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1. Introduction

The goal of the FASTSUM collaboration [1] is to study spectral properties in thermal QCD
using Wilson-type fermions on anisotropic lattices, with a;/a; < 1. We employ a fixed-scale
approach, in which the temperature is varied by changing N;, using the standard relation T =
1/(a;Nz). This is complementary to the approach usually taken for studies of QCD thermodynam-
ics [2,3], which utilise staggered-type fermions on isotropic lattices and vary the temperature by
changing the lattice spacing. The benefit of the anisotropic, fixed-scale approach is that it is easy
to compare ensembles at different temperatures, without the need to change the bare parameters.
A disadvantage is that it is not easy to reach the continuum limit, since an expensive tuning of the
bare parameters at 7 = 0 (gauge and fermion anisotropies, quark masses) is required for each value
of the lattice spacing. However, once this has been achieved, the extension to 7 > 0 is straight-
forward. In previous work FASTSUM has considered bottomonium [4-7], transport (conductivity,
charge diffusion) [8, 9], positive- and negative-parity light baryons [10, 11] and hyperons [12], and
hidden and open charm [13]. Here we give an update of the next generation of ensembles and
present preliminary results for susceptibilities and baryons on those.

2. Finite-temperature ensembles

We follow the HadSpec collaboration [14—17] and use a Symanzik-improved anisotropic gauge
action with tree-level mean-field coefficients and a mean-field—improved Wilson clover fermion ac-
tion with stout-smeared links. The so-called Generation 2 ensembles were generated with a pion
mass of m; = 384(4) MeV, and a physical strange quark [14, 15]. Further details on our ensembles
can be found in Refs. [7,9]. The main motivation for the next ensemble is to reduce the pion mass,
keeping the other quantities unchanged (as much as possible). Following HadSpec [16, 17], we
now use light quark masses which correspond to a pion of m; = 236(2) MeV, with the strange
quark mass unchanged. We refer to this as Generation 2L (L for light). A comparison of the lattice
details is given in Table 1. The important difference is the lighter pion and hence the larger extent in
the spatial direction (N; = 24 — 32), to ensure a large enough physical volume. The renormalised
anisotropies are nearly equal.

ag[fm]  a;[fm]  a;'[GeV] & =as/a; Ny, mg[MeV] myL
Generation 2 | 0.1227(8) 0.0350(2)  5.63(4) 3.5 24 384(4) 5.7
Generation 2L | 0.1136(6) 0.0330(2) 5.997(34)  3.453(6) 32  236(2) 43

Table 1: Comparison of lattice details for the Generation 2 and 2L ensembles.

The Generation 2 ensembles were generated with Chroma [18]. However, the lighter quarks
proved a major stumbling block for Chroma. In order to generate finite-temperature ensembles,
we have therefore adapted openQCD [19], which at the time had more advanced inversion algo-
rithms, to include anisotropic lattices and stout-smeared gauge links. On top of this it makes use of
additional AVX-512 optimisations, further improving runtime on recent Intel Skylake and Knights
Landing CPUs [20]. This adaptation of openQCD is publicly available [1,21]. In addition to this
we made changes to openQCD so that it can be utilised as a framework for new lattice codes. We
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N: 128* 40 36 32 28 24 20 16

T [MeV] || 44 141 156 176 | 201 235 281 352
T/T. 024 076 084 095 | 1.09 127 152 190
Netg 139 501 501 1000 | 1001 1001 1000 1001

Table 2: Generation 2 ensembles, with lattice size 243 x N; [7,9]. The ensemble at the lowest
temperature has been provided by HadSpec [14, 15].

