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We report the results of a lattice quantum chromodynamics calculation of Fg/F, using Mdbius
domain-wall fermions computed on gradient-flowed N, =2 + 1 + 1 highly improved staggered quark
(HISQ) ensembles. The calculation is performed with five values of the pion mass ranging from
130 < m, <400 MeV, four lattice spacings of a ~0.15, 0.12, 0.09 and 0.06 fm and multiple values of
the lattice volume. The interpolation/extrapolation to the physical pion and kaon mass point, the continuum,
and infinite volume limits are performed with a variety of different extrapolation functions utilizing both the
relevant mixed-action effective field theory expressions as well as discretization-enhanced continuum chiral
perturbation theory formulas. We find that the a ~ 0.06 fm ensemble is helpful, but not necessary to achieve a
subpercent determination of Fg/F,. We also include an estimate of the strong isospin breaking corrections
and arrive ata final result of F g+ /F,+ = 1.1942(45) with all sources of statistical and systematic uncertainty
included. This is consistent with the Flavour Lattice Averaging Group average value, providing an important
benchmark for our lattice action. Combining our result with experimental measurements of the pion and kaon
leptonic decays leads to a determination of |V ,|/|V 4| = 0.2311(10).

DOI: 10.1103/PhysRevD.102.034507

I. INTRODUCTION

Leptonic decays of the charged pions and kaons provide
a means for probing flavor-changing interactions of the
Standard Model (SM). In particular, the SM predicts that
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the Cabibbo-Kobayashi-Maskawa (CKM) matrix is unitary,
providing strict constraints on various sums of the matrix
elements. Thus, a violation of these constraints is indicative
of new, beyond the SM physics. There is a substantial
flavor physics program dedicated to searching indirectly for
potential violations.

CKM matrix elements may be determined through a
combination of experimental leptonic decay widths and
theoretical determinations of the meson decay constants.
For example, the ratio of the kaon and pion decay
constants, Fg, F,, respectively, may be related to the ratio

Published by the American Physical Society
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of light and strange CKM matrix elements |V |, |V .4l
via [1,2],

m[2 2
DK = 18) |Vl Femg (150
T = 12) Vil F2mg (1 =)
mZ

1
3

x [1 4 8gm + Ssu2))- (1.1)
In this expression, [ = e, y, the one-loop radiative quantum
electrodynamics (QED) correction is Sgy [3,4] and dgy(2) is

the strong isospin breaking correction that relates F%/F2
in the isospin limit to F%./FZ, that includes m, —m,
corrections [5]

F2 F2

Kt K
KL TR 4 Sgym).
F,%ﬁ F,2, [ SU(2)]

Using lattice quantum chromodynamics (QCD) calcu-
lations of the ratio of decay constants in the above
expression yields one of the most precise determinations
of |Vysl/|Vua| [6]. Combining the results obtained through
lattice QCD with independent determinations of the CKM
matrix elements, such as semileptonic meson decays,
provides a means for testing the unitarity of the CKM
matrix and obtaining signals of new physics.

Fy/F, is a so-called gold-plated quantity [7] for
calculating within lattice QCD. This dimensionless ratio
skirts the issue of determining a physical scale for the
lattices, and gives precise results due to the correlated
statistical fluctuations between numerator and denomina-
tor, as well as the lack of signal-to-noise issues associated
with calculations involving, for instance, nucleons. Lattice
QCD calculations of Fg/F, are now a mature endeavor,
with state-of-the-art calculations determining this quantity
consistently with subpercent precision. The most recent
review by the Flavour Lattice Averaging Group (FLAG),
which performs global averages of quantities that have
been calculated and extrapolated to the physical point by
multiple groups, quotes a value of

Fg+

= 1.1932(19) (1.2)

A

for Ny =2+ 1+ 1 dynamical quark flavors, including
strong-isospin breaking corrections [8].

This average includes calculations derived from two
different lattice actions, one [9] with twisted-mass fermions
[10,11] and the other two [12,13] with the highly improved
staggered quark (HISQ) action [14]. The results obtained
using the HISQ action are approximately seven times more
precise than those from twisted mass and so the universality
of the continuum limit for Fg/F, from Ny =2+ 1+1
results has not been tested with precision yet: in the
continuum limit, all lattice actions should reduce to a

single universal limit, that of SM QCD, provided all
systematics are properly accounted for. Thus, in addition
to lending more confidence to its global average, the
calculation of a gold-plated quantity also allows for precise
testing of new lattice actions, and the demonstration of
control over systematic uncertainties for a given action.
FLAG also reports averages for Np =2+ 1, Fg+/F,« =
1.1917(37) from Refs. [15-20] and for N, =2,
Fy:/F .+ = 1.1205(18) from Refs. [21], though we restrict
our direct comparisons to the Ny =2 + 1 + 1 results just
for simplicity.

In this work, we report a new determination of F/F,
calculated with Mobius domain-wall fermions computed
on gradient-flowed Ny = 2 + 1 + 1 HISQ ensembles [22].
Our final result in the isospin symmetric limit, Sec. IV D,
including a breakdown in terms of statistical (s), pion
and kaon mass extrapolation (y), continuum limit (a),
infinite volume limit (V'), physical point (phys) and model
selection (M) uncertainties, is

F

F_K = 1.1964(32)*(12)%(20)4(01)Y (15)Pys(12)M
= 1.1964(44). (1.3)

With our estimated strong isospin breaking corrections,

Sec. IV E, our result including m,; — m,, effects is

~

Fk* = 1.1942(44)(07)is

/

= 1.1942(45), (1.4)
where the first uncertainty in the first line is the combi-
nation of those in Eq. (1.3).

In the following sections we will discuss details of our
lattice calculation, including a brief synopsis of the action
and ensembles used, as well as our strategy for extracting
the relevant quantities from correlation functions. We will
then detail our procedure for extrapolating to the physical
point via combined continuum, infinite volume, and
physical pion and kaon mass limits and the resulting
uncertainty breakdown. We discuss the impact of the a ~
0.06 fm ensemble on our analysis, the convergence of the
SU(3)-flavor chiral expansion, and the estimate of the
strong isospin breaking corrections. We conclude with an
estimate of the impact our result has on improving the
extraction of |V ,|/|V 4| and an outlook.

II. DETAILS OF THE LATTICE CALCULATION
A. MDWF on gradient-flowed HISQ

There are many choices for discretizing QCD, with each
choice being commonly referred to as a lattice action.
These actions correspond to different UV theories that
share a common low-energy theory, QCD. Sufficiently
close to the continuum limit, the discrete lattice actions can
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be expanded as a series of local operators known as the
Symanzik expansion [23,24], the low-energy effective field
theory (EFT) for the discrete lattice action. The Symanzik
EFT contains a series of operators having higher dimension
than those in QCD, multiplied by appropriate powers of the
lattice spacing, a. For all lattice actions, the only operators
of mass-dimension < 4 are those of QCD, such that the
explicit effects from the various discretizations are encoded
only in higher-dimensional operators which are all irrel-
evant in the renormalization sense. There is a universality
of the continuum limit, ¢ — 0, in that all lattice actions, if
calculated using sufficiently small lattice spacing, will
recover the target theory of QCD, provided there are no
surprises from nonperturbative effects.

Performing lattice QCD (LQCD) calculations with differ-
ent actions is therefore valuable to test this universality, to
help ensure a given action is not accidentally in a different
phase of QCD, and to protect against unknown systematic
uncertainties arising from a particular calculation with a
particular action. In this work, we use a mixed-action [25] in
which the discretization scheme for the valence quarks is the
Mobius domain-wall fermion (MDWF) action [26-28]
while the discretization scheme for the sea quarks is the
highly improved staggered quark action [ 14]. Before solving
the MDWF propagators, we apply a gradient-flow [29-31]
smoothing algorithm [32,33] to the gluons to dampen UV
fluctuations, which also significantly improves the chiral
symmetry properties of the MDWF action [22] (for example,

TABLE L.

the residual chiral symmetry breaking scale of domain-wall
fermions m"™* is held to less than 10% of m, for reasonable
values of L5 and M, see Table I). Our motivation to perform
this calculation is to improve our understanding of Fg/F,
and to test the MDWEF on gradient-flowed HISQ action we
have used to compute the 7~ — z neutrinoless double beta
decay matrix elements arising from prospective higher-
dimension lepton-number-violating physics [34], and the
axial coupling of the nucleon g, [35,36]. As there is an
otherwise straightforward path to determining g, to sub-
percent precision with pre-exascale computing such as
Summit at Oak Ridge Leadership Computing Facility
(OLCF) and Lassen at Lawrence Livermore National
Laboratory (LLNL) [37], it is important to ensure this action
is consistent with known results at this level of precision.
There are several motivations for choosing this mixed-
action (MA) scheme [25,41]. The MILC Collaboration
provides their gauge configurations to any interested
party and we have made heavy use of them. They have
generated the configurations covering a large parameter
space allowing one to fully control the physical pion mass,
infinite volume and continuum limit extrapolations [42,43].
The good chiral symmetry properties of the domain wall
(DW) action [44-46] significantly suppress sources of
chiral symmetry breaking from any sea-quark action,
motivating the use of this mixed-action setup. While this
action is not unitary at finite lattice spacing, we have tuned
the valence quark masses such that the valence pion mass

Input parameters for our lattice action. The abbreviated ensemble name [38] indicates the approximate lattice spacing in fm

and pion mass in MeV. The S, L, XL which come after an ensemble name denote a relatively small, large and extra-large volume with

respect to m,L = 4.

