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We present recent results from the Fastsum Collaboration, using aniso-
tropic lattice QCD to study spectral properties of heavy quarkonia and open
heavy flavour systems at high temperature. For heavy quarkonium, our
results using a number of different methods suggest a small but significant
and robust negative mass shift as well as an increasing thermal width.
We present the first lattice results for masses and spectral functions of
B mesons at high temperature, and preliminary results for a high-precision
calculation of the static quark potential.
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1. Introduction

Heavy quarks are among the most prominent probes of heavy-ion colli-
sions [1]: due to their large mass, they are predominantly created in the ini-
tial hard collisions and subsequently experience the full space-time evolution
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of the plasma. Their interactions with the hot medium encode key infor-
mation about transport properties such as diffusion coefficients and energy
loss mechanisms. Furthermore, the partial thermalization of heavy quarks
and their participation in collective flow provide insight into the degree of
coupling within the QGP.

The properties of the quarks and their bound states in the medium are
encoded in spectral functions which are related to the Euclidean correlators
that can be computed on the lattice by a (generalised) Laplace transform.
Inverting this relation to obtain the spectral function given the Euclidean
correlator is a well-known ill-posed problem. This problem may be amelio-
rated by using anisotropic lattices with a finer resolution in (imaginary) time
than in the spatial directions. The Fastsum Collaboration has pioneered
the use of anisotropic lattices for this purpose. In these proceedings, we will
present recent results on three topics related to heavy quarks in the medium:
thermal mass shift and width of bottomonium, open-beauty mesons, and the
real-time static quark potential.

2. Lattice setup

Our simulations are carried out using anisotropic lattices with an O(a2)
improved gauge action and an O(a) improved Wilson fermion action with
stout smearing, following the parameter tuning and ensembles generated
by the Hadron Spectrum Collaboration [2, 3]. The results presented here
were produced using the Gen2 and Gen2L ensembles, which have Nf =
2 + 1 active quark flavours with mπ ≈ 380 and 240 MeV, respectively, and
an approximately physical strange quark. The spatial lattice spacing is
as = 0.1205(8) fm (Gen2) and 0.1121(3) fm (Gen2L), and the anisotropy
ξ = as/aτ = 3.45. The temperature is given by T = (aτNτ )

−1 and is varied
by changing the number of sites Nτ in the temporal direction, see Table 1.
For more details about the ensembles, see Refs. [4–6] and references therein.

Table 1. Lattice temporal extents Nτ and temperatures T used in this study, in
units of MeV and of the chiral transition temperature Tc.

Nτ 128 64 56 48 40 36 32 28 24 20 16
Gen2 T [MeV] 44 117 141 156 176 201 235 281 352

T/Tc 0.24 0.65 0.78 0.86 0.97 1.11 1.3 1.6 1.9
Gen2L T [MeV] 47 95 109 127 152 169 190 217 253 304 380

T/Tc 0.28 0.57 0.65 0.76 0.91 1.01 1.14 1.3 1.5 1.8 2.3
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3. Thermal mass and width of quarkonium

Using our Gen2L ensembles, we have compared a number of different
methods for determining the thermal mass shift and width of heavy quarko-
nia. We have simulated the b quarks using an NRQCD action including
O(v4) and leading spin-dependent corrections, with mean-field improved
tree-level coefficients [7]. We have employed direct correlator analysis using
time-derivative moments [8] and a generalised eigenvalue problem (GEVP)
analysis [9], linear methods: Tikhonov, Backus–Gilbert and Hansen–Lupo–
Tantalo (HLT) [10], and Bayesian methods: maximum entropy (MEM) and
the BR method [11]. Further details are given in Ref. [12].

Figure 1 shows the thermal mass shift and width of the Υ (1S) from the
different methods. Where possible, these have been determined by applying
the same analysis to the correlators from our coldest lattice, Nτ = 128
(which we term T = 0), with temporal extent truncated to match that of
the corresponding thermal correlator. The resulting mass and width have
been subtracted from the thermal result to give the mass shifts and widths
shown. Where this analysis has not yet been performed, the values obtained
from the T = 0 ensemble with the full temporal extent have been subtracted.

Fig. 1. The thermal mass shift (left) and width (right) of the Υ (1S) using different
methods. The results show the difference between the thermal and equivalent
zero-temperature results, see the text for details.

