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We present complete results for the hadronic vacuum polarization (HVP) contribution to the muon
anomalous magnetic moment aμ in the short- and intermediate-distance window regions, which account for
roughly 10% and 35%of the total HVP contribution to aμ, respectively. In particular, we perform lattice-QCD
calculations for the isospin-symmetric connected and disconnected contributions, aswell as corrections due to
strong-isospin breaking. For the short-distance window observables, we investigate the so-called log-
enhancement effects as well as the significant oscillations associated with staggered quarks in this region.
For the dominant, isospin-symmetric light-quark-connected contribution, we obtain all;SDμ ðconnÞ ¼
48.139ð11Þstatð91Þsyst½92�total × 10−10 and all;Wμ ðconnÞ ¼ 206.90ð14Þstatð61Þsyst½63�total × 10−10. We use
Bayesian model averaging to fully estimate the covariance matrix between the individual contributions.
Our determinations of the complete window contributions are aSDμ ¼ 69.05ð1Þstatð21Þsyst½21�total × 10−10 and

aWμ ¼ 236.45ð17Þstatð83Þsyst½85�total × 10−10. This work is part of our ongoing effort to compute all
contributions to HVP with an overall uncertainty at the few-permille level.
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I. INTRODUCTION

The anomalous magnetic moment of the muon,
aμ ≡ ðg − 2Þμ=2, provides one of the most precise tests
of the Standard Model (SM) of particle physics. It has been
measured to exquisite precision in a series of experiments,
most recently at Fermilab by the Muon g − 2 Collaboration
[1,2], with the latest results reported at a precision of
200 ppb. Final results from the Fermilab experiment
incorporating their complete dataset are anticipated to
improve the current precision by close to another factor
of 2 [2]. In addition, the Muon g − 2=EDM experiment at
J-PARC [3,4] will further improve our experimental knowl-
edge of this quantity.
Experimental measurements of aμ have attracted particu-

lar interest because of their long-standing tension with SM
expectations, providing an enduring hint for the possibility
that this quantity is influenced by new, as-yet unknown
particles. The uncertainty on the SM prediction [5,6] is
dominated by contributions from quantum chromodynam-
ics (QCD), namely hadronic vacuum polarization (HVP)
and hadronic light-by-light scattering. In this paper, we
focus on HVP, which is the larger contribution to aμ and the
largest source of error in its SM prediction. There are two
independent approaches, a data-driven one and lattice QCD.
The former uses a dispersive framework together with
experimental inputs, primarily taken from measurements
of eþe− annihilation cross sections into hadronic channels.
This approach was the basis of the SM prediction of
Ref. [5]. However, a recent measurement by the CMD-3
Collaboration [7] of the low-energy eþe− → πþπ− cross
section disagrees with all previous experimental results for
this important channel, which accounts for roughly 75% of
the leading order (LO) HVP, aHVP;LOμ in the data-driven
approach.
The second approach, lattice QCD, offers a determination

of aHVP;LOμ based entirely on SM theory.1 While published
lattice-QCD results for aHVP;LOμ were not precise enough at
the time to be used in the SM prediction of Ref. [5], the
situation has changed significantly in recent years, thanks to
dedicated efforts by several lattice collaborations [9–18].
Hence, we expect that lattice-QCD results will play an
important role in obtaining a new SMprediction of aμ and in
the subsequent interpretation of the experimental measure-
ments. Especially in light of the puzzle created in the data-
driven approach by the new CMD-3 eþe− → πþπ− cross
section measurement, continued efforts to further improve
lattice-QCD calculations to match the expected precision of
the g − 2 experiments are clearly important.
In lattice QCD, the HVP can be computed from

Euclidean-time integrals of correlation functions [19],

where it is advantageous to study the different regions
of Euclidean time separately to refine control over sys-
tematic effects. The most common division is into three
time complementary regions, known as “windows” [20]:
the “short-distance” contribution aSDμ , the “intermediate-
distance” contribution aWμ , and the “long-distance” con-
tribution aLDμ . By construction, the sum of these three terms
gives the total HVP contribution to aμ.
The smallest component, aSDμ , at roughly 10% of the

total, is the most sensitive to lattice discretization effects.
The largest component, aLDμ , roughly 55% of the total, is
the most challenging, as it is sensitive to the finite lattice
volume effects and suffers from large statistical errors due
to well-known signal-to-noise issues in the underlying
correlation functions at large Euclidean times. The inter-
mediate window observable, aWμ , is relatively insensitive to
these two extremes and hence can be obtained reasonably
straightforwardly. Both aSDμ and aWμ can be obtained with
good statistical precision. The evaluation of windowed
HVP observables also provides more fine-grained compar-
isons with data-driven results, which will be crucial if
current tensions between data-driven evaluations and lattice
calculations persist after the disagreements between exper-
imental cross section measurements are understood or
resolved. In this paper, we focus on the short- and
intermediate-distance window contributions, deferring a
discussion of our calculation of aLDμ to a companion paper.
Besides the division into windows with different char-

acteristic energy scales, the HVP (either the total or within a
given window) can also be divided into contributions from
individual quark flavors for quark-line connected and
disconnected diagrams, as well as corrections due to
isospin symmetry breaking (including strong-isospin-
breaking effects due to mu ≠ md as well as QED). We
have previously presented results for the intermediate
window HVP [13], in good agreement with other, existing
lattice-QCD calculations [9–12,14,21]. However, this pre-
vious work considered only all;Wμ ðconnÞ (the “light-quark
connected” aWμ ), omitting contributions from other quark
flavors, as well as those from disconnected diagrams and
isospin-breaking corrections. In this work, we present
results from our lattice-QCD calculations of these addi-
tional contributions, as well as a refined calculation of
all;Wμ ðconnÞ. We note, however, that a discussion of our
direct lattice-QCD calculation of the QED corrections is
deferred to a separate paper. Instead, in this paper, we use a
combination of perturbative QCD (pQCD), phenomeno-
logical estimates and comparisons with previous direct
lattice-QCD calculations of QED corrections to estimate
their contributions to the short- and intermediate-distance
window observables.
Our results for these individual contributions and cor-

rections provide a more fine-grained view into the HVP at
short and intermediate distances, enabling comparisons

1To set the quark masses and strong coupling, Nf þ 1
experimental inputs are needed, taken here to be precisely
measured hadron masses [8].
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with the corresponding results from other lattice groups as
available. We also obtain complete physical results for the
total short- and intermediate-distance HVP.
This paper is organized as follows. First, Sec. II A

provides analytic expressions for aSDμ and aWμ in terms
of the Euclidean-time vector-current correlation function,
as well as the definitions of the individual contributions to
these observables. Next, Sec. II B defines the isospin-
symmetric QCD limit employed in the majority of these
calculations. The inputs for QCD with strong-isospin
breaking are also described. The ensembles employed in
this work and the correlation function datasets generated
from them are described in Sec. II C. Section III presents a
detailed description of the general analysis procedure
employed in this work: our blinding strategy (Sec. III A),
the systematic corrections applied to the lattice observables
(Sec. III B), our approach to taking the continuum limit
(Sec. III C), and the subsequent estimation of uncertainties
from these systematics using Bayesian model averaging
(BMA) (Sec. III D). In Sec. IV, we present our analyses for
the individual window observables; this section is broken
up into subsections describing the light-connected
(Sec. IVA), strange- and charm-connected (Sec. IV B),
disconnected (Sec. IV C), and the strong-isospin-breaking
(Sec. IV D) contributions. Perturbative QCD is used to
estimate the short-distance window observables, which we
compare with our lattice determinations, in Sec. IV E, while
Sec. V presents our final results for the short-distance
(Sec. VA) and intermediate-distance window observables
(Sec. V B). Section VI concludes with a summary of our
results, including comparisons with previous lattice-QCD
calculations and data-driven evaluations and an outlook in
light of our ongoing efforts to obtain the total HVP at few-
permille-level precision. Appendixes A and B examine
discretization effects important in short-distance window
observables, namely the log-enhanced discretization terms
that arise in the correlation functions at small Euclidean times
and the oscillatory contributions to correlation functions
constructedwith staggered quarks. Finally, our procedure for
obtaining a complete correlation matrix in the BMA frame-
work is given in Appendix C.

II. BACKGROUND AND SIMULATION DETAILS

A. Definitions of window observables

The leading-order hadronic vacuum polarization contri-
bution to the muon anomalous magnetic moment is
obtained via

aHVP;LOμ ¼ 4α2
Z

∞

0

dt CðtÞK̃ðtÞ; ð2:1Þ

where α is the fine-structure constant, the kernel K̃ stems
from QED, and CðtÞ is the Euclidean-time two-point
correlation function of the electromagnetic current,

CðtÞ ¼ 1

3

X3
k¼1

X
x

hJkðx; tÞJkð0Þi; ð2:2Þ

JμðxÞ ¼
X
f

qfψ̄fðxÞγμψfðxÞ: ð2:3Þ

The current JμðxÞ is summed over all quark flavors
f∈ fu; d; s; c; b; tg of electric charge qf. In lattice QCD,
the calculation of CðtÞ is straightforward, although con-
trolling all uncertainties at the needed precision level is
challenging. The QED kernel is given by

K̃ðtÞ ¼ 2

Z
∞

0

dQ
Q

KEðQ2Þ
�
Q2t2 − 4sin2

�
Qt
2

��
; ð2:4Þ

where the energy-momentum kernel [22], KEðQ2Þ,
depends on the muon mass,

KEðQ2Þ ¼ m2
μQ2Z3ð1 −Q2ZÞ
1þm2

μQ2Z2
;

Z ¼ ðQ4 þ 4m2
μQ2Þ1=2 −Q2

2m2
μQ2

: ð2:5Þ

Higher-order HVP can be obtained from Eq. (2.1) by
substituting a different kernel [23–27].
Lattice-QCD calculations of aHVP;LOμ separately compute

the contributions from each quark flavor and from con-
nected and disconnected Wick contractions. Additionally,
these calculations are performed in the isospin-symmetric
limit in pure QCD (see Sec. II B) with the effects of strong-
isospin breaking and QED added as corrections to obtain
the complete aHVP;LOμ . The complete result is the sum of the
following individual contributions:

aHVP;LOμ ¼ allμ ðconnÞ þ assμ ðconnÞ þ accμ ðconnÞ
þ abbμ ðconnÞ þ…

þ aμðdiscÞ þ Δaudμ ðSIBÞ þ ΔaμðQEDÞ: ð2:6Þ

The contributions listed on the first and second lines are
collectively called the connected contributions and corre-
spond to connected Wick contractions of Eq. (2.2) for each
individual quark flavor of Eq. (2.3).2 The first contribution
on the third line is from the disconnected Wick contractions
of Eq. (2.2), which contains quark-flavor mixing. In this
work, we calculate only the light- and strange-disconnected
contribution. The final two terms are the strong-isospin-
breaking (SIB) and QED corrections defined by

Δaudμ ðSIBÞ ¼ audμ − allμ ; ð2:7Þ

2The light-quark charge factor is given by q2l ¼ q2u þ q2d ¼
5=9.
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ΔafμðQEDÞ ¼ affμ ðQCDþ QEDÞ − affμ : ð2:8Þ

For the correction due to strong-isospin breaking, audμ and allμ
contain both the connected and disconnected contractions,
which we compute separately (see Secs. II C and IVD).
By limiting the Euclidean-time region over which CðtÞ is

integrated, one obtains the so-called one- and two-sided
window observables [20],

awin1ðt0;ΔÞμ ¼ 4α2
Z

∞

0

dt CðtÞK̃ðtÞW1ðt; t0;ΔÞ; ð2:9aÞ

awin2ðt0;t1;ΔÞμ ¼ 4α2
Z

∞

0

dt CðtÞK̃ðtÞW2ðt; t0; t1;ΔÞ; ð2:9bÞ

where the window functions are3

W1ðt; t0;ΔÞ ¼
1

2

�
1 − tanh

�
t − t0
Δ

��
; ð2:10aÞ

W2ðt; t0; t1;ΔÞ ¼
1

2

�
tanh

�
t − t0
Δ

�
− tanh

�
t − t1
Δ

��
:

ð2:10bÞ

The parameters t0 and t1 of the Wi control the location of
the window’s boundaries, while Δ controls the sharpness of
its edges. The window functions satisfy W1ðt; t0;ΔÞþ
W2ðt; t0; t1;ΔÞ¼W1ðt; t1;ΔÞ, W2ðt;t0;t1;ΔÞþW2ðt;t1;t2;
ΔÞ¼W2ðt;t0;t2;ΔÞ.
In this work, we consider two such windows, the short-

distance window SD (defined with t0 ¼ 0.4, Δ ¼ 0.15 fm),
yielding

aSDμ ≡ awin1ð0.4;0.15Þμ ; ð2:11Þ

and the intermediate-distance window W (defined with
t0 ¼ 0.4, t1 ¼ 1.0, Δ ¼ 0.15 fm), yielding

aWμ ≡ awin2ð0.4;1.0;0.15Þμ ; ð2:12Þ

with the parameters in femtometers. We plot the Wi in
Eq. (2.10) for these window regions in Fig. 1. Also shown
are the light-, strange-, and charm-quark-connected con-
tributions to the integrand, K̃ðtÞCðtÞ in Eq. (2.1), using the
lattice correlation functions obtained on our 0.06 fm
ensemble (see Sec. II C). The light-quark contribution
dominates both windows, as can be seen by the scaling
factor of 6 applied to the strange and charm integrands in
the plot. After the light, the charm is the leading contri-
bution in the short-distance window, while the strange is the

leading contribution in W. The remaining contributions in
Eq. (2.6) are subleading for these two windows and are at
the subpercent level on the complete results.

B. Physical inputs

Our lattice calculations make use of several ensembles of
four-flavor gauge-field configurations generated by the
MILC Collaboration (details are given below in Sec. II C).
With one exception, these ensembles are generated in the
limit of isospin symmetry (that is, with the up- and down-
quark masses set to be equal) and without dynamical QED.
Converting our numerical results into physical units requires
the selection of a set of physical inputs which determine the
quark masses and the overall energy scale.
Our choices for the inputs for the quark masses follow

the prescription introduced in Refs. [28,29] and extended to
charm in [30]. The masses of the u, d, and s quarks are
determined by the masses of the πþ; K0, and Kþ mesons,
and the c quark mass is fixed by the mass of theDþ

s meson.
While in Refs. [28–30] the energy scale is fixed by the pion
decay constant fπþ , here we employ the Ω− baryon mass.
To match the “pure-QCD world” of our simulations,

QED effects are removed from the values of these masses
used for scale setting [31]. For all meson masses used to
determine quark masses, we adopt the values given in the
Flavor Lattice Averaging Group (FLAG) 2024 review [8].
These choices define the following separation scheme:

ðpure-QCD worldÞ ⇒

8>>>>>><>>>>>>:

MΩ ≡ 1671.26 MeV;

Mπþ ≡ 135.0 MeV;

MKþ ≡ 491.6 MeV;

MK0 ≡ 497.6 MeV;

MDþ
s
≡ 1967 MeV:

ð2:13Þ

FIG. 1. The SD (red) and W (black) window functions
corresponding to the parameters in Eqs. (2.11) and (2.12),
overlaid with raw lattice data for the integrand of Eq. (2.1) for
light- (green crosses), strange- (blue circles), and charm-con-
nected (purple squares) contributions obtained on our ensemble
with a ≈ 0.06 fm (see Table I).

3In earlier work [13], we used a slightly different definition of
the window functions. To the accuracy given there, none of the
reported digits would change. Here, we use the standard
definitions, namely Eq. (3.26) of Ref. [5].
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Setting the three meson masses fMπþ ;MKþ ;MK0g to their
physical values fixes the three light-quark masses
fmu;md;msg. In practice, we implement this scheme with
the equivalent set fMπþ ;MK;ΔM2

Kg, with

M2
K ≡ 1

2
ðM2

K0 þM2
KþÞ ¼ ð494.6 MeVÞ2; ð2:14Þ

ΔM2
K ≡M2

K0 −M2
Kþ ¼ 5935 MeV2: ð2:15Þ

In this approach, adjustingMπþ and the root-mean-squared
(rms) average mass MK to the physical point given in
Eq. (2.13) fixes ml ≡ ðmu þmdÞ=2 and ms, and adjusting
ΔM2

K determines the up-down mass splitting md −mu.
This implementation is convenient given the data available
in the analyses below.
To define the separation scheme for the isospin-sym-

metric limit, where the up and down masses are both set to
the average value ml ¼ ðmu þmdÞ=2, we replaceMKþ and
MK0 with the rms average MK given above,

ðisospin-symmetric pure-QCD worldÞ

⇒

8>>><>>>:
MΩ ≡ 1671.26 MeV;

Mπþ ≡ 135.0 MeV;

MK ≡ 494.6 MeV;

MDþ
s
≡ 1967 MeV:

ð2:16Þ

For the analysis of strong-isospin breaking, in particular,
it is helpful to define fictitious physical pion masses with
both constituent quark masses set to mu, md, or ml. In
principle, this could be done from the pion and kaon mass
inputs above by using the leading-order Gell-Mann–
Oakes–Renner [32] (GMOR) relation, i.e., leading-order
chiral perturbation theory, which states that the squared
pion and kaon masses scale linearly with quark mass.

Although this statement is locally true to good approxi-
mation, inclusion of both pions and kaons simultaneously
in leading-order chiral perturbation theory relations can
lead to deviations due to the presence of significant
subleading-order corrections.
Instead of assuming purely GMOR scaling, we adapt

the results from the MILC Collaboration [33], which com-
putes the up-down quark mass ratio to be mu=md ¼
0.4529ð48Þstatðþ150

−67 Þsyst. Following the procedures of
FLAG [34] for symmetrizing two-sided errors and combining
statistical and systematic errors in quadrature, this becomes
mu=md ¼ 0.4550ð138Þ. To account for the slight difference
between Eq. (2.13) and the scheme used in Refs. [33,35]—
namelyMKþ ¼ 491.6 versusMKþ ¼ 491.405 MeV, respec-
tively—we include an additional systematic uncertainty that
conservatively accounts for the implied difference in ϵ (the
leading correction to Dashen’s theorem defined in Ref. [33])
between the two schemes, which gives

mu=md ¼ 0.455ð18Þ: ð2:17Þ

Adopting this as our main result and using GMOR scaling
only in the vicinity of the pion mass, we have the results

Muu
π ¼ Mπþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

1þmd=mu

s
¼ 106.7ð1.5Þ MeV; ð2:18Þ

Mdd
π ¼ Mπþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

1þmu=md

s
¼ 158.25ð98Þ MeV: ð2:19Þ

C. Lattice ensembles and correlation functions

Weemploy seven of theMILCCollaboration’s four-flavor
lattice-QCD configurations with dynamical up, down,
strange, and charm quarks in this work [36] (see Table I).

TABLE I. Ensemble parameters used in this work. The first column lists the approximate lattice spacings in femtometers. (In previous
work, the ensemble labeled “0.04” was labeled “0.042.”) The second column gives the spatial length L of the lattices in femtometers.
The third column lists the volumes of the lattices in number of space-time points. The fourth to seventh columns gives the sea-quark
masses in lattice-spacing units. We note here that the only difference between the 0.150 and 0.15 ensembles is that sea-quark masses of
0.150 include strong-isospin breaking mu ≠ md. Additionally, the only difference between the 0.09 and 0.09⋆ ensembles is that the sea-
quark masses of 0.09⋆ are better tuned to the physical point. The eighth column lists the aMΩ values on each ensemble, these were first
given in Ref. [48], except for the value on the 0.09 ensemble. To convert simulation results to physical units, we take
MΩ ¼ 1.67126ð32Þ GeV, also first given in Ref. [48].

