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We present progress towards first continuum estimates of second-order conserved-charge cu-
mulants in (2 + 1)-flavor QCD with Mobius domain-wall fermions at the physical quark-mass
point. The analysis is based on ensembles with temporal extents N, = 12 and 16 and aspect

ratio N, /N, = 3, which allow us to investigate lattice cutoff effects in the temperature range

o
1

and compare the results with HRG model calculations and with results obtained using staggered

135-205 MeV. We study the temperature dependence of /\(f , XzQ’ )(25 , XﬁQ, Xﬁs , and y

fermion discretizations. We also present first continuum estimates for selected second-order cu-
mulants. At the present level of statistics, observables that do not involve derivatives with respect
to the baryon chemical potential provide the cleanest basis for an initial continuum-estimate anal-
ysis, while the remaining second-order cumulants are significantly more challenging and are left
for future work.
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1. Introduction

Fluctuations of conserved charges provide important information on the degree of freedom
of the QCD matter at finite temperatures. In lattice QCD, these observables are obtained from
derivatives of the pressure with respect to the chemical potentials associated with baryon number,
electric charge, and strangeness. Their temperature dependence probes the relevant degrees of
freedom across the QCD crossover region, and continuum-extrapolated results for these quantities
provide an essential connection between first-principles QCD calculations and heavy-ion collisions
data.

The continuum extrapolated second order conserved-charge cumulants which are obtained with
staggered discretization scheme shown to agree with point-like non-interacting hadron resonance
gas (HRG) model calculations at temperatures below 7" = 150 MeV. An important exception is
given by electric charge fluctuations. At finite lattice spacing, staggered fermions suffer from taste-
symmetry breaking, which distorts the low-lying hadron spectrum, in particular the pion sector.
Since electric charge fluctuations are strongly influenced by the light pion sector, it is important
to calculate these observables also with fermion formulations that provide better control over
chiral symmetry, in order to disentangle physical effects from possible lattice artefacts. Mdbius
domain-wall fermions provide a particularly useful framework for such a study. They preserve
chiral symmetry to a good approximation at nonzero lattice spacing, up to a small residual mass.
In this contribution, we present recent progress towards continuum estimates of conserved-charge
cumulants in (2 + 1)-flavor QCD with M&bius domain-wall fermions at the physical quark-mass
point. Our present analysis is based on ensembles with temporal extent N, = 12 and 16 and aspect
ratio No-/N; = 3. We focus primarily on second-order conserved-charge cumulants, since they
currently provide the cleanest signal for a study of discretization effects and for a first continuum-
estimate analysis. All plots shown in this proceedings are preliminary. The aim here is therefore
not yet a final continuum determination, but rather to establish the present status of the analysis,
quantify the observed cutoff dependence, and assess which observables are already sufficiently well
controlled for first continuum estimates. This contribution is organized as follows. In Sec. 2, we
summarize the lattice setup and simulation parameters. In Sec. 3, we define the conserved-charge
cumulants considered in this work. In Sec. 4, we describe our strategy for obtaining first continuum
estimates. In Sec. 5, we discuss the current status of the second-order cumulants and their cutoff
dependence. Finally, in Sec. 6, we summarize the present status and outline the next steps of the
analysis.

2. Lattice setup

Our analysis is carried out in (2 + 1)-flavor QCD with M6bius domain-wall fermions (MDWF)
along a line of constant physics corresponding to the physical quark-mass point. For the dynamical
quarks, we employ the MDWF action with parameters b = 3/2 and ¢ = 1/2 [1]. The extent of the
fifth dimension is fixed to Ly = 12, and the domain-wall height is chosen as Ms = 1. In addition,
three-level stout smearing is applied to the gauge links. This setup is designed to suppress residual
chiral symmetry breaking and has been used successfully in earlier JLQCD studies [2, 3].
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Figure 1: Temperature dependence of the second-order conserved-charge cumulants )(23 , XzQ’ XZS , XﬁQ,
- Xﬁs ,and XIQIS obtained with MDWEF. We compare the results with HISQ and stout data, as well as with the
PDGHRG and QMHRG2020 model calculations. The HISQ data are taken from [7] and the stout data from
[8].

The bare light and strange quark masses are tuned to the physical-point mass ratio,

latt

latt
my/mg =m =

/ms -

1/27.4,

with m; and mg denoting the bare light and strange quark masses, respectively [4—6].

The present study uses gauge ensembles with temporal extents N, = 12 and 16 and spatial
sizes N, = 36 and 48, corresponding to a fixed aspect ratio N, /N, = 3. For each temperature,
we analyze about 200 measurements for the N = 12 ensembles, with successive measurements
separated by 100 molecular-dynamics trajectories. For the N; = 16 ensembles, we currently use
about 150 measurements, again separated by 100 trajectories.

