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We calculate second- and selected fourth-order conserved-charge fluctuations in (2 + 1)-flavor QCD
using Mobius domain-wall fermions (MDWEF) along a line of constant physics. Gauge ensembles were
generated for two light-to-strange quark-mass ratios, m;/m; = 1/10 and 1/27.4, corresponding to heavier-
than-physical and physical pion masses, respectively. For m,;/m ; = 1/10, calculations were carried out on

lattices with temporal extents N, = 12 and 16, enabling an assessment of lattice-spacing effects at heavier
pion mass. For m;/m; = 1/27.4, calculations were performed at N, = 12, allowing us to study the light-
quark-mass dependence down to the physical point. Several second-order conserved-charge fluctuations
show qualitative consistency with the QMHRG2020 hadron resonance gas baseline below the pseudoc-
ritical region within present uncertainties. Across the crossover region, these observables rise rapidly and
tend toward their Stefan-Boltzmann limits. Selected fourth-order cumulants were also computed at the

physical pion mass. Although these observables are statistically more demanding, several channels with
controlled uncertainties permit a first comparison with hadron resonance gas calculations.

DOI: 10.1103/7vkn-kb11

I. INTRODUCTION

Understanding the phase structure of quantum chromo-
dynamics (QCD) at finite temperature and baryon density
remains a central problem in strong-interaction physics. At
vanishing baryon chemical potential, lattice QCD calcu-
lations have established that the transition from the low-
temperature hadronic regime to the high-temperature
quark-gluon plasma is a smooth crossover rather than a
genuine phase transition [1]. At larger baryon densities, it
has long been conjectured that this crossover may turn into
a first-order phase transition, implying the existence of a
critical endpoint in the QCD phase diagram [2]. Event-by-
event fluctuations of conserved charges measured in heavy-
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ion collision experiments at RHIC and the LHC provide an
important experimental probe of this phase structure.

On the theory side, lattice QCD provides first-principles
results for fluctuations of baryon number, electric charge,
and strangeness through derivatives of the pressure with
respect to the corresponding chemical potentials. Because
direct simulations at nonzero baryon chemical potential are
obstructed by the sign problem, such fluctuations are
commonly studied using indirect approaches, most notably
Taylor expansions around vanishing chemical potential or
analytic continuation from imaginary chemical potentials.
In this work, we employ the Taylor-expansion method to
compute conserved-charge fluctuations in finite-temper-
ature QCD. These observables provide equilibrium-QCD
input relevant for the interpretation of heavy-ion data and
for assessing the hadron resonance gas (HRG) baseline in
the crossover region.

Lattice calculations of conserved-charge fluctuations
have so far been carried out predominantly with staggered
fermions. In particular, continuum-extrapolated results for
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second-order fluctuations are available from simulations
with highly improved staggered quarks (HISQ) and stout
link actions using lattices with N, = 6, 8, 12, and 16 [3,4].
At finite lattice spacing, taste-symmetry violations in
staggered formulations modify the light pseudoscalar
spectrum. Such effects can be particularly relevant for
pion-sensitive observables, including electric-charge fluc-
tuations [5]. Calculations with an alternative fermion
discretization therefore provide a useful check of finite-
cutoff systematics.

In this work, we study conserved-charge fluctuations
using Mobius domain-wall fermions (MDWF) [6-9],
which offer improved control of chiral symmetry at finite
lattice spacing. Although MDWF simulations are computa-
tionally more demanding than staggered-fermion calcula-
tions, recent algorithmic and computational advances have
made realistic thermodynamic studies feasible. We analyze
gauge ensembles generated along a line of constant physics
for two light-to-strange quark-mass ratios, m;/m, = 1/10
and 1/27.4, corresponding to heavier-than-physical and
physical pion masses, respectively. This allows us to
investigate both lattice-spacing effects at heavier pion mass
and the light-quark-mass dependence of conserved-charge
fluctuations down to the physical point. Our main focus is
on second-order fluctuations, including comparisons
among light-, strange-, and baryon-dominated channels.
We also present results for selected fourth-order cumulants
at the physical pion mass.

The line of constant physics and finite-temperature
ensembles used in this work were established in
Refs. [8,9], where chiral observables were analyzed with
the same action setup. Preliminary results for charge
fluctuations were reported in Ref. [10]. In Secs. II and
III, we describe the lattice setup, quark-mass definitions,
and the methods used to compute quark number suscep-
tibilities and conserved-charge fluctuations. Results for
second-order fluctuations at vanishing chemical potential
are presented in Secs. IV and V, while selected fourth-order
cumulants and comparisons with QMHRG2020 are dis-
cussed in Sec. VI. Unless stated otherwise, temperatures are
quoted in MeV and susceptibilities are given in standard
dimensionless normalization.

II. LATTICE SETUP

Gauge ensembles for (2 4 1)-flavor QCD were gener-
ated using Mobius domain-wall fermions (MDWF) and the
tree-level Symanzik-improved gauge action with the
rational hybrid Monte Carlo (RHMC) algorithm [8,9].
The MDWEF kernel is

(b + C)DWilson(_MS)

Dy = ,
M7 2+ (b = ¢)Dyyijson(—Ms)

(1)

with parameters b =3/2, ¢ = 1/2, M5 = 1.0, and fifth-
dimensional extent L, = 12. Here, Dy, denotes the

four-dimensional Wilson Dirac operator. To reduce residual
chiral-symmetry breaking, three levels of stout-link smear-
ing are applied [11]. The lattice spacing a(f) is set through
the Wilson-flow scale 7, [8].