Ensemble p Ny, Volume  am am;  am, Ls/a aMs bs,cs amy™ amt® x 10*  amy®  am®™ x10* 6 N N
al5m400° 5.80 1000 16°x48 0.0217 0.065  0.838 12 1.3 1.50, 0.50 0.0278 9.365(87) 0.0902 6.937(63) 3.0 30 8
al5m350° 5.80 1000 16°x48 0.0166  0.065  0.838 12 1.3 1.50, 0.50 0.0206 9.416(90) 0.0902 6.688(62) 3.0 30 16
al5m310 5.80 1000 16°x48 0.013 0.065 0.838 12 1.3 1.50,0.50 0.0158 9.563(67) 0.0902 6.640(44) 4.2 45 24
al5m220 5.80 1000 243 x48 0.0064  0.064  0.828 16 1.3 1.75,0.75 0.00712 5.736(38) 0.0902  3.890(25) 4.5 60 16
al5Sm135XL" 5.80 1000 483x64 0.002426 0.06730 0.8447 24 1.3 2.25,1.25 0.00237 2.706(08) 0.0945 1.860(09) 3.0 30 32
a12m400* 6.00 1000 243 x64 0.0170  0.0509 0.635 8 1.2 1.25,0.25 0.0219 7.337(50) 0.0693  5.129(35) 3.0 30 8
al2m350° 6.00 1000 243 x64 0.0130  0.0509 0.635 8 1.2 125,025 0.0166 7.579(52) 0.0693 5.062(34) 3.0 30 8
al2m310 6.00 1053 243x64 0.0102  0.0509 0.635 8 1.2 125,025 0.0126 7.702(52) 0.0693 4.95035) 3.0 30 8
al2m220S  6.00 1000 24*x64 0.00507 0.0507 0.628 12 1.2 1.50, 0.50 0.00600 3.990(42) 0.0693 2.390(24) 6.0 90 4
al2m220 6.00 1000 323x64 0.00507 0.0507 0.628 12 1.2 1.50, 0.50 0.00600 4.050(20) 0.0693  2.364(15) 6.0 90 4
al2m220L  6.00 1000 40°x64 0.00507 0.0507 0.628 12 1.2 1.50, 0.50 0.00600 4.040(26) 0.0693  2.361(19) 6.0 90 4
al2m130 6.00 1000 483x64 0.00184 0.0507 0.628 20 1.2 2.00, 1.00 0.00195 1.642(09) 0.0693  0.945(08) 3.0 30 32
a09m400* 6.30 1201 323x64 0.0124  0.037 0.44 6 1.1 1.25,0.25 0.0160 2.532(23) 0.0491 1.957(17) 35 45 8
a09m350* 6.30 1201 323x64 0.00945 0.037 0.44 6 1.1 1.25,0.25 0.0121 2.560(24) 0.0491 1.899(16) 3.5 45 8
a09m310 6.30 780 323x96 0.0074 0.037 0.44 6 1.1 1.25,0.25 0.00951 2.694(26) 0.0491 1.912(15) 6.7 167 8
a09m220 6.30 1001 483x96 0.00363 0.0363 0.43 8§ 1.1 1.25,0.25 0.00449 1.659(13) 0.0491 0.834(07) 8.0 150 6
a09m135* 6.30 1010 64°x96 0.001326 0.03636 0.4313 12 1.1 1.50, 0.50 0.00152 0.938(06) 0.04735 0.418(04) 3.5 45 16
a06m310* 6.72 1000 723x96 0.0048  0.024  0.286 6 1.0 1.25,0.25 0.00617 0.225(03) 0.0309 0.165(02) 3.5 45 8

*Additional ensembles generated by CalLat using the MILC code. The m350 and m400 ensembles were made on the Vulcan
supercomputer at LLNL while the al5m135XL, a09m135, and a06m310L ensembles were made on the Sierra and Lassen
supercomputers at LLNL and the Summit supercomputer at OLCF using QUDA[39,40]. These configurations are available to any
interested party upon request, and will be available for easy anonymous downloading—hopefully soon.
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matches the taste-5 HISQ pion mass within a few percent,
so as the continuum limit is taken, we recover a unitary
theory.

EFT can be used to understand the salient features of
such Mixed-action LQCD (MALQCD) calculations. Chiral
perturbation theory (yPT) [47-49] can be extended to
incorporate discretization effects into the analytic formula
describing the quark-mass dependence of various hadronic
quantities [50]. The MA EFT [51] for DW valence
fermions on dynamical rooted staggered fermions is well
developed [52-59]. The use of valence fermions which
respect chiral symmetry leads to a universal form of the MA
EFT extrapolation formulas at next-to-leading order (NLO)
in the joint quark mass and lattice spacing expansions
[55,58], which follows from the suppression of chiral
symmetry breaking discretization effects.

B. Correlation function construction and analysis

The correlation function construction and analysis
follows closely the strategy of Refs. [22] and [35,36].
Here we summarize the relevant details for this work.

The pseudoscalar decay constants F' can be obtained
from standard two-point correlation functions by making
use of the 5D Ward-Takahashi identity [60,61]

q1 92
Faa = e m? + migs +m® + myg
P 414213/2 ’
(E§*)Y

(2.1)

where ¢, and ¢, denote the quark content of the meson with
lattice input masses m,, and m,, respectively. The point-sink
ground-state overlap-factor z(, and ground-state energy Ej
are extracted from a two-point correlation function analysis
with the model

+ 9142
tIll]z E quqZ ZZL‘IZ -E, "t

ss ps

+ e B (T-0)(2.2)

where n encompasses in general an infinite tower of states,
t is the source-sink time separation, 7 is the temporal box
size and we have both smeared (s) and point (p) correlation
functions which both come from smeared sources. From
Ref. [22], we show that gradient-flow smearing leads to the
suppression of the domain-wall fermion oscillating mode
(which also decouples as M5 — 1, atleast in free-field [62]),
and therefore this mode is not included in the correlator fit
model. Finally, the residual chiral symmetry breaking m, is
calculated by the ratio of two-point correlation functions
evaluated at the midpoint of the fifth dimension L5/2 and
bounded on the domain wall [28]

2_x(m(1.x. Ls/2)x(0,0.0))
> x(n(2.x,0)7(0.0.0)) -

where 7z(t,x,s) = g(t,x,w)ysq(t,x,w) is the pseudo-
scalar interpolating operator at time ¢, space x and fifth

mres(t) - (23)

dimension s. We extract m,, by fitting Eq. (2.3) to a
constant.

1. Analysis strategy

For all two-point correlation function parameters
(MDWF and mixed MDWF-HISQ), we infer posterior
parameter distributions in a Bayesian framework using a
4-state model which simultaneously describes the smeared-
and point-sink two-point correlation functions (the source
is always smeared). The joint posterior distribution is
approximated by a multivariate normal distribution (we
later refer to this procedure as fitting). The two-point
correlation functions are folded in time to double the
statistics. The analysis of the pion, kaon, 5yss, and mixed
MDWF-HISQ mesons are performed independently, with
correlations accounted for under bootstrap resampling.

We analyze data of source-sink time separations between
0.72 and 3.6 fm for all 0.09 and 0.12 fm lattice spacing two-
point correlation functions, and 0.75 to 3.6 fm for all
0.15 fm lattice spacing two-point correlation functions.

We choose normally distributed priors for the ground-
state energy and all overlap factors, and log-normal dis-
tributions for excited-state energy priors. The ground-state
energy and overlap factors are motivated by the plateau
values of the effective masses and scaled correlation
function, and a prior width of 10% of the central value.
The excited-state energy splittings are set to the value of
two pion masses with a width allowing for fluctuations
down to one pion mass within one standard deviation. The
excited-state overlap factors are set to zero, with a width set
to the mean value of the ground-state overlap factor.

Additionally, we fit a constant to the correlation func-
tions in Eq. (2.3). For the 0.09 to 0.12 fm ensembles, we
analyze source-sink separations that are greater than
0.72 fm. For the 0.12 fm ensemble, the minimum
source-sink separation is 0.75 fm. The prior distribution
for the residual chiral symmetry breaking parameter is set
to the observed value per ensemble, with a width that is
100% of the central value. The uncertainty is propagated
with bootstrap resampling.

We emphasize that all input fit parameters (i.e., number
of states, fit region, priors) are chosen to have the same
values in physical units for all observables, to the extent
that a discretized lattice allows. Additionally, we note that
the extracted ground-state observables from these correla-
tion functions are insensitive to variations around the
chosen set of input fit parameters. Figure 1 shows the
stability of the determination of E, for the pion and kaon on
the al2m130 ensemble versus 7,,;, and the number of states.

III. EXTRAPOLATION FUNCTIONS

We now turn to the extrapolation/interpolation to the
physical point. We have three ensembles at the physical
pion mass with relatively high statistics and precise
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FIG. 1. Stability of the ground-state mass determination of the

pion (top) and kaon (bottom) on the al2m130 ensemble. The x
axis is the value of ¢, used in the analysis and the resulting £,
for a given f,;, and number of states in the analysis is plotted. The
68% confidence interval of the chosen fit (black) is plotted as a
horizontal band to guide the eye.

TABLE II.

determinations of Fg/F, (al5m135XL, al2m130, and
a09m135, see Table II) such that the physical quark mass
extrapolation is an interpolation. Nevertheless, we explore
how the ensembles with heavier pion masses impact the
physical point prediction and we use our dataset to explore
uncertainty arising in the SU(3)-flavor chiral expansion.