N; 256 128 64 56 48 40 36
T [MeV] || 23 47 94 107 125 150 167
Netg 750 300 500 500 500 500 500
Ny 32 28 24 20 16 12 8
T [MeV] || 187 214 250 300 375 500 750
Netg 500 1000 1000 1000 1000 1000 1000

Table 3: Generation 2L ensembles, with lattice size 32° x N;. The ensemble at the lowest temper-
ature has been provided by HadSpec [16, 17].

have used this to develop a stand-alone measurement code which constructs hadronic two-point
functions [22]. This software allows for the construction of correlation functions with and without
Gaussian smearing at the sources and sinks, using the baryonic correlators defined in Ref. [23].
The measurement code is available at the same location as our openQCD fork [1,22].

The finite-temperature ensembles are listed in Table 2 and 3. For Gen 2, the pseudo-critical
temperature was determined via the renormalised Polyakov loop, and estimated to be 7. = 185(4)
MeV. Hence there are four ensembles above and four below 7. In the case of Gen 2L, the Polyakov
loop no longer gives a clear location of the transition. Given that the light quarks are lighter, this is
not unexpected. Below we will give first results for the transition as inferred from susceptibilities
and the emergence of parity-doubling. In any case, for Gen 2L we have generated ensembles at 14
different temperatures, which will allow us to study the transition from the hadronic phase to the
quark-gluon plasma in great detail.

3. Thermal transition: susceptibilities and parity-doubling

To study the thermodynamic properties, we first discuss susceptibilities, i.e. fluctuations of
light and strange quark number, and of baryon number, charge and isospin. We follow the approach
described in Ref. [9]. The computation is dominated by the stochastic estimates of disconnected
contributions. Only for the isospin susceptibility, there is no such contribution and here the sig-
nal is cleanest. Preliminary results for the isospin and charge susceptibilities are given in Fig. 1,
where they are normalised with the corresponding quantities on the lattice for massless quarks in
the Stefan-Boltzmann limit. The shaded regions are cubic spline fits. The susceptibilities are qual-
itatively similar to those in Gen 2 [9], but some more effort is required to reduce the uncertainty.
Note that not all temperatures are included at this stage. The main difference between Gen 2 and 2L,
is the shift of the transition region to lower temperatures, as illustrated in Fig. 1, with the inflection
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Figure 1: Comparison of the isospin (top) and charge (bottom) susceptibilities on the Generation 2
and 2L ensembles. The shaded regions are cubic spline fits.

points for both susceptibilities given by
Ting ~ 155 MeV (Gen 2L), Ting =~ 169 MeV (Gen 2). 3.D

Hence the reduction of the light quark masses brings this measure of the transition temperature
closer to the pseudo-critical temperature observed with staggered fermions in the continuum limit
[24]. A study of the transition using twisted-mass Wilson fermions can be found in Ref. [25].
Isospin fluctuations are sensitive to the light quark masses, as observed in Fig. 1 (top). It is expected
that the light quark mass dependence will eventually disappear, at higher temperatures. More work
is currently underway to include lower temperatures and reduce the uncertainty.

Another probe of the thermal transition is parity-doubling, which can be inferred directly from
baryonic correlators, as discussed for the Gen 2 lattices in Refs. [10-12]. We construct the R ratio
from the positive- and negative-parity correlators G+ () via [10,26]

R 2 —G.(1/T -
L 1/0%(%) G (1)+G.(1/T 1)
where G4 (1/T —1) = —G_(7) and o(7,) denotes the error at timeslice 7,. If chiral symmetry

is unbroken, R = 0. If chiral symmetry is broken and the mass of the negative-parity partner is
substantially larger than the positive-parity one, R ~ 1 [10-12].

A comparison between Gen 2 and 2L is shown in Fig. 2, in the nucleon and the A channel.
We observe a similar signal, but again with a shift of the transition to lower temperatures. The
grey bands are obtained from cubic spline fits, which enables us to extract the temperature of the
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Figure 2: Preliminary results for the comparison of the R ratio in the nucleon (top) and A (bottom)
channel, between the Generation 2 and 2L ensembles. The shaded regions are cubic spline fits.

inflection point. In both channels we find
Ting ~ 159 MeV (Gen 2L), Tin =~ 169 MeV (Gen 2), (3.3)

in line with the conclusions from the susceptibilities. Finally, we note that in the Gen 2L ensembles
R — 0 at the higher temperatures more quickly than for Gen 2, which is again a manifestation of
the quarks being lighter.