Throughout this section, m, (f €{l,s}) denotes the
input bare quark mass used in the simulation. Because
L, is finite, the quark mass receives an additive residual-
mass correction,

m?tt = my + mres(ﬁ)’ (2)

latt

where m " is the effective lattice quark mass entering the

definition of the line of constant physics (LCP).
The simulations were performed along a line of constant
physics defined by

m%att _ m + Mypeg (ﬂ)
miatt Mg =+ Mg (ﬁ )

= const. (3)

We define the line of constant physics by keeping the
renormalized strange-quark mass constant in physical units,
with
mlghys =Zy, (ﬁ)mkatta_l (ﬁ)’

where mf™* = 92 MeV [12] and  is the gauge coupling.
The determinations of a(f) and Z,, (/) are given in [8]. We
consider two target mass ratios, mi*/m! =1/10 and
1/27.4, corresponding to heavier-than-physical and physi-
cal pion masses, respectively. For brevity, we refer to these
ensembles as m;/m, = 1/10 and m;/m; = 1/27.4 in the
figures, tables, and discussion below.

At f =4.00, where zero-temperature reference data
were not yet available, the strange-quark mass was
extrapolated from higher-$ data (f > 4.10). This led to a
mistuned line of constant physics, denoted by LCPey,, for
which the strange-quark mass was underestimated by about
10%. A corrected LCP was established later using dedi-
cated zero-temperature simulations [9,10]. Figure 1 (left)
compares the extrapolated and corrected LCPs, while
Fig. 1 (right) shows the residual mass m(f), which is
nearly independent of the input quark mass.

Simulations were carried out with temporal extents
N,=12 for 402<p<4.17 and N, =16 for 4.10 <
p <4.30, corresponding to temperatures in the range
127 ST <205 MeV. The ensemble-generation strategy
is summarized as follows:

(i) Heavier pion mass (m;/m,; = 1/10): Initial ensem-
bles at both N, =12 and 16 were generated on
LCPeyp» after which m, (f) was measured. For
N, = 12, new ensembles were generated with input
bare masses obtained by subtracting m. (/) from
the target lattice masses on LCPyy,p, and mass
reweighting was then used to shift observables to the
corrected LCP. For N, = 16, where m, is smaller,
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FIG. 1. Left: strange-quark mass m(f) as a function of the gauge coupling. On LCPeyrap> the kaon mass deviates by
about 10% at = 4.00, whereas on the corrected LCP the deviation is below 1%. Statistical errors are smaller than the line width.
Right: residual mass m as a function of 5. The residual mass is nearly independent of quark mass and volume. Zero-temperature data

are taken from Ref. [13].

mass reweighting was applied directly to the original

ensembles to account for both the residual-mass

correction and the LCP mistuning. All results quoted

for m;/my; = 1/10 correspond to the corrected LCP.

(ii) Physical pion mass (m;/m, = 1/27.4): These en-

sembles were generated directly on the corrected

LCP. The input bare masses were chosen by sub-

tracting m,,(f3) from the target lattice masses on the

corrected LCP. The residual masses determined in

the m;/m,; = 1/10 analysis were used here as well,

since m,. is nearly independent of the light-quark

mass. No additional mass reweighting was required.

For the m;/m; = 1/10, N, = 16 ensembles at f = 4.27

and 4.30, the input bare masses were not additionally

corrected for m,. The resulting mistuning is small, about

2% for the light-quark mass and 0.2% for the strange-
quark mass.

Table I summarizes m'** and m,., over the full 2 range,

and Table II lists the finite-temperature ensembles analyzed

TABLEL m" and m, over the full § range used in this work.
The residual-mass determination follows the zero-temperature
MDWEF analysis of Ref. [13]; its use in the finite-temperature
analysis is discussed in Ref. [9].

ﬂ m_lYan erS

4.02 0.0704776 0.005913
4.04 0.0639011 0.003989
4.06 0.0583505 0.002741
4.08 0.0536129 0.001903
4.10 0.0495275 0.001322
4.13 0.0443603 0.000814
4.15 0.0414244 0.000581
4.17 0.0388152 0.000415
4.19 0.0364795 0.000297
4.21 0.0343748 0.000212
4.23 0.0324666 0.000152
4.25 0.0307270 0.000109
4.27 0.0291331 0.000070
4.30 0.0269749 0.000047

in this work. Statistical uncertainties are estimated using
jackknife resampling. Details of the measurement of
Taylor-expansion coefficients of the pressure up to fourth
order are given in Sec. IIL.

III. QUARK NUMBER SUSCEPTIBILITIES UP TO
FOURTH ORDER

In this section, we summarize the Taylor-expansion
formalism used to compute quark number susceptibilities
up to fourth order. These quantities provide the basic
building blocks for the conserved-charge fluctuations dis-
cussed in the following sections.

For (2 + 1)-flavor QCD with two light quarks (u«, d) and
one strange quark (s), the pressure can be expanded in the
quark chemical potentials as

uds i+ i+k
54: Z Xijk Affff]s‘ s — 13()t+;+ InZ
oy . ’ 1 N N i N = ’
T i+j+k:evenl!j!k! ! VT ()ﬂ’uaﬂéaﬂlg =0

4)

where ji; = /T for f € {u,d, s}. The coefficients ;(?jfj are
the quark number susceptibilities evaluated at vanishing
chemical potentials.

For the evaluation of these derivatives on the lattice, we
introduce the dimensionless lattice chemical potential

A

Hp = apy = ks
! f NT ’
where T~! = aN,. The quark chemical potential is intro-

duced in the MDWF action through the standard temporal-
link prescription

(1 £ 7)Uss(x) = (1 £ y4)e™ U 4(x).

[6,14]. The partition function can then be written as
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TABLE II

separated by 100 molecular-dynamics trajectories.
latt latt

m fm.