We begin by assuming a canonical power-counting
scheme for our MA LQCD action [52] in which O(m2) ~
O(mg) ~ O(a*Agcp) are all treated as small scales. For
the quark mass expansion, the dimensionless small
parameters (mp/4nF)?* naturally emerge from yPT where
P € {xn,K,n}. For the discretization corrections, while
aAéCD is often used to estimate the relative size of
corrections compared to typical hadronic mass scales, it
is a bit unnatural to use this in a low-energy EFT as Aqcp is
a QCD scale that does not emerge in yPT.

We chose to use another hadronic scale to form a
dimensionless parameter with a, that being the gradient
flow scale wy~ 0.17 fm [63]. This quantity is easy to
compute, has mild quark mass dependence, and the value is
roughly wy l'~4zF,. We then define the dimensionless
small parameters for controlling the expansion to be

2 2 2
2 _ (M (e I 3.1
i=() =G =) o
We leave F' ambiguous, as we will explore taking F' = F,

F =Fg and F? = F,F in our definition of A,. This
particular choice of €, is chosen such that the range of

Extracted masses and decay constants from correlation functions. An HDF?5 file is provided with this publication which

includes the resulting bootstrap samples which can be used to construct the correlated uncertainties. The small parameters in this table
are defined as €, g = m, x/(4nF,), €, = a/(2wy). The normalization of ¢, is chosen such that as a small parameter, it spans the range

2 2 2
of e; Se; Sex.

Ensemble am, amg €2 €% m,L e ag aF, aFg Fy/F,

al5m400 0.30281(31) 0.42723(27) 0.09216(33) 0.18344(62) 4.85 0.19378(13) 0.58801 0.07938(12) 0.08504(09) 1.0713(09)
al5m350 0.26473(30) 0.41369(28) 0.07505(28) 0.18326(60) 4.24 0.19378(13) 0.58801 0.07690(11) 0.08370(09) 1.0884(09)
al5m310 0.23601(29) 0.40457(25) 0.06223(17) 0.18285(48) 3.78 0.19378(13) 0.58801 0.07529(09) 0.08293(09) 1.1015(13)
al5m220  0.16533(19) 0.38690(21) 0.03269(11) 0.17901(48) 3.97 0.19378(13) 0.58801 0.07277(08) 0.08196(10) 1.1263(15)

al5m135XL 0.10293(07) 0.38755(14) 0.01319(05) 0.18704(59) 4.94 0.19378(13) 0.58801 0.07131(11) 0.08276(10) 1.1606(18)

al2m400
al2m350
al2m310
al2m220S
al2m220L
al2m220
al2m130

a09m400
a09m350
a09m310
a09m220
a09m135

a06m310L

0.24347(16) 0.34341(14) 0.08889(30) 0.17685(63) 5.84 0.12376(18) 0.53796 0.06498(11) 0.06979(07) 1.0739(17)
0.21397(20) 0.33306(16) 0.07307(37) 0.17704(83) 5.14 0.12376(18) 0.53796 0.06299(14) 0.06851(07) 1.0876(27)
0.18870(17) 0.32414(21) 0.05984(25) 0.17657(69) 4.53 0.12376(18) 0.53796 0.06138(11) 0.06773(10) 1.1033(21)
0.13557(32) 0.31043(22) 0.03384(19) 0.1774(10) 3.25 0.12376(18) 0.53796 0.05865(16) 0.06673(11) 1.1378(27)
0.13402(15) 0.31021(19) 0.03289(15) 0.17621(79) 5.36 0.12376(18) 0.53796 0.05881(13) 0.06631(17) 1.1276(29)
0.13428(17) 0.31001(17) 0.03314(15) 0.17666(81) 4.30 0.12376(18) 0.53796 0.05870(13) 0.06636(11) 1.1306(22)
0.08126(16) 0.30215(11) 0.01287(08) 0.17788(71) 3.90 0.12376(18) 0.53796 0.05701(11) 0.06624(08) 1.1619(21)

0.18116(15) 0.25523(13) 0.08883(32) 0.17633(59) 5.80 0.06515(08) 0.43356 0.04837(08) 0.05229(07) 1.0810(09)
0.15785(20) 0.24696(12) 0.07256(32) 0.17761(68) 5.05 0.06515(08) 0.43356 0.04663(08) 0.05127(07) 1.0994(10)
0.14072(12) 0.24106(14) 0.06051(22) 0.17757(59) 4.50 0.06515(08) 0.43356 0.04552(07) 0.05053(08) 1.1101(16)
0.09790(06) 0.22870(09) 0.03307(14) 0.18045(70) 4.70 0.06515(08) 0.43356 0.04284(08) 0.04899(07) 1.1434(18)
0.05946(06) 0.21850(08) 0.01346(08) 0.18175(91) 3.81 0.06515(08) 0.43356 0.04079(10) 0.04804(06) 1.1778(22)

0.09456(06) 0.16205(07) 0.06141(35) 0.1803(10) 6.81 0.02726(03) 0.29985 0.03037(08) 0.03403(07) 1.1205(17)
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values of this small parameter roughly corresponds to €2 <
€2 <e% as the lattice spacing is varied, similar to the
variation of €2 itself over the range of pion masses used, see
Table II. As we will discuss in Sec. IV, this choice of ¢,
seems natural as determined by the size of the discretization
low-energy constants (LECs) which are found in the
analysis. Note, this differs from the choice used in our
analysis of g4 [35,36].

With this power-counting scheme, the different orders in
the expansion are defined to be

N3LO:O(e) ~ O(epe2) ~ O(eret) ~O(e).  (3.2)
Even at finite lattice spacing, Fx = F, in the SU(3) flavor
symmetry limit, also known as the SU(3) vector limit
SU(3)y, and so there cannot be a pure O(e2) correction as it
must accompany terms which vanish in the SU(3),, limit,
such as €% — e2. Therefore, at NLO, there cannot be any
counterterms proportional to €2 and the only discretization
effects that can appear at NLO come through modification
of the various meson masses that appear in the MA EFT.

We find that the precision of our results requires
including terms higher than NLO, and we have to work
at a hybrid N*LO order to obtain a good description of our
data. Therefore, we will begin with a discussion of the full
N?LO yPT theory expression for Fg/F, in the continuum
limit [64-67].

A. N’LO yPT
The analytic expression for Fg/F, up to N’LO is [67]
Fyg 5 1 3 -
E:1+§f”—4fk Sf +4L5(€%<—€,21)
m2
+ eKFF( ) + K522 + K52,k
m

+ K522, + K4ik + K5agh, + Kei

+ Cl A, + Chag + C5a, + C. (3.3)
The first line is the LO (1) plus NLO terms, while the next
three lines are the N°LO terms. Several nonunique choices
were made to arrive at this formula. Prior to discussing
these choices, we first define the parameters appearing in
Eq. (3.3). First, the small parameters were all defined as

)

€5 = e
P \dnF,(mp

where F,(mp) is the “on-shell” pion decay constant at the
masses mp. The quantities £p are defined as

(3.4)

2
£p =3 (’”;), (3.5)
u

where yu is a renormalization scale. The coefficient Ly =
(47)>L%(u) is one of the regulated Gasser-Leutwyler LECs
[68] which has a renormalization scale dependence that
exactly cancels against the dependence arising from the
logarithms appearing at the same order. In the following,
we define all of the Gasser-Leutwyler LECs with the extra
(4r)? for convenience:

L;= (47)’L: (). (3.6)
The n mass has been defined through the Gell-Mann—
Okubo (GMO) relation

2
ny

4
gm%( ——m2, (3.7)

with the corrections to this relation being propagated into
Eq. (3.3) for consistency at N°’LO. The logs are

m2
Ap=1n —P) .
g < W

The In?> terms are encapsulated in the Fp(x) function,
defined in Eqs. (8-17) of Ref. [67],' and the K/ApAp terms
whose coefficients are given by2

(3.8)

1 131 41 3
k=& 4 r_ 22— 2ot
247K T 190 27 TSk T3pfm
o 13 59 , X 7
K e, K = 2 2’
§ =g 6nk +ggen 4= 36k T g enc
163, L3
— ——6 _
3 144 X 288 exck 32 €
241 13 61
K=" 4 2 2 7" 4 3.9
67 288 K Tk T 1gp o (3.9)

The single log coefficients C}_ are combinations of the
NLO Gasser-Leutwyler coefficients

Cl = c™ep + ket e + cKKet,

(3.10)

where

1They also provide an approximate formula which is easy to
implement, but our numerical results are sufficiently precise to
require the exact expression. To implement this function in our
analysis, we have modified an interface c++ file provided by
Bijnens to CHIRON [69], the package for two-loop ¥PT functions.
We have provided a PYTHON interface as well so that the function
can be called from our main analysis code, which is provided
with this article.

We correct a typographical error in the Kj term presented
in Ref. [67]: a simple power-counting reveals the &% = e}
accompanying this term should not be there.
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113 13 21
071[”:—7—2—2(2L1+5L2)—7L3+7L51
7 11 -
C{(ﬂ:___TLSa
cff = 1" =0,
209 -
Kn _ 277 L
2" =g ks
kK _ 3 3 I L L
19 1. 11 = =
cg”:ﬁ+6L3+€Ls_8(2L7+L8)’
4 4. 25 _
Cé(” = —§—§L3 —ZLS + 16(2L7 +Lg),
13 8. 2. - =
kK :E+§L3 —§L5 —8(2L7 + Lg). (3.11)

Finally, C} is a combination of these L coefficients as well
as counterterms appearing at N’LO. At N°LO, only two
counterterm structures can appear due to the SU(3),
constraints:

€y = (ek — en)[(Ak + Li)ex + (A3 + Li)ez]  (3.12)

which are linear combinations of the N2LO counterterms

Ak = 16(4m)*(Cly + Cs).

