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Abstract. We present the most recent results from the FASTSUM collaboration

for hadron properties at high temperature. This includes the temperature depen-

dence of the light and charmed meson and baryon spectrum, as well as proper-

ties of heavy quarkonia. The results are obtained using anisotropic lattices with

a fixed scale approach. We also present the status of our next generation gauge

ensembles.

1 Introduction

The fate of hadrons under extreme conditions is one of the outstanding questions in the theory

of strong interactions, quantum chromodynamics (QCD). As the temperature increases, the

hadron gas — with confined quarks and broken chiral symmetry — transitions into a quark–

gluon plasma (QGP), with deconfined light degrees of freedom and chiral symmetry restored.

In the vicinity of the crossover transition, thermal modifications of hadron properties are

expected as a precursor to chiral symmetry restoration and deconfinement. Hadrons built out

of heavier (charm and beauty) quarks may survive in the QGP, and these states may serve as

probes of the hot medium created in heavy-ion collisions.

Hadron properties are encoded in the spectral functions ρΓ(ω) (where Γ denotes the quan-

tum numbers), which are related to the euclidean correlators G(τ) computed on the lattice by

an integral transform,

G(τ;T ) =
1

2π

∫ ∞

0

ρ(ω;T )K(τ;T )dω , (1)
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where K(τ;T ) is a known kernel that depends on the nature of the correlator. Determining

ρ(ω) from G(τ) is an ill-posed problem, and no single method has to date been shown to yield

reliable results in all circumstances. Where possible, avoiding this inversion problem by ex-

tracting information on thermal modifications directly from the correlator may be preferable.

A useful tool in this context is the reconstructed correlator, which is obtained by integrat-

ing eq. (1) with ρ(ω;T ) at some reference temperature T = Tr, which is usually taken to be

the lowest available temperature. In many cases this may be constructed directly from the

correlator G(τ;Tr) [1] without having to determine ρ(ω;Tr).

The FASTSUM collaboration has employed anisotropic lattice QCD to study proper-

ties of charmonium and open-charm hadrons [2, 3], beautonium [4–7] and light and strange

baryons [8–10], as well as the electrical conductivity of QCD matter [11, 12] and properties

of the chiral transition [12, 13]. In these proceedings we will present recent results for mesons

and baryons containing light, strange, charm and beauty quarks using our most recent gauge

ensembles, and report on the status of our next generation ensembles.

2 Simulation details

Gen Nf ξ as (fm) a−1
τ (GeV) mπ (MeV) Ns Ls (fm)

1 [2] 2 6.0 0.162 7.35 490 12 1.94

2 [12] 2+1 3.45 0.121 5.63 390 24 2.95

32 3.94

2L [13] 2+1 3.45 0.112 6.08 240 32 3.58

2P 2+1 3.45 *0.100 *6.80 140 48 4.80

3 2+1 7.0 *0.120 *11.66 *390 32 3.94

Table 1. FASTSUM ensemble parameters: number of flavours Nf , spatial lattice spacing as, inverse

temporal lattice spacing a−1
τ , anisotropy ξ = as/aτ, pion mass mπ, number of lattice sites Ls in the

spatial directions and spatial extent Ls. The Gen2P and Gen3 ensembles are in preparation (see

section 4) and the starred numbers are target or expected values.

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. The Gen2 and

Gen2L ensembles were produced following the parameter tuning and ensembles generated

by the Hadron Spectrum Collaboration [14, 15]. Details about all our ensembles used to

date as well as our planned new ensembles (Gen2P and Gen3) are given in table 1. The

temperature is given by T = (aτNτ)
−1 and is varied by changing the number of sites Nτ in

the temporal direction. For more details about the Gen2 and Gen2L ensembles, see Ref. [13]

and references therein. Most of the results presented in this update are from our most recent

ensemble, Gen2L.

3 Results

3.1 Light hadrons

We have previously [8–10] investigated light and strange baryon correlators below and above

the chiral crossover. We have found that in all channels studied, the positive-parity baryon

masses remain constant to within the accuracy of our calculations below Tc, while the

negative-parity baryon masses decrease with increasing temperature and become degenerate
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Figure 1. Light meson masses as function of temperature, from analysis of smeared correlators. Left:

vector and axial-vector mesons, ρ and a1. Right: pion. The vertical band indicates the chiral crossover.