Parameters of the finite-temperature ensembles used in this work. Measurements were performed on configurations
The mass ratios in the column headings denote the target effective lattice ratios,

my/mg = 1/10;24% x 12

m/mg =1/10;323 x 16

my/m, = 1/27.4;36% x 12

p T [MeV] No. Configs Separation f T [MeV] No. Configs Separation f 7T [MeV] No. Configs Separation
4.02  130.30 194 100 4.10 127.05 187 100 4.04  139.96 195 100
4.04  139.96 198 100 4.13  138.23 190 100 4.06  149.70 187 100
4.06 149.70 198 100 4.15 145.75 186 100 4.07 154.60 174 100
4.08 159.52 196 100 4.17 15331 196 100 4.08 159.52 194 100
4.10  169.39 181 100 4.19  160.94 189 100 4.11 17435 202 100
4.11 17435 186 100 421 168.64 185 100 4.17  204.42 204 100
4.13  184.31 187 100 423 176.43 188 100
4.15 19433 188 100 4.25 18431 184 100

4.17 204.42 189 100 427 192.30 193 100

430 204.52 198 100

Z:/DU H det/\/l(mf,ﬁf)e_s",

f=ud.s

det A ——
et Mmy. i) = detD(’nPV fiy)

(5)

where mpy = 1 is used for the Pauli-Villars subtraction.
We express the susceptibilities in terms of

D{; = "
O,Mf

(mppg)l . fe{ud. s} (6)

i=0

Since iy = N jig, converting the lattice derivatives with
respect to jiy to derivatives with respect to fiy gives the
factors of N, appearing below.

Throughout this paper, D(m ) denotes the MDWF Dirac
operator with quark mass m; at vanishing chemical
potential unless stated otherwise. We use the standard
identities

i_lndetD =Tr D‘la—l_) ,
di oi

2

—IndetD = Tr [D‘
o

D ,0D oD
—Tr|D™ —D~
o’ oji ay

and analogous expressions for higher derivatives. The
complete third- and fourth-derivative formulas are given
in Appendix A.

A. Second- and fourth-order quark number
susceptibilities

uds

The coefficients y73* with i + j +k =2 correspond to

second-order susceptlblhties. Using the shorthand

uds uds — ,ud uds us

X300 = X3 X110 =X11> Xiol = X1

the diagonal and off-diagonal second-order susceptibilities
are

A =210 + (D)), Dng>

e (f#9).

(7)

For degenerate light quarks, m, = my, the u- and d-quark
Dirac operators are identical on each gauge configuration.
Consequently, D¥ = D{ configuration by configuration,
and therefore (D¥)? = DUD{.

Fourth-order cumulants are constructed from the trace
operators D{: as

th= o =3P, Q

3?=ﬁ[25?—32’£2{?], F#9.

= NN3 233 - 2328 - 2Z{})). (f#9). (10)
I = it =22l - 20, (r#a#n.

(1)

The explicit expressions for the Z-combinations in terms of
the D), are collected in Appendix A.

IV. QUARK NUMBER SUSCEPTIBILITIES

In this section, we discuss the numerical strategy used for
the evaluation of quark number susceptibilities and sum-
marize the resulting second- and fourth-order observables.
Results are presented for the heavier light-quark mass,
m; = m,/10, and for the physical light-quark mass,
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m; = m,/27.4. Throughout the discussion, cutoff effects
are characterized in terms of the temporal extent N, with
larger N, corresponding to finer lattice spacing at fixed
temperature. For m; = m/ 10, calculations were performed
on lattices with N, =12 and 16 and aspect ratio
N,/N, = 2. For m; = my/27.4, calculations were carried
out on lattices with N, = 12 and aspect ratio N,/N, = 3.

The evaluation of quark number susceptibilities requires
stochastic estimates of traces involving derivatives of the
fermion matrix. In practice, the dominant source of
stochastic noise arises from disconnected contributions
involving powers of D/, in particular (Df )" with
n=2,4,.... We therefore use Gaussian random sources
together with dilution and unbiased estimators to control
the stochastic uncertainty. For example,

D dD
Df:Tr{Dm ‘1—}—Tr[Dm —IT}
] (my) i (mpy) d,
1 Z dD
~ T —_— — —_—
_Nn j:1 |:;7/D(mf> ld— r]j WJD(mPV> ld— r]j:| ’

where 7; denotes a Gaussian random source and N, is the

number of noise vectors. In the estimator for D/ ', we use
identical noise vectors for the fermion and Pauli-Villars

parts in order to reduce the stochastic variance in (D’; )2

A. Dilution of noise vectors

To further reduce stochastic noise, we employ dilution,
i.e., the decomposition of a noise vector into orthogonal
subspaces [15]. In this case,

1 So & dD(m;)
D‘fﬁ—Z[ZanD(mf)“—f "o

Ny j=1 La=1 dfiy
X T -1 dD(mPv)
—; ajD(mPV) T_f’?aj ) (13)

where 7,; denotes a diluted Gaussian source. We consider
three dilution schemes:

(1) Even-odd dilution: decomposition into even and odd

lattice sites (N = 2),

(2) Spin dilution: decomposition into the four spin

components (N = 4) [16], and

(3) Time slice dilution: decomposition into four subsets

according to t mod 4 [15].

Spin dilution and time slice dilution require four times
more inversions per noise vector, while even-odd dilution
requires a factor of two more inversions. Figure 2 compares
the stochastic error at fixed inversion cost for a represen-
tative gauge configuration. The errors shown in this figure
are stochastic errors at fixed gauge field, estimated by
jackknife resampling over the independent random-source
estimates. For a given number of inversions, dilution
reduces the stochastic uncertainty in (D%)? by roughly a
factor of 2-3, while the gain for D5 is more modest. Among
the schemes considered here, spin and time slice dilution
are the most cost-effective. In practice, we use spin dilution
for the N, = 12 ensembles and time slice dilution for the
N, = 16 ensembles.