A% = 8(4n)*(Cls +2CF,). (3.13)

and contributions from the Gasser-Leutwyler LECs (Eq. 7
of Ref. [67])

- - 1 - 4 _ - -
- 2L1 - L2 —1—8L3 +§L5 - 8(2L7 + LS)’

L} =8Ls(4(Ly —2Lg) + 5Ls — 8Ly)

5 4. L
=2Ly — Ly~ gLy =3 Ls +8(2L; + Ly). (3.14)

There were several nonunique choices that went into the
determination of Eq. (3.3). When working with the full
N2LO yPT expression, the different choices one can make
result in different N*LO or higher corrections and exploring
these different choices in the analysis will expose sensi-
tivity to higher-order contributions that are not explicitly
included. The first choice we discuss is the Taylor expan-
sion of the ratio of Fg/F,

Fg 1+6FF0 +6FY0 4.
Fp 14 6FNWO 4 §FNLO | ..
=1+ 6FR0 + 6FYLO

+ (8FRL0)2 — GFNLOSFREO + ..

(3.15)

where the - - - represent higher order terms in the expansion
and 6FN'L0 = §FN'LO _ 5FNLO_ Equation (3.3) has been
derived from this standard Taylor-expanded form with the
choices mentioned above: the use of the on-shell renor-
malized value of ' — F and the definition of the # mass
through the GMO relation. The NLO expressions are the
standard ones [68],

3 3 3 _
5F%LO = —glxﬂﬂ—sz—gf”+4L5€%<

+4Ly(e7 + 2€%),
1 _ -
SFNLO = —£, = +4Lse + 4Ly (e} +26%).

5 1 3 =
TV PN VR )

- (3.16)

The 6FN© terms have been determined in Ref. [64] and
cast into analytic forms in Refs. [65,66]. The NLO terms
are of O(20%) and so Taylor expanding this ratio leads to
sizable corrections from the (§FY-°)? — SFNLOSFRLO con-
tributions. Utilizing the full ratio expression could in
principle lead to a noticeable difference in the analysis
(a different determination of the values of the LECs for
example). Rather than implementing the full SFYLO
expressions for kaon and pion, we explore this convergence
by instead just resumming the NLO terms which will
dominate the potential differences in higher-order correc-
tions. A consistent expression at N’LO is

NLO
&[(33)} _ 1+6Fy

N2LO N2LO
F “Tgopro POET G
V1 /4

ratio

(3.17)

where SFN'LO is the full N2LO expression in Eq. (3.15)

SFN1O = SFNLO 4 (§FNL0)2 — GFNLOSFRIO. (3.18)
and the ratio correction is given by
2
SN LO = SFNLOSFRLO — (SFRLO)2, (3.19)

Another choice we explore is the use of F' — F in the
definition of the small parameters. Such a choice is very
convenient as it allows one to express the small parameters
entirely in terms of observables one can determine in the
lattice calculation (unlike the bare parameters, such as
xPT’s Fy and Bm,, which must be determined through
extrapolation analysis). Equally valid, one could have
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chosen F — Fx or F> — F,Fg. Each choice induces
explicit corrections one must account for at N>LO to have
a consistent expression at this order. The NLO corrections
in Eq. (3.3) are proportional to

_ m%, FK m2

 (4n)?’F,Fx F, (4n)*F,Fg
2 2 2
- omp Fr  omp 0
- (4”FK)2F% - (4nFg)? (14 20F3%0).

(1 + 6FNLO)

(3.20)

plus higher-order corrections.

Related to this choice, Eq. (3.3) is implicitly defined at

the standard renormalization scale [67]

o = m, =770 MeV. (3.21)
While Fg/F, of course does not depend upon this choice,
the numerical values of the LECs do. Further, a scale setting
would be required to utilize this or any fixed value of p.
Instead, as was first advocated in Ref. [70] to the best of our
knowledge, it is more convenient to set the renormalization
scale on each ensemble with a lattice quantity. For example,
Ref. [70] used p = flat = \/2F1at where Fat is the lattice-
determined value of the pion decay constant on a given
ensemble. The advantage of this choice is that the entire
extrapolation can be expressed in terms of ratios of lattice
quantities such that a scale setting is not required to perform
the extrapolation to the physical point.

At NLO in the expansion, one is free to make this choice
as the corrections appear at N°LO. In the present work, we
must account for these corrections for a consistent expres-
sion at this order, which is still defined at a fixed
renormalization scale. To understand these corrections,
we take as our fixed scale

=4nF,, (3.22)
where Fj is the decay constant in the SU(3) chiral limit.
Define y, = 4xF, and consider the NLO expression

F 5
7K21+§f’;0_

1 3

G%)I:s(ﬂo)

5 Uz 1 Uz
=4+ (e ) -—-eIn(e ™2
+8€,, <€”,u(2)) 4€K €K/,t%

3 Hz -
S (612) + 406k - ALstu)
0

1 3
—félz” _Zf? —gfﬁz;ﬂ +4(€

5
=1
+8

2

Uz\ 15 , 1, 3,
1 Y . - -5 b
+n<ﬂ%>{8€” 4€K 86‘,1

%( - 63:)1:5(/40)

(3.23)

where we have introduced the notation

2 =¢exn (é)
P P /12 .

If we chose the renormalization scale u, and add the second
term of the last equality, then this expression is equivalent
to working with the scale y through N?LO. The conven-
ience of this choice becomes clear as p,/uy has a familiar
expansion

(3.24)

Br 14 6FNO 4

. (3.25)

Using the GMO relation Eq. (3.7) and expanding In(1 + x)
for small x, this expression becomes

Fx 5

1, 3, ;
P g g =)
3

Similar expressions can be derived for the choices y,x =
4xF .k (where F g = \/F,Fy) and pg = 4xFx which are
made more convenient if one also makes the replacements
F% - {F,Fg, F%} in the definition of the small parameters
plus the corresponding N?LO corrections that accompany
these choices.

If we temporarily expose the implicit dependence of the
expression for Fg/F, on the choices of F and u, such that
Eq. (3.3) is defined as

K33 = T (Fp )

T /4

(3.27)

then the following expressions are all equivalent at N>LO:

T (Fruto) = 2 (i) + 5510
= T Faei) + 10
= T (Feans) + 351 (3.28)
where
L0 = (2 _ 2)5rp0 4 2(sFR0)2,

Fx 2
3
2
Sy 0 == 1 (ex — €2)(OFRO + 8FFM0) + (6FR-)?,

3

B0 = =2 (ek — R)oFRC. (3.29)

and the LECs in these expressions are related to those at the
standard scale by evolving them from pf, - po with their
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known scale dependence [68]. Implicit in these expressions
is the normalization of the small parameters

2
W, fOI'F—)Fﬂ

@Z‘%, for F — /F.Fx.

mZ
WTPKV’ fOfF—)FK

(3.30)

We have described several choices one can make in
parametrizing the yPT formula for Fg/F,. The key point
is that if the underlying chiral expansion is well behaved, the
formulas resulting from each choice are all equivalent through
N?LO in the SU(3) chiral expansion, with differences only
appearing at N3LO and beyond. Therefore, by studying the
variance in the extrapolated answer upon these choices, one is
assessing some of the uncertainty arising from the truncation
of the chiral extrapolation formula.

B. Discretization corrections

We now turn to the discretization corrections. We explore
two parametrizations for incorporating the corrections aris-
ing at finite lattice spacing. The simplest approach is to use
the continuum extrapolation formula and enhance it by
adding contributions from all allowed powers of €3 and €2
to a given order in the expansion. This is very similar to
including only the contributions from local counterterms that
appear at the given order. At N?LO, the set of discretization
corrections is given by3

SNLO — Atel(ed — €2) + Agases(ex —ez).  (3.32)

where A} and A} are the LECs and ag is the running QCD
coupling that emerges in the Symanzik expansion of the
lattice expansion through loop corrections. Each contribution

*One can use the renormalization-group to resum corrections
from radiative gluons that modify the leading asymptotic scaling
behavior [71,72]. For actions without dimension-5 operators in
the Symanzik EFT, these resummed scaling violations are known
to be proportional to

62ymanzik — C(zj)azagﬁ?, .

(3.31)
where ¢9 is an LEC for operator O and whose value depends
upon the lattice action. The power is n = 0 for unimproved
actions (such as our MDWF valence action), n = 1 for tree-level
improved actions (such as the HISQ action) and n = 2 for one-
loop improved actions. The anomalous dimension 7; can be
determined in the asymptotic scaling regime which has been
recently done for Yang-Mills and Wilson fermion actions with
7YM =7/11 [73]. This anomalous dimension is not known for
our action. In principle, one could perform a fit where instead of
treating the a” and aga® terms with different LECs, one could
combine them as in Eq. (3.31) and try and fit both ¢9 and 7,. We
leave this to future studies and in this work, we use Eq. (3.32).

at this order must vanish in the SU(3), limit because the
discretization corrections are flavor blind and so we have the
limiting constraint

F
lim —X =1, (3.33)

at any lattice spacing.

From a purist EFT perspective, we should instead utilize
the MA EFT expression. Unfortunately, the MA EFT
expression is only known at NLO [52] and our results
require higher orders to provide good fits. Nevertheless, we
can explore the utility of the MA EFT by replacing the
NLO yxPT expression with the NLO MA EFT expression
and using the continuum expression enhanced with the
local discretization corrections at higher orders, Eq. (3.32).