≈a=fm L=fm N3
s × Nt amsea

u amsea
d amsea

s amsea
c aMΩ

0.150 5.00 323 × 48 0.001524 0.003328 0.0673 0.8447 1.3246(26)
0.15 5.00 323 × 48 0.002426 0.002426 0.0673 0.8447 1.3246(26)
0.12 5.95 483 × 64 0.001907 0.001907 0.05252 0.6382 1.0494(17)
0.09 5.67 643 × 96 0.00120 0.00120 0.0363 0.432 0.7506(14)
0.09⋆ 5.70 643 × 96 0.001326 0.001326 0.03636 0.4313 0.75372(97)
0.06 5.48 963 × 128 0.0008 0.0008 0.022 0.260 0.4834(11)
0.04 6.13 1443 × 288 0.000569 0.000569 0.01555 0.1827 0.3608(25)
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The ensembles use the highly-improved staggered quarks
(HISQ) action [37] for the sea quarks, a Symanzik-improved
gauge action [38–42] that includes the plaquette, the 1 × 2
rectangle, and the so-called bent-chair six-link term for the
gluon fields aswell as tadpole improvement [43] basedon the
plaquette. Details of the configuration generation can be
found in Refs. [35,44,45].4 Our physical mass ensemble set
includes five lattice spacings spanning the range
a ≈ 0.15–0.04 fm. The sea-quark masses listed in Table I
are tuned to the isospin-symmetric physical point, defined in
Eq. (2.16), except for the 0.150 fm ensemble, in which the
sea-quark masses are tuned to the isospin-broken physical
point of Eq. (2.13).5 Refined values of the tuned sea-quark
masses were obtained from an analysis in Ref. [35], in which
pseudoscalar meson masses and decay constants were
computed using 24 gauge ensembleswith six lattice spacings
ranging from a ≈ 0.15 to 0.03 fm.
Table II lists the pseudoscalar meson masses, labeled by

their valence-quark content qq0, obtained on the seven
ensembles. On all ensembles (except 0.150 fm), the valence
quarks denoted l, s, c are generated with the same masses
as the sea quarks listed in Table I. On the ensembles with
a⪆0.09 fm we include correlation functions generated at
additional light-valence-quark masses. The valence quarks
denoted by u, d are tuned according to Eq. (2.13).6 To
compensate for the mistuning of the light sea quarks in the
0.09 fm ensemble, a retuned light-valence-quark mass (see
the rr entry in Table II) is included in the analysis. Finally,
the 0.09⋆ fm dataset includes hh correlators generated at a
valence-quark mass where the “harmonic mean square” of
the full set of taste-pion masses, defined in Ref. [9], equals
the physical pion mass of Eq. (2.16). The resulting hh
Goldstone pion mass is listed in Table II.
Two different discretizations of the vector current are

employed, local and one-link,

Jlocalk ðxÞ ¼
X
f

qf χ̄fðxÞð−ÞxkχfðxÞ; ð2:20aÞ

J1−linkk ðxÞ ¼
X
f

qf
1

2
χ̄fðxÞηkðxÞðUkðxÞχfðxþ k̂aÞ

þU†
kðx − k̂aÞχfðx − k̂aÞÞ; ð2:20bÞ

where χf is the field of flavor f in the HISQ action and ηk is
the staggered sign factor that appears in place of Dirac
matrices [37]. Local and one-link bilinears correspond to
the taste vector and taste singlet, respectively. The resulting
correlators and window observables have different discre-
tization effects (see Appendix A for a discussion of the
discretization effects that arise at short distances). This is
useful for constraining continuum extrapolations, as dis-
cussed in Sec. IV.

TABLE II. Pseudoscalar meson masses calculated on each of
the gauge ensembles given in Table I for various combinations of
valence-quark masses. Results are shown in lattice units (column
5). The label l denotes the symmetrized light-quark mass
ml ¼ ðmu þmdÞ=2. On the 0.09 fm ensemble, the valence ml
is mistuned to be somewhat lighter than physical; the retuned
valence mass is labeled r. The 0.09⋆ fm ensemble includes a
lighter-than-physical up-quark mass, denoted h, as described in
the text. Column 2 lists the valence-quark masses amq only if
they differ from the sea-quark masses listed in Table I.

≈a=fm amq qq0 aMγ5⊗γ5

0.150 uu 0.082368(18)
ll 0.103420(18)
dd 0.120665(17)
us 0.376023(22)
ls 0.37847(20)
ds 0.380749(19)

0.15 0.001524 uuc 0.082362(11)
lla 0.103414(11)

0.003328 ddc 0.120652(11)
lsb 0.37847(11)
scb 1.50544(19)

0.12 0.001190 uuc 0.0659338(57)
llb 0.0830651(63)

0.002625 ddc 0.0970979(67)
lsb 0.303949(77)
scb 1.209384(78)

0.09 llb 0.057193(16)
0.00133 rr 0.060136(16)
0.00183 dd 0.070267(19)

lsb 0.219482(70)

0.09⋆ 0.000514 hh 0.037831(13)
ll 0.060124(16)

0.001802 dd 0.069830(17)
ls 0.220231(40)
sc 0.875909(63)

0.06 llb 0.038842(29)
lsb 0.142607(51)
scb 0.565279(49)

0.04 llb 0.028981(18)
lsb 0.106297(39)
scb 0.42352(13)

aMeson masses from Ref. [49].
bMeson masses from Ref. [50].
cMeson masses from Ref. [13].4The 0.09⋆ fm ensemble was, in part, generated by the CalLat

Collaboration [46] using retuned values of the quark masses
determined by MILC [30]. Of the 1000 configurations used in
this work, half were generated by CalLat, and half were generated
by the MILC Collaboration.

5The 0.150 fm ensemble, which has light sea quarks with
mu ≠ md, was used previously [47] to test for sea isospin-
breaking effects, and we use it here for the same purpose and
with improved statistics.

6On the 0.150 fm ensemble, the u, d, s, c valence-quark masses
match the sea quarks, while the valence quark denoted l is
adjusted so that the ll pion mass takes on the physical value listed
in Eqs. (2.13) and (2.16).
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For each of the contributions in Eq. (2.6), the vector-
current correlation function datasets that are generated on
these ensembles are shown in Fig. 2. In the figure, circles
correspond to correlation function data constructed from
propagators computed using the truncated solver method
(TSM) [51,52]. Specifically, using random-wall sources, we
compute one fine-residual conjugate gradient solve and a
number of loose-residual solves (Nloose). The size of the
circle corresponds to the total number of statistics
Nconf × Nloose. The exact numbers for these, for each con-
tribution, are detailed in the respective subsections in Sec. III.
The squares correspond to correlation function data

generated using low-mode averaging (LMA) [53–55], as
explained below. In order tominimize autocorrelations in our
LMA calculation, we select an evenly spaced subset of the
stored configurations in each ensemble that includes, atmost,
every other configuration. Again, the size of the square
corresponds to the total statistics, Nconf × Nsrc, with specific
numbers given in relevant subsections of Sec. III. The
unfilled symbols are datasets generated using the local
current, while filled symbols indicate data generated using
the one-link current. In the case of the allμ ðconnÞ, both
currents are employed. For all our datasets, we perform
extensive tests for autocorrelations, specifically both meas-
uring the integrated autocorrelation time and also examining
how the statistical errors changewith binning. For the strange
and charm datasets, we account for the significant autocor-
relations identified in this procedure by binning with bin
sizes up to 10, leading to the small numbers of independent
configurations seen in Fig. 2. We see no indications of
autocorrelations in any of the other datasets.
For the LMA procedure, we use color-diagonal random-

wall (RW) sources to approximate the high-mode remainder.
Specifically, 2000 exact eigenvector low-mode pairs enter
the correlation function generation in three important ways.
First, they are used to calculate the low-mode all-to-all (A2A,
LL) contribution to the correlation function, which gives the
exact low-mode result for a given lattice configuration.
Second, lowmodes are used to deflate the conjugate gradient
solver for each RW source, significantly reducing the
iterations required to reach the target residual of the solver.
Finally, the low-mode contribution to the RW correlation
(RW,LL) function is obtained as a by-product of thedeflation
process; see Eq. (2.22b).
For the connected contribution we use

Cff
LMA;connðtÞ ¼

1

3

X3
k¼1

hCff;k
RW ðU; t0; t1Þ − Cff;k

RW;LLðU; t0; t1Þ þ Cff;k
A2A;LLðU; t0; t1ÞiU; ð2:21Þ

where t ¼ t1 − t0, h…iU denotes averaging over the gauge-
field ensemble, f labels the quark flavor, and

Cff;k
RW ðU; t0; t1Þ ¼

1

4N3
S

q2fTrfM−1
f ðUÞΓk

t0ξt0ξ
†
t0M

−1
f ðUÞΓk

t1g;

ð2:22aÞ

Cff;k
RW;LLðU; t0; t1Þ

¼ 1

4N3
S

q2fTrfM−1
L;fðUÞΓk

t0ξt0ξ
†
t0M

−1
L;fðUÞΓk

t1g; ð2:22bÞ

Cff;k
A2A;LLðU; t0; t1Þ ¼

1

4N3
S

q2fTrfM−1
L;fðUÞΓk

t0M
−1
L;fðUÞΓk

t1g:

ð2:22cÞ

Here, the trace is over color and space-time components;N3
S

is the spatial volume; the 1=4 is a rooting factor; ξt denotes a
RW source at time t, the average over which is implicit;
MfðUÞ is the Dirac matrix for the configuration for flavor f;
M−1

L;fðUÞ ¼ P
i

1
λi;fðUÞ viðUÞv†i ðUÞ, where viðUÞ and λi;fðUÞ

are the eigenvectors and eigenvalues of the Dirac matrix
satisfying MfðUÞviðUÞ ¼ λi;fðUÞviðUÞ; and the Γt matrix

FIG. 2. Visual representation of the correlation function data-
sets described in Tables IV–VII on the ensembles listed in Table I
used in this work. Circles correspond to datasets computed with
the truncated solver method; squares are datasets in which the low
modes of the Dirac operator are treated exactly with eigenvector
methods. Filled colors are one-link vector-current datasets;
unfilled colors are local-operator datasets. The area of each
symbol corresponds to the statistics of each ensemble. We stress
that due to the different ways these datasets are generated, only
statistical comparisons within specific observables are sensible.
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incorporates the staggered phases and shifts in the definition of the currents given in Eqs. (2.20a) and (2.20b) on a selected time
slice t, as follows for x ¼ ðx; tÞ and x0 ¼ ðx0; t0Þ:

Γk
t0;local

ðx; x0Þ ¼ ð−Þxkδx;x0δt;t0δt0;t0 ; ð2:23aÞ

Γk
t0;1−linkðx; x0Þ ¼ ηkðxÞUkðxÞδxþia;x0δt;t0δt0;t0 þ H:c: ð2:23bÞ

For the disconnected contribution, we use

CLMA;discðtÞ ¼
1

3

X3
k¼1

hCk
RVðU; t0; t1Þ − Ck

RV;LLðU; t0; t1Þ þ Ck
A2A;LLðU; t0; t1ÞiU; ð2:24Þ

and

Ck
RVðU; t0; t1Þ ¼ −

1

16N3
S

X
f;f0

qfqf0TrfM−1
f ðUÞΓk

t0ξξ
†gTrfξ0ξ0†M−1

f0 ðUÞΓk
t1g; ð2:25aÞ

Ck
RV;LLðU; t0; t1Þ ¼ −

1

16N3
S

X
f;f0

qfqf0TrfM−1
L;fðUÞΓk

t0ξξ
†gTrfξ0ξ0†M−1

L;f0 ðUÞΓk
t1g; ð2:25bÞ

Ck
A2A;LLðU; t0; t1Þ ¼ −

1

16N3
S

X
f;f0

qfqf0TrfM−1
L;fðUÞΓk

t0gTrfM−1
L;f0 ðUÞΓk

t1g; ð2:25cÞ

where taste-symmetry requires the one-link current. Here,
the random sources ξ; ξ0 have support over the entire lattice
volume (RV). The flavor sum is over f; f0 ¼ u, d, s, where in
the isospin-symmetric caseMuðUÞ ¼ MdðUÞ ¼ MlðUÞ. On
some of the ensembles, we use the TSM to reduce the cost of
the inversions. Further details, including numbers of random
sources, are discussed below and in Refs. [56,57].
Two different schemes are employed to renormalize the

currents. The first set of renormalization factors, ZFF
V , are

obtained from a form-factor approach [58]. They were used
in previous Fermilab, HPQCD, andMILCHVP calculations
[13,49] inwhich the local current was employed. The second
approach employs the regularization invariant symmetric
momentum subtraction (RI-SMOM) scheme, and the factors

ZRI-SMOM
V are given in Refs. [59,60]. The RI-SMOM scheme

has a residual dependence on the matching scale μ, even for
ZV , and we take the ZRI-SMOM

V values at μ ¼ 2 GeV from
thoseworks. Thevalue ofZRI-SMOM

V for theone-link current at
0.04 fmwasnot calculated in thoseworks; hence,weobtain it
from the fit procedure described in Ref. [59]. Table III
tabulates the values of all vector-current renormalization
factorsZV needed in the analysis explained in the subsequent
sections.

III. ANALYSIS PROCEDURE

Our overarching analysis approach follows the strategy
described in Ref. [13]. Here, we recap the main steps of our
analysis strategy, with a focus on the procedures specific to
thiswork.Thewindowobservables are obtained according to
Eqs. (2.11) and (2.12) from weighted Euclidean-time inte-
grals of the correlation functions CðtÞ. In Ref. [13], we
examined the effects of the oscillating contributions, which
arise in our staggered correlation functions, on intermediate-
distance aμ observables in the continuum limit. Comparing
results obtained from fit reconstructions that remove the
oscillating terms versus direct integration of the correlation
functions,we found that the oscillating contributions have no
effect on theobservables after continuum-limit extrapolation.
Extending this study to the short-distance window observ-
ables in Appendix B, we find the same result. Hence, in this
work, we use only direct integration to obtain the short- and
intermediate-distance window observables.

TABLE III. Renormalization factors for the local and one-link
vector current used in this work. Results for the local current from
the form-factor method are given in the first column [58]. RI-
SMOM results for the local and one-link currents are taken from
[59] and are given in columns three and four. The 0.04 fm one-
link result is obtained from the fit described in that work.

≈a=fm ZFF
V;local ZRI-SMOM

V;local ZRI-SMOM
V;one-link

0.15 0.9881(10) 0.95932(18) 1.14017(20)
0.12 0.9922(4) 0.97255(22) 1.13784(24)
0.09 0.9940(5) 0.98445(11) 1.13428(13)
0.06 0.9950(6) 0.99090(36) 1.12518(39)
0.04 0.9949(7) 0.99203(108) 1.11811(68)
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The following subsections describe our strategies for
each analysis step. First, Sec. III A provides a description
of the blinding applied to each individual window observ-
able. The lattice corrections for finite-volume effects,
pion-mass mistunings, and in some cases taste-breaking
effects are detailed in Sec. III B. These corrections are
applied only to observables containing light-quark con-
tributions [all;SDμ ðconnÞ, all;Wμ ðconnÞ, aSDμ ðdiscÞ, aWμ ðdiscÞ,
Δaud;SDμ ðSIBÞ, Δaud;Wμ ðSIBÞ]. Subsequently, all observ-
ables are extrapolated to the continuum, which is
described in Sec. III C. In the final step, the analysis
variations for the corrections and continuum extrapola-
tions are input into a BMA, as discussed in Sec. III D. We
consider a broad range of analysis variations, to encom-
pass all reasonable choices, and obtain the corresponding
systematic uncertainty using BMA; in addition, detailed
cross-checks of analysis methods and code are provided
by at least two different people.

A. Blinding

As an overview, first all window observables are blinded
including a multiplicative blinding factor, with some
including an additional additive blind,

aðXÞ;blindμ ¼ αðXÞaðXÞμ þ βðXÞ: ð3:1Þ

The additive blind is present for the local-current light-
quark-connected dataset on the 0.15 fm ensemble (see
Table I), where previously used data are used in this
analysis; all the other correlation function data used in
the light-quark-connected analysis are new. In addition, we
use an additive blind for the connected Δaudμ ðSIBÞ analysis
to avoid cancellation of blinding factors when constructing
the ratio to allμ ðconnÞ.
For the light-quark-connected analysis (Sec. IVA), the

blinding is applied to the renormalization factor ZV, which
is then squared in the observable aμ. The factors multi-
plying ZV are drawn uniformly over the range [0.8, 1.2],
resulting in a multiplicative blind α in the range [0.64,
1.44]. The additive blind β for the 0.15 fm ensemble is set
equal to the standard deviation of that aμ result times a
random number drawn uniformly from the range ½−1; 1�.
The strange and charm analyses (Sec. IV B) are blinded in
exactly the same way. For the disconnected analysis
(Sec. IV C), α is drawn from the range [0.8, 1.2], and
no additive blind is used. Finally, for the SIB analysis
(Sec. IV D), α is drawn from the range [0.95, 1.05]
(connected) and [0.6, 1.4] (disconnected), and the con-
nected observables include an additional additive blind β
drawn uniformly from ½−2; 2� × 10−10.
The blinds are held in place until all individual analyses

are complete. The analyses are then frozen, the blinds are
removed, and the analysis scripts are rerun. All blinds are
implemented at the software level using a blinding flag

rather than modifying any stored data, so that there is no
possibility of incomplete removal of blinds when obtaining
our final analysis results.

B. Lattice corrections

We perform our corrections for finite-volume (FV), pion-
mass mistuning, and taste breaking (TB) by expressing the
physical point as

aμðL∞;MπphysÞ ¼ aμðLlatt;Mπlatt;ξ1
;…;Mπlatt;ξ16

Þ
þ ΔFV þ ΔMπ

þ ΔTB; ð3:2Þ

where the first term on the rhs corresponds to lattice data
and

ΔFV ¼ aμðL∞;Mπlatt;ξ1
;…;Mπlatt;ξ16

Þ
− aμðLlatt;Mπlatt;ξ1

;…;Mπlatt;ξ16
Þ; ð3:3Þ

ΔMπ
¼ aμðL∞;Mπphys;ξ1

;…;Mπphys;ξ16
Þ

− aμðL∞;Mπlatt;ξ1
;…;Mπlatt;ξ16

Þ; ð3:4Þ

ΔTB ¼ aμðL∞;MπphysÞ − aμðL∞;Mπphys;ξ1
;…;Mπphys;ξ16

Þ:
ð3:5Þ

In particular, we correct the light-quark containing observ-
ables, where our estimates of the corrections are based on the
use of effective field theory (EFT) and EFT-inspired correc-
tion schemes that capture the dominant low-energy, two-pion
physics contribution to aHVP;LOμ . We consider variations
obtained from five different approaches: next-to-leading
order (NLO) and next-to-next-to-leading order (NNLO)
chiral perturbation theory (χPT) [9,10,61–64], the chiral
model (CM) [65] employed in Ref. [49], the Meyer-
Lellouch-Lüscher-Gounaris-Sakurai (MLLGS) approach
[66–73], and the Hansen-Patella (HP) scheme [74]. These
low-energy effects are heavily suppressed in the short-
distance window region, which is also outside the range
of validity of most of these EFT-based schemes. The HP
scheme, however, is a complete resummation of the pertur-
bative theory of relativistic pions, hence is convergent at any
energy scale. Therefore, we employ only the HP scheme for
short-distance window observables. In order to simplify our
analysis, we have chosen throughout this work not to mix
different EFT schemes for FV, Mπ , and TB corrections.
Because the HP scheme yields an explicit finite-volume
difference, it is not straightforward to obtain infinite-volume
pion-mass corrections from it. Hencewe omit theHP scheme
from analyses where this mass correction is required, namely
all;Wμ ðconnÞ (Sec. IVA) and aWμ ðdiscÞ (Sec. IV C). For these
quantities, the predictions of HP for FV corrections are
closely consistent with χPT as expected (see the end of
Sec. 2.1 in Ref. [74] for a discussion), so including the HP
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scheme would not significantly alter our estimates of finite-
volume effects.
The finite-volume and taste-breaking corrections com-

puted for the intermediate window observables are given in
Figs. 3 and 4, respectively; the finite-volume corrections
obtained from the HP scheme, used for the connected
contributions in the short-distance window, are given in
Fig. 5. The corrections to the disconnected contribution are
obtained by multiplying their connected counterparts by
−1=10. We do not apply MLLGS to the data at 0.15 fm
because the heaviest-taste two-pion pair lies above the ρ
mass; see the discussion in the MLLGS section of Ref. [9].
The pion-mass-mistuning corrections are small where
applicable (at the subpermille level in the intermediate

window) due to the accurate tuning of the ensemble masses
and hence are not shown.
Figures. 3 and 4 show that the expected dependencies on

the lattice spacing, lattice volumes, and pion masses are
largely followed. Any slight deviations from the expected
behavior are likely the result of error introduced by
applying the correction schemes slightly outside their range
of validity; the use of several EFT and EFT-inspired
schemes accounts for this error in the BMA systematic
uncertainty. Additionally, one of the largest sources of
systematic uncertainty for all;Wμ ðconnÞ, aWμ ðdiscÞ, and
Δaud;Wμ ðSIB; connÞ results from the discrepancy between
different finite-volume correction schemes—specifically
between CM (and, to a lesser extent, NLO χPT) and the
other EFT and EFT-inspired approaches. Correlations
between observables due to this systematic uncertainty
are discussed in Appendix C. For contributions from
heavier flavors, finite-volume effects are expected to be
negligible compared with the level of precision of our
calculation [75].