The solid point for the ρ at T ≈ 0 represent the mass determined by the Hadron Spectrum collaboration

on the same ensemble in a coupled-channel calculation using distillation and a variational analysis

[16, 17], while that for a1 is the Particle Data Group value for the mass.

with the positive-parity masses at Tc. The parity doubling in the correlators can be encoded

in the R-parameter defined by

R =

Nτ/2−1∑
n=n0

R(τn)/σ
2(τn)

Nτ/2−1∑
n=n0

1/σ2(τn)

with R(τ) =
G(τ) −G(Nτ − τ)
G(τ) +G(Nτ − τ) (2)

where σ(τ) is the uncertainty in the correlator G(τ) and we choose n0 ∼ 4 to reduce contam-

ination from lattice artefacts and excited states. We have found that R behaves qualitatively

like an order parameter for the chiral transition, and that the inflection point in R is consis-

tent between different baryon (spin and flavour) channels and with Tc determined from the

renormalised chiral condensate and chiral susceptibility. These studies were carried out us-

ing standard exponential fits with extended (smeared) sources to enhance the overlap with the

ground state, but the results have also been corroborated by extracting spectral functions with

the maximum entropy method (MEM).

We have recently applied the methods used for studying light baryons to light, strange and

charmed mesons as well as charmed baryons. Specifically, we have performed exponential

fits to correlators of extended operators with optimised overlaps with the ground state, to

determine hadron masses below and in the vicinity of Tc. Fig. 1 shows the result of this

analysis for light mesons in the vector (ρ), axial-vector [a1(1260)] and pseudoscalar (pion)

channels. The vector and axial-vector are chiral partners and should be degenerate if chiral

symmetry is restored. As we can see in fig. 1 (left) this near-degeneracy1 becomes manifest at

Tc with the mass of the axial-vector meson dropping substantially to become approximately

degenerate with the ρ meson. It is interesting to note that the ρ meson also appears to exhibit

a small negative mass shift below Tc. A similar effect is seen for the kaon.

In the right panel of fig. 1 we show the pion mass as a function of temperature. We see

that unlike the ρ, the pion mass increases with temperature. This can be understood as a

precursor to chiral symmetry restoration, as the pion is the pseudo-Goldstone boson of the

broken chiral symmetry and as a result of this is much lighter than the other hadrons below

1Since the light quark mass is nonzero we do not expect exact degeneracy.
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Tc. This mass difference will disappear once chiral symmetry is restored. At this point, the

pion (pseudoscalar) and scalar meson (isovector a0) should become degenerate; however, it is

numerically difficult to reliably extract masses of scalar mesons and we have as yet not been

able to observe this degeneracy.

3.2 Charmed hadrons

Figure 2. Left: open charm masses from analysis of smeared correlators [18]. Right: the parity

doubling parameter R for spin- 1
2

charmed baryons [19]. The vertical band indicates the chiral crossover.

Temporal correlators and spectral functions of open-charm mesons were studied for the

first time by us using the Gen2 ensemble [3, 20]. Recently, this has been updated with a

detailed study [18] of mass modifications below and around Tc using our Gen2L ensemble. In

the left panel of fig. 2 we show the resulting masses of the ground state open-charm mesons in

the pseudoscalar (D,Ds) and vector (D∗,D∗
s) channels. We find no change for T � 120 MeV,

but a decrease of about 40 MeV in all channels at T ∼ 150 MeV. We find somewhat larger

modifications in the vector than the pseudoscalar channel, and an indication that the strange

Ds meson is less affected than the others. This may have implications for the interpretation

of experimental results suggesting an increased Ds/D ratio in A − A vs p − p collisions.

We have also investigated charmed baryons [19]. The right panel of fig. 2 shows

the parity-doubling R parameter (2) for light, singly charmed and doubly charmed spin- 1
2

baryons. We see that the singly-charmed baryons exhibit the same qualitative behaviour as

light baryons, even to the extent that the inflection point is consistent. For doubly charmed

baryons on the other hand we do not find any clear signal of a transition. Similar results are

found for spin- 3
2

baryons, but in this case also some of the doubly-charmed baryons exhibit

features consistent with a transition. We are in the process of analysing these results in terms

of thermal mass modifications.

In fig. 3 we show preliminary results for charmonium from our Gen2L ensemble using

two different analysis methods. The left panel shows masses determined with the same ap-

proach as already detailed for light and open-charm hadrons. We see indications of a very

slight negative mass shift just below Tc. Whether the J/ψ and ηc survive in the QGP and, if

so, to what temperature, remains unresolved, and the results shown for T > Tc should not be

taken as evidence of survival as they have been obtained assuming a narrow bound state.

The right panel of fig. 3 shows J/ψ spectral functions determined using the BR method

[21]. These results seem to suggest a substantial positive mass shift and broadening already

in the hadronic phase. However, much of this effect has been found [3] to be an artefact of
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Figure 3. Left: J/ψ and ηc masses from analysis of smeared correlators. The vertical band indicates the

chiral crossover. As the analysis assumes narrow bound states, the results for T > Tc cannot be taken

as evidence that these states survive in the quark–gluon plasma. Right: J/ψ spectral functions from the

BR method.

the limited temporal extent at higher temperature, as spectral functions obtained from recon-

structed correlators [1] exhibit the same features. A comparison with such spectral functions,

as was done in Ref. [3], will therefore be required to determine the extent of thermal modifi-

cations.