Using the parametrization of the hairpin contributions
from Ref. [55], the NLO MA EFT expressions are

£ . _ _
SFYA = —¢,, - 7 +4Lse + 4L,4(€2 + 2¢%) + €2L,,,

fju fﬂ I/ﬂru fjs frs fss 3l’ﬂX
- +
2 8 4 2 4 4 8
+4Lsed +4L4(e2 + 2¢%) + €L,
5 5t
— 2 dt, = 2K y) — 225D

SFYA = —

8 24
&% 2 ,
+ e <IC”X -3 (€% — e,zr)ngi)}))
52,5,
112 (IC(Y%XE) - ZICﬂ.'SSX)‘ (334)

In these expressions, we use the partially quenched flavor
notation [74] in which

7. valence-valence pion
K: valence-valence kaon
u: valence light flavor quark
j: sea light flavor quark , (3.35)
s: valence strange flavor quark
r: sea strange flavor quark
X: sea-sea eta meson
and so, for example
m? m3
£jy=——L=In 2, 3.36
(o 530

where m;, is the mass of a mixed valence-sea pion. The
partial quenching parameters §;,> and &2, provide a measure

of the unitarity violation in the theory. For our MDWF on
HISQ action, at LO in MA EFT, they are given by the
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splitting in the quark masses plus a discretization correction
arising from the taste-identity splitting

C. Finite volume corrections

We now discuss the corrections arising from the finite
spatial volume. The leading finite volume (FV) corrections

2 2By(m; —m,) + a*A arise from the tadpole integrals which arise at NLO in both
Ju (4nF,)? ’ the yPT and MA expressions. The well-known modifica-
tion to the integral can be expressed as [75-77]
5, — 2Bolm: = m,) + & 337
rs (47[F )2 ( . )
p/

For the tuning we have done, setting the valence-valence
pion mass equal to the taste-5 sea-sea pion mass, these
parameters are given just by the discretization terms as
m, = m; and m; = m, within 1%-2%. The sea-sea eta
mass in this tuning is given at LO in MA EFT as

4 1
my = -m% —~m2 + a*Ay.

. : (3.38)

These parameters, and the corresponding meson masses are

provided in Table III. The expressions for dZ';, Ky, 4., le/)zl’(})Z

and KCy 4 . are provided in the Appendix B.

1, FV -
ot =0 +4>
n[£0

Ky (mpL[n[),  (3.39)

i

where the sum runs over all nonzero integer three-vectors.
Each value of |n| can be thought of as a winding of the
meson P around the finite universe. The ¢, are multiplicity
factors counting all the ways to form a vector of length |n|
from triplets of integers, see Table IV for the first few.
K (x) is a modified Bessel function of the second kind. In
the asymptotically large volume limit, the finite volume
correction to these integrals is

5FVfPEf§;.V—fP

At NLO in the MA EFT, the LECs which contribute to — e Nl e~k
SF x and 8F, are the same as in the continuum, L, and Ls, N (mpL)3?
plus a discretization LEC which we have denoted L,. Just NG o-mrL
like the L, contribution, the contribution from L, exactly + €% x O( 73 5 /2>. (3.40)
cancels in 6Fg — 6F,. At N>LO, beyond the continuum (mPL\/§> (mpL)

counterterm contributions, Eq. (3.12), there are the two
additional LECs contributions, Eq. (3.32).

TABLE III.

Extracted masses of the mixed MDWF-HISQ mesons. We use the notation from Ref. [74] in which m, and mg denote the

masses of the valence pion and kaon and j and r denote the light and strange flavors of the sea quarks while u and s denote the light and
strange flavors of the valence quarks. Since we have tuned the valence MDWF pion and ss mesons to have the same mass as the HISQ
sea pion and 5s mesons within a few percent, the quantities m?u — m2 and other splittings provide an estimate of the additive mixed-
meson mass splitting due to discretization effects, a®Ay;, [52] and additional additive corrections [59]. At LO in MA EFT, these

splittings are predicted to be quark mass independent, which we find to be approximately true, with a notable decrease in the splitting as
the valence-quark mass is increased as first observed in Ref. [56] as well as a milder decrease as the seq-quark mass is increased.

Ensemble amj, amj, am,, am,. amg W%AMlx ju szi,hx " Aﬁ,hx - wé A%Aix,rs wg a’A;

al5m400 0.3597(17)  0.4586(24) 0.4717(19) 0.5537(11) 0.5219(02) 0.0486(15) 0.0359(28) 0.0516(23) 0.0440(16) 0.112(14)
al5m350 0.3308(23) 0.4463(14) 0.4598(16) 0.5526(10) 0.5201(02) 0.0508(20) 0.0362(17) 0.0519(19) 0.0451(15) 0.112(14)
al5m310 0.3060(17) 0.4345(16) 0.4508(14) 0.5490(12) 0.5188(02) 0.0489(13) 0.0324(18) 0.0511(17) 0.0416(16) 0.112(14)
al5m220 0.2564(27) 0.4115(17) 0.4320(29) 0.5420(08) 0.5150(01) 0.0495(18) 0.0253(19) 0.0476(33) 0.0368(11) 0.112(14)
al5SmI35XL 0.232(13)  0.4058(56) 0.4337(84) 0.5560(31) 0.5257(02) 0.0559(75) 0.0187(59) 0.0489(94) 0.0423(45) 0.112(14)
al2m400 0.2678(06)  0.3560(08) 0.3624(07) 0.4333(06) 0.4207(01) 0.0251(07) 0.0177(12) 0.0271(10) 0.0217(11) 0.063(05)
al2m350 0.2303(08)  0.3446(07) 0.3454(10) 0.4322(05) 0.4197(01) 0.0147(07) 0.0158(10) 0.0168(15) 0.0214(09) 0.063(05)
al2m310 0.2189(09)  0.3344(10) 0.3439(09) 0.4305(05) 0.4180(02) 0.0248(08) 0.0136(14) 0.0266(13) 0.0213(09) 0.063(05)
al2m220S 0.1774(14) 0.3187(12) 0.3323(17) 0.4286(10) 0.4158(02) 0.0264(10) 0.0105(16) 0.0283(24) 0.0219(18) 0.063(05)
al2m220L 0.1774(14) 0.3187(12) 0.3323(17) 0.4286(10) 0.4156(02) 0.0273(10) 0.0107(16) 0.0286(23) 0.0222(18) 0.063(05)
al2m220 0.1774(14) 0.3187(12) 0.3323(17) 0.4286(10) 0.4154(01) 0.0272(10) 0.0110(16) 0.0289(23) 0.0225(18) 0.063(05)
al2m130 0.1491(20)  0.3080(15) 0.3240(26) 0.4271(08) 0.4141(01) 0.0316(12) 0.0073(19) 0.0276(34) 0.0220(14) 0.063(05)
a09m400 0.1878(05) 0.2581(06) 0.2607(06) 0.3162(05) 0.3133(01) 0.0094(07) 0.0056(12) 0.0109(11) 0.0071(12) 0.020(02)
a09m350 0.1654(06)  0.2498(05) 0.2526(06) 0.3159(04) 0.3124(01) 0.0093(07) 0.0054(10) 0.0108(12) 0.0083(11) 0.020(02)
a09m310 0.1485(06) 0.2428(05) 0.2472(10) 0.3150(04) 0.3117(01) 0.0086(07) 0.0032(10) 0.0114(20) 0.0080(09) 0.020(02)
a09m220 0.1090(09)  0.2303(06) 0.2334(07) 0.3115(03) 0.3094(01) 0.0088(07) 0.0028(10) 0.0083(12) 0.0051(08) 0.020(02)
a09m135 0.0786(15) 0.2187(11) 0.2270(15) 0.3079(05) 0.3027(07) 0.0102(09) 0.0004(19) 0.0146(26) 0.0123(19) 0.020(02)
a06m310L 0.0957(08) 0.1619(11) 0.1619(12) 0.2103(10) 0.2098(01) 0.0020(14) —0.0004(34) —0.0004(34) 0.0020(40) 0.004(00)
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TABLE IV. Multiplicity factors for the finite volume correc-
tions of the first 10 vector lengths, |n|.

m| 1 V2 V3 V4 V5 V6o VT V8 VO VIO
¢, 6 12 8 6 24 24 0 12 30 24

The full finite volume corrections to the continuum
formula are also known at N?LO [78] as well as in the
partially quenched yPT [79]. In this work, we restrict the
corrections to those arising from the NLO corrections
as our results are not sensitive to higher-order FV correc-
tions. This is because, with the ensembles used in this
work, all ensembles except al2m?220S satisfy m,L = 4 (see
Table II). MILC generated three volumes for this al2m220
ensemble series to study FV corrections. Figure 2 shows a
comparison of the results from the al2m220L, al2m?220,
and a12m220S along with the predicted volume corrections
arising from NLO in yPT. The uncertainty band arises from
an N?LO fit using the full N>LO continuum yPT formula
enhanced with discretization LECs and N3LO corrections
arising from continuum and finite lattice spacing correc-
tions. Even with one of the most precise fits, we see that the
numerical results are consistent with the predicted NLO FV
corrections.