C. Continuum extrapolations

For each observable, we consider variations of the
continuum fit function and the data included, dropping data
at certain lattice spacings when appropriate.7 The general
form of the continuum fit function employed for almost all
observables, except for Δaudμ ðSIB; connÞ [see Eq. (4.16)], is

aμða;MAÞ ¼ aμ½1þ FaðaÞ þ FMðMAÞ�; ð3:6Þ

where FaðaÞ is adjusted as needed to describe the discre-
tization effects of each observable. The function FMðMAÞ
accounts for any residual mass-mistuning effects in our
extrapolations and is given by

FIG. 3. Finite-volume corrections for each ensemble and valence-quark content for light-quark contributions in the intermediate
window region. The unfilled symbols correspond to the local current and the filled to the one-link current.

FIG. 4. Taste-breaking corrections for light-quark contributions
in the intermediate window region for each lattice spacing at the
light-valence-quark value. The unfilled symbols correspond to
the local current and the filled to the one-link current.

7We do not perform fits where the number of degrees of
freedom is negative.
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FMðMAÞ ¼ Csea

X
A¼π;K

M2
π;phys

M2
A;phys

δM2
A;

δM2
A ¼ M2

A;phys −M2
A;latt

2B0Λ
; ð3:7Þ

unless otherwise specified in the individual analysis sub-
sections of Sec. IV. Here B0 is the GMOR constant of
proportionality, obtained as B0 ¼ Σ0=F2

0 using the values
from Refs. [34,76,77] for SU(3) chiral perturbation theory,
and Λ is defined below. The parametrization in terms of the
meson masses makes it straightforward to match to the
isospin-symmetric and isospin-broken QCD schemes
defined in Sec. II B. We impose a stabilizing Gaussian prior
of Csea ¼ 0ð2Þ. We note that our continuum extrapolations
are insensitive to this prior’s width as we find that our results
(central values and errors) for all observables presented in
this paper are essentially unchanged when we increase the
width by a factor of 10.
For each aHVP;LOμ observable, we use an empirical Bayes

procedure to obtain guidance for the important terms in the
continuum fit functions. This procedure was outlined at the
end of Sec. III D of Ref. [13]. Here, we use the following
functional form for FaðaÞ in our empirical Bayes fits:

Fa
empðaÞ ¼ c1lx logðaΛÞ þ

X4
i¼1

X4
j¼0

cijxiα
j
s; x≡ ðaΛÞ2:

ð3:8Þ

The scale Λ is chosen to maximize the Gaussian Bayes
factor [see Eq. (28) of Ref. [78] ], which is proportional to
the marginal likelihood (model evidence) coefficients in
Eq. (3.8). The coefficients are constrained with Gaussian
priors c1l; cij ¼ 0ð1Þ. Following Ref. [35] we use αs ¼
αVð2=aÞ and take αVðnf ¼ 4; μ ¼ 5.0 GeVÞ ¼ 0.2530ð38Þ

from Ref. [79], where we evolve the coupling using the
four-loop β function [80–82]. Equation (3.8) accounts for
log-enhancement effects in short-distance window observ-
ables [11,83–85], by allowing for a leading a2 term instead
of the expected a2αs for the local current and for a leading
a2 logðaÞ for the one-link current; see Appendix A for
further discussion.
The continuum fit functions used in the analyses of the

individual HVP observables are specified in the respective
subsections of Sec. IV. They are also informed by these
theoretical expectations, while the empirical Bayes analy-
ses provide guidance for the scale Λ and the subleading
discretization terms. In order to regulate the degrees of
freedom in the continuum fits, we include a prior on the
highest-order terms of

Cak ¼ 0ð2Þ: ð3:9Þ

This prior has twice the width of the priors used in the
empirical Bayes analysis; hence, it does not significantly
influence our continuum limit beyond assisting with
stability in some cases.

D. Bayesian model averaging

In the final step, the uncertainties associated with the
systematic corrections, needed to obtain the observables in
the continuum and infinite volume limits and at the physical
point, are estimated using BMA [86,87]. In the BMA
language, the systematic corrections are referred to as
“models.” This analysis approach is detailed in Ref. [13].
In the context of lattice field theory calculations, BMA using
the Akaike information criterion in a frequentist context was
pioneered in Refs. [88,89]; an early use of BMA for lattice
QCD was presented in Ref. [90]. The formulas for the mean
and variance from the BMA are given by

FIG. 5. Finite-volume corrections in the Hansen-Patella scheme for each ensemble and valence-quark content for light-quark
contributions in the short-distance window region. The unfilled symbols correspond to the local current and the filled to the one-link
current.
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haμi ¼
XNM

n¼1

haμinprðMnjDÞ; ð3:10Þ

σ2aμ ¼
XNM

n¼1

σ2aμ;nprðMnjDÞ þ
XNM

n¼1

haμi2nprðMnjDÞ − haμi2;

ð3:11Þ

where NM is the number of models and the probability of a
specific model M given the data D is defined through the
Bayesian Akaike information criterion (BAIC) weight
[87,91],

prðMjDÞ≡ prðMÞ exp
�
−
1

2
ðχ2dataða⋆Þ þ 2kþ 2NcutÞ

�
:

ð3:12Þ

Here, χ2data is the standard χ-squared function, not including
the contribution of the priors, and a⋆ is the posterior mode
(i.e., the best-fit point for the vector of fit parameters awhen
optimized against the augmented χ-squared function [78]).
Ncut is the number of data points cut from a dataset—in this
case, the number of ensembles omitted from a given
extrapolation. The parameter k is the number of independent
parameters in a given fit function. The factor prðMÞ is the
prior probability of a given M.
For most observables, we take prðMÞ ¼ 1=NM, which

corresponds to the minimal a priori biasing of some models
in favor of others. For all;Wμ ðconnÞ and Δaudμ ðSIB; connÞ,
the flat prior prðMÞ ¼ 1=NM implicitly biases the BMA in
favor of certain types of models over others due to
combinatorial effects; see Secs. IVA and IV D 1 for the
choices of model priors for these observables. The total
uncertainties on model-averaged results are given as 1σ
deviations, as derived from the BMA variance of the mean
in Eq. (3.11). Our procedure for obtaining complete error
budgets from the respective BMA analyses is described in
Ref. [13], with any additional considerations described in
the relevant analysis sections below.
The probability weights defined in Eq. (3.12) can be used

to assess the relativeweight of specific analysis choices in the
BMA. Comparison of these weights can identify if a
particular correction scheme or fit function variation is
preferred or suppressed by the averaging procedure. This
identification is achieved by computing the “subset proba-
bility” of the model subset S from the relative posterior
probability of the variations contained in S,

prðSjDÞ ¼
X
Mi ∈ S

prðMijDÞ: ð3:13Þ

The subset probability encapsulates the relativeweight of the
models in a given subset compared with the whole model

space as informedby the data (see, for example, the pie charts
in Figs. 7 and 9).
In order to account for correlations in the different

contributions in Eq. (2.6) due to common parameter
choices and common ensembles, random sources, and
datasets, we use Gaussian error propagation, from the
software package GVAR [92]. Specifically, we perform
separate model averages for each contribution to aμ. To
account for statistical and parametric correlations between
each contribution, we perform these model averages in
series and compute the covariance via

Covstat½aiμ; ajμ� ¼
XNMi

m¼1

Covm½aiμ; hajμi�prðMi
mjDÞ; ð3:14Þ

where Covm½aiμ; hajμi� are the statistical and parametric
covariances between haiim (the individual model results
from fMi

mg) and hajμi (the model averaged over fMj
ng) and

are estimated using GVAR. Equation (3.14) is derived in
Appendix C under the assumption that the model spaces for
each respective contribution are independent, in which case
the covariance due to model spread cancels exactly. In
specific cases where there is significant systematic corre-
lation due to common model space, namely using the same
scheme for correcting for finite-volume effects in light-
quark observables, we adopt a conservative approach,
assuming 100% model correlation. The treatment of this
correlation adds the additional term

Cov½aiμ; ajμ� ¼ Covstat½aiμ; ajμ� þ σFVaiμ σ
FV
ajμ
; ð3:15Þ

where Covstat½aiμ; ajμ� is estimated using Eq. (3.14) and σFVaiμ
is the contribution to the systematic uncertainty of aiμ that is
associated with the spread of the finite-volume correction.
Equation (3.15) is used to account for correlations between
all;Wμ ðconnÞ, aWμ ðdiscÞ, and Δaud;Wμ ðSIB; connÞ. Details and
derivations of these covariance formulas are given in
Appendix C. We cross-check our variances obtained from
the GVAR approach against a global bootstrap-based
approach.
As a final note, the results for each observable obtained

from the empirical Bayes procedure, described in Sec. III C,
can be compared with what we obtain from the correspond-
ing BMA analyses when varying only the continuum fit
functions.We find good consistency in the central values and
errors reported from the two approaches, in line with the
findings of Ref. [13].

IV. WINDOW OBSERVABLES

A. Light-quark connected

The light-quark-connected contribution to aHVP;LOμ is
approximately 85% and 70% of the total intermediate- and
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short-distance windows, respectively. Hence, the uncer-
tainty on all;Wμ ðconnÞ and all;SDμ ðconnÞ is a limiting factor
on the uncertainty of the complete aWμ and aSDμ observables.
In this work, we update our previously published result for
all;Wμ ðconnÞ, which has a relative uncertainty of 0.5% [13].
This updated analysis includes new correlation function
datasets, generated using low-mode averaging on all
ensembles (see Sec. II C). These newly generated correla-
tion functions come with reduced statistical noise at large
Euclidean times. However, we find that the new data also
have better statistical precision at intermediate distances.
One of the significant sources of systematic uncertainty

in the result of Ref. [13] was the mistuned light-quark mass
on the 0.09 fm ensemble. To remedy this, we have
generated correlation function data on the new 0.09⋆ fm
ensemble, which has a better tuned light-quark mass,
yielding a pion mass within 2% of the physical value.
As a result, there now are no significant pion-mass
corrections needed for the entire light-quark-connected
dataset, when we apply the lattice corrections. Another
substantial source of uncertainty in the previous calculation
was the continuum extrapolation. Here, in order to con-
strain the continuum limit better, we include correlation
functions with a second vector-current discretization, the
one-link (taste-singlet) vector current [Eq. (2.20b)], on all
the ensembles. In addition, we include local and one-link
datasets on an ensemble with a lattice spacing of 0.04 fm,
the finest to date. We currently have fewer configurations
on this ensemble, relative to the other ensembles at coarser
lattice spacings. Nevertheless, the statistics is sufficient to
significantly improve our continuum-limit extrapolations
for the two window observables considered here. Visually,
the improved light-quark dataset is illustrated in Fig. 2 with
the specific number of configurations, sources, and eigen-
vectors used in these datasets given in Table IV.
With these improved data, we follow the analysis

strategy outlined above in Sec. III, which is similar to
the strategy detailed in Ref. [13]. We renormalize the

respective vector-current operators with the ZRI-SMOM
V

renormalization factors in Table III. This choice takes
advantage of the complete and precise set of local and
one-link RI-SMOM renormalization factors that are avail-
able from Ref. [59].
For the intermediate window observable, we create

datasets corrected for finite-volume and mass-mistuning
effects from the EFT-based correction schemes described in
Sec. III B. As already mentioned above, all the correlation
functions included in our analysis are generated on well-
tuned ensembles, so that quark-mass-mistuning corrections
are subleading. As a result, we are now able to ground all
corrections for quark-mass mistuning directly in EFT.
With the addition of a second current to our dataset, we

perform independent continuum-limit extrapolations, as
well as joint ones, to quantify the systematic uncertainty
due to residual discretization effects. In the BMA language,
these variations are performed by excluding the data for one
of the two currents from the continuum extrapolations. For
ensembles where we do not have an equal number of local
and one-link configurations (0.06 and 0.04 fm), we
compute the correlation matrix using the configurations
shared between both currents and rescale by the variances
on the full datasets to obtain the final covariance matrix.
Another consequence of including a second current in our
dataset is that we no longer include taste-breaking corrected
data in our Bayesian model average. We do, however, still
verify that datasets corrected for taste-breaking give con-
sistent results in the continuum. As mentioned in the
preceding section, we apply finite-volume corrections from
only the HP scheme, which are at the permille level, to the
short-distance observables. The subleading valence-mass
dependence in this window is being taken care of by the
mass term in the continuum fit function, Eq. (3.7).
After first verifying that independent continuum extrap-

olations of the local and one-link data agree, our analysis
strategy is to include joint, correlated fits to both currents
simultaneously. Because the leading discretization effects
in the one-link and local currents differ from each other (see
Appendix A), a combined fit gives us a strong handle on the
continuum extrapolation of allμ ðconnÞ. In this fit, the
continuum extrapolated value of allμ [aμ in Eq. (3.6)] and
the mass-mistuning coefficient Csea in Eq. (3.7) are shared
parameters.
The form of FaðaÞ for each observable is informed by

theoretical expectations for the two currents, as well as the
empirical Bayes procedure. In particular, the one-link current
has leading a2 discretization effects (Appendix A), so we do
not include any leading αs suppression. The empirical Bayes
procedure provides guidance for the highest-order discreti-
zation terms that can be resolved by our datasets. For
all;Wμ ðconnÞ, this corresponds to ana4 term in the fit function,
while forall;SDμ ðconnÞwe find that ana6 term is resolvable. In
our analysis, we therefore consider continuum-limit fit
functions that include terms up to a6 and a8 for

TABLE IV. Vector-current correlator datasets used in the
calculation of allμ ðconnÞ. The first column lists the approximate
lattice spacings in femtometers. The ensemble parameters are
contained in Table I. The second and third (fourth and fifth)
columns list the number of configurations and wall sources
analyzed for the local (one-link) current. The final column lists
the number of eigenvector pairs per configuration.

Local One-link

≈a=fm Nconf Nsrc Nconf Nsrc Neig

0.15 957 48 957 48 1000
0.12 1060 64 1060 64 2000
0.09⋆ 993 96 993 96 2000
0.06 1009 96 900 96 2000
0.04 313 144 256 144 2000
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all;Wμ ðconnÞ and all;SDμ ðconnÞ, respectively, in order to test for
stability of the extrapolated results.
The functional forms of FaðaÞ in Eq. (3.6) for the local

and one-link currents are then given by

Fa
localðaÞ ¼ Ca2;nðaΛÞ2αns þ

X4
k¼2

Ca2kðaΛÞ2k;

where n ¼ f0g; 1; 2; ð4:1Þ

Fa
one−linkðaÞ ¼ fCa2 logðaÞðaΛÞ2 logðaΛÞgþ

X4
k¼1

Ca2kðaΛÞ2k;

ð4:2Þ

where the terms representing the effects of log enhance-
ment (i.e., the terms within f…g) are included only for
extrapolations of the short-distance observable. Applying
the empirical Bayes procedure for both currents independ-
ently and simultaneously, we find the following consistent
results for Λ,

Λll;SD ¼ Λll;W ¼ 0.6 GeV: ð4:3Þ

We label fit functions with Ca6 ¼ 0 as “quadratic,” fit
functions with Ca8 ¼ 0 as “cubic,” and fit functions with all
terms listed in FaðaÞ as “quartic.” Given the additional data
point at 0.04 fm, as well as the second current, our
continuum extrapolation fit function variation basis has
expanded from Ref. [13]. With the constraint that we do not
perform fits with zero degrees of freedom or less, we now
include variations where we drop the two coarsest spacings,
not just the single coarsest. Due to the lower statistics at
0.04 fm, we also include variations for all;Wμ ðconnÞ where
this ensemble is dropped. Aside from the variations,
discussed above, where we drop one of the two currents
completely, we restrict our variations to ones in which the
ensembles are dropped for both currents simultaneously.8

For all;SDμ ðconnÞ, as indicated in Eqs. (4.1) and (4.2), we
include an extra subset of fit variations with leading a2 for
the local current and include a leading a2 logðaÞ for the
one-link current due to the short-distance log-enhancement
effects discussed in Appendix A. We cross-check this
theoretical expectation in our empirical Bayes analysis.
Specifically, for the one-link current, the data prefer a fit
function that includes the log-enhanced term. Without it,
the fit quality, as measured by the χ2=d:o:f: (degree of
freedom), is poor, and the continuum limits of the one-link
and local-current data are in tension with each other. In

contrast, for the local-current all;SDμ ðconnÞ data, the

empirical Bayes fits prefer a fit function without the log-
enhanced term.
In summary, our Bayesian model average incorporates

the following analysis variations:
(i) Finite-volume and mass-mistuning correction: For

all;Wμ ðconnÞ, variations from the following correction
schemes are considered: χPT (NLO and NNLO),
CM, and MLLGS. We always correct both currents
using the same scheme. In the case of MLLGS, we
do not perform extrapolations with the coarsest,
0.15 fm, data point as discussed in Sec. III B. For
all;SDμ ðconnÞ, we fix the finite-volume correction
scheme to HP and account for mass mistuning in
the continuum fit function.

(ii) Correction region [all;Wμ ðconnÞ only]: We include a
variation on the corrections where they are com-
puted from the range [0.7, 1] fm instead of over the
full W window interval. The reasoning for this is
discussed in Ref. [13].