As an additional check on the dependence on the number
of stochastic sources, Fig. 3 shows the stochastic error at
smaller N, divided by the error obtained with the produc-
tion choice, N, = 500. Thus a value of 5 on the vertical axis
means an error five times larger than the final 500-source
estimate. The examples include light-strange off-diagonal
products, D{Dj and D{Dj, as well as second- and

—&— No dilution
~—— Even-Odd dilution
—&— Spin dilution

—&— Timeslice dilution

10

Stochastic error £(IN)

—&— No dilution

—#— Even-0Odd dilution
—&— Spin dilution
—&— Timeslice dilution

Stochastic error £(N)

10 2x10° 3x10° 4x10° 6x10°

Number of inversions N

10 10°
Number of inversions N

FIG. 2. Stochastic errors for a representative gauge configuration as functions of the total number of inversions. Left: error in (D’l‘)z.
Right: error in D4. The comparison is made at fixed inversion cost; the errors are obtained by jackknife resampling over independent

random-source estimates on the same gauge configuration.
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4 Dj —#— D{D§
] —o- (DY & (0P
N
I
=
2
2 104
5
©
[
g
@
10°
0 100 200 300 400 500
number of random sources N,
FIG. 3. Stochastic-source check for one physical-mass con-

figuration at f = 4.06 (T = 149.7 MeV). The vertical axis is the
ratio 6(N,)/o(500); values above one indicate larger stochastic
error than in the final N, = 500 measurement. The range N, =
300-500 is sampled more densely to show the behavior near the
production choice. The examples include diagonal, off-diagonal,
and fourth-order trace structures.

fourth-order trace structures. The error decreases rapidly at
small N,, with the strongest effect seen for fourth-order
structures containing powers of DY, and changes more
slowly in the range N, = 300-500. We use this figure as a
source-number dependence diagnostic. The stability of the
final observable errors under blocking is discussed in
Appendix B.

B. Trace measurements

The traces entering the quark number susceptibilities
were measured on the ensembles listed in Table II.
Statistical errors were estimated with the jackknife method
and include both gauge-field fluctuations and stochastic
uncertainties from the finite number of noise vectors. As
shown below, disconnected contributions, especially those
entering off-diagonal susceptibilities such as y%¢ and y%,
dominate the total error budget.

For the heavier light-quark mass, m; = m,/10, we
computed second-order quark number susceptibilities on
lattices with N, = 12 and 16. In both cases, 200 Gaussian

random sources were used for the evaluation of (D{)2 and

DJZC . Spin dilution was used for the N, = 12 ensembles and
time slice dilution for the N, = 16 ensembles. The diluted

estimates entering (Df )2 were combined using unbiased

estimators, while Dg was evaluated without additional
dilution.

For the physical light-quark mass, m; = m,/27.4, the
analysis was extended to fourth order on the N, =12
ensembles. In this case, 500 Gaussian random sources were
used for (D{)2 together with time slice dilution and
unbiased estimators. All other traces required for fourth-
order cumulants were also estimated with 500 Gaussian

random sources, but without further dilution. To reduce the
total number of inversions, we organized the trace mea-
surements according to the tree-diagram prescription of
Ref. [17]. In the present calculation this prescription is used
only to organize the required trace structures and reuse
inversions efficiently. The traces themselves are evaluated
with the MDWF Dirac operator, including the Pauli-Villars
subtraction in Eq. (5); no staggered-specific determinant or
operator identity is used.

C. Mass reweighting for m;=m,/10

To correct for the mistuning of the line of constant
physics in the m; = m,/10 ensembles, we apply configu-
ration-by-configuration mass reweighting [18,19].

For the N, =12 ensembles, the largest mass shift
occurs at f = 4.02, where the input masses are changed
from (m$'9, m!) = (0.00051,0.05887) to (my¥, mieV) =
(0.001135,0.064565). The corresponding distributions
of In(w) and of x4 before and after reweighting are
shown in Fig. 4. For this largest reweighting step, we
obtain o(Inw) = 0.73, which corresponds to a typical
weight range o € [e™073, ¢7073] ~ [0.48,2.08] around the
median scale.

As a complementary diagnostic, we estimate an effective
sample-size fraction from the ratio of jackknife errors
before and after reweighting,

ESS A \? 1
X — before
= - = >~ 0.63. 14
N <Glack > 1.2612 (14)

after

This indicates that about 63% of the original ensemble is
effectively retained for this observable after reweighting.
The y4 distribution is only mildly distorted, indicating that
the reweighting remains under control within the present
statistical precision.

For the N, = 16 ensembles, the largest mass shift occurs
at f# =4.10, where the input masses are changed from
(m914, m§M) = (0.00484742,0.0484742) to (mIe™, mieV) =
(0.003630,0.048205). In this case, we find o(lnw) =
1.021, corresponding to @€ e~ ¢+1021] % [0.36,2.78],
and ESS,/N ~0.62. As for the N, = 12 ensembles, the y5
distribution changes only modestly after reweighting. Since
this is the largest mass shift in the N, = 16 ensemble set,
these diagnostics support the use of mass reweighting for
the full N, = 16 dataset within current uncertainties.

D. Results

Figure 5 shows the second-order quark number suscep-
tibilities as functions of temperature for both light-quark
masses. At low temperatures, all susceptibilities are small.
They rise rapidly in the crossover region and gradually
approach their Stefan-Boltzmann limits at higher temper-
atures. The diagonal susceptibilities are determined with
significantly smaller errors than the off-diagonal ones,
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FIG. 4. Distributions of the logarithm of the reweighting factor, In(w), and of x4 before and after reweighting for representative
ensembles at N, = 12 (top) and N, = 16 (bottom).
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FIG.5. Diagonal quark number susceptibilities (4, x5; left panels) and off-diagonal susceptibilities (y4{, y3; right panels). The upper
panels show results for the heavier light-quark mass, m; = m,/10, on lattices with N, = 12 and 16. The lower panels show results for
the physical light-quark mass, m; = m,/27.4, on lattices with N, = 12. The black line denotes the continuum Stefan-Boltzmann limit
for massless free fermions.
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reflecting the larger disconnected contributions in y%{
and yiy.