4. Charmed baryons

To probe further properties of the quark-gluon plasma, we have extended our previous studies
of baryons to include charmed baryons (for previous studies at T = 0, see e.g. Refs. [27,28]). One
expects thermal effects to be less pronounced for the heavy charm quark, compared to light and
strange quarks. Moreover, chiral symmetry remains explicitly broken. In Fig. 3 we present first
results for the positive- and negative-parity correlation functions of the Q... baryon. Interestingly,
from the correlator itself one may already deduce that the groundstate in the positive-parity channel
survives well into the quark-gluon plasma, whereas the negative-parity groundstate is more affected
by the increase of temperature. A more quantitative study is currently underway.

5. Summary

We presented an update on our on-going projects on the FASTSUM ensembles of Generation
2L, with a lighter pion than previously considered, and showed preliminary results for susceptibil-
ities and baryon correlation functions. A full study is on its way and will appear in due course.
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Figure 3: Positive- and negative-parity correlators in the Q... channel, at 11 different temperatures.

Acknowledgments

We are grateful for support from STFC via grants ST/L000369/1 and ST/PO0055X/1, the
Swansea Academy for Advanced Computing (SA%C), SNF, ICHEC, and COST Action CA15213
THOR. Computing resources were made available by HPC Wales and Supercomputing Wales and
we acknowledge PRACE for access to the Marconi-KNL system hosted by CINECA, Italy. This
work used the DiRAC Extreme Scaling service and the DiRAC Blue Gene Q Shared Petaflop
system at the University of Edinburgh, operated by the Edinburgh Parallel Computing Centre on
behalf of the STFC DiRAC HPC Facility (www.dirac.ac.uk). This equipment was funded by by
BIS National E-infrastructure capital grant ST/K000411/1, STFC capital grant ST/H008845/1, and
STFC DiRAC Operations grants ST/K005804/1 and ST/K005790/1, and also through BEIS capital
funding via STFC capital grant ST/R00238X/1 and STFC DiRAC Operations grant ST/R001006/1.
DiRAC is part of the National e-Infrastructure.

References

[1] FASTSUM collaboration, fastsum.gitlab.io/

[2] S. Borsanyi, G. Endrédi, Z. Fodor, A. Jakovdc, S. D. Katz, S. Krieg, C. Ratti and K. K. Szab6, JHEP
1011 (2010) 077 [arXiv:1007.2580 [hep-lat]].

[3] A.Bazavov et al. [HotQCD Collaboration], Phys. Rev. D 90 (2014) 094503 [arXiv:1407.6387
[hep-lat]].

[4] G. Aarts, S. Kim, M. P. Lombardo, M. B. Oktay, S. M. Ryan, D. K. Sinclair and J.-I. Skullerud, Phys.
Rev. Lett. 106 (2011) 061602 [arXiv:1010.3725 [hep-lat]].

[5] G. Aarts, C. Allton, S. Kim, M. P. Lombardo, M. B. Oktay, S. M. Ryan, D. K. Sinclair and
J. L. Skullerud, JHEP 1111 (2011) 103 [arXiv:1109.4496 [hep-lat]].



Hadronic spectrum calculations in the quark-gluon plasma Jonas Glesaaen

[6]

[7]

[10]

(11]

[12]
[13]

[14]
[15]

[16]

[17]

(18]

[19]
[20]
(21]
[22]
(23]

[24]

[25]

[26]

[27]

(28]

G. Aarts, C. Allton, S. Kim, M. P. Lombardo, S. M. Ryan and J.-I. Skullerud, JHEP 1312 (2013) 064
[arXiv:1310.5467 [hep-lat]].