3.3 Beauty hadrons

Figure 4. Left: Υ spectral functions from the BR method. The dashed curves denote the spectral

functions obtained from truncated correlators at the lowest available temperature, see text for details.

The uncertainty bands on these spectral functions (not shown) are of the same magnitude as those from

the T > 0 correlators. Right: Υ width from fits using a Gaussian spectral function Ansatz [22]. The

top panel shows how the fitted width depends on the final point τ2 of the fit range for each temperature,

while the lower panel shows the width as a function of T using the same fit range for all temperatures.

Figure 4 shows selected results for medium modifications ofΥmesons using nonrelativis-

tic QCD (NRQCD). These are part of an ongoing investigation using a wide range of differ-

ent methods. Some results from this investigation have been presented in Ref. [22]. The left

hand plot shows spectral functions obtained using the BR method for selected temperatures,

compared to the spectral functions ρrec(ω) obtained from correlators at the lowest available
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Figure 5. Anisotropy tuning for Gen3, showing how the output anisotropies ξg,q depend on the input

gauge anisotropy γg (left) and fermion anisotropy γq (right).

temperature, T = 47, denoted by dashed lines. Since the NRQCD kernel, K(τ;T ) = e−ωτ,
is temperature-independent, the reconstructed correlator may be obtained by simply discard-

ing points with τ > 1/T from the correlator at the reference temperature. We find that the

spectral functions agree perfectly with those from the reconstructed (truncated) correlators

for T � Tc. For T > Tc the two diverge, with ρ(ω) having a peak at lower ω than ρrec(ω)

as well as a slightly larger width. This suggests a small, negative mass shift. A quantitative

analysis is in progress.

The right hand panel of fig. 4 shows the Υ width determined from fits to the correlators

using a Gaussian Ansatz for the spectral function [22]. Both the mass and the width are

found to depend strongly on the fit window used, so a comparison of results using the same

fit window at different temperatures is mandatory to disentangle real physical effects from

this artefact. Such a comparison is shown in the upper panel. It was found [22] that an

extrapolation to τ2 = ∞ at the lowest temperature gave a width consistent with zero. The

bottom panel shows the width as function of temperature using the same fit window for all T ;

we see no change below Tc and an increase of up to 60 MeV at T = 300 MeV.

4 Tuning for new ensembles

While analysing data from our Gen2L ensembles, we are preparing for next-generation en-

sembles which will control the systematic effects of the finite lattice spacing and heavier-than-

physical light quark mass. Specifically, our Gen2P ensemble will bring us to the physical pion

mass with a lattice spacing and anisotropy approximately equal to those of Gen2 and Gen2L.

This involves tuning the bare quark mass to reproduce the physical pion mass; this has been

done on an L ≈ 3 fm volume and will be finalised on an L ≈ 5 fm volume.
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The Gen3 ensemble will double the anisotropy and hence halve the temporal lattice spac-

ing while keeping the spatial lattice spacing and pion mass approximately equal to the Gen2

values, as ≈ 0.12 fm and mπ ≈ 400 MeV. Obtaining the values of the input parameters, the

bare gauge and fermion anisotropies γg, γq, the gauge coupling β and the bare quark mass m0,

to produce these outputs is a 4-dimensional simultaneous tuning process. Fig. 5 shows exam-

ples of how the physical gauge anisotropy ξg, determined from the Symanzik flow [23, 24],

and the fermion anisotropy ξq, determined from the pion dispersion relation, depend on γg
and γq. To date we have determined the parameters for the 3-flavour symmetric point with

the target value mPS /mV = 0.545 [25] and are in the process of tuning the strange and light

quark mass parameters separately.

5 Summary
We have presented results for medium modifications, in particular mass shifts, of mesons

and baryons containing light, strange, charm and beauty quarks, using anisotropic lattice

QCD with 2+1 flavours of clover-improved Wilson quark and mπ ≈ 240 MeV. We find that

the chiral partners ρ and a1 become degenerate at the chiral crossover temperature, with the

masses of both decreasing below Tc, while the pion mass increases. For mesons containing

charm quarks we find a small negative mass shift below Tc. Singly-charmed baryons exhibit

a parity-doubling behaviour similar to that observed for light baryons, while doubly-charmed

baryons show a much reduced sensitivity to the chiral crossover. We report on progress in de-

termining the temperature-dependent mass and width of beautonium states in nonrelativistic

QCD. Finally, we report on the progress of determining the parameters of our next-generation

ensembles, which will reach the physical pion mass (Gen2P) and reduce the temporal lattice

spacing (Gen3). These ensembles are expected to come on stream in the coming year.
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