For m; = m,/10, the comparison between N, = 12 and
16 provides a first assessment of cutoff effects. Within the
present uncertainties, the overall temperature dependence is
similar on the two lattices, although some discretization
effects remain visible in the crossover region. The visible
difference between the N, = 12 and 16 data near T =~
140 MeV motivated a blocking check. Appendix B com-
pares the jackknife errors for the two relevant ensembles
using block sizes of 100, 200, and 400 molecular-dynamics
trajectories. The errors show no systematic growth with
increasing block length, so the observed separation is
not explained by an obvious underestimate of the statisti-
cal errors due to residual autocorrelations. We do not
assign a continuum interpretation to this separation. For
m; = my/27.4, the qualitative behavior is similar, but the
transition region is shifted to lower temperature, consistent
with the expected reduction of the pseudocritical temper-
ature at smaller light-quark mass.

These results are qualitatively consistent with earlier
studies using staggered fermions [20,21].

Figure 6 shows the fourth-order quark number suscep-
tibilities for the physical light-quark mass. These observ-
ables enter the NNLO Taylor expansion of the pressure and
are substantially more challenging numerically than the
second-order susceptibilities. In particular, channels
involving multiple derivatives with respect to the light-
quark chemical potentials are affected by large discon-
nected contributions and correspondingly large statistical
errors. Even with 500 Gaussian random sources and
dilution, several of these observables remain only qualita-
tively resolved in the low-temperature region. A represen-
tative blocking test for selected fourth-order quark-number
susceptibilities is shown in Appendix B. The statistical
errors remain stable within approximately 10%—-15% over
the block sizes considered, with no systematic increase with
block length. At higher temperatures, however, the stat-
istical control improves and the data show the expected
approach toward the free quark-gas limit.
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FIG. 6. Fourth-order quark number susceptibilities for m; = m,/27.4 on lattices with temporal extent N, = 12. The black line denotes

the Stefan-Boltzmann limit of an ideal quark-gluon gas.
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In the next section, we use these quark number suscep-
tibilities to construct fluctuations of conserved charges.

V. SECOND-ORDER CONSERVED-CHARGE
FLUCTUATIONS

We now turn to second-order fluctuations of the con-
served charges baryon number (B), electric charge (Q), and
strangeness (S) in (2 + 1)-flavor QCD. The analysis is
performed for two light-quark masses, m; = m,/10 and
m; = my/27.4, the latter corresponding to the physical pion
mass. Our main goal is to assess the light-quark-mass
dependence of these observables and to compare the
MDWEF results with HRG expectations and with existing
staggered-fermion calculations.

The conserved-charge chemical potentials are related to
the quark chemical potentials through

1 2 1 1
Hu =3 HB +§MQ7 Ha =3 HB ~ 3 Ho>
1 1
=g — = Ho — Us. 15
Hs = 3Hp = 3Ho ~ Hs (15)

The pressure may therefore be expanded as

BOS

p Xijk  ninj ak
= Z l,J,k,ﬂ’MQﬂs- (16)
ijk=0""J"

1 k+1

P
>

H ebaryons

where g, my, and Cp = (B, Q, S) denote the degeneracy,
mass, and conserved-charge vector of hadron H, and K, is
the modified Bessel function of the second kind. Gener-
alized susceptibilities are obtained by differentiating
Eq. (18) with respect to the corresponding chemical
potentials.

A. Cutoff dependence at m;=m,/10

We first examine the temperature dependence of second-
order conserved-charge fluctuations for the heavier light-
quark mass, m; = m,/10, using lattices with temporal
extents N, = 12 and 16. Figure 7 shows baryon-dominated
cumulants in the upper panels and meson-dominated
cumulants in the lower panels. In the following figures,
shaded vertical bands mark the MDWF crossover ranges,
Ty = 165(2) MeV for m; = m,/10 and T, = 155(5) MeV
for m; = m,/27.4, as applicable.

Within the current statistical precision, the baryon-

dominated cumulants ¥, %2, and x5S show only small

At second order, the conserved-charge susceptibilities are
related to the quark-number susceptibilities by

n=xr. i 9(2)(2+)(2+2)(”"+4xﬁ“i‘),

1
75 = 9(5)( 5 -4 -2, AW =5 -,

1 so 1
==zl 2, =g -+ o).

(17)
For degenerate light quarks, m,, = m,, one has y = )(3’ and

2" = x4, relations that have already been used above. The
combinations appearing in Eq. (17) also help explain the

observed error pattern: in )(2Q, disconnected contributions
partially cancel, thereby reducing the statistical uncertainty,
whereas in x5 they add constructively, leading to a
substantially noisier observable. Strange-sector observables
are generally better controlled because of the heavier
strange-quark mass.

For comparison, we also consider the noninteracting
HRG model, in which the pressure is written as a sum over
hadronic states,

(B () [, 2 () Tan () [ H]

|

differences between N, = 12 and 16. The meson-domi-
nated cumulants exhibit somewhat more visible cutoff
dependence. In particular, the pion-sensitive electric-charge
fluctuation ;(2Q differs by less than about 4% at the two
lowest temperatures, whereas the kaon-dominated observ-

ables y5 and )(IQIS show effects at the level of about 1%. The

mixed cumulant ;(f 1Q remains the noisiest quantity in this
set. Above the crossover region, cutoff effects appear small
within the present uncertainties.