3. Observables

We consider second-order cumulants of conserved charges, defined as derivatives of the pres-
sure with respect to the dimensionless chemical potentials jix = ux /T, with X = B, 0, S,

Bos _ 0" (p/TY)

ijk T ool A Ak : M
Ofipdfi, 0 lap=no=ps=0
In this work, we focus on the six second-order cumulants
B S
x5 X2 . Bl B AP )

These observables probe the relevant degrees of freedom across the crossover region and provide
the cleanest channel for a first study of cutoff effects and continuum estimates with MDWEF.
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4. Towards first continuum estimates

To estimate the continuum behavior of selected second-order cumulants, we perform a joint fit
to the data at all available N, values using the ansatz
O(T,N,) = (bo + 01T + boT? + b3T3) + % (co +eiT+ csz) . 3)
T
The first term parametrizes the temperature dependence of the continuum result, while the second
term describes the leading cutoff effects. The continuum estimate is obtained by setting 1/N2 = 0
in the fitted form, and the statistical uncertainty is estimated using bootstrap.

Since the present analysis is based on only two lattice spacings, the resulting continuum curves
should be regarded as first continuum estimates. In particular, the dependence on the fit ansatz and fit
range remains an important source of systematic uncertainty. We therefore use this parametrization
primarily as a smooth interpolation in temperature together with a leading 1/N2 description of
cutoff effects.

5. Results

We present the temperature dependence of all second-order cumulants obtained with MDWF
in Fig. 1. We also compare these results with the QMHRG2020 model below the pseudo-critical
temperature. In the non-interacting HRG description, the observables )(f, XﬁQ, and Xﬁs are
dominated by baryonic contributions, while )(ZQ , Xlle’ and )(; are dominated by mesonic contri-
butions. Overall, our continuum-estimate results show qualitative agreement with HISQ and stout
calculations over most of the temperature range shown here. At the lowest temperature, we observe
a slight disagreement with the HISQ results for )(g. We also find a small quantitative disagree-
ment in the case of Xg . For baryon-dominated observables, obtaining reliable continuum estimates
remains challenging at present and is left for future work. Furthermore, above the pseudo-critical
temperature, all QCD results show slopes that differ significantly from those of the non-interacting
point-like HRG curves. This behavior is consistent with a change in the relevant degrees of freedom

of QCD matter from hadronic to partonic.

S)QMHRGZOZO )QMHRGZOZO

InFig. 2, we show the continuum-estimated quantities )(IQIS —( X% , )(ZQ —( )(ZQ
and )(5 —( )(5 )QMHRG2020 ot four temperatures, T = 140, 145, 150, and 155 MeV, with results ob-
tained with HISQ, stout, and MDWF discretizations. We find that the MDWF results for )(5 do not
agree within errors with the HISQ and stout calculations and also show slight deviations from the
HRG baseline. In contrast, for the other strangeness-related observable, Xﬁs, the results from all
three discretizations, MDWF, HISQ, and stout, are in good agreement. For XZQ, the MDWEF result
agrees well with the QMHRG2020 baseline at T = 140 MeV, while showing disagreement with the
HISQ result. At the other three temperatures, however, the MDWF and HISQ results are in good
agreement with each other, and both show clear deviations from the HRG baseline.

6. Summary

We have presented recent progress towards continuum estimates of conserved-charge cumu-
lants in (2 + 1)-flavor QCD with M6bius domain-wall fermions at the physical quark-mass point.
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Our current analysis focuses on second-order cumulants of baryon number, electric charge, and
strangeness in the crossover region, with the goal of quantifying cutoff effects and establishing
controlled continuum estimates.

The main conclusion of the present analysis is that meson-dominated second-order cumulants
provide the cleanest channel for an early continuum study with MDWF. In particular, X2Q and
Xﬁs show overall consistency with HISQ and stout results, while )(25 exhibits a quantitative ten-
sion between discretizations. At T = 140 MeV, the MDWF result for )(ZQ agrees well with the
QMHRG?2020 baseline, whereas at higher temperatures the MDWF and HISQ results agree with
each other and both show clear deviations from the QMHRG2020 baseline.
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Figure 2: Comparison of the continuum-estimated cumulants Xﬁs, XzQ , and /\/2S at T = 140, 145, 150, and
155 MeV. The MDWEF results are shown together with the corresponding HISQ and stout results and their
deviations from the QMHRG2020 baseline. While Xﬁs is consistent among all three discretizations, )(g
obtained with MDWF shows a quantitative deviation from the HISQ and stout results. For XQQ, the MDWF
result agrees with QMHRG2020 at 7 = 140 MeV, whereas at higher temperatures the MDWF and HISQ

results agree with each other and both deviate from the HRG baseline.
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