(iii) Continuum fits: We perform continuum extrapola-
tions using all fit function variations described
above, including fits to the three and four finest
ensembles and four coarsest ensembles [all;Wμ ðconnÞ
only]. Also included are fits that drop one of the two
currents entirely.9

The result of applying the BMA procedure, with these
variations, for all;Wμ ðconnÞ is shown in Fig. 6. The top right
panel illustrates the continuum extrapolations using data
corrected with CM computed from the full window. The
dashed lines indicate the continuum extrapolations for each
dataset. In total, we include 640 fit results in the Bayesian
model average. The histogram of the fit central values is
shown in the top left panel of Fig. 6, where it is overlaid on
the BMA result (red line and bands) obtained using
Eqs. (3.10) and (3.11). We stress that this histogram is
not the same as the posterior distribution described by
Eqs. (3.10) and (3.11), since it shows only the mean values
obtained within each model and does not include the single
model variances. We also stress that the error band shown
does not represent a confidence interval obtained from the
histogram, since 100% of the models considered are
summed over to obtain the averaged result. The middle
panel shows the results from all the individual fits, ordered
by the model probability, in comparison with the BMA
result (red line and bands), while the bottom panel gives the
associated Q values computed from χ2aug [see Eq. (B4) of
Ref. [93] ]. We find that fits with higher Q values tend to
have the larger model probabilities.
Following Ref. [13], we also perform the Bayesian

model averages on specific subsets of the analysis

8We have verified that including variations where different data
points are dropped for the different currents gives a completely
consistent final BMA central value and uncertainty.

9We adjust the model priors, prðMÞ, of these variations so that
they are equal for each current subset, which accounts for the fact
that there are more variations for the local-current fits, due to
different powers of n in the leading a2αns term.
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variations. That is, we fix one of the analysis choices but
vary the rest as usual. The results of these subset averages
for all;Wμ ðconnÞ are shown in Fig. 7 (left). The top data point
is the BMA result from Fig. 6. The four following data
points correspond to model subsets for the lattice correc-
tions that are separately limited to each of the four schemes
(NLO χPT, NNLO χPT, CM, MLLGS). We find tension
between the CM scheme and the others, which yields a
significant contribution to the systematic uncertainty in our
full BMA result. The next three points correspond to model
subsets that either do or do not include one of the two
currents in the extrapolation, with joint fits including both.
We find that these results are in strong agreement with each
other, with a gain in precision from performing the joint
fits. The following 14 data points are subsets of the
continuum extrapolation where the highest-order discreti-
zation term is varied, and specific lattice spacings are
dropped. We specify these subsets for the local current with
unfilled symbols and the one-link current with filled
symbols. Here, dropping our two coarsest ensembles or
the finest results in the most variation. The next two data
points break the fit function basis into two subsets based on
if the mass-mistuning term is included or not. The results

here are consistent for these variations. Finally, we split the
fit function basis into fits with different leading powers of
αs. We find the BMA does not significantly discern among
the powers of αs in the leading term for the local current
(unfilled circles). Below the dashed line we include the
result obtained by performing all the variations described
above and, in addition, including corresponding variations
for each scheme including taste-breaking corrections, i.e.,
increasing the size of the model space by a factor of 2. We
find this result is consistent with our final BMA result.
The relative probabilities of these subsets, as defined in

Eq. (3.13), are shown in Fig. 7 (right). The top pie chart
shows that the correction schemes have roughly equal
weight in the BMA, with MLLGS being smaller than the
others. This is due to the fact that the number of models
with MLLGS corrections is smaller as we do not include
variations where the coarsest data point is included, as
discussed above. The second pie chart from the top shows
the subset probabilities for performing either joint extrap-
olations or dropping one of the two currents. We see a
strong preference for performing the joint extrapolations,
largely due to the penalty incurred from dropping the five
data points, which corresponds to the full current that is

FIG. 6. Results of the BMA procedure applied to all;Wμ ðconnÞ. Upper left: histogram of all continuum extrapolations used in the BMA,
the inner light red band corresponds to the first term in Eq. (3.11), while the outer is the total error. Upper right: the subset of datasets and
extrapolations corresponding to correcting the local (blue unfilled) and one-link (purple filled) currents with the CM. Different
extrapolations correspond to variations of the fit function and ensembles included. Lower: the best fits according to the model
probability, Eq. (3.12). The middle panel shows the joint-fit results, while the bottom one shows the corresponding Q values [93]. In
both panels, the correction schemes employed for ΔFV and ΔMπ

are indicated by the symbols’ color, according to the legend in the
middle panel.
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dropped. The third and fourth pie charts, on the same row,
indicate that quadratic continuum fit functions are preferred
for the local current whereas cubic fit functions are
preferred by the one-link current, likely due to the signifi-
cantly larger discretization effects in the one-link current. In
the following pie charts, we observe a preference for
continuum fits where the mass-mistuning term is switched
off, again due to the penalty incurred in the BAIC for the
additional fit parameter. Finally, in the last pie chart, we see
a slight preference for a leading power of αs for the local
current.

The result of applying the BMA to all;SDμ ðconnÞ is shown
in Fig. 8. Here, we plot all the joint continuum extrapolations
to the two current dataset. In total, there are 126models in our
BMA corresponding solely to continuum fit function varia-
tions.As expected, the short-distancewindowobservable has
much larger discretization effects than all;Wμ ðconnÞ. In
particular, the one-link current has a leading a2 discretization
effect, which leads to a logarithmic enhancement, as dis-
cussed in Appendix A. Due to these large discretization
effects, some fit functions without higher-order terms are
heavily suppressed in the Bayesian model average. This can

FIG. 7. Breakdown of the results from the BMA applied to all;Wμ ðconnÞ. Left: from top to bottom, the first, main result (BMA) includes
all datasets, schemes, and other variations. The next block of results are the schemes for finite-volume and pion-mass corrections. The
following three are continuum extrapolations where either neither or one of the two currents is dropped. The next 14 are subsets with
specific continuum fit functions, corresponding to quadratic and cubic, as well as omitting various subsets of the 0.15, 0.12, or 0.04 fm
ensembles. The unfilled circles correspond to the local current, the filled to the one-link current. The next two correspond to continuum
fits with or without the mass-mistuning term. The penultimate three are subsets with differing leading powers of αs in the fit function
where, again, unfilled symbols are the local current and the filled symbols are one-link current. Finally, below the dashed line, not
included in the final BMA result, is the value one obtains if the model space is doubled by adding the original variations but with the
corresponding taste-breaking corrections. The inner error bars on the data points correspond to the first term in Eq. (3.11), while
the outer is the total error. Right: pie charts showing the contributions to the BMA corresponding to the breakdowns in the left panel. The
percentages are computed from Eq. (3.13) for the particular subsets. In the case of the continuum fit function subsets, which are broken
up into local and one-link current variations, the left pie-chart corresponds to the local current and the right to the one-link.
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be seen in the second and third pie charts in Fig. 9 where the
quadratic fit function is insufficient in capturing the curvature
over all five ensembles. In this window, we find significant
improvement when performing joint fits as opposed to fits
where one of the two currents is dropped. The differing

leading discretization effects seem to constrain the con-
tinuum result significantly. On the other hand, the fits to just
the one-link current result in a very large uncertainty due to
the leading a2 logðaÞ dependence. All other fit function
variations are reasonably consistent with each other.
However, we do observe a large increase in uncertainties
when dropping the two coarsest spacings. Finally, we find
that the BMA shows no preference for the power of αs in the
leading term of the local-current fit function. Other than
slightly larger errors in the leading a2 fits, we see almost
exactly equal results and subset probabilities.
Our final determinations of all;SDμ ðconnÞ and all;Wμ ðconnÞ

are given in Sec. V, specifically Eqs. (5.1) and (5.9). We
compare these results with previous determinations in
Figs. 25 and 26, respectively.

B. Strange and charm

As discussed in Sec. II A, the strange- and charm-quark-
connected contributions to aHVP;LOμ are the next largest after
the light-quark connected in the short- and intermediate-
distance windows. Specifically, as can be seen in Fig. 1, the
charm contribution is the second largest to aSDμ while the
strange contribution is the second largest to aWμ . In fact,

FIG. 8. Results of the BMA procedure applied to all;SDμ ðconnÞ.
Left: histogram of all continuum extrapolations used in the BMA,
the light red band is the BMA result. Right: the subset of datasets
and extrapolations corresponding to the two different currents.

FIG. 9. Breakdown of the results from the BMA applied to all;SDμ ðconnÞ (see caption of Fig. 7 for a description of the figure).
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almost all the charm contribution is contained in the SD
window region, with the W window region containing only
a contribution from the long-distance tail of the charm-
quark vector-current correlation function. Fortunately, the
strange and charm correlation functions do not suffer from
the same signal-to-noise issues in the tail as the light-quark
contribution does. Additionally, the effects of finite volume
and taste breaking are negligible at the level of precision we
require. Hence, the analysis of these two contributions is
much simplified compared with observables that contain
light quarks.
Our strange and charm datasets are obtained using the

local current and have equivalent statistics, with the specific
numbers of configurations and sources used in the analysis
given in Table V. All ensembles have tuned masses within
4% of the physical strange and charm mesons in Sec. II B,
which can be seen from Table II. The strange and charm
local vector currents are renormalized with both sets of
factors (ZFF

V;local, ZRI-SMOM
V;local ) given in Table III. The two

renormalizations have different discretization errors but
should yield consistent results in the continuum limit.
Because discretization errors can be a more significant
source of uncertainty for the heavier flavors, we use both
renormalization schemes in our strange and charm analysis
to improve control over the continuum-limit extrapolation.
The observables ass;SDμ ðconnÞ, ass;Wμ ðconnÞ, acc;SDμ ðconnÞ,
and acc;Wμ ðconnÞ are computed on each ensemble. We
perform continuum extrapolations with the local continuum
fit function Fa

local [Eq. (4.1)] in Eq. (3.6). For the charm
extrapolations, we modify the mass-mistuning term
FMðMAÞ [Eq. (3.7)] with

FM
charmðMAÞ ¼ FMðMAÞ þCcharm

MDs;phys −MDs;latt

MDs;phys
ð4:4Þ

to account for mistuning of the charm-quark mass. The
values of the Ds mass on each ensemble are given in
Table II. We use a Gaussian prior of Ccharm ¼ 0ð1Þ,
following Ref. [60]. Mistuning of the strange-quark mass
is captured by the existing sea-mass correction term in

FMðMAÞ; as previously stated, we find that our results are
insensitive to the stability prior on this term. From our
empirical Bayes procedure we find

Λss;SD ¼ Λss;W ¼ 0.65 GeV; ð4:5Þ

Λcc;SD ¼ Λcc;W ¼ 1.3 GeV: ð4:6Þ

We also find that the charm data are sensitive to higher-order
discretization terms (a6, a8) while strange data are not. As
before, we limit our continuum fit variations to ones inwhich
the degrees of freedom are non-negative, using the prior of
Eq. (3.9) when necessary to regulate the degrees of freedom.
The results of these continuum extrapolations are shown

in Fig. 10 for ass;Wμ ðconnÞ (top left) and acc;Wμ ðconnÞ (top
right). For ass;Wμ ðconnÞ, in the right panel, 12 continuum fit
variations are performed for the two choices of renormaliza-
tion factor given in Table III. The histogram of the fit central
values is shown in the left panel with the BMA mean and
errors, Eqs. (3.10) and (3.11), given by the red line and inner
[first term in Eq. (3.11)] and outer bands (total error). Here,
the error is dominated by the first term in Eq. (3.11); hence,
only the inner band is visible. In the bottom left plot of
Fig. 10, the models are broken up into labeled BMA subsets.
We find these subsets are all consistent with our full BMA
result (red). For acc;Wμ ðconnÞ, Fig. 10 (top right), we have 16
fit variations (four additional variations from including the
Ca8 term). We observe that the charm data have additional
curvature compared with ass;Wμ ðconnÞ over the range of
lattice spacings we compute. And indeed, we find that fit
variations with just quadratic terms are not enough to capture
this curvature. This can be seen in Fig. 10 (bottom right),
where the quadratic continuum extrapolations subset value
appears off the plot. From the corresponding pie chart on the
right,we observe that BMAsuppresses the contribution from
this subset, indicating very poor fit quality. Aside from this,
all other model variation subsets are in good agreement with
our BMA result. The consistency of the quartic subset of fits
with everything else indicates that we have stability with
respect to adding higher-order terms.
Continuum extrapolation results for ass;SDμ ðconnÞ and

acc;SDμ ðconnÞ are shown in Fig. 11, (top left) and (top right),
respectively. The total fit variations are increased for both
strange and charm over the aWμ case due to the inclusion of
variations with a leading a2 term, as in the case of the light
quark, to test for any log-enhancement effects. As before, we
find additional curvature in the charm contribution over the
strange. In Fig. 11 (bottom), the breakdown of these
extrapolations into labeled BMA subsets is given. We find
that for ass;SDμ ðconnÞ (left) we have consistent results for all
model subset variations, with the quadratic fits to the full
dataset being preferred by the BMA. We also see no
preference for the power of αs. For a

cc;SD
μ ðconnÞ (right),

as in the case of acc;Wμ ðconnÞ, we find that quadratic fits are

TABLE V. Vector-current correlator datasets used in the cal-
culation of the strange- and charm-quark-connected contributions
to aSDμ and aWμ . The first column lists the approximate lattice
spacings in femtometers. The parameters for these ensembles are
contained in Table I. The second column lists the number of
independent configurations analyzed after binning, as discussed
in Sec. II C. The third column lists the number of random-wall
source solves per configuration.

≈a=fm Nconf Nsrc

0.15 1001 48
0.12 298 64
0.09⋆ 252 48
0.06 158 24
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insufficient to capture the curvature of the full dataset.
Outside this particular set of fits, we observe some spread
in the remaining variations, though all are statistically
consistent with each other and encapsulated by the BMA
uncertainty.
Our final determinations of ass;SDμ ðconnÞ, acc;SDμ ðconnÞ,

ass;Wμ ðconnÞ, and acc;Wμ ðconnÞ are given in Sec. V, specifi-
cally Eqs. (5.2), (5.3), (5.10), and (5.11). We compare these
results with previous determinations in Figs. 25 and 26,
respectively.

C. Disconnected

For the disconnected contribution, our dataset spans only
our three coarsest lattice spacings (see Fig. 2), which leads
to two technical complications. First, MLLGS is not usable

at the coarsest spacing (see Sec. III B), so we exclude it
from our set of correction schemes. Second, being limited
to three spacings constrains the continuum-limit extrapo-
lation variations, which we usually take to be at least
quadratic and hence have three parameters at minimum. A
taste-singlet current is necessarily employed, hence we use
the one-link discretization, Eq. (2.20b), along with the
renormalization factor ZRI-SMOM

V;one-link from Table III. We also
use no mass-mistuning term, as it cannot be resolved with
only three data points. Ensembles and corresponding
statistics are given in Table VI.
For aWμ ðdiscÞ, we perform FV, Mπ , and TB corrections

as described in Eqs. (3.3)–(3.5) of Sec. III B. We
consider the CM scheme along with NLO and NNLO
χPT. The empirical Bayes procedure described in Sec. III
yields

FIG. 10. Results of the BMA procedure applied to ass;Wμ ðconnÞ (left) and acc;Wμ ðconnÞ (right), respectively. Upper plots, right: all
continuum extrapolations used in the BMA for the respective observables. Upper plots, left: histogram of all continuum results. The red
line and bands are the corresponding BMA result, where the inner light red band corresponds to the first term in Eq. (3.11), while the
outer is the total error. Lower plots, left: breakdown of BMA result into model subsets. From top to bottom, the main BMA result,
containing all variations. After, the two data subsets using the two local-current renormalization factors in Table III. The next group are
subsets using specific continuum fit functions: quadratic, quadratic without the 0.15 fm data point, or cubic. The quadratic data point for
acc;Wμ ðconnÞ is outside the range of the x-axis. For this contribution, we also include a quartic variation. The final two data points are
subsets with differing leading powers of αs in the fit function. The inner error bar on the data points corresponds to the first term in
Eq. (3.11), while the outer is the total error. Lower plots, right: pie charts show the relative contributions to the BMA corresponding to
the breakdowns in the left panel. The percentages are computed by summing over Eq. (3.12) for the particular subsets, as in Eq. (3.13).
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Λdisc;W ¼ 0.9 GeV: ð4:7Þ

We observe that our dataset cannot significantly resolve
terms beyond the leading a2 for aWμ ðdiscÞ. Hence, our
continuum fits in Eq. (3.6) utilize

Fa
discðaÞ ¼

Xm
k¼1

Ca2kðaΛÞ2k; ð4:8Þ

where m ¼ 2 or 3, and we introduce the prior Eq. (3.9) on
all terms with k ¼ 2 or 3.
For the short-distance observable, as discussed in

Sec. III B, we include the HP FV correction. We find that
the data in this window are highly nonmonotonic, which
makes it challenging to assign reasonable priors. Hence, we
use Eq. (4.8) with k ¼ 1 and k ¼ 2. When k ¼ 1 we carry
out “solves,” i.e., zero degree-of-freedom parametrizations,
to the finest two and coarsest two points, along with a fit to
all three. When k ¼ 2 we solve for all three. Rather than
using BMA, we take the difference between extreme results
as a conservative systematic uncertainty, while the spread
of the central value over the bootstrap bins is used for the
statistical uncertainty.
Our BMA procedure applied to aWμ ðdiscÞ is shown in

Fig. 12. The BMA runs over the schemes, NLO, NNLO,
and CM, and for each scheme, over quadratic and cubic
Ansätze, with and without taste breaking, which yields a
total of 12 models. We see that most extrapolations are in
good agreement, except for NNLO with TB. These

FIG. 11. Results of the BMA procedure applied to ass;SDμ ðconnÞ and acc;SDμ ðconnÞ, respectively. See caption of Fig. 10 for a description
of each plot.

TABLE VI. One-link current correlator datasets used in the
calculation of the disconnected contribution to aSDμ and aWμ . The
first column lists the approximate lattice spacings in femtometers.
The parameters for these ensembles are contained in Table I. The
disconnected correlator data for the coarsest two ensembles are
the result of combining two datasets, each analyzed at the outset
by separate groups of authors. The second column lists the
number of independent configurations analyzed by each group,
respectively. The third column lists the number of volume
random sources per configuration, while the fourth column gives
the number of eigenvectors. One dataset employs eigenvectors;
the other, indicated by the � � �, does not.
≈a=fm Nconf Nsrc Neig

0.15 645, 1047 256, 256 350; � � �
0.12 150, 562 500, 256 300; � � �
0.09 705 1000 1000
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extrapolations tend to increase the model spread, and
correspondingly, we see that our final uncertainty has a
considerable systematic component, represented in light
red. Ultimately, the influence of our NNLO points with TB
is attenuated by the fact that they comprise only 2 of 12
models, represented in the histogram of Fig. 12. A break-
down of the BMA results is shown in Fig. 13.
Our procedure for computing aSDμ ðdiscÞ is illustrated in

Fig. 14.10 The extreme values used to estimate our
systematic error come from the linear solve to the coarsest
two spacings and the quadratic solve to all three, which can
be seen in the left plot. The motivation for this conservative
estimate lies in the interplay between the SD window
function and the behavior of the disconnected correlator. In

particular, as t=a crosses the SD window boundary, the
disconnected correlator sharply varies from positive to
negative. As a result, due to the ensembles used in this
work, there are significant discretization effects. This is
further complicated due to the presence of the oscillating
terms in staggered correlation functions; whether there is an
“up” or “down” oscillation at the window boundary varies
for each lattice. This is likely the source of the observed
nonmonotonicity in aSDμ ðdiscÞ, and without understanding
in detail how this interplay is resolved at finer spacings, it is
difficult to constrain the continuum behavior.
The pQCD prediction of Eq. (4.26) is consistent within

this large systematic. In the right plot, we see the spread of
midpoints coming from the procedure in the left plot
carried out in each bootstrap sample. For this observable,
the systematic uncertainty dwarfs the statistical uncertainty.
Calculations at finer lattice spacings are needed to clarify
the continuum-limit behavior of this observable.
Our final determinations of aSDμ ðdiscÞ and aWμ ðdiscÞ are

given in Sec. V, specifically Eqs. (5.4) and (5.12). We
compare these results with previous determinations in
Figs. 25 and 26, respectively.