B. Comparison with staggered discretizations
at the physical pion mass

We next compare the MDWF results at the physical
light-quark mass, m; = m,/27.4, with staggered-fermion
calculations at finite lattice spacing. In Fig. 8, we compare
our data with results obtained using the HISQ action by the
HotQCD Collaboration [4] and stout fermions by the
Wuppertal-Budapest Collaboration [22]. QMHRG2020
results are shown as a hadronic baseline.
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FIG. 7. Second-order conserved-charge cumulants for m; = m,/10 as functions of temperature. The upper row shows observables

with dominant baryonic contributions, while the lower row shows observables dominated by mesonic contributions. Results are shown
for N, = 12 and 16 along the line of constant physics. The shaded band marks the MDWF crossover range, T, = 165(2) MeV.
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FIG. 8. Second-order conserved-charge cumulants from MDWF at m; = m,/27.4, compared with HISQ results from HotQCD [4],

stout results from the Wuppertal-Budapest Collaboration [22], and QMHRG?2020 calculations. The shaded band marks the MDWF
crossover range, T, = 155(5) MeV.

At low temperatures, the largest visible difference
between the MDWF and staggered results occurs in )(QQ,
which is particularly sensitive to the light pseudoscalar
sector. Taste-symmetry breaking in staggered formulations
increases the root-mean-square pion mass, m&MS [23], and

can therefore affect this channel more strongly. The order-
ing of the MDWF and staggered results is qualitatively
consistent with this expectation, although the present data
do not isolate taste-breaking effects quantitatively. For

7 ;(IQf, and the baryon-related cumulants, the different
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calculations show broadly similar qualitative temperature
dependence within present uncertainties. Since the physi-
cal-mass MDWF results are available at only one lattice
spacing and one volume, and the calculations compared in
Fig. 8 use different discretizations, lattice spacings, and
volumes, this figure provides a finite-cutoff comparison
between discretizations. Additional MDWF lattice spacings
and volumes are required for quantitative conclusions.

C. Sensitivity to the light-quark mass

Figure 9 compares )(IQIS, )(g, and —y%5 for m; = m/10
and m; = mg/27.4 as functions of T/T,. We use the
corresponding MDWF pseudocritical temperatures, T, =
165(2) MeV  and T\, = 155(5) MeV,  respectively.
Expressing the temperature in this form facilitates a
comparison relative to the crossover scale but does not
remove light-quark-mass effects.

When expressed as functions of T/Tp, x% and —y55
show little difference between the two masses within the
present uncertainties. The main visible difference remains
in the pion-dominated electric-charge fluctuation ;(2Q : the
heavier-mass result lies below the physical-mass result
below and around the crossover, while the two agree within
uncertainties above the crossover. Much of the apparent
light-quark-mass dependence in the strange-meson- and
strange-baryon-dominated observables is therefore related
to the shift in the pseudocritical temperature, while a clear
residual dependence remains in the pion-sensitive electric-
charge fluctuation. The two datasets were obtained at
different lattice spacings and volumes, so this comparison
remains qualitative. A clean separation of light-quark-mass,

Xi =X

1 ) us
3 = 3 Ors —x13),

1
S '
)(2Q2 25(13—2)(‘1‘54—5)(22 )(112) (19)
oS 1 s us us us uds
X3 = ﬁ(ﬂh =Ty — 3¢5 + 15255 — 12113
— 62157 + 12251), (20)
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FIG. 9. Selected second-order conserved-charge cumulants, )(?ls, ;(2Q , and —;(fls , for two light-quark masses, plotted as functions of
T/T,.. We use Ty = 165(2) MeV for m; = m;/10 and T, = 155(5) MeV for m; = m,/27.4. Horizontal error bars reflect the

uncertainty in 7', and the shaded bands indicate the corresponding crossover ranges around 7/T . = 1.
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1 ) 3 § u u us
=gy Uk =2 = S+ 280 — i + 38 - 383
+ 5741 = 3t — 30t} + o), (28)

1 . o g U us
28 = gy (1208 + O + 8+ 4 + 8

+ArH + 1200 + 120105 + 122157). (29)

In the following, we focus on selected fourth-order con-
served-charge cumulants for which statistically meaningful
trends can be identified. As discussed above, observables
involving y4 and/or several off-diagonal light-quark sus-
ceptibilities are numerically the most demanding in the
hadronic regime, whereas strange-sector quantities are
generally better resolved. In the following sections, we
present fourth-order conserved-charge fluctuations calcu-
lated on the m; = m,/27.4, N, = 12 lattice.

A. Strangeness fluctuations and electric-charge-
strangeness correlations

Figure 10 shows ;(;f, )(%S, and ;(%S. Among these
observables, )(ZQZS carries the largest statistical uncertainty,
consistent with its stronger sensitivity to light-quark deriv-
atives and the associated stochastic noise. This also
explains why the statistical error is not identical for ;(,%S
and ;(ZQQS . From the conserved-charge combinations written
above, )(%S is dominated by yj with one light-strange
correction, whereas )(QQQS contains several additional off-
diagonal and mixed light-strange trace combinations. These
subleading terms are numerically noisy and can enter
through cancellations, so they affect the uncertainty of
)(zQZS more visibly.

In the hadronic regime, these cumulants receive con-
tributions from strange hadrons. The low-temperature
behavior of the electric-charge-strangeness correlations is
strongly influenced by charged strange mesons, in

particular kaons, while strange baryons become increas-
ingly relevant as the temperature approaches the crossover
region. For y; and )(IQSS, the PDG-HRG baseline tends to
lie below the lattice data at low temperature, whereas
the QMHRG2020 calculation is generally closer to the
observed trend. This pattern is consistent with sensitivity
to additional strange hadronic states included in the
QMHRG2020 spectrum.

