]bare,L

=

⇢
�ms(µ̄ = 19.179T )

�RGI

⇥ �RGI

�SF(
1

2Lmax
)
⇥ ZSF

spin(2Lmax)

�2
<latexit sha1_base64="Z0ZC++o/pRpK2cj4qBjWFsiclfw="></latexit>

ZSF
spin(2Lmax)

model 1⇡ 2.58 + 0.14 (� � 6)� 0.27(� � 6)2
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• Renormalization known in MSbar scheme via finite-volume scheme 

• Renormalization under gradient flow
<latexit sha1_base64="YDltkwgurFTXHsUaHWntSdWbcmo="></latexit>

Gflow,UV
B (⌧, ⌧F ) =(1 + �0g

2 ln(µ
p
8⌧F ))

2ZflowG
MS,UV
B (⌧, µ) + h0 · (⌧F /⌧)

workaround by spf reconstruction at finite flow time treating renormalization a fit parameter 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35p
8øf /ø

1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00

∑
B
/T

3

T = 1.5Tc

tmin

0.2

0.225

0.25

0.275

0.3
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⇢UV
B (!, ⌧F ) = Zflow

g2(µ)!3

6⇡
(1 + g2(µ)(�0 � �0) ln(µ

2/(A!2))

+ g2(µ)�0 ln(8⌧Fµ
2)
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ZE = 1 + �ZE = 1 +O(g4)

ZB = 1 + �ZB = 1 +
g2CA
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◆
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ZE = 1 + �ZE = 1 +O(g4)

ZB = 1 + �ZB = 1 +
g2CA
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✓
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◆
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+O(g4)

D. Banerjee, et al., JHEP 08 (2022) 128

TUMQCD, PRD 107 (2023) 5, 054508
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K = 8/3 + �E � ln(2)
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GB = Z2
BZ

2hGbare
B i⌧F

Direct solve of the renormalization under flow !

L. Altenkort, et al. in preparation

D. Guazzini, et al., JHEP 10 (2007) 081
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✓ D. Banerjee, et al., JHEP 08 (2022) 128, quenched using ML 
✓ TUMQCD, PRD 107 (2023) 5, 054508, quenched using GF 
✓ L. Altenkort, et al. in preparation, quenched&full QCD using GF

charm & bottom 
not heavy enough



Backup: why no screening

Im[V]/T

t>>1/T for free energy, dissociation & recombination 
1/Im[V] < 1/T decays within time scale