FIG. 12. Results of the BMA procedure applied to the disconnected contribution in the intermediate window with 12 models in total.
The final BMA result is shown in light red, where the inner and outer bands correspond to the error coming from the first term in
Eq. (3.11) and the total error, respectively. Upper left: histogram of aWμ ðdiscÞ, weighted by prðMjDÞ. These results come from the
bootstrap, carrying out fits in each sample. Upper right: continuum-limit extrapolations. Data without TB corrections are indicated with
circles, while data with TB corrections are indicated with squares. Middle: results of the continuum fits for individual models going into
the BMA, plotted against their model weight. Models without TB corrections are gray in the lower half of their symbols. Lower:
goodness of fit Q computed from χ2aug plotted against the model weight.

10As mentioned earlier, we do not treat the extrapolation of
aSDμ ðdiscÞ as an expansion about the continuum value. Therefore,
we are unable to enforce any sensible priors on the discretization
terms, and hence, the fits are insensitive to the choice of Λ.
Nevertheless, we take Λdisc;W from Eq. (4.7) as our preferred
choice to scale the abscissa in this figure, keeping it consistent
with Fig. 12.
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D. Strong-isospin breaking

The SIB correction [Eq. (2.7)] can be broken up into
connected and disconnected contributions,

Δaudμ ðSIBÞ ¼ Δaudμ ðSIB; connÞ þ Δaudμ ðSIB; discÞ; ð4:9Þ

where

Δaudμ ðSIB; connÞ≡ audμ ðconnÞ − allμ ðconnÞ; ð4:10Þ

Δaudμ ðSIB; discÞ≡ audμ ðdiscÞ − aμðdiscÞ: ð4:11Þ

The last terms on the rhs of Eqs. (4.10) and (4.11)
correspond to the isospin-symmetric quantities in
Secs. IVA and IV C; however, we estimate the rhs
differences with distinct analyses to maximize the power

of the statistical correlations. These two contributions are
computed from different datasets, as shown in Fig. 2.
Specific numbers of configurations and sources are given in
Table VII. The connected SIB-correction dataset is gen-
erated using the local vector current, whereas the discon-
nected-contribution dataset uses the one-link (taste-singlet)
current. Furthermore, the connected SIB analysis employs
correlator data generated at 0.12 and 0.15 fm using the
TSM to maintain correlations between the different
valence-quark flavors. For the 0.15 fm disconnected data-
set, where we do not have an equal number of configu-
rations between ll and ud datasets, we compute the
correlation matrix using the configurations shared between
both datasets and rescale by the variances on the full
datasets to obtain the final covariance matrix. The local
(one-link) vector currents are renormalized with ZFF

V;local

(ZRI-SMOM
V;one-link ) given in Table III. The differences between the

connected and disconnected SIB datasets lead to different
analysis strategies for each observable. Here, we describe
each of these analyses for both aWμ and aSDμ . The SIB
correction is a low-energy effect with about 90% coming
from t ≥ 1 fm, 10% from theWwindow region, and almost
nothing from the SD window region.
Our final determinations of Δaud;SDμ ðSIB; connÞ,

Δaud;SDμ ðSIB; discÞ, Δaud;Wμ ðSIB; connÞ, and Δaud;Wμ ðSIB;
discÞ are given in Sec. V—specifically Eqs. (5.5), (5.6),
(5.13), and (5.14), respectively—with complete error
budgets for the aWμ and aSDμ observables in Tables VIII
and IX, respectively. A comparison of Δaud;Wμ ðSIB; connÞ
and Δaud;Wμ ðSIB; discÞ with previous results from other
groups is given in Fig. 27.

1. Connected strong-isospin breaking

The connected SIB dataset is obtained using the local
current (see Table VII). These data span four lattice

FIG. 13. Breakdown of the results from the BMA applied to
aWμ ðdiscÞ. This breakdown is done in the same manner as Fig. 7.

FIG. 14. Results for aSDμ ðdiscÞ. Left: three solves and a linear fit in the original dataset. The midpoint between the extreme results in the
continuum limit is taken as an estimate of our central value, and half the spread between the extreme results is taken as an estimate of the
systematic error. The red line gives the pQCD prediction, Eq. (4.26). Right: histogram of bootstrap results for the central value. A
Gaussian with mean and standard deviation taken to be the median and half the difference between the limits of the middle 68% region
of the histogram is shown in black for comparison.
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spacings in [0.06, 0.15] fm across six ensembles and are
evaluated at various isospin-symmetric light-pion masses;
these masses are given in Table II. The data on the 0.15,
0.150, and 0.12 fm ensembles are tuned near the physical
uu, ll, and dd values, as defined in Sec. II B. The 0.09 fm
ensemble includes the mistuned (unitary) and retuned light
mass values discussed in Ref. [13] (labeled ll and rr,
respectively) as well as a physical dd point. The 0.09⋆ fm
ensemble includes nearly physical ll and dd values and a
point at the harmonic-mean-square mass hh defined in
Sec. II C. The unphysical mass points on the 0.09 fm
ensembles help constrain the mass dependence of the
chiral-continuum extrapolation. The 0.06 fm ensemble is
evaluated only at a nearly physical ll point, which helps
constrain the lattice-spacing dependence of the chiral-
continuum extrapolation.
We compute a

lqlq
μ ðconnÞ at each lattice spacing and

available valence-quark content qq in both the W and SD

window regions. The notation “a
lqlq
μ ” denotes the light-quark

contribution allμ (i.e., including the light-quark charge factor
defined in Sec. II A) evaluated at theqqmesonmass.We then
perform a chiral-continuum fit to these data for eachwindow.
The results of the fit are then used to extrapolate to the
continuum and the physical uu, ll, and dd meson masses
defined in Sec. II B. These values are then used to compute
the SIB correction according to Eq. (4.10), where

audμ ðconnÞ ¼ auuμ ðconnÞ þ addμ ðconnÞ; ð4:12Þ

auuμ ðconnÞ ¼ q2u
q2l

aluluμ ðconnÞ; ð4:13Þ

addμ ðconnÞ ¼ q2d
q2l

aldldμ ðconnÞ: ð4:14Þ

In Eq. (4.10), the value of allμ ðconnÞ comes from the SIB
analysis rather than the value obtained in Sec. IVA to

preserve its correlations with auuμ ðconnÞ and addμ ðconnÞ,
which are not directly available from the analysis in
Sec. IVA. We choose to do a joint fit to the lattice-spacing
and pion-mass dependencies here, as opposed to computing
Δaudμ ðSIB; connÞ at finite lattice spacing and taking the
continuum limit (cf. Sec. IVD 2). This allows us to take
advantage of the data available on the finer ensembles 0.06,
0.09, and 0.09⋆ fmwhere the set of all three physical masses
fuu; ll; ddg is not complete.
The form of the chiral-continuum fit Ansätze is a

modified version of the one used to perform data-driven
Mπ mistuning corrections in our previous intermediate
windows calculation [13] and is given by

a
lqlq
μ ða;Mπ;MAÞ ¼ a

lqlq
μ ða;MπÞ½1þ FMðMAÞ�; ð4:15Þ

where we take

a
lqlq
μ ða;MπÞ ¼ c−1ðaÞhðMπ=ΛÞ þ c0ðaÞ þ c1ðaÞðMπ=ΛÞ2;

ð4:16Þ

ciðaÞ ¼
Xni
j¼0

cijðαδ1js ÞνðaΛÞ2j; i∈ f−1; 0; 1g: ð4:17Þ

The term FMðMAÞ is given by Eq. (3.7), and Λ ¼ 0.6 GeV
as in Eq. (4.3). The variations of the fit form above included
in the BMA are as follows:

(i) Powers of M2
π: The pion-mass dependence in

Eq. (4.16) is varied through the choice of the
function hðxÞ, which is taken to be one from the
set f0; x−2; log x2; x4g for aWμ observables and
f0; log x2; x4g for aSDμ observables. At short distan-
ces, the mass dependence is expected to mild;
indeed, we find that the term hðxÞ ¼ x−2 does not
describe our data. The forms of these variations are
inspired by chiral perturbation theory [94,95]; see

TABLE VII. Vector-current correlator datasets used in the calculation of Δaudμ ðSIBÞ. The first column lists the approximate lattice
spacings in femtometers. The ensemble parameters are contained in Table I. The second through fourth (sixth through eighth) columns
list the valence-quark flavors, the number of configurations and wall sources (volume sources) analyzed for the local (one-link) current
used in the Δaudμ ðSIB; connÞ [Δaudμ ðSIB; discÞ] analysis, respectively. The fifth column lists the number of eigenvector pairs per
configuration where applicable for the local current.

Connected (local) Disconnected (one-link)

≈a=fm qq Nconf Nwall
src Neig qq Nconf Nvolume

src

0.150 uu=ll=dd 4949 48a � � � � � � � � � � � �
0.15 uu=ll=dd 10019 48a � � � ud 1047 256a

ll 1692
0.12 uu=ll=dd 9637 64a � � � ud=ll 712 500a

0.09 ll=rr=dd 1000 48 2000 ud=ll 705 1000a

0.09⋆ hh=ll=dd 993 96 2000 � � � � � � � � �
0.06 ll 1009 96 2000 � � � � � � � � �

aIndicates data generated with the truncated solver method and without eigenvectors.
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Ref. [13] for further discussion. In addition to the
variations used in Ref. [13], we include the hðxÞ ¼ 0
variation. Other forms of the Mπ dependence are
also considered, namely other two-term variations
including either M−2

π and M0
π terms or logM2

π and
M0

π terms, i.e., with hðxÞ in fx−2; log x2g but no M2
π

(i ¼ 1) term. These variations have negligible
weight in the BMA due to a poor goodness of fit
and thus are not included in the final analysis.

(ii) Order in a2: The a2 dependence is controlled by the
parameters fnig, which are the upper limits of the
sums in Eq. (4.17). We take n0 ¼ 0, 1, 2, 3 and
ni≠0 ¼ 0, 1, 2 with the additional constraints that
minðfnigÞ ≥ 1, and no fits with a negative number of
degrees of freedom are included.11

(iii) αs dependence of the leading-order a2 term: The
dependence on the strong coupling αs is controlled
by the parameter ν in Eq. (4.17), which sets the
power of the αs prefactor in the a2 terms in the fit.
For Δaud;Wμ ðSIBÞ, ν ¼ 0, 1, 2 variations are in-
cluded, while for Δaud;SDμ ðSIBÞ, only the ν ¼ 0
variation is included for reasons discussed in Ap-
pendix A.

(iv) Sea-mass corrections: The form of the sea-mass
correction FMðMAÞ is the same as in Eq. (3.7). For
the 0.150 fm ensemble, which has distinct up and
down sea-quark masses, an additional term is
included to correct ΔM2

K defined in Eq. (2.15).
Specifically,

FM
0.150 fmðMAÞ ¼ Csea

X
A¼π;K;ΔK

M2
π;phys

M2
A;phys

δM2
A;

δM2
ΔK ¼ ΔM2

K;phys − ΔM2
K;latt

2B0Λ
: ð4:18Þ

Variations with and without the sea-mass correction
term are included.

(v) Finite-volume corrections: For aWμ , four of the finite-
volume correction schemes introduced in Sec. III are
included, namely χPT (NLO and NNLO), CM, and
HP schemes; note that pion-mass mistunings are
corrected through the data-driven approach de-
scribed above. For reasons discussed in Sec. III B,
MLLGS is not usable at the 0.15 fm points. This
means that all chiral-continuum fit variations in the
MLLGS scheme would be based on only two lattice
spacings with which to resolve the mass dependence
([0.09, 0.12] fm); therefore, we do not use MLLGS

for aWμ . For aSDμ , finite-volume corrections obtained
in only the HP scheme are included for reasons
discussed in Sec. III B. Unlike many of the other
observables, taste-breaking corrections in part can-
cel when computing Δaudμ ðSIBÞ and hence have
virtually no impact on the continuum limit. Thus, no
variations that include taste-breaking corrections are
considered here.

(vi) Data subsets: In addition to using the full range of
lattice spacings over [0.06, 0.15] fm, we also include
variations that exclude the coarsest ensembles at
0.15 fm and the finest ensemble at 0.06 fm. The
former variation is considered since it reduces
discretization effects in the chiral-continuum
extrapolation. The latter is considered since the
0.06 fm ensemble includes only the ll point and
thus does not help constrain the Mπ dependence in
the chiral-continuum extrapolation; in practice, the
presence of the 0.06 fm point negligibly affects the
continuum value of Δaudμ ðSIB; connÞ. In fits that cut
away data, the maximum order of the a2 dependence
is reduced to avoid fits with a negative number of
degrees of freedom. Hence, the constraints listed
above become n0 ¼ 0, 1, 2 and ni≠0 ¼ 0, 1 for fits
over the range [0.06, 0.12] fm and ni ¼ 0, 1, 2 for
fits over the range [0.09, 0.15] fm.12

We impose the Gaussian prior constraint discussed in
Sec. III C on the sea-mass correction; all other parameters
are unconstrained. Because of combinatorial effects intro-
duced by the degree-of-freedom counting discussed above,
there would be a priori model biasing introduced by a
naive, flat model-prior probability prðMÞ ¼ 1=NM in
Eq. (3.12). For example, there are more possible fit
variations for each of hðxÞ in fx−2; log x2; x4g than those
with hðxÞ ¼ 0 because, in the latter case, there are no
additional variations from the c−1ðaÞ polynomial. This
discrepancy biases the final BMA result by disfavoring the
hðxÞ ¼ 0 variations. To account for such biases, the model-
prior probabilities are chosen to approximately eliminate
this bias over the data subset and Mπ dependence varia-
tions. Specifically, denoting a model fit to data subset s
with Mπ dependence h as Ms;h, we take

prðMs;hÞ ¼
1

Nsubsets

1

NMπ

1

Ns

1

Nh
; ð4:19Þ

where Nsubsets is the number of data subset variations in the
model space (three here), NMπ

is the number of different
Mπ variations (four for aWμ , three for aSDμ ), Ns is the number

11A naive frequentist degree-of-freedom counting would in-
dicate some fits with sea-mass corrections have a negative
number of degrees of freedom; however, the tight prior on
Csea (see Sec. IVA) leads to a positive number of Bayesian
degrees of freedom for these fits.

12The fits on only [0.06, 0.12] fm remove uu, ll, and dd data at
0.15 fm, so the maximum ni≠0 is reduced. The fits on only [0.09,
0.15] fm remove ll data and thus do not have a reduced range of
ni≠0 values.
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of models fit to the data subset s, and Nh is the number of
models with the Mπ dependence h.
The results of the BMA procedure with the variations to

Δaud;Wμ ðSIB; connÞ listed above are shown in Fig. 15. The
top panel shows the best-fit chiral-continuum extrapola-
tions evaluated at the physicalMuu

π ;Mll
π ;Mdd

π masses versus
the lattice spacing; extrapolation curves are shown relative

to the center value of the physical ll curve a
lqlq
μ ða;Mll

π Þ. The
bottom panels summarize the results of all fits as a
weighted histogram (left panel) and versus their respective
model probabilities (right panel) compared with the BMA
result (red line and bands).
Similar to previous sections, we perform Bayesian model

averages over subsets of the model space, holding a single
model choice fixed while varying the others. The results of
this procedure for Δaud;Wμ ðSIB; connÞ are shown in Fig. 16.
The individual model subset averages are shown on the left

and the relative probabilities of these subsets, as defined in
Eq. (3.13), are shown on the right. The full BMA result is
shown on the top of the left panels and in the corresponding
red line and bands. The four following points on the left and
top pie chart on the right correspond to the four finite-
volume schemes (NLO and NNLO χPT, CM, and HP). The
next three points and corresponding pie chart shows the
three data subset variations. We see that the results for
Δaud;Wμ ðSIB; connÞ are fairly insensitive to data cuts, with
the full dataset being favored by the BMA due the Ncut
penalty in Eq. (3.12). The next seven points and two pie
charts correspond to variations in the lattice-spacing
dependence (first three points and pie chart) and Mπ

dependence (next four points and pie chart) in the chi-
ral-continuum fit Ansätze. The next two points and corre-
sponding pie chart show the effect of including the sea-
mass correction or not. Again, this correction has a small

FIG. 15. Results of the BMA procedure applied to Δaud;Wμ ðSIB; connÞ. Upper: the chiral-continuum fit with the maximum model
probability, as well as the corresponding data, relative to the central value of the extrapolation curve evaluated at the physical ll point.
The curves are extrapolations evaluated at physical pion masses for auuμ ðconnÞ, allμ ðconnÞ, and addμ ðconnÞ (light cyan, orange, and purple
bands, respectively); the data match this coloring except for the mistuned ll point at 0.09 fm (pink) and the hh point at 0.09⋆ fm (teal).
Data from the 0.09 and 0.150 fm ensembles include a small, rightward offset for visual clarity. The symbol shapes indicate that the data
are corrected with the CM finite-volume scheme (see description of the lower right panel). Lower left: model probability-weighted
histogram of all continuum Δaud;Wμ ðSIB; connÞ extrapolations used in the BMA. Lower right: individual model predictions of
Δaud;Wμ ðSIB; connÞ versus the corresponding model probability defined in Eq. (3.12). Note that the model probabilities decrease in
going from left to right. The colors and symbols indicate the finite-volume scheme of each fit. Models with prðMjDÞ < 10−4 are not
shown. In the lower panels, the BMA result is shown in light red, where the inner and outer bands correspond to the error coming from
the first term in Eq. (3.11) and the total error, respectively.
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impact on the final BMA results. The last three points and
corresponding pie chart shows the αs dependence varia-
tions. While the results vary slightly with different powers
of αs, none of these variants is favored over the others by
the BMA.
As expected from Fig. 3 and shown in Figs. 15 and 16,

the tension between the CM scheme and the other schemes
informs the estimate of the corresponding systematic error
for this observable. We emphasize that the systematic error
estimate from the BMA already properly accounts for the
spread due to the outliers.
As a cross-check, we can compare the EFT-based

corrections for ΔMπ
defined in Sec. III B with a data-driven

estimate that can be obtained from the Δaud;Wμ ðSIB; connÞ
BMA. Specifically, we perform a Bayesian model average
for the difference in aWμ between the fit results at the
physical pion masses and measured lattice pion masses for
each ensemble and pion flavor qq using the same model
space described above. We do not perform this comparison
at hh on 0.09⋆ fm where the mass shift is too large to be
reliably estimated by the EFT and EFT-inspired schemes or
at 0.150 fm where the corrected results are nearly identical
to those for the 0.15 fm ensemble, which dominates the fits
statistically at this lattice spacing. The results of this
comparison are given in Fig. 17, which shows that the
EFT-inspired corrections and data-driven results are in
agreement.
The results of the BMA over all fit variations to

Δaud;SDμ ðSIB; connÞ are shown in Fig. 18 with the model
subspace averaging procedure, which is a subset of that
discussed above for Δaud;Wμ ðSIB; connÞ, shown in Fig. 19.
As expected, the SIB correction in the SD window region is
much smaller than in the W window region due to the
significantly weaker mass dependence at short distances.