We see that the linear methods have much larger uncertainties than the
others, which is not surprising as they are not designed to identify narrow
peaks in spectral functions (although they become exact in the continuous-
time limit). The other methods all find a small but significant negative mass
shift of up to 40 MeV. All methods show a thermal width that increases with
temperature, but they differ in its magnitude, so at present we can only place
an upper bound on the width.
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4. B mesons

We constructed two-point correlation functions for B mesons by com-
bining NRQCD propagators for the b quark with relativistic propagators for
the light anti-quark. The two are combined by tracing the upper two Dirac
indices (in the nonrelativistic representation) of the light-(anti-)quark prop-
agator with the full NRQCD propagator and the appropriate spin matrices
to produce pseudoscalar and vector states.

The light-quark propagator is computed with anti-periodic boundary
conditions in the temporal extent, while the NRQCD heavy-quark propaga-
tor satisfies an initial condition problem. This results in the light-quark prop-
agator containing both forward and backward propagation and the NRQCD
heavy-quark propagator only forward propagation. To ensure we only con-
sidering the forward propagating light anti-quark, we restrict our analysis
to τ ≤ Nτ/2.

Figure 2 (left) shows the mass of the B (pseudoscalar) and B∗ (vec-
tor) mesons determined from the standard exponential fits, as a function
of temperature, from the Gen2 ensembles. The masses are higher than the
experimental values since we are using heavier-than-physical light quarks.
We also show the results from the T = 0 ensembles with truncated corre-
lators as described in Section 3. Comparing the two, we see clear evidence
of a negative thermal mass shift for T ≳ 140MeV, well below the chiral
transition temperature Tc.
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Fig. 2. Left: The mass of the B and B∗ mesons as a function of temperature,
compared to the masses extracted from T = 0 correlators truncated to the same
temporal extent. Right: B meson spectral functions from the BR method (solid
lines), together with spectral functions obtained from truncated T = 0 correlators
(dashed lines).
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We have also carried out a spectral reconstruction using the BR method.
The results for the B meson are shown in Fig. 2 (right). We find that
the ground-state peak disappears around Tc, whereas the spectral function
from the equivalent truncated T = 0 correlator still exhibits a clear peak,
suggesting that there is no bound state above Tc.

The analysis for the Gen2L ensembles is in progress, and preliminary
results support the conclusions presented above.

5. Static-quark potential

The static-quark potential on the Gen2L ensemble has been computed
from Coulomb-gauge Wilson line correlators, which were computed with
the SIMULATeQCD code [13]. The potential has been determined from the
Wilson line correlators using two methods: BR spectral function reconstruc-
tion, and the “UV subtraction” method presented in Ref. [14]. In the latter
method, the assumption is that the spectral function consists of a ground-
state peak plus a temperature-independent “UV” part. The UV contribution
to the correlator can be easily isolated at zero temperature and subtracted
from the correlator at all temperatures. The resulting ground-state peak
is then modelled by a Gaussian, which corresponds to an effective mass as
a function of τ describing a straight line, with the slope giving the imaginary
part of the potential and the intercept at τ = 0 giving the real part.

We have also modified this method by assuming that the spectrum may
contain a temperature-dependent first excited state in addition to the ground
state. A sample of the results, using both assumptions, is shown in Fig. 3
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Fig. 3. The static-quark potential from the Gen2L ensemble at T/Tc = 1.5 (Nτ =

24). Left: Effective energies of the Wilson line correlator at r/as = 8 from T = 0,
1-state (GS) and 2-state (ES+GS) UV subtracted correlators, together with fits
to the UV-subtracted correlators, assuming a single Gaussian form. Right: The
static-quark potential from the BR and UV-subtraction methods, compared with
the T = 0 potential and the free energy.
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(left panel). Here, we see that at T ≈ 1.5Tc and r ≈ 0.9 fm, the UV-sub-
tracted effective mass does not describe a straight line (invalidating the as-
sumption of a single Gaussian), and a fit to a straight line yields a value for
ReV which is larger than the T = 0 value. Including the excited state yields
a value which lies even higher. The resulting values for ReV are shown in
Fig. 3 (right), together with the T = 0 potential, the static quark–anti-quark
free energy, and the results from the BR method.

Whereas the UV-subtraction method applied to our data suggests anti-
screening at high temperature, the BR results indicate screening, and are
inconsistent with both the T = 0 potential and the free energy. We are
currently investigating modifications of the UV subtraction method to bet-
ter model the shape of the ground-state peak, which should be a skewed
Lorentzian rather than a Gaussian.
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