D. N3L O corrections

The numerical dataset in this work requires us to add
N3LO corrections to obtain a good fit quality. At this
order, we only consider local counterterm contributions, of
which there are three new continuumlike corrections and
three discretization corrections. A nonunique, but complete
parametrization is

114254 & mgL =536 ¢ m;L=430 | m;L=325
1.1400 -
1.1375 -
N . L
L% 1.1350 0 @7 e{iﬂm“ )
K 1.1325 31'2\’“2‘20" OV

1.1300 4

1.1275 A

1.1250 4

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
e—mﬁL/<me)3/2

FIG. 2. We compare the finite volume results on al2m220L,
al2m220 and al2m220S to the predicted finite volume correc-
tions from NLO yPT. The uncertainty band is from the full N°LO
#PT extrapolation, plotted with fixed mesons masses (€3) and
fixed lattice spacing (e2), determined from the al2m220L
ensemble. At the one-sigma level, our data are consistent with
the leading FV corrections.

SN0 = (e} — e2){ehAS + €2(AS wek + AS 1e2)

AL + (¢ — 2)(A%ek +ASR)}. (3.41)
In principle, we could also add counterterms proportional to
higher powers of ag but with four lattice spacings, we would
not be able to resolve the difference between the complete set
of operators including all possible additional ag corrections.
The set of operators we do include is sufficient to para-
metrize the approach to the continuum limit.

IV. EXTRAPOLATION DETAILS AND
UNCERTAINTY ANALYSIS

We now carry out the extrapolation/interpolation to the
physical point, which we perform in a Bayesian framework.
To obtain a good fit, we must work to N3LO in the mixed
chiral and continuum expansion. The results from the
a06m310L ensemble drive this need, in particular, for
higher-order discretization corrections to parametrize the
results from all the ensembles. We will explore the impact
of the a06m310L ensemble in more detail in this section.
First, we discuss the values of the priors we set and the
definition of the physical point.

A. Prior widths for LECs

The number of additional LECs we need to determine at
each order in the expansion is

order Ny, N, N,
NLO 1 0 0
N2LO 7 2 2
N3LO 0 3 3
Total 8 5 5

N, is the number of Gasser-Leutwyler coefficients, N, the
number of counterterms associated with the continuum yPT
expansion and N, is the number of counterterms associated
with the discretization corrections. In total, there are 18
unknown LECs. While we utilize 18 ensembles in this
analysis, the span of parameter space is not sufficient to
constrain all the LECs without prior knowledge. In par-
ticular, the introduction of all 8 L; coefficients requires
prior widths informed from phenomenology.

In the literature, the L; are typically quoted at the
renormalization scale y, = 770 MeV while in our work,
we use the scale up = 4nF,. We can use the BE14 values
of the L; LECs from Ref. [80] and the known scale
dependence [68] to convert them from p, to pp,:

L ln</2>
(4n)* \ur)’

with the values of I'; listed in Table V for convenience.
We use Fy =80 MeV, which is the value adopted by

Li(a) = L) -

(4.1)
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TABLE V. T coefficients that appear in the scale dependence of the L;(u). We evolve the L;(u) from the typical scale u = 770 MeV,
Eq. (3.21) to g = 4nF,, beginning with the BE14 estimates from the review [80] (Table 3), using their known scale dependence [68],
Eq. (4.1). We assign the following slightly more conservative uncertainty as a prior width in the minimization: If a value of L, is less than
0.5 x 1073, we assign it a 100% uncertainty at the scale u = 770 MeVi; if the value is larger than 0.5 x 1073, we assign it the larger of 0.5

or 1/3 of the mean value.

L L, L, L, Ls Le L, Lg
I; 3/32 3/16 3/8 11/144 0 5/48
103L;(m,) 0.53(50) 0.81(50) -3.1(1.0) 0.30(30) 1.01(50) 0.14(14) —0.34(34) 0.47(47)
103L;(uo) 0.37(50) 0.49(50) -3.1(1.0) 0.09(30) 0.38(50) 0.01(14) —0.34(34) 0.29(47)
FLAG [8]. We set the central value of all the L; with this Ff’;ys =92.07(57) MeV,

procedure and the widths are set as described in Table V.

Next, we must determine priors for the N>LO and N3LO
local counterterm coefficients, A% ;. We set the central
value of all these priors to 0 and then perform a simple grid
search varying the widths to find preferred values of the
width, as measured by the Bayes factor. Our goal is not to
optimize the width of each prior individually for each
model used in the fit, but rather find a set of prior widths
that is close to optimal for all models. To this end, we vary
the width of the yPT LECs together at each order (N’LO,
N?LO) and the discretization LECs together at each order
(N2LO, N3LO) for a four-parameter search. We apply a
very crude grid where the values of the widths are taken to
be 2, 5, or 10.

We find taking the width of all these A%,  LECs equal to
2 results in good fits with near-optimal values. This
provides evidence the normalization of small parameters
we have chosen for €% and €2, Eq. (3.1), is “natural” and
supports the power-counting we have assumed, Eq. (3.2).
The N?LO LECs mostly favor a width of 2 while the N*LO
discretization LECs prefer 5 and the N3LO yPT LECs vary
from model to model with 5 a reasonable value for all. As a
result of this search, we pick as our priors

At ,=0+2,
A, =045,

At =0+2,

—0+5. (4.2)

B. Physical point

As our calculation is performed with isospin symmetric
configurations and valence quarks, we must define a physical
point to quote our final result. We adopt the definition of the
physical point from FLAG. FLAG[2017] [81] defines the
isospin symmetric pion and kaon masses to be [Eq. (16)]

M, = 134.8(3) MeV,

My = 4942(3) MeV. (4.3)

The values of F,+ and F-+ are taken from the Ny =2 + 1

results from FLAG[2020] [8] (we divide the values by V2to
convert to the normalization used in this work)

hys
FP™ = 110.10(49) MeV. (4.4)

The isospin symmetric physical point is then defined by
extrapolating our results to the values (for the choice
F—F,)

( phys) M}T 2
AnF phys /7

@ = ()

phys
ArF pits

C. Model averaging procedure

Our model average is performed under a Bayesian
framework following the procedure described in [36,82].
Suppose we are interested in estimating the posterior
distribution of Y = Fg/F,, i.e., P(Y|D) given our data
D. To that end, we must marginalize over the different
models M,.

P(M,|D).

P(Y|D) = ZP Y|My, D (4.6)

Here P(Y|M,, D) is the distribution of Y for a given model
M, and dataset D, while P(M|D) is the posterior
distribution of M, given D. The latter can be written,
per Bayes’s theorem, as

P(D|M)P(M,)
> P(DIM))P(M,)

We can be more explicit with what the latter is in the
context of our fits. First, mind that we are a priori agnostic
in our choice of M. We thus take the distribution P(M}) to
be uniform over the different models. We calculate
P(D|M;) by marginalizing over the parameters (LECs)
in our fits:

P(D|M,) / Hde P(D|0W, M) P60

P(M|D) =

(4.7)

M) (4.8)
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After marginalization, P(D|M;) is just a number.
Specifically, it is the Bayes factor of M;: P(D|M;) =
exp(log GBF),, , where logGBF is the log of the Bayes

factor as reported by LSQFIT [83]. Thus

exp(log GBF),,

P(MID) = > exp(log GBF),,

(4.9)

with K the number of models included in our average. We
emphasize that this model selection criterion not only rates
the quality of the description of data but also penalizes
parameters which do not improve this description. This
helps rule out models which overparametrize data.

Now we can estimate the expectation value and variance
of Y:

Y] =) E[Y|M,JP(M,|D). (4.10)

Var[Y] = [zk:Var[Y|Mk]p(Mk|D)]
+ KZEZ[Yle]P(Mk|D)> —EZ[Y|D]] (4.11)
k

The variance Var[Y] results from the total law of variance;
the first term in brackets is known as the expected value of
the process variance (which we refer to as the model
averaged variance), while the latter is the variance of the
hypothetical means (the root of which we refer to as the
model uncertainty). After this work was completed, a
similar, but more thorough discussion of Bayesian
Model Averaging in the context of lattice QCD was
presented [84].

D. Full analysis and uncertainty breakdown

In total, we consider 216 different models of extrapo-
lation/interpolation to the physical point. The various
choices for building a yPT or MA EFT model consist of

x2:  yPTor MA EFT at NLO

x3: use F? = {F% F,Fg, F%}in defining €3
x2: fully expanded (3.15) or ratio (3.17) form
x2: atN?LO, use full yPT or just counterterms
x2: include or not an agterm at N>LO

x2: include or not the NLO FV corrections
x2: include N*LO counterterms or not

192: total choices

We also consider pure Taylor expansion fits with only
counterterms and no log corrections. For these fits, the set
of models we explore is

x2:  work toN*LO or N°LO

x3: use F? = {F2,F,Fy, F%}in defining ¢
x2: include or not an ag term at N>’LO

x2: include or not FV corrections

24: total choices

Based upon the quality of fit (gauged by the Bayesian
analog to the p-value, Q, or the reduced chi square, y?)
and/or the weight determined as discussed in the previous
section, we can dramatically reduce the number of models
used in the final averaging procedure. First, any model
which does not include the FV correction from NLO is
heavily penalized. This is not surprising given the observed
volume dependence on the al2m220 ensembles, Fig. 2.
However, even if we remove the al2m220S ensemble
from the analysis, the Taylor-expanded fits have a relative
weight of e~ or less compared to those that have yPT form
at NLO.

If we add FV corrections to the Taylor expansion fits
(pure counterterm) and use all ensembles,
UL S S > _Lin])
F. 5\€k — FV|n\¢o L[ | (m

N (4.12)
they still have weights which are ~e~® over the normalized
model distribution and also contribute negligibly to the
model average.