2. Disconnected strong-isospin breaking

The disconnected SIB dataset is obtained using the one-
link current (see Table VII). These data span three lattice
spacings—0.09, 0.12, and 0.15 fm—and are evaluated for
light quarks l and s in the isospin-symmetric limit and for
light quarks u, d, and s with isospin breaking. The quark
masses are those used to produce Table II.
As in Eq. (4.11), we compute Δaudμ ðSIB; discÞ at each

lattice spacing for both the W and SD window regions. At
finite lattice spacing, scheme-dependent finite-volume and
taste-breaking corrections to Δaudμ ðSIB; discÞ cancel at
leading order in the light-quark mass splitting md −mu
and hence are beyond the present scope of leading-order
strong-isospin-breaking effects. We perform a continuum
fit to these data in for each window observable. The
continuum fit Ansätze are of the same form as Eq. (3.6),
which is analogous to Eq. (4.15) with the Mπ dependence
removed. Here, Fa is given by

Fa
SIBðaÞ ¼

Xn
j¼1

cjðαδ1js ÞνðaΛÞ2j; ð4:20Þ

FMðMAÞ is given by Eq. (3.7), and Λ ¼ 0.9 GeV as in
Eq. (4.7). Included in the BMA are the following variations
of the fit form:

FIG. 16. Breakdown of the BMA procedure applied to
Δaud;Wμ ðSIB; connÞ. Left: from top to bottom, the first point is
the full BMA result, including all model variations. The next
block of four points show the result of varying the finite-
volume correction schemes. The next three points show the
result of varying the data subsets. The next two blocks of
results come from variations in the chiral-continuum extrapo-
lation, namely the lattice-spacing and the pion-mass depend-
encies, respectively. In the former case, the set of models is
partitioned by the highest-order term in the extrapolation; in the
latter case, by the variations described in the text. The next two
show results of fit variations that include or do not include the
sea-mass correction FMðMAÞ. The final three show the result of
varying powers of αs in the a2 term of the fit function. The
inner error bars on the data points correspond to the first term
in Eq. (3.11), while the outer are the total errors. Right: pie
charts showing the contributions to the BMA corresponding to
the partitions in the left panel. The percentages are computed
according to Eq. (3.13).
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(i) Order in a2: The a2 dependence is controlled by the
parameter n, which is the upper limit of the sum in
Eq. (4.20). We take n ¼ 1, 2 with the additional
constraint that no fits with a negative number of
degrees of freedom are included. For aSDμ , we find that
log enhancement of the one-link current (see Appen-
dix A) leads to a functional dependence of the form
a2 loga in the data. Thus for aSDμ , we also include
variations of the form a2 loga, a2 logaþ a2, and
a2 logaþ a4.

(ii) αs dependence of the leading-order a2 term: The αs
dependence variations of other observables using
one-link current data are determined using a combi-
nation of the results from Appendix A and empirical
Bayes analyses; however, since we obtain
Δaudμ ðSIB; discÞ by extrapolating the difference of
two values of the disconnected contribution to aμ,
these arguments cannot be applied directly. Instead,
we determine the αs-dependence variations for
Δaudμ ðSIB; discÞ empirically based on results from
the BMA, selecting those variations with favorable
model weights.We find a reasonable yet conservative
set of variations are ν ¼ 0, 1, 2 for aWμ and ν ¼ 0 only
for aSDμ .

FIG. 17. Comparison of various EFTand EFT-inspired schemes
and the data-driven corrections with the light-quark connected aWμ
resulting from adjustments to the value of Mπ for each ensemble
and valence-quark content. Individual EFT and EFT-inspired
schemes corresponding to the local current are denoted by open
symbols; the cyan error bars denote the full spread of the scheme-
dependent results; the red error bars are the data-driven deter-
minations from the BMA. The scheme-dependent results are
shown with a small, rightward offset for visual clarity.

FIG. 18. Results of the BMA procedure applied to Δaud;SDμ ðSIB; connÞ. See caption of Fig. 15 for a description of the figure. The
curves shown in the upper panel correspond to the best fit that uses all of the data on [0.06,0.15] fm—which is the second best fit in this
case—since the best fit excludes the 0.06 fm ensemble. Note that only the HP scheme is used for finite-volume corrections to
Δaud;SDμ ðSIB; connÞ.
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(iii) Mass-mistuning corrections: The form of the mass-
mistuning correction FMðMAÞ is the same as from
Sec. IVA. Variations with and without the mass
correction term are included.

(iv) Data subsets: In addition to using the full range of
lattice spacings over [0.09, 0.15] fm, we also include
variations that exclude the coarsest ensemble at
0.15 fm and the finest ensemble at 0.09 fm. The
former is included to reduce discretization effects in
the chiral-continuum extrapolation. The latter is
included to inflate the systematic error, which is
similar to what is done in the aSDμ ðdiscÞ analysis; this
error inflation reflects the uncertainty associated
with the limited amount of disconnected data avail-
able. Similar to Sec. IV D 1, fits in which data have
been cut away do not include the n ¼ 2 variation.

The parameter priors are analogous to those discussed in
Sec. IV D 1; the bias introduced by using flat model priors
prðMÞ ¼ 1=NM is small for these observables.
The results of the BMA procedure with the variations to

Δaud;Wμ ðSIB; discÞ listed above are shown in Fig. 20. The
top panels show the results of all continuum extrapolations,
with a weighted histogram of the continuum results in the
left panel and all the extrapolation fits versus the lattice
spacing in the right panel. The opacities of the continuum
extrapolations are proportional to the respective model
weights; for fits with mass-mistuning corrections, the mass-
corrected data points are also shown but are difficult to see
due to the smallness of these corrections and the light
opacity of these variations. The bottom panel shows the
continuum results of the fits versus their respective model

probabilities. In the upper left and bottom panels, the BMA
result is shown by the red line and bands. The final BMA
error of Δaud;Wμ ðSIB; discÞ is dominated by the first term in
Eq. (3.11) as shown by the inner red band.
Again, we perform Bayesian model averages over

subsets of the model space where a single model choice
has been held fixed. The results of this procedure for
Δaud;Wμ ðSIB; discÞ are shown in Fig. 21. The individual
model subset averages are shown on the left and the relative
probabilities of these subsets, as defined in Eq. (3.13), are
shown on the right. The full BMA result is shown on the
top of the left panels and in the corresponding red line and
bands. The following three points and corresponding pie
chart show the three data subset variations. We see that the
full dataset is favored by the BMA due the Ncut penalty in
Eq. (3.12). The next two points and pie chart correspond to
the different lattice-spacing dependence. The next two
points and corresponding pie chart show the effect of
including the mass-mistuning correction or not, which
behaves similar to those in Fig. 16. The last three points
and corresponding pie chart show the αs dependence
variations. As for Δaud;Wμ ðSIB; connÞ, none of these var-
iants are significantly favored over the others by the BMA.
The results of the BMA over all fit variations to

Δaud;SDμ ðSIB; discÞ are shown in Fig. 22 with the model
subspace averaging procedure shown in Fig. 23. The set of
variations in Fig. 23 is a subset of those in Fig. 21 for
Δaud;Wμ ðSIB; discÞ except for the lattice-spacing depend-
ence variations, which now also include the fits with
a2 log a terms. Again, the SIB correction in the SD window
region is much smaller than the corresponding one in the W
window region due to the weaker mass dependence short
distances. For this observable, the systematic error is
significantly increased by the coarse data subset [0.12,
0.15] fm. Even with this error inflation procedure, the
resultant uncertainty on Δaud;SDμ ðSIB; discÞ is small com-
pared with that of other observables.

E. Perturbative QCD estimates
of short-distance observables

As a consistency check on our short-distance window
results, we compare our lattice determinations with predic-
tions from pQCD. Specifically, we use the Oðα4sÞ determi-
nation of the R ratio, RðsÞ, from the software package RHAD

[96]. Results produced from this code have been used to
supplement other short-distance (or high-energy) lattice
determinations of aHVP;LOμ [11,15,97]. pQCD results for
RðsÞ can be converted to the Euclidean time domain using
a Laplace transform,

CðtÞ ¼ 1

12π2

Z
∞

0

dEE2RðE2Þe−Et: ð4:21Þ

FIG. 19. Breakdown of the BMA procedure applied to
Δaud;SDμ ðSIB; connÞ. See caption of Fig. 16 for a description
of the figure.
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Alternatively, CðtÞ is the Fourier transform of the vector
correlator in momentum space [98]; see Ref. [14] for a
comparison with lattice-QCD (LQCD) calculations. With
either approach, the resulting CðtÞ can then be used to
compute window observables via Eq. (2.9).
Comparisons of pQCD calculations with hadronic

results (from lattice or eþe− data) rely on quark-hadron
duality. The Laplace transform smears out the peaked
structure of RðsÞ [99,100], so this duality is expected to
hold rather accurately for aμ and related windows.
For the connected contributions, we pursue an approach

employed in Ref. [14] for the light-quark case. Specifically,
we extrapolate our lattice results to the continuum for a
flexible window W2ðt; t0; 0.4; 0.15Þ. The contribution from
the complementary short-distance window, W1ðt; t0; 0.15Þ,
is then computed using the pQCD determination ofCðtÞ via
RðsÞ from RHAD [96]. The sum of the lattice and perturba-
tive results are then computed as a function of t0. As in
Ref. [14], we monitor the combined result for stability out
to the edge of the standard short-distance window,
t0 ¼ 0.4 fm. In addition to studying the light-quark

contribution in this way, we also examine the cases of
strange and charm.
The RHAD software package requires as inputs a thresh-

old and quark masses for the loops, which we choose as
follows. For the connected light and strange contributions,
the lower threshold is taken to be 2m̄q, where m̄q is the MS
mass at μ ¼ m̄q, taken from Ref. [34] (based on
Refs. [79,101–103]). The light and strange propagators in
the loops are taken to be massless. For the charm quark, we
employ both available options in the software, namely either
using the pole mass or the running MS mass m̄cð

ffiffiffi
s

p Þ. The
charm threshold is then taken to be 2mc.We also evaluate the
light-strange disconnected contribution (called “singlet” in
RHAD) in pQCD. Here, we use massless light quarks and a
massive strange quark. The QED contribution is computed
for the massless light and strange quarks, and the
Δaud;SDμ ðSIBÞ contribution is negligible and, thus, ignored.
Results for the perturbative replacement procedure

described above are shown in Fig. 24 for the light, strange,
and charm contributions, respectively. For this test, it
suffices to use only the local vector current and a single

FIG. 20. Results of the BMA procedure applied to Δaud;Wμ ðSIB; discÞ. Upper left: model probability-weighted histogram of all
continuum Δaud;Wμ ðSIB; discÞ extrapolations used in the BMA. Upper right: extrapolation curves and corresponding data for all model
variations included, with opacities proportional to the respective model probabilities. The shown data points are corrected for mass
mistuning where applicable, which is a small effect. Lower: individual model predictions ofΔaud;Wμ ðSIB; discÞ versus the corresponding
model probability defined in Eq. (3.12). Note that the model probabilities decrease in going from left to right. In the upper left and lower
panels, the BMA result is shown in light red, where the inner and outer bands correspond to the error coming from the first term in
Eq. (3.11) and the total error, respectively.
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fit to the data. A full BMA as in Secs. IVA and IV B would
be unnecessarily arduous, so we choose a representative fit
from among the fits with the highest BMA weights in the
full all;SDμ ðconnÞ, ass;SDμ ðconnÞ, and acc;SDμ ðconnÞ analysis.
We find that, for the light and strange contributions, the
massless perturbative result is consistent with the lattice
result, and we have stability out to the end of the short-
distance window as in Ref. [14]. For charm, where the
quark-mass scheme is relevant, such stability is not
observed. We find that when using the pole mass for the
charm quark, the perturbative result is marginally smaller
than the lattice result, and we see only partial stability out to
t0 ¼ 0.1 fm. Using the MS mass and allowing the mass to
run, we obtain a perturbative result that is significantly
larger than the lattice result. The authors of Ref. [96]
recommend using the pole mass near threshold and switch-
ing to the MS mass at larger energies. In theory, tuning can
be performed to match the lattice results by playing with a
switch-over energy, but we did not find this exercise
illuminating.

We note that the Extended Twisted Mass Collaboration
(ETMC) [11] used the running MS mass approach to obtain
a result for the bottom contribution to the short-distance
window of

abb;SD;pQCD;ETMC
μ ðconnÞ ¼ 0.32 × 10−10: ð4:22Þ

This result is in good agreement with previous lattice
determinations of this quantity for the full integrand [104],

abb;latt;HPQCDμ ðconnÞ ¼ 0.300ð15Þ × 10−10; ð4:23Þ

with the difference between the short-distance and full
integrand contribution for bottom expected to be in the
third digit. For completeness, we give the pQCD result for
this contribution using the pole mass for the bottom quark
from Ref. [96],

abb;SDpQCD;pole mass
μ ðconnÞ ¼ 0.28 × 10−10: ð4:24Þ

As in the case of charm quark, we observe that the two
perturbative determinations bound the lattice result.
Additionally, we use the pQCD estimate for bottom
contribution to the intermediate window from the following
difference,

abb;Wμ ðconnÞ ¼ abb;pQCDμ ðconnÞ − abb;SD;pQCDμ ðconnÞ
¼ 0.004 × 10−10; ð4:25Þ

using the pole mass.
For the disconnected contribution, we obtain a pQCD

result of

apQCDμ ðdiscÞ ¼ −0.00547 × 10−10: ð4:26Þ

As discussed in Sec. IV C, this result does not enter the
analysis. We compare it with our result for aSDμ ðdiscÞ
in Fig. 14.
Finally, we compute the OðααsÞ QED corrections to the

massless light and strange contributions in the short-
distance window,

Δall;SDμ ðQED; connÞ ¼ 0.0265 × 10−10; ð4:27Þ

Δass;SDμ ðQED; connÞ ¼ 0.0016 × 10−10: ð4:28Þ

Higher-order contributions, including the QED correction
to the disconnected diagram, which enter at Oðαα3sÞ, are
neglected in this estimate [96].

FIG. 21. Breakdown of the BMA procedure applied to
Δaud;Wμ ðSIB; discÞ. Left: from top to bottom, the first point is
the full BMA result including all model variations. The next
block of three points show the effect of varying the data subset.
The next two points are from varying the lattice-spacing
dependence in the continuum extrapolation, as distinguished
by the highest-order term in the extrapolation. The next two come
from fit variations that include or exclude the mass-mistuning
correction FMðMAÞ, respectively. The final three show the effect
of varying the powers of αs in the a2 term of the fit function. The
inner error bars on the data points correspond to the first term in
Eq. (3.11), while the outer are the total errors. Right: pie charts
showing the contributions to the BMA corresponding to the
breakdowns in the left panel. The percentages are computed
according to Eq. (3.13).
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V. RESULTS

A. Short-distance window observables

Our final determinations for the individual contributions
to aHVP;LOμ in the short-distance window are

all;SDμ ðconnÞ ¼ 48.139ð11Þð91Þ½92� × 10−10; ð5:1Þ

ass;SDμ ðconnÞ ¼ 9.111ð3Þð16Þ½17� × 10−10; ð5:2Þ

acc;SDμ ðconnÞ ¼ 11.46ð0Þð17Þ½17� × 10−10; ð5:3Þ

aSDμ ðdiscÞ ¼ −0.0019ð4Þð26Þ½26� × 10−10; ð5:4Þ

Δaud;SDμ ðSIB; connÞ ¼ −0.0049ð26Þð24Þ½35� × 10−10;

ð5:5Þ

Δaud;SDμ ðSIB; discÞ ¼ 0.015ð1Þð12Þ½12� × 10−10; ð5:6Þ

where the uncertainties are statistical (second column of
Table VIII), systematic (third to sixth columns of
Table VIII), and total. We compare with previous lattice
determinations in Fig. 25. For the light-quark-connected
contribution, we obtain a result with a relative error of
0.19%. The benefit of the HISQ local current mitigating the
log-enhancement effects associated with short-distance
aHVP;LOμ observables (see Appendix A) is apparent. This
is the most precise determination of this quantity to date
and is in reasonable agreement with all previous determi-
nations (left side of Fig. 25). Indeed, the strengths of the
local current are apparent in the heavier flavor contribu-

tions, ass;SDμ ðconnÞ and acc;SDμ ðconnÞ, also, with our

FIG. 22. Results of the BMA procedure applied to Δaud;SDμ ðSIB; discÞ. See caption of Fig. 20 for a description of the figure.

FIG. 23. Breakdown of the BMA procedure applied to
Δaud;SDμ ðSIB; discÞ. See caption of Fig. 21 for a description of
the figure.
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determinations being the most precise to date. We note that
our calculation of all;SDμ ðconnÞ differs from the data-driven
evaluation of Ref. [105] by 2.4σ.
The particulars of the disconnected contribution in the

short-distance window are such that the quantity is nearly
zero with difficult to determine systematic effects asso-
ciated with the short-distance window boundary, the
behavior of the disconnected correlation function,
and staggered oscillating effects. As such, we estimate
this quantity with a conservative approach and obtain a
result consistent and competitive with previous determi-
nations in both central value and uncertainties. Our
results for the strong-isospin-breaking contribution to
aSDμ [Eqs. (5.5) and (5.6)] are both near zero, as expected.

We are the first to put forth a lattice calculation of this
quantity.
For the bottom-quark-connected and QED contributions

to aSDμ we consider existing lattice and phenomenological
results in our estimates. In particular, for abb;SDμ ðconnÞ, we
take the previous HPQCD determination [104] and subtract
from it the estimate of abb;Wμ ðconnÞ in Eq. (4.25). This yields

abb;SDμ ðconnÞ ¼ 0.296ð15Þ; ð5:7Þ

which we include in our complete result assuming 100%
correlation given the shared HISQ ensembles in that work.
This is likely a vast overestimate of the true correlation.

FIG. 24. Stability analysis for the light- (top), strange- (middle), and charm-quark (bottom) contributions in the short-distance window
region. Left: results of continuum extrapolations for the short-distance subwindow contributions with the lattice data. Right:
combinations of lattice and perturbative QCD results from the subwindow regions totaling the full short-distance window region as a
function of t0.
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For the QED correction to this window observable, we
take the estimates of Eqs. (4.27) and (4.28), to which we
assign a 100% error, yielding

ΔaSDμ ðQEDÞ ¼ 0.028ð28Þ × 10−10: ð5:8Þ

B. Intermediate-distance window observables

Our final determinations for the individual contributions
to aHVP;LOμ , in the intermediate-distance window, are

all;Wμ ðconnÞ ¼ 206.90ð14Þð61Þ½63� × 10−10; ð5:9Þ

ass;Wμ ðconnÞ ¼ 27.20ð1Þð13Þ½13� × 10−10; ð5:10Þ

acc;Wμ ðconnÞ ¼ 2.624ð0Þð87Þ½87� × 10−10; ð5:11Þ

aWμ ðdiscÞ ¼ −0.85ð6Þð19Þ½20� × 10−10; ð5:12Þ

Δaud;Wμ ðSIB; connÞ ¼ 0.73ð7Þð11Þ½13� × 10−10; ð5:13Þ

Δaud;Wμ ðSIB;discÞ¼−0.175ð15Þð13Þ½20�×10−10: ð5:14Þ

The respective error budgets for these contributions are
given in Table IX. We compare these results with previous
determinations in Figs. 26 and 27. We obtain all;Wμ ðconnÞ
with a relative error of 0.3%, a significant improvement
over our previous result’s 0.5% precision [13]. Our pre-
vious leading uncertainty, from the continuum limit, is
decreased from 0.34% → 0.18%. This significant improve-
ment is a result of the introduction of a second vector-
current discretization and a finer lattice spacing at 0.04 fm.
For similar reasons, our uncertainty from Monte Carlo
statistics is decreased by 0.19% → 0.07%. In addition, with

TABLE VIII. Approximate absolute error budgets (in units of 10−10) for the uncertainties reported in
Eqs. (5.1)–(5.6).

