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Does color screening in high temperature QCD lead to quarkonium melting ?

» Introduction: heavy quark potential and quarkonia

» Lattice calculation of the potential at T>0 in 2+17 flavor QCD on coarse lattices
Bala et al (HotQCD), PRD 105 (2022) 054513

» Lattice calculation of the potential at 7>0 in 2+1 flavor QCD on fine lattices
Bazavov et al (HotQCD), arXiv:2308.16587

* Potential at T>0 and bottomonium in deconfined medium

* Summary
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Quarkonia and potential models

mp, me > Agcp = non-relativistic bound states, analogs QED positronium

1-gluon exchange, as ~ 0.4
Eichten et al, PRL 34 (75) 369, PRD 21 (80) 203
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Quarkonia in effective theory approach

M > 1/r ~ Mv > Mv*, M =m.y, ) Effective theory (EFT) approach
Non-relativistic QCD (NRQCD) : EFT at scale 1/r (scale M is integrated out):

| D7 | D7 L -
Lnrgep = ¢! (ZDO — m) ¥+ X (ZDO + m) X+ o+ 35+ vuDug
Heavy quark fields are Pauli spinors, heavy pair creation is only present implic-

itly through higher dimension 4-fermion operators Caswell, Lepage, PLB 167 (86) 437

potential NRQCD (pNRQCD): EFT at scale Epy;,, ~ Mv? (scale 1/r ~ Mu is
integrated out):
—V? —V?

LyNRQCD = /d?’rTr[ST [i00 — ( i T Vs(r) +...)]S+0O'[iDy + 17 T Ve(r) +...)}O}

+Va(r)Tr [OTrgES + STrgEO} + Vp(r)Tr [OTrgEO + OTOrgE} -+

1 1 )
+—F2, 4+ @v.Duq  Brambilla, Pineda, Soto, Vairo,

O(T27M) 4 NPB 566 (00) 275
S =S(r,R,t), O=O(r,R,t), E=ER,?) (00)

Potentials are parameters of the EFT Largangian

Tree level +» potential model (i0y + vﬁ% —Vs(r)S(r,R,t) =0 3



Quark anti-quark potential at 7>0

4 o 4oag _
Conjecture, Matsui and Satz, PLB 178 (86) 416 —578 +or — _§786 e > T

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

Calculate the potential non-perturbatively on the lattice by considering Wislon loops
of size rx rat T>0

(© @]

W(T,T,T):/ pr(w, T)e 7

If potential at T" > 0 exists the p,(w,T) should have a well defined peak at
w~ ReV(r,T), and the width of the peak is ImV (r,T')

Rothkopf, Hatsuda, Sasaki, PRL 108 (2012) 162001
Challenge: reconstruct p,.(w,T)

pr(w, T =0)=8(w=V(r)+ ) _ 8w —En(r))

Hybrid potentials,
- pairs of static-light mesons ...



Lattice calculations on coarse lattices

Light d.o.f (gluons, u,d,s quarks) are represented by gauge configurations
from HotQCD, ms = mP"* my q = ms/20 <> m, = 161 MeV
T > 0: 483 x 12 lattices, T. = 159 MeV, the temperature is varied
by varying a <+ 8 =10/¢g?> T =151 — 1938 MeV
Wilson line correlators in Coulomb gauge for better signal-to-noise ratio (and
also Wilson loops with HYP smeared spatial links)
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Higher cumulants
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Comparison with HTL perturbation theory

In HTL perturbation theory ReV is screened, but HTL approximation is valid
only for r ~ 1/mp and assumes mp < T' (problematic in realistic setup)

Lattice results on W (r,7,T) can be compared with the HTL calculations

Burnier, Rothkopf, PRD 87 (2013) 114019
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In HTL approximation ReV (r,T) = Fs(r,T)
No agreement between the lattice and the HTL results even at the highest T’
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Lattice calculations on fine lattices

HISQ action, T' = 153 — 352 MeV
a = 0.028 fm, m; = my /5, (mx = 320 MeV), 963 x N,, N, = 56, 36, 32, 28, 24, 20

a = 0.040 fm, m; = m,/20, (m, = 160 MeV), 64° x N,, N, = 64, 32, 30, 28, 26, 24, 22,
20, 18, 16

a = 0.049 fm, m; = m,/20, (m. = 160 MeV), 64° x N,, N, = 64, 26, 24, 22, 20, 18, 16
Calculate correlation functions of temporal Wilson line instead of Wilson loops (better signal)

Gradient (Zeuthen) flow for noise reduction:

Au(z) = Bu(tp, ) _ o 05ym|B]
B,(0,z) = A,(x) Ore BT ) = =G0 0B, (TF,x)

Gauge fields are smeared in the radius +/87r
V81T = 0.04 — 0.05

Additional noise reduction from smooth interpolation of the Wilson line corre-

lators in r
Bazavov et al (HotQCD), arXiv:2308.16587 o



Spectral function and effective masses
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pr(w.T) = p," (W, T) + ™ (w,T) + """ (w)

See, Bala et al (HotQCD), PRD 105 (2022) 054513

Only tiny 7-dependence for small 7

o0 Distortions at small 7 due to flow
Whigh T :/ dwphzgh e~ WT ‘
(r,7) — 0o 2 WS“b(r, ., T)=W(r,r,T)— W}”’gh(fr, T)
On the lattice: phigh (r,7) =

W(r,7,T =0)— Agexp(—=V(r)1) 9
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Spectral function and effective masses

e No plateau in m.ss at T' > 0 and only small T-dependence for small 7

e Distortions for small 7 are largely removed by subtraction
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Model spectral function and the complex potential
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Bala et al (HotQCD), PRD 105 (2022) 054513 i



Imaginary part of the potential

ImV (r,T) [GeV] ImV'(r,T)/T
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circles: a = 0.028 fm, squares: a = 0.040 fm, triangles: a = 0.049 fm

ImV (r,T) increases with increasing temperature and distance
No apparent quark mass effects for 7" > 196 MeV

No apparent cutoff effects
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Imaginary part of the potential (cont'd)

ImV (r,T)/T
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For 244 MeV < T < 352 MeV ImV (r,T)/T approximately scales with T as
one would expect based on weak coupling calculations
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Bethe-Salpeter amplitude at 7>0 and potential model

Larsen, Meinel, Mukherjee, PP, PRD 102 (20)114508
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Thermal width of bottomonium in deconfined medium

Botottomium in deconfined medium shows no mass shift as expected in color screening

picture but large thermal width
Larsen, Meinel, Mukherjee, PP, PRD 100 (2019) 094510; PLB 800 (2020) 135119

Simple model for thermal width of bottomonium state:

I(T) = /d3rImV(r,T)\¢a(r)|2, a = T(18), T(25), T(3S), xs(1P), xs(2P)
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The thermal width can be understood in terns of imaginary potential and no screening
= different mechanism for quarkonium melting
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Summary

* We calculated Wilson line correlators at T>0 using HISQ action at many lattice spacings
thus, controlling discretization effects

* The complex potential at 7>0 was obtaine from the Wilson line correlators using a
simple parametrization of the corresponding spectral function

* The real part of the potential is NOT screened, while the imaginary part of the
potential is large and increases with distance

* The HTL perturbative calculation for the Wilson line correlator which incorporates
screening does not agree with the lattice results even at 7=71938 MeV

* The results on the complex potential are corroborated by the results on the
bottomonium Bethe-Salpeter amplitude obtained on the lattice as well as
by the in-medium bottomonium masses

The thermal width of bottomonium states can be understood in terms of imaginary part
of the potential
= melting of quarkonium is not related to color screening
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Back-up:
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