We observe that the fits which use the MA EFT at NLO
are also penalized with a relative weight of ~e~%, and fits
which only work to N’LO have unfavorable weights by
~e™ (and are also accompanied by poor y? values).
Cutting all of these variations reduces our final set of
models to be N°LO yPT with the following variations:

x3: useF? = {F% F,Fy, F%}in defining €3
x2: fully expanded (3.15) or ratio (3.15) form
x2: atN?LO, use full yPT or just counterterms
x2: include or not an agterm at N>LO

24: total choices which enter the model average

The final list of models, with their corresponding weights
and resulting extrapolated values to the isospin symmetric
physical point, is given in Table VII in Appendix A. Our
final result in the isospin symmetric limit, defined as in
Eq. (4.5) and analogously for other choices of 2, including
a breakdown in terms of statistical (s), pion mass extrapo-
lation (y), continuum limit (a), infinite volume limit (V),
physical point (phys) and model selection (M) uncertain-
ties, is as reported in Eq. (1.3)
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% = 1.1964(32)" (12)7(20)%(01) (15)Ps(12)M

T

= 1.1964(44).

The finite volume uncertainty is assessed by removing the
al2m220S ensemble from the analysis, repeating the model
averaging procedure and taking the difference. The final
probability distribution broken down into the three choices
of F? is shown in Fig. 3.

1. Impact of a06m310L ensemble

Next, we turn to understanding the impact of the
a06m310L ensemble on our analysis. The biggest differ-
ence upon removing the a06m310L ensemble is that the
data are not able to constrain the various terms contributing
to the continuum extrapolation as well, particularly since
there are up to three different types of scaling violations:

(ex —€2) x {€2, asel, €4},

mm F? - F?
mm o FoFg
. P Ff

®
il

=
e

Bayes Model Avg PDF
3 s

1.19 1.20
FK/FW

FIG. 3. Final probability distribution giving rise to Eq. (1.3),
separated into the three choices of F? = {F2, F Fg, F%} in the
definition of the small parameters, Eq. (3.1). The parent “gray”
distribution is the final PDF normalized to 1 when integrated.

and thus, the statistical uncertainty of the results grows as
well as the model variance, with a total uncertainty growth
from ~0.0044 to ~0.0057, and the mean of the extrapolated
answer moves by approximately half a standard deviation.
Furthermore, N?LO fits become acceptable, though they
are still grossly outweighed by the N?LO fits. Including
both effects, the final model average result shifts from

F F
F—K = 1.1964(44) - £

b4 7 Ino a06

= 1.1941(57).  (4.13)

In Fig. 4, we show the continuum extrapolation from
three fits:

(i) Left: all ensembles, NLO yPT with only counter-

terms at N>°LO and N’LO and F = F;
(i) Middle: no a06m310L, N3LO »PT with only coun-
terterms at N>LO and N’LO and F = F;
(iii) Right: no a06m310L, N>LO yPT with only counter-
terms at N°LO and F = F,.
As can be seen from the middle plot, the al5, al2 and a09
ensembles prefer contributions from both €2 and €* con-
tributions and are perfectly consistent with the result on the
a06m310L ensemble. They are also consistent with an
NZ2LO fit (no € contributions) as can be seen in the right
figure. However, the weight of the N3LO fits is still
significantly greater than the N?LO fits even without the
a06m310L data.

We conclude that the a06m310L ensemble is useful, but
not necessary to obtain a subpercent determination of
Fy/F, with our lattice action. A more exhaustive com-
parison can be performed with the analysis notebook
provided with this publication.

In Fig. 5, we show the stability of our final result for
various choices discussed in this section.

2. Convergence of the chiral expansion

While the numerical analysis favors a fit function in
which only counterterms are used at N’LO and higher, it is
interesting to study the convergence of the chiral expansion

191 a06 0 a09 o al2 - alb 1.21 s a06 Ea
1.20 1.20

119 1.19 @

& [
= s s
5 i S o
< e
I 117 [ 117
1.16: @ 1.16

5 W 115
xpt_nnnlo_FV_ct PP
1.14: 1.14

xpt_nnnlo_FV_PP

o al2 H alb 1.21 M a06 H 209 M al2 H alb
1.20
1.19 i1

Sl,l& ﬁ

=<
117

@ iﬁ 11(:‘ @

xpt_nnlo_FV_PP
1.14

»,

0.050 0075 0100 0125 0050 0175 0200 0000 0025 0050 0075

€2 = a?/(2wp)?

0000 0.25

000 0125
€2 = a*/(2wp)?

015 0075 0.200 0.000 0025 0050 0075 0100 0025 0150 0175  0.200

€2 = a?/(2wp)?

FIG. 4. Left: N3LO fit to all ensembles. Middle: same fit to all ensembles excluding a06m310L. Right: representative N’LO fit to all
ensembles excluding a06m310L. In all plots, the results from each ensemble are shifted to the physical values of €2 and €% and the
infinite volume limit, with only the €2 dependence remaining. The labels are explained in Appendix A; the data points at each spacing

are slightly offset horizontally for visual clarity.

034507-14



Fy/F, FROM MOBIUS DOMAIN-WALL ...

PHYS. REV. D 102, 034507 (2020)

model average Ly
ct N2LO yPTf —— N
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Fx/F: Weight Relative to Highest
FIG. 5. Stability plot of final result compared to various model
choices. The black square at the top is our final answer for the
isospin symmetric determination of Fg/F . The vertical magenta
band is the uncertainty of this fit to guide the eye. The solid
magenta squares are various ways of decomposing the model
selection that goes into the final average. The right panel shows
the relative weight with respect to the maximum logGBF value,
exp{log GBF; — log GBF,,,, }. Below the set of models included
in the average, we show sets of analyses that are not included in
the average for comparison, which are indicated with open gray
symbols. First, we show the impact of excluding the a06m310L
ensemble. The logGBF cannot be directly compared between
these fits and the main analysis as the number of data points are
not the same, so the overall normalization is different; their
logGBF are shown as open diamonds. The relative l0ogGBF
between the N>LO and N2LO analysis can be compared which
indicates a large preference for the N*LO analysis. We also show
the MA EFT analysis, which agrees well with the main analysis.
Finally, we show the results if one were to change the widths of
the N°LO and N3LO priors from those chosen in Eq. (4.2).

by studying the fits which use the full yPT expression
at N?LO.

In Fig. 6, we show the resulting light quark mass
dependence using the N®LO extrapolation with the full
N?LO yPT formula. After the analysis is performed, the
results from each ensemble are shifted to the physical kaon
mass point, leaving only dependence upon €2 and €2 as well
as dependence upon the n mass defined by the GMO
relation. The magenta band represents the full 68% con-
fidence interval in the continuum, infinite volume limit.
The different colored curves are the mean values as a
function of €2 at the four different lattice spacings. We also
show the convergence of this fit in the lower panel plot.
From this convergence plot, one sees that roughly that at the
physical pion mass (vertical gray line) the NLO contribu-
tions add a correction of ~0.16 compared to 1 at LO, the

[Xptfnnnlo,vapp}

0.00 0.02 0.04 0.06 0.08
€ = (my/AnF,)?

NLO N3LO
N2LO

1081 [xpt,nnnlo,FV,PPJ

0.00 0.02 0.04 0.06 0.08
€ = (my/4nFy)?

FIG. 6. Sample light quark mass dependence from a yPT fit
with F = F, (N?LO yPT + N3LO counterterms). Top: curves are
plotted with €2 = (¢B™*)2, at fixed €2 for each lattice spacing, as
a function of €2. The magenta band is the full uncertainty in the
continuum, infinite volume limit. The data points have all been
shifted from the values of €. to ¢2™* and to the infinite volume
limit. Bottom: We show the convergence of the resulting fit as a
function of €2. Each band corresponds to all contributions up to
that order with the LECs determined from the full fit. The N*LO
band corresponds to the continuum extrapolated band in the top
figure.

N2LO contributions add another ~0.04, and the N3LO
corrections are not detectable by eye. The band at each
order represents the sum of all terms up to that order
determined from the full fit. The reduction in the uncer-
tainty as the order is increased is due on large part to the
induced correlation between the LECs at different orders
through the fitting procedure.

In Fig. 3, we observe that the different choices of F are
all consistent, indicating higher-order corrections (starting
at N3LO in the noncounterterm contributions) are smaller
than the uncertainty in our results. It is also interesting to
note that choosing F g or Fg is penalized by the analysis,
indicating the numerical results prefer larger expansion
parameters. In Table VI, we show the resulting yPT LECs
determined in this analysis for the two choices
F ={F,, Fg,}, as well as whether the ratio form of the
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TABLE VL

Resulting LECs from full N2LO yPT analysis (also including N*LO counterterms). For the Gasser-

Leutwyler LECs L;, we evolve them back to the standard scale ¢ = 770 MeV, while for the other LECs, we leave

them at the scale yy = 47Fy~ 1005 MeV.