G. Aarts, C. Allton, T. Harris, S. Kim, M. P. Lombardo, S. M. Ryan and J. I. Skullerud, JHEP 1407
(2014) 097 [arXiv:1402.6210 [hep-lat]].

A. Amato, G. Aarts, C. Allton, P. Giudice, S. Hands and J. I. Skullerud, Phys. Rev. Lett. 111 (2013)
no.17, 172001 [arXiv:1307.6763 [hep-lat]].

G. Aarts, C. Allton, A. Amato, P. Giudice, S. Hands and J. 1. Skullerud, JHEP 1502 (2015) 186
[arXiv:1412.6411 [hep-lat]].

G. Aarts, C. Allton, S. Hands, B. Jiger, C. Praki and J. I. Skullerud, Phys. Rev. D 92 (2015) no.1,
014503 [arXiv:1502.03603 [hep-lat]].

G. Aarts, C. Allton, D. De Boni, S. Hands, B. Jéger, C. Praki and J. I. Skullerud, JHEP 1706 (2017)
034 [arXiv:1703.09246 [hep-lat]].

G. Aarts, C. Allton, D. De Boni and B. Jéager, arXiv:1812.07393 [hep-lat].

A. Kelly, A. Rothkopf and J. I. Skullerud, Phys. Rev. D 97 (2018) no.11, 114509 [arXiv:1802.00667
[hep-lat]].

R. G. Edwards, B. Joo and H. W. Lin, Phys. Rev. D 78 (2008) 054501 [arXiv:0803.3960 [hep-lat]].

H. W. Lin et al. [Hadron Spectrum Collaboration], Phys. Rev. D 79 (2009) 034502 [arXiv:0810.3588
[hep-lat]].

D. J. Wilson, R. A. Brieno, J. J. Dudek, R. G. Edwards and C. E. Thomas, Phys. Rev. D 92 (2015)
n0.9, 094502 [arXiv:1507.02599 [hep-ph]].

G. K. C. Cheung et al. [Hadron Spectrum Collaboration], JHEP 1612 (2016) 089 [arXiv:1610.01073
[hep-lat]].

R. G. Edwards et al. [SciDAC and LHPC and UKQCD Collaborations], Nucl. Phys. Proc. Suppl. 140
(2005) 832 [hep-1at/0409003].

OpenQCD, luscher.web.cern.ch/luscher/openQCD/

E. Bennett, M. Dawson, M. Mesiti and J. Rantaharju, arXiv:1806.06043 [hep-lat].

J. Glesaaen and B. Jiger, openQCD-FASTSUM (v1.0), doi.org/10.5281/zenodo.2216356.
J. Glesaaen, opengcd-hadspec (v0.1), doi.org/10.5281/zenodo.2217028.

D. B. Leinweber, W. Melnitchouk, D. G. Richards, A. G. Williams and J. M. Zanotti, Lect. Notes
Phys. 663 (2005) 71 [nucl-th/0406032].

S. Borsanyi et al. [Wuppertal-Budapest Collaboration], JHEP 1009 (2010) 073 [arXiv:1005.3508
[hep-lat]].

F. Burger, E. M. Ilgenfritz, M. P. Lombardo and A. Trunin, Phys. Rev. D 98 (2018) no.9, 094501
[arXiv:1805.06001 [hep-lat]].

S. Datta, S. Gupta, M. Padmanath, J. Maiti and N. Mathur, JHEP 1302 (2013) 145 [arXiv:1212.2927
[hep-lat]].

R. A. BriCeno, H. W. Lin and D. R. Bolton, Phys. Rev. D 86 (2012) 094504 [arXiv:1207.3536
[hep-lat]].

P. Pérez-Rubio, S. Collins and G. S. Bali, Phys. Rev. D 92 (2015) no.3, 034504 [arXiv:1503.08440
[hep-lat]].