Contribution Stat. a → 0 a ZV mu=md Total

all;SDμ ðconnÞ 0.011 0.06 0.028 0.063 � � � 0.092

ass;SDμ ðconnÞ 0.003 0.01 0.005 0.012 � � � 0.017

acc;SDμ ðconnÞ 0.0 0.14 0.09 0.02 � � � 0.17
aSDμ ðdiscÞ 0.0004 0.0026 0.0000 0.0000 � � � 0.0026

Δaud;SDμ ðSIB; connÞ 0.0026 0.0023 0.0004 0.0000 0.0006 0.0035

Δaud;SDμ ðSIB; discÞ 0.001 0.012 0.000 0.000 � � � 0.012

FIG. 25. Comparison of our lattice determinations for all;SDμ ðconnÞ, ass;SDμ ðconnÞ, aSDμ ðdiscÞ, and acc;SDμ ðconnÞ (red circles) labeled
Fermilab/HPQCD/MILC 24 with nf ¼ 2þ 1þ 1 (black circles) and nf ¼ 2þ 1 (black squares) lattice-QCD calculations by ETMC 24
[75], Spiegel and Lehner 24 [17], BMW 24 [15], Mainz/CLS 24 [107], RBC/UKQCD 23 [14], and ETMC 22 [11]. The inner error bar
shown for our result is from Monte Carlo statistics. Also shown is a data-driven evaluation of all;SDμ ðconnÞ using eþe− cross section data
(green triangle) by Benton et al. 24 [105].

HADRONIC VACUUM POLARIZATION FOR THE MUON g − 2 … PHYS. REV. D 111, 094508 (2025)

094508-33



the new scale setting determination from MΩ, our scale
uncertainty is decreased from 0.21% → 0.15%. The sys-
tematic uncertainty from the finite-volume correction is
largely unchanged as it is determined through the same
approach as in Ref. [13]. In Fig. 26, we observe complete
consistency with our previous determination as well all the
other lattice determinations [9–12,14,15,21,106]. However,
our calculation of all;Wμ ðconnÞ differs from the data-driven
evaluation of Ref. [105] by 6.2σ.
For the heavy-flavor contributions, ass;Wμ ðconnÞ and

acc;Wμ ðconnÞ, we find the uncertainties, as broken down

in Table IX, are dominated by scale setting and the
continuum limit. For ass;Wμ ðconnÞ, we find consistency
with all previous determinations, except for a slight tension
with the Mainz/CLS 22 result [12]. For acc;Wμ ðconnÞ, we see
some tension with the most recent determinations of this
quantity, while we observe good agreement with the BMW
21 result. Discretization errors are a significant source of
uncertainty in our calculation of acc;Wμ ðconnÞ, and we plan
to update our calculation by including data at a ≈ 0.04 fm,
which will allow us to test and refine our continuum
extrapolations.

TABLE IX. Approximate absolute error budgets (in units of 10−10) for the uncertainties reported in Eqs. (5.9)–(5.14).

Contribution Stat. a → 0, ΔTB ΔFV, ΔMπ
a ZV mu=md Total

all;Wμ ðconnÞ 0.14 0.37 0.34 0.31 0.18 � � � 0.63

ass;Wμ ðconnÞ 0.01 0.06 � � � 0.10 0.04 � � � 0.13

acc;Wμ ðconnÞ 0.000 0.063 � � � 0.059 0.005 � � � 0.087
aWμ ðdiscÞ 0.06 0.18 0.03 0.00 0.00 � � � 0.20

Δaud;Wμ ðSIB; connÞ 0.07 0.05 0.09 0.01 0.01 0.03 0.13

Δaud;Wμ ðSIB; discÞ 0.015 0.013 � � � 0.002 0.000 � � � 0.020

FIG. 26. Comparison of our lattice determinations for all;Wμ ðconnÞ, aWμ ðdiscÞ, ass;Wμ ðconnÞ, and acc;Wμ ðconnÞ (red circles) labeled
Fermilab/HPQCD/MILC 24 with nf ¼ 2þ 1þ 1 (black circles) and nf ¼ 2þ 1 (black squares) lattice-QCD calculations by ETMC 24
[75], BMW 24 [15], RBC/UKQCD 23 [14], Mainz/CLS 22 [12], Aubin et al. 22 [10], χQCD 22 [21], ETMC 22 [11] and Lehner and
Meyer 20 [106]. Our previous result, Fermilab/HPQCD/MILC 23, is shown in light red. BMW 21 [9], Aubin et al. 19 [64], and RBC/
UKQCD 18 [20], shown in gray, have been superseded. The inner error bar shown for our result is from Monte Carlo statistics. Also
shown is a data-driven evaluation of all;Wμ ðconnÞ using eþe− cross section data (green triangle) by Benton et al. 23 [105,108].
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Our evaluation of the disconnected contribution to aWμ ,
given in Eq. (5.12), is consistent with all previous deter-
minations (right of Fig. 26) albeit with a larger error than
the most recent determinations. We find the systematic
uncertainty due to variations in continuum extrapolations
completely dominates all other uncertainty sources. This
calculation includes data at lattice spacings a⪆0.09 fm, and
we expect that adding data from a ≈ 0.06 fm ensemble
would yield a significant reduction in the uncertainty.
For the strong-isospin-breaking corrections to aWμ , we

obtain a result for the connected contribution, Eq. (5.13),
that is consistent with the single previous result from BMW
21 (Fig. 27 bottom right), albeit with larger errors. For the
disconnected contribution, Eq. (5.14), we see some tension
with the BMW result (bottom left). We do find the
combination of the two contributions is consistent with
BMW 21 while being in mild tension with the RBC/
UKQCD 18 estimate (top of Fig. 27).
For the bottom-quark-connected contribution to the

intermediate window observable, abb;Wμ ðconnÞ, which is
almost negligible at our current level of precision, we use
the perturbative estimate from Eq. (4.25). We assign a
100% error to account for the tensions found in Sec. IV E
stemming from the quark-mass scheme in pQCD, yielding

abb;Wμ ðconnÞ ¼ 0.004ð4Þ: ð5:15Þ

Our ongoing, direct lattice-QCD calculation of the QED
corrections [109] to aWμ will be presented in a separate paper.
Meanwhile, we consider inputs from phenomenology
and comparisons of previous lattice-QCD calcula-
tions [9,12,20,105,110,111] to provide an estimate of
ΔaWμ ðQEDÞ. The phenomenological estimate in Ref. [110]
uses a data-driven evaluation based on exclusive-channel
eþe− cross section measurements to quote a value of
þ2.3ð9Þ × 10−10, which can be regarded as a conservative
bound on the scale of the effect. The phenomenological
analysis of QED and strong-isospin-breaking effects in

Ref. [111] finds a smaller correction, consistent with the
lattice-QCD calculations of Refs. [9,12,20], and we base our
estimate on this result. We note that Ref. [111] presented
some indications of cancellations between QED and strong-
isospin-breaking effects. Coupled with the expectation that
QED effects are expected to be smaller in windowed
quantities, we allow for a range of �0.2 × 10−10.
Following Ref. [111], we do not apply a correction to the
central value of ΔaWμ ðQEDÞ and take the above range as the
uncertainty, yielding

ΔaWμ ðQEDÞ ¼ 0.0ð2Þ × 10−10: ð5:16Þ

VI. SUMMARY AND OUTLOOK

In this paper, we present complete results for the short- and
intermediate-distance window observables aSDμ and aWμ from
our ongoing project to compute aHVP;LOμ in lattice QCD at
few-permille-level precision. The two observables together
comprise about 45% of the total HVP. We first compute the
individual contributions to these observables, defined in
Eqs. (2.6)–(2.8). This includes the contributions from quark-
line connected contractions all;SDμ ðconnÞ, all;Wμ ðconnÞ,
ass;SDμ ðconnÞ, ass;Wμ ðconnÞ, acc;SDμ ðconnÞ, acc;Wμ ðconnÞ;
quark-line disconnected contractions aSDμ ðdiscÞ, aWμ ðdiscÞ;
and isospin-breaking corrections Δaud;SDμ ðSIBÞ and
Δaud;Wμ ðSIBÞ. Each contribution is obtained at the physical
point and in the continuum and infinite volume limits, after a
comprehensive systematic error analysis which employs
BMA to obtain the total statistical and systematic uncertain-
ties as well as estimates of the approximate breakdown of the
error budgets. Our final results for the individual contribu-
tions to the short- and intermediate-distance observables are
summarized in Eqs. (5.1)–(5.6) and (5.9)–(5.14), respec-
tively. The bottom-quark-connected and QED contributions
are not computed directly in this work. Instead, we use a mix
of previous lattice-QCD results and phenomenological

FIG. 27. Comparison of our lattice determinations of Δaud;Wμ ðSIB; connÞ and Δaud;Wμ ðSIB; discÞ (red circles) labeled Fermilab/
HPQCD/MILC 24 with nf ¼ 2þ 1 (black squares) and nf ¼ 2þ 1þ 1 (black circles) lattice-QCD calculations by RBC/UKQCD 18
[20] and BMW 21 [9], respectively. The “BMW 21*” value is computed assuming the connected and disconnected contributions are
uncorrelated. The inner error bars are from Monte Carlo statistics.
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estimates to obtain the results listed in Eqs. (5.7), (5.8),
(5.15), and (5.16), respectively. Finally, we employ a
generalized BMA procedure (see Appendix C) to compute
the statistical and systematic correlations between the indi-
vidual contributions listed in Tables XII and XIII. Summing
up the individual contributions with these correlations, we
obtain the following results for the complete determinations
of aSDμ and aWμ , respectively:

aSDμ ¼ 69.05ð1Þstatð21Þsyst½21�total × 10−10; ð6:1Þ

aWμ ¼ 236.45ð17Þstatð83Þsyst½85�total × 10−10: ð6:2Þ

The approximate systematic error breakdown for each
observable is shown in Table X. With a relative uncertainty
of 0.31%, our calculation of aSDμ is the most precise to date.
Our aWμ result includes an updated calculation of the light-

quark-connected contribution [all;Wμ ðconnÞ], which is sig-
nificantly more precise than our previous result [13], thanks
to including correlation function data at a lattice spacing of
a ≈ 0.04 fm, the finest to date, as well as improved statistics,
the addition of a second vector-current discretization and an
improved scale setting determination from the Ω baryon
mass. Compared with all other lattice-QCD calculations, it
also currently has the smallest statistical uncertainty.
As illustrated in Fig. 28, our aSDμ and aWμ results are in

good agreement with previous lattice-QCD calculations

[9,11,12,14,15,107]. This can also be seen in the detailed
comparisons between our and previous results for the
individual aSDμ (aWμ ) contributions shown in Fig. 25 (Figs. 26
and 27).We note that the sumofaSDμ andaWμ in Eqs. (6.1) and
(6.2) are consistent with the evaluation in Ref. [50] of the

one-sided window observable awin1ð1;0.15Þμ [see Eq. (2.9a)].
Comparing our results with the (pre-2023) data-driven

evaluations of Ref. [112], also shown in Fig. 28, we see that
our aSDμ determination is consistent with Ref. [112] at 0.6σ,
while our aWμ result differs from Ref. [112] by 4.3σ. These
observations are in line with similar comparisons shown in
Refs. [9,11,14,15,105,108,113,114] and indicate that the
difference between lattice-QCD and (pre-2023) data-driven
evaluations stems from the low-energy region, which is
dominated by the two-pion channel in the data-driven
method or, correspondingly, by the light-quark-connected
contribution in lattice-QCD calculations. This is also where
the new cross section measurement by the CMD-3
Collaboration [7] disagrees with the measurements included
in the pre-2023 Keshavarzi-Nomura-Teubner (KNT) 19
[115] and Davier-Hoecker-Malaescu-Zhang 19 [116] com-
pilations. The CMD-3 measurement of the two-pion cross
section implies a higher value for aWμ that is compatible with
lattice-QCD determinations [15,105,108]. To gain further
insights from such comparisons, it is important first to
understand or resolve the differences between the exper-
imental measurements.

TABLE X. Approximate relative error budgets (in %) for the total aSDμ and aWμ .

Contrib. Stat. a → 0;ΔTB ΔFV, ΔMπ
a ZV abbμ ðconnÞ ΔaμðQEDÞ mu=md Total

δaSDμ 0.02 0.24 � � � 0.13 0.12 0.02 0.04 0.00 0.31
δaWμ 0.07 0.18 0.23 0.17 0.07 0.00 0.09 0.01 0.36

FIG. 28. Comparison of our lattice determination of the total aSDμ and aWμ (red circles) labeled Fermilab/HPQCD/MILC 24 with
nf ¼ 2þ 1þ 1 (black circles) and nf ¼ 2þ 1 (black squares) lattice-QCD calculations by BMW 24 [15], Mainz/CLS 22=24 [12,107],
RBC/UKQCD 23 [14] (W only), and ETMC 22 [11]. The previous aWμ result of BMW 21 [9] is shown in gray. Also shown are data-
driven evaluations of aSDμ and aWμ using eþe− cross section data (green triangles) by Colangelo et al. 22 [112], BMW 21 (using the
KNT19 dataset) [9], and Davier et al. 23 [113].
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Our calculation of aSDμ benefits from the fact that the
local vector-current used to generate the connected corre-
lation functions is protected from log-enhanced contribu-
tions (see Appendix A), enabling precise control over
continuum-limit extrapolations. Still, as can be seen in
the error budgets for aSDμ in Tables VIII and X, continuum-
limit extrapolations are the dominant source of uncertainty,
where acc;SDμ ðconnÞ contributes the largest error. We note
that the strange- and charm-connected contributions are
computed on ensembles with lattice spacings a⪆0.06 fm.
We are in the process of generating strange- and charm-
connected correlation functions on the ensemble at the
finest lattice spacing of a ≈ 0.04 fm, which will refine our
calculation of the corresponding contributions.
Examining the systematic error budgets foraWμ inTables IX

andX,we see that the dominant sources of uncertainty are due
to finite-volume corrections, the continuum limit, and scale
setting. These are also dominant or important sources of error
in the long-distance window observables and will be
addressed in our ongoing and planned computations. In
particular, we note that the disconnected contributions are
computed on ensembleswith lattice spacingsa⪆0.09 fm.We
plan to extend this analysis to a finer lattice spacing of
a ≈ 0.06 fm. Our calculation of the light-quark-connected
contribution to aLDμ and aHVP;LOμ is described in the
companion paper [48].
At 3.1‰ and 3.6‰, respectively, our results for the total

aSDμ and aWμ are already close to our precision goal for
aHVP;LOμ . However, considerable exascale computing
resources are needed to reach this precision for the full
aHVP;LOμ . In particular, we plan to continue to generate
correlation functions on our finest ensemble (a ≈ 0.04 fm)
to complete the dataset. This will improve statistical and
systematic errors (due to discretization errors) for all observ-
ables. The finite-volume corrections will be quantified more
precisely in a direct finite-volume study, for which we are
analyzing a newgauge-field ensemblewith a spatial extent of
L ¼ 11 fm at a lattice spacing of a ≈ 0.09 fm.
We note that the aSDμ and aWμ results presented here rely

on phenomenological estimates of the QED corrections.
The results from our ongoing direct lattice-QCD calcu-
lation [109] are deferred to a separate paper. While this
calculation uses quenched QED, we are also working on
computations of the disconnected and sea-quark QED
corrections, which make use of our LMA setup (see
Sec. II C). In general, less is known about the QED
corrections [9,12,20] compared with other contributions,
especially in the long-distance region. While their contri-
butions to aHVP;LOμ are small, they are relevant at the desired
few-permille precision level.
Finally, the well-known signal-to-noise problem is a

limiting factor specific to HVP observables at long
Euclidean time distances. Here, a recent pilot study [117]
showed that spectral reconstructions of the vector-current

correlation function at large Euclidean times obtained from
direct computation of the two-pion contributions can address
this problem also for the case of staggered fermions.We plan
to extend this study to finer lattice spacings, where the
statistical gains will have a larger impact on the continuum
extrapolated results.
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APPENDIX A: DISCRETIZATION EFFECTS
AT SHORT-DISTANCES

Discretization effects in the short-distance window—and
therefore in any window starting at t ¼ 0—require a careful
examination, because they explicitly include the first few

time slices in CðtÞ. For a ≪ t still, the Symanzik effective
theory suggests [11,83–85]

ClatðtÞ ¼ CðtÞ
�
1þ b2

a2

t2
þ � � �

�
: ðA1Þ

If t is shorter than any hadronic or quark Compton
wavelength, the correlator behaves as CðtÞ ∼ t−3 (by power
counting), so the lattice artifact term has enhanced sensi-
tivity to short times.
For present purposes, it is enough to consider a sharp

cutoff on the window,

aSDμ lat ¼ 4α2
Z

T

a
K̃ðtÞClatðtÞdt: ðA2Þ

At short times, the QED kernel K̃ ∼ t4, so in the end

aSDμ lat − aSDμ ∼ b2a2 logðT=aÞ; ðA3Þ

while the omitted terms (in this simple argument) are all of
order a2.
This feature can be made more concrete by working out

the lowest-order contribution to the vector-vector correlator
in perturbation theory,

CVðtÞ ¼ Nca3
1

3

X
i

X
x

ViðxÞSðx; 0ÞVið0ÞSð0; yÞ; ðA4Þ

where Nc is the number of colors (3), x ¼ ðx; tÞ, Vi is the
vector current, and the position-space quark propagator
Sðx; yÞ is obtained by Fourier transforming in the time
variable. Below, the combination

Σ4½CV � ¼ a
X∞
t=a¼0

t4CVðtÞ ðA5Þ

is evaluated for unimproved [118,119] and improved
staggered fermions [120], the latter being relevant to the
asqtad and HISQ actions.
The details are tedious, so we do not show the full

calculation but build up the result in steps. The correlator is
obtained by writing the quark propagator as a function of
ðt; pÞ, sewing two propagators together, and using the sum
over x (integration over d3x in the continuum) to set the
three-momentum of the two quarks equal and opposite. The
first step picks up poles in the propagator, and the second
is just a trace over Dirac matrices. In the continuum, the
result is

CVðtÞ ¼ Nc

Z
d3p
ð2πÞ3

e−2jtjE

E2

�
m2

0 þ
1

3
p2 þ E2

�
; ðA6Þ
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where E2 ¼ m2
0 þ p2. It is possible to simplify this expres-

sion further, but it is written this way as a reminder of terms
coming from the mass, γi, and γ0 terms in the numerators of
the quark propagators. The time dependence is isolated, so
it is convenient to integrate over time first,Z

∞

0

t4e−2tEdt ¼ 3

4E5
; ðA7Þ

and then integrate over d3p to obtain Σ4½CV �.
With staggered quarks, a similar structure emerges albeit

with several technical changes. Themomentum integration is
over the half-Brillouin zone, B0 ¼fpj−π=2≤pia< π=2g,
as a consequence of how a Dirac-matrix structure emerges in
momentum space [121]. Because of doubling, if there is a
pole at p0 ¼ iE, there is also one at p0 ¼ iEþ π, leading to
an oscillating contributionmultiplying ð−1Þjtj=a. The relation
between energy and momentum is more complicated, and in
the integrand sinhEa and sinpia appear. The result for the
local current is

CVðtÞ ¼ 4Nc

Z
B0

d3p
ð2πÞ3

a2e−2jtjE

cosh2ðEaÞsinh2ðEaÞ

×

�
m2

0 þ
1

3
S2 þ sinh2ðEaÞ=a2

þ ð−1Þjtj=a
�
m2

0 þ
1

3
S2 − sinh2ðEaÞ=a2

��
; ðA8Þ

where aSiðpÞ ¼ sinðpiaÞ, sinh2ðEaÞ ¼ a2ðS2 þm2
0Þ

comes from finding the pole, and the factor of 4 corresponds
to the four tastes in the loop. Note how the structure is similar
to Eq. (A6)while the sign of the energy term in the oscillating
contribution changes. The one-link current is the same
except that m2

0 and sinh2ðEaÞ are multiplied by

1
3

P
i cosðpiaÞ2 ¼ 1 − 1

3
a2S2, and a2 1

3
½2Pi S

4
i − ðS2Þ2� is

added to 1
3
S2.