Within a noninteracting HRG picture, )(;f receives
contributions from both charged and neutral strange

hadrons, while ;(%S and ;(2%5 are more strongly weighted
toward electrically charged strange states. At low temper-
ature this makes charged kaons particularly important.
The difference between )(%S and ;(Z%S below and around
T, can also receive contributions from strange baryons,
including multiply strange states such as the = and Q,
although a quantitative decomposition would require
higher statistics.

Above the crossover region, all three observables deviate
from HRG calculations and show the expected trend toward
quark-gluon degrees of freedom.

B. Baryon-strangeness and mixed baryon-charge-
strangeness correlations

Figure 11 shows fourth-order baryon-strangeness and
mixed baryon-charge-strangeness correlations. Since each
observable contains at least one derivative with respect to
g, mesons do not contribute in a noninteracting HRG
description. These cumulants therefore isolate the baryonic
sector; the additional strangeness derivatives make them
particularly sensitive to strange baryons such as the A, Z, &,
and Q.

For x5, the PDG-HRG result tends to lie below the
lattice data near the pseudocritical temperature, while the
QMHRG2020 calculation lies closer to the lattice trend.
This behavior is consistent with sensitivity to additional
strange baryonic states beyond the PDG-HRG baseline. As
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FIG. 10. Fourth-order strangeness fluctuations and electric-charge-strangeness correlations as functions of temperature. Results are
compared with PDG-HRG and QMHRG2020 calculations. In the hadronic regime, these observables are primarily sensitive to
the strange hadron spectrum, with charged kaons giving important contributions to the electric-charge-strangeness correlations. The
black line denotes the Stefan-Boltzmann limit of an ideal quark-gluon gas. The shaded band marks the MDWF crossover

range, Ty = 155(5) MeV.
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FIG. 11. Fourth-order baryon-strangeness and mixed baryon-charge-strangeness correlations as functions of temperature. Results are

compared with PDG-HRG and QMHRG2020 calculations. In an HRG description, these observables receive contributions only from
baryonic states; because they also contain strangeness derivatives, they are primarily sensitive to strange baryons. The black line denotes
the Stefan-Boltzmann limit of an ideal quark-gluon gas. The shaded band marks the MDWF crossover range, T,. = 155(5) MeV.

the temperature approaches T,., however, both HRG
descriptions begin to deviate from the lattice data. For
the remaining observables shown in Fig. 11, the lattice
results are broadly consistent with the HRG calculations
within present statistical uncertainties.

As expected, observables involving higher-order off-
diagonal light- and strange-quark trace structures carry
larger statistical errors. At higher temperatures, the data
tend toward their Stefan-Boltzmann limits.

C. Electric-charge and baryon-electric-charge
fluctuations

Figure 12 shows )(f and )(f3Q. These observables involve
third- and fourth-order derivatives with respect to the light-

quark chemical potentials and are therefore among the
noisiest quantities in our analysis. Accordingly, the dis-
cussion in this channel remains qualitative.

Within the present uncertainties, )(f appears to deviate
from both PDG-HRG and QMHRG2020 in the hadronic
regime. Since this observable is strongly influenced by
the light-meson sector, the discrepancy may reflect
interaction effects, limitations of the hadron-spectrum
input, or both. We also observe that )(%Q changes sign
above the pseudocritical region. However, additional
lattice spacings, larger volumes, and improved statistics
will be required before this behavior can be interpreted
more quantitatively. By contrast, ¥? is currently too noisy
in the low-temperature regime to allow a useful quanti-
tative discussion.
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FIG. 12. Fourth-order electric-charge fluctuations and baryon-electric-charge correlations as functions of temperature. Results are
compared with PDG-HRG and QMHRG2020 calculations. The shaded band marks the MDWF crossover range, 7}, = 155(5) MeV.
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FIG. 13. Leading-order kurtosis ratios for electric charge (left) and strangeness (right) as functions of temperature. Results are
compared with PDG-HRG and QMHRG2020 calculations. The blue line denotes the Stefan-Boltzmann limit of an ideal quark-gluon
gas. The shaded band marks the MDWF crossover range, T}, = 155 (5) MeV.

D. Ratios of fourth- to second-order electric-charge
and strangeness fluctuations

The ratio of fourth- to second-order conserved-charge
cumulants,

X
RY(in T) =%+ 0@3).  X=0.5,
X2
is often discussed as a useful diagnostic of the underlying
degrees of freedom and may provide phenomenological
input for freeze-out studies. In this work, we consider the
leading-order ratios for electric charge and strangeness at
vanishing baryon chemical potential.
The temperature dependence of

R _)(_‘? RS _)(_i
» = "0 0= 5>
ZzQ X2

obtained using MDWE, is shown in Fig. 13. At low
temperatures, R% lies below both HRG baselines within
the present uncertainties, while Rfu is consistent with PDG-
HRG and QMHRG2020. At higher temperatures, both
ratios show the expected trend toward their Stefan-
Boltzmann limits.

Near the pseudocritical region, the electric-charge ratio
remains only weakly constrained,

0

;(4Q { 1.05+045 T =149.7 MeV,
X2

T 11004052 T =154.6 MeV.

so that the present discussion of R% is necessarily quali-
tative. By contrast, the strangeness ratio is better resolved:

S

s 1554+ 0.12 T = 154.6 MeV.

1 { 1.38+0.10 T = 149.7 MeV,

This pattern is consistent with the generally better statistical
control of strange-sector observables already seen in the
individual cumulants.