For improved staggered actions (asqtad and HISQ), the
propagator has three poles in the upper half plane with real
part close to zero, another three in the upper half plane with
real part close to π, and then complex conjugate poles in the
lower half plane. They solve

sinhðEaÞ
�
1−

1

6
sinh2ðEaÞ

�
¼ afShðpÞ≡ a½S̃2ðpÞ þm2

0�1=2;

ðA9Þ

where aS̃iðpÞ ¼ sinðpiaÞ½1þ 1
6
sin2ðpiaÞ�. As in any sol-

ution to a cubic equation, the expressions for the energies,
which can be labeled 0, þ, and −, involve (hyper)
trigonometric functions and their inverses. The most
notable feature here is that the residue of one of the
solutions, −, has opposite sign from the other two. The
result for the local current is then

CVðtÞ ¼ 4Nc

X
r;s

Z
B0

d3p
ð2πÞ3

e−jtjðErþEsÞfChrfChsfSh2
×

�
srssm2

0 þ
1

3
srssS̃

2 þ fSh2
þ eiπt=a

�
srssm2

0 þ
1

3
srssS̃

2 − fSh2��; ðA10Þ

where r, s range over 0;þ;−, fChr ¼ coshðEraÞ½1−
1
2
sinh2ðEraÞ�, and s− ¼ −1 while the others are þ1.

The one-link current is the same except that m2
0 andfSh2 are multiplied by 1

3

P
i cosðpiaÞ2 ¼ 1 − 1

3
a2S2, and

a2 1
3
ð2Pi S

2
i S̃

2
i − S2S̃2Þ is added to 1

3
S̃2.

FIG. 29. Lattice artifact versus m0a for the local (left) and one-link (right) vector correlator. Red points show the unimproved action
and black, the Naik-improved case. The solid points are fit to the form dþ b logm0a, yielding the lines. The approximate equality of
unimproved and improved results for m0a > 1 is not understood but also not important.
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In Eqs. (A8) and (A10), the time dependence is again
isolated. Summing the exponentials over t yields

a
X∞
t=a¼0

t4e−2tE ¼ a5
coshðEaÞf1þ 1

2
cosh2ðEaÞg

2sinh5ðEaÞ ; ðA11Þ

a
X∞
t=a¼0

t4e−2tEð−1Þt=a ¼ a5
sinhðEaÞf1 − 1

2
sinh2ðEaÞg

2cosh5ðEaÞ :

ðA12Þ

The right-hand sides differ from the continuum by terms of
order a6.
Combining Eqs. (A11) and (A12) with Eqs. (A8)

and (A10) and dividing by 4 provides Σ4½CV �lat, while
combining Eq. (A7) with Eq. (A6) provides Σ4½CV �cont.
Figure 29 shows the quantities

1

ðm0aÞ2
ðΣ4½CJ�lat − Σ4½CJ�contÞ ðA13Þ

for the local (left) and one-link (right) vector correlators.
This quantity is designed to behave as dþ b logm0a as
a → 0, so a log-enhanced discretization effect appears as a
significant slope on a log-linear plot. Such effects are
clearly present for the unimproved local current and the
one-link current in any case. The Naik term clearly removes
the log-enhancement for the local current: the slope b is
much smaller than for the other cases and consistent
with zero.

APPENDIX B: OSCILLATING CONTRIBUTIONS
IN THE SHORT-DISTANCE WINDOW

Correlation functions constructed from staggered-quark
operators, which are local in time, contain temporal
oscillations from states of opposite parity. In the case at
hand, the oscillating states are 1þ− states, which are heavier
than the 1−− states, so their contribution to the correlator
dies out after a few time slices. This is observed in the
aHVP;LOμ integrands for the different connected contributions
we compute in this work; see Fig. 1. Depending on the
relative sizes of the oscillating and nonoscillating state’s

energies and their couplings to the local-time staggered-
quark operator, the oscillations can be quite pronounced
relative to the size of the correlation function. In particular,
we observe the charm integrand in Fig. 1 to have much
larger relative oscillation sizes than the light or strange. The
oscillating contribution to the integrand and hence aμ is,
however, a discretization effect, with the expectation that
the contribution in the continuum limit is zero.
In Ref. [13], we examined this expectation for the case of

aWμ and aW2
μ ¼ awin2ð1.5;1.9;0.15Þμ . Our analysis procedure to

remove the oscillating contribution involved fitting the
light-quark-connected correlation functions in the respec-
tive window regions. These fits then enabled a high-
precision, high-fidelity reconstruction of the correlation
function. Using the reconstruction, the observables were
then computed with and without the oscillating contribu-
tion. In that work, we found a nonzero correlated difference
for aWμ between the oscillating and nonoscillating result on
our coarsest two ensembles. On our two finest ensembles,
the difference was statistically zero. We also found that the
difference approached zero faster than the leading discre-
tization effects in our continuum extrapolation fit function,
namely a2αs. For aW2

μ , as expected, we found that the
difference was zero on all ensembles, as the oscillating state
contributions had largely died off in the later time region. In
our final Bayesian model averaged result of Ref. [13], we
include model variations of aHVP;LOμ observables computed
without the oscillating contribution, which we found to be
consistent with the result that includes oscillations.
For the short-distance window, it is not sensible to fit the

earliest time slices, so fit reconstructions of all;SDμ ðconnÞ,
ass;SDμ ðconnÞ, acc;SDμ ðconnÞ cannot be included in the BMA.
Instead, we construct a modified version of Eq. (A3) from
Ref. [13],

C0
no oscðtÞ ¼

�PNstates
n Z2

ne−Ent if t=a > 1;

CðtÞ if t=a ≤ 1:
ðB1Þ

The parameters Zn and En come from a fit to the correlator
using the Ansatz function in Eq. (A2) of Ref. [13]. We
perform these fits for each flavor on all ensembles using
tmin=a ¼ 2. We choose tmax to be roughly 0.7 fm (the rhs of

TABLE XI. Correlated differences between aμ observables computed from the raw correlation functions and
values computed from the fit reconstruction, including both oscillating and nonoscillating terms.

≈a (fm) Δall;SDμ ðconnÞ Δass;SDμ ðconnÞ Δacc;SDμ ðconnÞ
0.15 0.00055(52) −7.7ð8.9Þ × 10−8 7ð12Þ × 10−10

0.12 0.000053(56) −9ð10Þ × 10−8 1ð13Þ × 10−10

0.09 −0.000012ð56Þ −0.0006ð286Þ 1.8ð3.4Þ × 10−8

0.06 4ð34Þ × 10−6 4.9ð7.0Þ × 10−6 −3.7ð4.2Þ × 10−8

0.04 −0.0018ð60Þ −0ð15Þ × 10−5

0.03 0.00007(31)
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the SD window boundary plus 2Δ). We use 4þ 4 states in
our fits in all cases, except where increasing (decreasing)
the number of non(oscillating) states yields a smaller
correlated difference between aμ computed from the raw
data and aμ computed from the fit reconstruction with the
oscillating contribution. For the light, strange, and charm
fits, we select the lowest energy state prior from the PDG
values of the ρ, ϕ, and J=ψ meson masses, respectively.
The other prior selections follow from Ref. [13]. The fit
qualities, as measured by the χ2=d:o:f:, are all between 0.3
and 1.3. The correlated differences between the aμ observ-
ables constructed from the raw correlator versus the
correlator in (A2) in Ref. [13] are given in Table XI. We
find that they are all zero within uncertainties, indicating
very good reproduction of the raw correlation function
from the fit.
The results from plugging

ΔCoscðtÞ ¼ CðtÞ − C0
no oscðtÞ ðB2Þ

into Eq. (2.9) for the short-distance window to obtain
jΔaμðoscÞj are shown in Fig. 30 for all;SDμ ðconnÞ,
ass;SDμ ðconnÞ, acc;SDμ ðconnÞ. We emphasize that due to
not having a t=a ¼ 1 data point with the oscillating
contribution, the curvature is reduced relative to the true
kΔaμðoscÞk as it is a larger contribution at coarser spacings.
For the light and strange contributions, we observe
straightforwardly that the oscillating contribution falls
off faster than the leading discretization terms in our
continuum fits. For charm, this is not apparent for the
physical ensembles used in this work. To resolve this, we
have studied additional charm data generated on nonphysi-
cal light-quark ensembles [60], with lattice spacings of
approximately 0.04 and 0.03 fm. With this extended
dataset, we observe the oscillating contribution does indeed
fall faster than the leading discretization terms in our
continuum fit. In summary, we find that the discretization

effects due to the oscillating contributions are small enough
that they do not need to be explicitly removed before
performing the continuum extrapolations.

APPENDIX C: COVARIANCE AND BAYESIAN
MODEL AVERAGING

Here we derive the formulas used to estimate covariance
between different observables in the context of BMA. We
follow the notation of Ref. [86]. This derivation is a simple
generalization of the formula for the variance derived in
that reference. Our derivation of the BMA statistical
covariance matches a similar result from Ref. [113].
We consider two observables a and b, which are

specified over a joint space of NM models fMig. The
sample estimator of covariance between these two quan-
tities is defined as

Cov½a; b� ¼ habi − haihbi; ðC1Þ

where h…i denotes the expectation over the posterior
distribution. Each expectation value can be expanded out
as a weighted average over the space of models [86],

Cov½a; b� ¼
XNM

i¼1

habiiprðMijDÞ

−
XNM

i¼1

XNM

j¼1

haiihbijprðMijDÞprðMjjDÞ; ðC2Þ

where prðMijDÞ are the model weights as defined in
Sec. III, and the expectation haii denotes the expectation
with respect to the specific modelMi. Next, we manipulate
this formula to expose the individual model covariances
Covi½a; b� with respect to each model Mi,

FIG. 30. Plot of the correlated difference ΔaμðoscÞ between aμ computed from the raw correlation function and the modified
nonoscillating correlation function of Eq. (B1) versus a2. This difference isolates the lattice artifacts due to the oscillating contributions;
we observe that they fall off rapidly compared to the leading discretization effects already included in our continuum fits.
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Cov½a; b� ¼
XNM

i¼1

ðhabii − haiihbiiÞprðMijDÞ

þ
XNM

i¼1

haiihbiiprðMijDÞ

−
XNM

i¼1

XNM

j¼1

haiihbijprðMijDÞprðMjjDÞ ðC3Þ

¼
XNM

i¼1

Covi½a;b�prðMijDÞ

þ
XNM

i¼1

haiihbiiprðMijDÞ−haihbi: ðC4Þ

Similar to the analogous formula for the variance, the first
term represents a weighted average of the “statistical
covariance” between a and b within each of the models,
while the second two terms together encode a “systematic
covariance” over the space of models. Note that the
statistical covariance also includes correlations from the
use of shared parameters [e.g., MΩ (GeV), aMΩ, ZV].
The formula in Eq. (C4) is fully general, but in the

present context we are mainly interested in using it for the
combination of different components of aμ. Since these
components are produced in separate analyses, we can
decompose the joint model space fMig into the direct
product of fMig ¼ fMA

mi
g × fMB

nig, where fMA
mg; fMB

ng
represent the sets of models used in each analysis for
estimating the individual quantities a and b. The double
subscripts “mi” and “ni” denote the two models chosen
from fMA

mg and fMB
ng that together comprise the joint

model Mi. Thus, Eq. (C4) becomes

Cov½a; b� ¼
XNMA

m¼1

XNMB

n¼1

Covmn½a; b�prðMA
m;MB

n jDÞ

þ
XNMA

m¼1

XNMB

n¼1

haimhbinprðMA
m;MB

n jDÞ − haihbi;

ðC5Þ

where NMA; NMB are the number of models in each
respective model space, so that the total number of models
is NM ¼ NMANMB .
A useful way to rewrite this expression is to marginalize

over one of the model spaces, giving a formula in terms of a
model average over the other model space. Without loss of
generality, we average over the model space for b by
defining the quantities

Covm½a; b̄�≡
XNMB

n¼1

Covmn½a; b�
prðMA

m;MB
n jDÞ

prðMA
mjDÞ ; ðC6Þ

hb̄im ≡XNMB

n¼1

hbin
prðMA

m;MB
n jDÞ

prðMA
mjDÞ ; ðC7Þ

where by definition

prðMA
mjDÞ ¼

XNMB

n¼1

prðMA
m;MB

n jDÞ; ðC8Þ

and thus rewrite Eq. (C5) as

Cov½a; b� ¼
XNMA

m¼1

Covm½a; b̄�prðMA
mjDÞ

þ
XNMA

m¼1

haimhb̄imprðMA
mjDÞ − haihbi: ðC9Þ

In thinking of this as a marginalization, the quantity hb̄im
may be counterintuitive; it is an average over the fMB

ng
space, but with an index m explicitly selecting a model
from the other space fMA

mg. If one imagines doing a
sequential model average in which b is averaged over first,
then the dependence of hb̄im on the choice of model MA

m
seems completely backward. The awkwardness of this
notation is a consequence of the fact that, without addi-
tional simplifications, the idea of model averaging over b
first is not really well defined; instead, one must consider
the full model space in its entirety. The choice of modelMB

n
influences the relative weight of different model choices in
space fMA

mg, altering the joint probability prðMA
m;MB

n jDÞ
and contributing to the covariance between a and b even in
a sequential analysis where b is estimated first.
An important simplifying case occurs when the depend-

ence of the quantity hb̄im on model space fMA
mg vanishes,

i.e., when hb̄im ¼ hbi. In this case, the last two terms in
Eq. (C9) cancel exactly, leaving only the averaged statistical
covariance. A relevant case under whichwewill find hb̄im ¼
hbi is when the model spaces are independent, so that
prðMA

m;MB
n jDÞ ¼ prðMA

mjDÞprðMB
n jDÞ; this factorization

immediately reduces Eq. (C7) to hbi. Other situations where
hb̄im ¼ hbi include when the model space fMB

ng is trivial,
i.e., when only onemodelwith nonzero probability is present
or when the expectation value hbin is independent of n.
In general, evaluation of the joint model probabilities

prðMA
m;MB

n jDÞ for all combinations across both model
spaces is impractical. In Appendix C 1, we explore how the
further assumption of independence between the model
spaces leads to relatively simple estimators for statistical
and parametric covariance. In Appendix C 2, we consider a
conservative way to estimate systematic covariance terms
in cases where they are present but difficult to estimate
directly. We adopt the latter estimate for the dominant
source of systematic correlations in this work, namely that
from shared EFT and EFT-inspired finite-volume models.
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1. Independent model spaces and statistical covariance

Here, we explore the consequences of the assumption of
systematic independence between the two model spaces
fMA

mg and fMB
ng. By systematic independence, we mean

that the joint model weights factorize into the independent
model weights calculated within the two separate analyses,
i.e.,

prðMijDÞ ¼ prðMA
mi
jDÞprðMB

ni jDÞ: ðC10Þ

As noted above, this assumption reduces the marginalized
hb̄im defined in Eq. (C7) to the expectation value hbi over
fMB

ng, causing the systematic model-variation covariance
terms to vanish. The statistical and parametric correlations
between a and b are retained in full. In particular, Eq. (C11)
immediately reduces to a simple average over statistical
covariances,

Cov½a; b� ¼ Covstat½a; b�

¼
XNMA

m¼1

XNMB

n¼1

Covmn½a; b�prðMA
mjDÞprðMB

n jDÞ:

ðC11Þ

The individual model weights forMA
m andMB

n are estimated
using the BAIC within each separate analysis, while the
statistical covariances are estimated as described in the text.
For use in a series of model averages, it is useful to

marginalize over one model space as in Eq. (C9). Under the
assumption of independent model spaces, the marginalized
covariance Eq. (C6) reduces to

Covm½a; b̄� ¼ Covm½a; hbi�≡
XNMB

n¼1

Covmn½a; b�prðMB
n jDÞ;

ðC12Þ

which allows us to rewrite the full statistical covariance as

Covstat½a; b� ¼
XNMA

m¼1

Covm½a; hbi�prðMA
mjDÞ; ðC13Þ

where Covm½a; hbi� are the statistical (and parametric)
covariances between haim (the individual model results
from fMA

mg) and hbi (the model average over fMB
ng).

An important alternative case under which Eq. (C13)
holds is for parametric inputs in which case the model space
fMB

ng can be viewed as consisting of only a single model.
In this case, the sum in Eq. (C12) collapses, so that
Covm½a; b̄� ¼ Covm½a; b�, the ordinary statistical covari-
ance between a and b given model MA

m. An alternate
derivation of Eq. (C13) first appeared in the Supplemental
Material of Ref. [48].

2. Systematic covariance

Model independence, which leads to zero model-sys-
tematic covariance, is a reasonable assumption for most
sources of systematic error between most observables;
however, the shared use of EFT and EFT-inspired schemes
among different observables may violate this assumption
and lead to non-negligible systematic correlation between
these observables. Correlations associated with Mπ correc-
tions are negligible since ΔMπ

is small in any case where
these corrections are applied. TB corrections do not lead to
correlations as they are used only in the final results for one
observable, namely aWμ ðdiscÞ. In contrast, FV corrections
do lead to large systematic errors in multiple observables.
Here, we derive a conservative upper bound on the
systematic covariance associated with the shared use of
FV correction schemes.
As argued above, the systematic covariance of interest

entirely consists of that which comes from FV corrections,
i.e.,

Covsyst½a; b� ¼ CovFV½a; b�: ðC14Þ
In the current context, this covariance cannot be determined
exactly as the joint model probabilities prðMijDÞ are too
cumbersome to compute. Recall, however, that the covari-
ance matrix is diagonally dominant, which means

jCovFV½a; b�j ≤ σFVa σFVb ; ðC15Þ

where the variances are evaluated in the usual way
including appropriate factors of the model weights in each
subset,

σFVa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNSA
FV

k¼1

hai2SAFV;kprðS
A
FV;kjDÞ − hai2FV

vuuut ; ðC16Þ

with prðSAFV;kjDÞ as defined in Eq. (3.13) and

haiFV ¼
XNSA

FV

k¼1

haiSAFV;kprðSAFV;kjDÞ; ðC17Þ

haiSAFV;k ¼
1

prðSAFV;kjDÞ
X

MA
m ∈ SAFV;k

haimprðMA
mjDÞ; ðC18Þ

and similarly for b. For emphasis, the subsets fSAFV;kg
partition the model space fMA

mg for a single observable into
subsets (one for each FV correction scheme), which is
distinct from the factorization of the joint model space for
two observables as fMig ¼ fMA

mi
g × fMB

nig. Note that in
most cases haiFV ¼ hai as defined in Eq. (3.10); the only
exception is for aWμ ðdiscÞ, where we average only over the
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variations without TB corrections, to disentangle these two
effects.
In summary, what we have shown is

Cov½a; b� ¼ Covstat½a; b� þ Covsyst½a; b� ðC19Þ

¼ Covstat½a; b� þ CovFV½a; b� ðC20Þ

≤ Covstat½a; b� þ jCovFV½a; b�j ðC21Þ

≤ Covstat½a; b� þ σFVa σFVb : ðC22Þ

Covstat½a; b� is as defined in Eq. (C13), and the additional
term is used to account for the systematic correlations
between all;Wμ ðconnÞ, aWμ ðdiscÞ, and Δaud;Wμ ðSIB; connÞ.
We conservatively assume that the covariance between our
observables saturates this bound; this assumption is equiv-
alent to assuming 100% correlation between observables
for the systematic error due to FV effects.

3. Correlation matrices

Using this formalism, our correlation matrices for aSDμ
and aWμ are given in Tables XII and XIII, respectively.
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