VII. SUMMARY AND OUTLOOK

We have computed conserved-charge fluctuations in
(2 + 1)-flavor QCD using MDWF along a line of constant
physics. Two sets of ensembles were analyzed: m;/m; =
1/10 at N, = 12 and 16, which allow an assessment of
cutoff effects at heavier pion mass, and m;/m; = 1/27.4 at
N, =12, which gives access to the light-quark-mass
dependence down to the physical pion mass.

The second-order conserved-charge fluctuations show
the expected rapid variation through the crossover. Below
T, several channels are qualitatively compatible with HRG
expectations within present uncertainties. When the two
light-quark masses are compared as functions of 7/ T, the
strange-meson- and strange-baryon-dominated observables

largely follow a common trend, while ;(ZQ retains the clearest
residual difference below and around the crossover. This
behavior is qualitatively consistent with the stronger sensi-
tivity of ;(g to the light pseudoscalar sector. Since the
physical-mass data are presently available at only one lattice
spacing and one volume, no quantitative conclusion about
discretization effects or agreement with HRG can be drawn.

We also computed selected fourth-order conserved-
charge cumulants at the physical pion mass. These observ-
ables are numerically much more demanding, especially in
channels involving several derivatives with respect to the
light-quark chemical potentials and multiple disconnected
contributions. Nevertheless, statistically meaningful trends
can be identified in several strange-sector and mixed
conserved-charge cumulants. In these channels, the
QMHRG2020 baseline is often closer to the lattice data
than the PDG-HRG baseline, while deviations from both
HRG models become more visible across the crossover
region. For electric-charge-related fourth-order observ-
ables, the current discussion remains largely qualitative
because of the larger statistical uncertainties.

Overall, our results show that MDWF can be used
effectively for fluctuation studies at finite temperature.
Future work should focus on improving the statistical
precision, extending the calculations to additional lattice
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spacings and larger volumes, and performing controlled
continuum extrapolations, especially at the physical pion
mass. Such extensions are needed to establish robust
lattice-QCD baselines for conserved-charge fluctuations
relevant to heavy-ion phenomenology.
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All data from our calculations, presented in the figures of
this paper, can be found in Ref. [24]. We used the Grid
[25,26] for configuration generations and Bridge++ [27-29]
for measurements. We use AnalysisToolbox [30,31] for
statistical data analysis.

APPENDIX A: TRACE IDENTITIES
AND Z-COMBINATIONS

The derivatives of Indet D with respect to the dimen-
sionless lattice chemical potential ji are related to traces
involving the inverse Dirac operator as

1 D D
Jlndet T (D , 0 )
di oi
d*Indet D

 0*D ,0D 0D
=Tr( D~ —Tr{ D™ —D~
oi? (),u Oji (3;4

(A1)

(A2)

& IndetD oD oD *D
e — (D —3Tr( D & p!
o’ 0/4* oj 6/4
oD oD . oD
+2Tr( D' =D ' =p-1 == (A3)
oji oji oj
0*IndetD o*D oD oD
e — (D! —41r( D D
oji 8/1 oj 6/4
2D
—3Tr 19 — D" 162D
o’ o’

D D ’D
+ 12Tr( D! 19 —D" 19D D—laf2
di Oji o
oD oD oD __, 0D
—6Tr( D' —D!'——D'——D"!
oji oji oji du

(A4)

Here, the Z terms are derived from combinations of D,
terms defined in Eq. (6):

z}, = (D])?) + (D}), (A5)
z{ = (D[ DY), (A6)

b3 = (D) (DY)*) + (D} *D3) + (D)’ D%) + (DL DY),

(A7)

ng — <(Df)3D!1> + 3<D9Dfo> + <Dng> (Ag)
31 1) P 113 173)s

Z50 = ((D])*DID}) + (D5 DD A9

211 = ((D7)°DiDY) + (DyD{Dy), (A9)

Z,=((D)*)+6((D])* D) +4(D{D%) +3((D)?) + (D).

(A10)

APPENDIX B: BLOCKING CHECKS

Measurements are separated by 100 molecular-
dynamics trajectories. To test the stability of the jackknife
errors, we group consecutive measurements into blocks
corresponding to b = 100, 200, and 400 trajectories. The
figures show the jackknife error at block size b, normalized
to that at the original measurement spacing, ¢;,/06¢g-

The blocking results for the second-order observables
are shown in Fig. 14. For these observables, the errors
vary at roughly the 10% level and, importantly, show no
systematic growth as the block size increases. This
blocking test therefore gives no indication that the
statistical errors near 7 ~ 140 MeV are substantially
underestimated because of residual autocorrelations; it
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FIG. 14. Blocking stability of the jackknife errors for y%, y3, ;(‘1“11, and y{} on the two m; = m;/10 ensembles relevant near
T~140 MeV: N, =12, f =4.04, T ~ 140 MeV, and N, = 16, f# = 4.13, T = 138.2 MeV. The plotted quantity is ¢, /0, for block

sizes b = 100, 200, and 400 molecular-dynamics trajectories.

my=m,/27.4, 363x12

— X
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FIG. 15.

Representative blocking stability of the jackknife errors for selected fourth-order quark-number susceptibilities on the

physical-mass ensemble, m; = m,/27.4, with volume 36 x 12, # = 4.08, and T = 159.9 MeV. The plotted quantity is &,/ for
block sizes b = 100, 200, and 400 molecular-dynamics trajectories.

does not establish that autocorrelations are absent. For the
diagonal susceptibilities on these two ensembles, con-
figuration-level bootstrap estimates agree with the ordi-
nary jackknife errors within approximately 3%, providing
an additional check using an independent resampling
prescription.

The corresponding fourth-order blocking results are
shown in Fig. 15. For this representative fourth-order
check, the errors remain stable at approximately the
10%—15% level as the block size changes from 100 to
400 trajectories, with no systematic increase common to the
different observables.
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