F?=F2 F? =F_Fg
LEC Ratio Ratio
u="1770 Prior No Yes No Yes
10°L, 0.53(50) 0.47(49) 0.50(49) 0.45(49) 0.48(49)
10°L, 0.81(50) 0.77(46) 0.84(46) 0.69(44) 0.77(45)
103Ls -3.1(1.0) —3.02(85) —2.84(86) —3.26(81) —3.05(82)
10°L, 0.30(30) 0.24(29) 0.14(29) 0.24(29) 0.16(29)
103Ls 1.01(50) 0.48(35) 0.52(34) 0.40(33) 0.47(34)
103L, 0.14(14) 0.14(14) 0.14(14) 0.14(14) 0.14(14)
10°L, —0.34(34) —-0.55(32) —-0.57(32) —-0.52(33) —-0.53(33)
10°Lg 0.47(47) 0.30(46) 0.28(46) 0.35(46) 0.32(46)
H = Ho
A} 0(2) 0.06(1.42) 0.09(1.41) 0.2(1.6) 0.2(1.5)
Al 0(2) 2.5(1.2) 2.4(1.2) 2.0(1.3) 2.0(1.3)
A%, 0(5) 2.8(4.7) 2.8(4.7) 1.94.7) 2.0(4.7)
A% 0(5) 0.008(4.016) 0.3(4.0) 0.1(4.4) 0.2(4.4)
AS 0(5) 2.6(4.0) 2.1(4.1) 2.4(4.4) 2.0(4.4)

fit is used, Eq. (3.17). For the Gasser-Leutwyler LECs, we
evolve the values back from uy — p, for a simpler
comparison with the values quoted in literature. For most
of the L;, we observe the numerical results have very little
influence on the parameters as they mostly return the prior
value (also listed in the table for convenience). The only
LECs influenced by the fit are Ls, L7, and Lg with Ls
getting pulled about one sigma away from the prior value
and L, and Lg only shifting by a third or half of the prior
width. One interesting observation from our results is that
our fit prefers a value of L5 that is noticeably smaller than
the value obtained by MILC [16] and HPQCD [12] and is
also smaller than the BE14 result from Ref. [80], although
the discrepancy is still less than 2 sigma. We also note
that our value of L5 is very compatible with that determined
by RBC/UKQCD with domain-wall fermions and near-
physical pion masses [18]. Those interested in exploring
this in more detail can utilize our numerical results,
and if desired, extrapolation code made available with this
publication.

In Fig. 7, we show the impact of using the fully expanded
expression, Eq. (3.15), versus the expression in which the
NLO terms are kept in a ratio, Eq. (3.17). To simplify the
comparison we restrict it to the choice F = F, and the full
N2LO yPT expression. We see that fits without the ratio
form are preferred, but the central value of the final result
depends minimally upon this choice.

In Fig. 8, we show that the results strongly favor the use
of only counterterms at N°LO as opposed to the full yPT fit
function at that order. We focus on the choice F = F; to
simplify the comparison.

Our results are not sufficient to understand why the fit
favors only counterterms at N’LO and higher. While the
linear combination of LECs in Eq. (3.12) are redundant, the
L; LECs also appear in the single-log coefficients,
Egs. (3.10) and (3.11) in different linear combinations.
Nevertheless, we double check that the fit is not penalized
for the counterterm redundancy, Eq. (3.12). Using the
priors for L; from Table V, we find the contribution from
the Gasser-Leutwyler LECs to these N’LO counterterms,
Eq. (3.14), are given by

B w/o ratio fit (F2)
W/ ratio fit (F2)

PDFs from ratio or not

117 118 1.19 1.20 1.21 1.22
FK/FW

FIG. 7. Comparison of fits with the fully expanded Eq. (3.15)
and ratio Eq. (3.17) expressions, all with the choice F = F,. The
PDFs are taken from the parent PDF, Fig. 3, without renormaliz-
ing such that height in this figure reflects the relative weight
compared to the total PDF.

034507-16



Fy/F, FROM MOBIUS DOMAIN-WALL ...

PHYS. REV. D 102, 034507 (2020)

e N2LO=ct (F2)

60
s N2LO=XPT (F2)

PDFs from N2LO ct or full XPT

117 118 119 1.20 121 1.22
Fy/F,

FIG. 8. Comparison of N*LO yPT analysis with F = F, using
the full N?°LO yPT expression (smaller histogram) versus only
counterterms at N>LO, Egs. (3.12) and (3.32). As in Fig. 7, the
PDFs are drawn from the parent PDF.

L} =0.3(1.3), LY =—0.64(94). (4.14)
As the A‘}J terms are priored at 0(2), it is sufficient to rerun
the analysis by simply setting L% = 0. We find this result
marginally improves the Bayes factors but not statistically
significantly, leaving us with the puzzle that the optimal fit
is a hybrid NLO xPT plus counterterms (analytic terms) at
higher orders. We note that it has been known for some time
that using yPT at NLO plus purely analytic terms at NNLO
and higher results in good quality extrapolation fits, at least
in part because the NNLO chiral logarithms are relatively
slowly varying for the range of pion masses for which the
NNLO analytic terms are sizable enough to be important
[2]. This is discussed in more detail in the review by
Bernard [85]. The MILC Collaboration no longer reports
analysis with just the analytic terms at NNLO [16] and so it
is not clear if other groups observe the same preference for
counterterms only at NNLO or not.

If the Taylor expansion fits (pure counterterm) were good
and favored over the yPT fits, this could be a sign that the
SU(3)yPT formula was failing to describe the lattice
results. However, we have to include the NLO yPT expre-
ssion, including its predicted (counterterm free) volume
dependence to describe the numerical results. It would be
nice to have the full N°LO MA EFT expression to under-
stand why the hybrid MA EFT fits are so relatively
disfavored in the analysis. There may be compensating
discretization effects that cancel against those at NLO to
some degree that might allow the full N°LO MA EFT to
better describe the results. However, at two loops in yPT,
the universality of MA EFT expressions [58] breaks down
such that the MA EFT expression can no longer be
“derived” from the corresponding PQyPT one (which is
known for Fy/F, at two loops [79,86-88]). It is therefore
unlikely that the NNLO MA EFT expression specific to this
MALQCD calculation will ever be derived, so this issue
will most likely not be resolved with more clarity.

E. QCD isospin breaking corrections

Finally, we discuss the correction to our result to obtain a
direct determination of Fy+/F,+ including strong isospin
breaking corrections, but excluding QED corrections. This
is the standard value quoted in the FLAG reviews [8,81].
Our calculations, like most, are performed in the isospin
symmetric limit, and therefore, the strong isospin breaking
correction must be estimated, rather than having a direct
determination. The optimal approach is to incorporate both
QED and QCD isospin breaking corrections into the
calculations such that the separation is not necessary, as
was done in Ref. [89] by incorporating both types of
corrections through the perturbative modification of the
path integral and correlation functions [90,91]. In this
work, we have not performed these extensive computations
and so we rely upon the SU(3)yPT prediction to estimate
the correction due to strong isospin breaking. As we have
observed in Sec. IV D, the SU(3) chiral expansion behaves
and converges nicely, so we expect this approximation to be
reasonable.

The NLO corrections to Fg and F, including the strong
isospin breaking corrections are given by

SFNLO _— _“~ ‘&0 _T°h_ ‘R
k* 8 4 8 4 2
Lo 2 O =l
+Z(€Ko—€Ki)€%_€]2[O

+4L4(e2. +er. + €xo) +4Lser., (4.15)

where we have kept explicit the contribution from each
flavor of meson propagating in the loop. There are three
points to note in these expressions:

(1) AtNLO in the SU(3) chiral expansion, there are no
additional LECs that describe the isospin breaking
corrections beyond those that contribute to the
isospin symmetric limit. Therefore, one can make
a parameter-free prediction of the isospin breaking
corrections using lattice results from isospin sym-
metric calculations, with the only assumption being
that SU(3)xPT converges for this observable.

(2) If we expand these corrections about the isospin
limit, they agree with the known results [5], and
o0F .+ is free of isospin breaking corrections at
this order.

(3) We have used the kaon mass splitting in place of
the quark mass splitting, which is exact at LO in
¥PT B(my—m,) = (AA/I%(O - ]\A/Iii)

The estimated shift of our isospin-symmetric result to
incorporate strong isospin breaking is then
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SFis© = Fi+ _Q
K== F.. F,
1
= —Z@ﬂp — k) +4Ls(e}. — €3
1 ,— €0
2 2 n 3
+Z(6K0 —€r.) 2-e, (4.16)

Reference [5] suggested replacing Ls with the NLO
expression equating it to the isospin symmetric Fg/F,
which yields

2 2
1€K“_€Ki

2

70

Fg 2 (& 2 4 2
X |4 F——l +ezln 2 —ex +ez|. (4.17)

In this expression, we have utilized the two relations

H /
SFY, =
K=n 6 6%—6

2620_€2i
fur—f’:——u 2 _e2)(In e 1
& 4 3 6%—67210 (€% —e€z)(Inez + 1)
2 24,
e — € = 5 (g —€z) (4.18)

At this order, both Egs. (4.16) and (4.17) are equivalent.
However, they can result in shifts that differ by more than one

standard deviation. Further, the direct estimate of the strong
isospin breaking corrections [9] is larger in magnitude than
either of them. Therefore, to estimate the strong isospin
breaking corrections, we take the larger of the two correc-
tions as the mean and the larger uncertainty of the two, and
then add an additional 25% uncertainty for SU(3) truncation
errors. In Sec. IV D2 we observe the N’LO correction is
~25% of the NLO correction (while NLO is ~16% of LO).

In order to evaluate these expressions, we have to define
the physical point with strong isospin breaking and without
QED isospin breaking. We employ the values from FLAG
[2017] [81] (except Mo = 134.6(3) MeV):

My = M, = 134.8(3) MeV,
Myo = 497.2(4) MeV,

My =491.2(5) MeV. (4.19)

With this definition of the physical point, we find (under the
same model average as Table VII)

SFio = —0.00188(51),

SFiY = —0.00215(24), (4.20)

resulting in our estimated strong isospin breaking correction

TABLE VII. List of models used in final result, as described in the text.

Model Ve 0 10gGBF Weight Fy/F,
xpt-ratio_nnnlo_FV_ct_PP 0.847 0.645 77.728 0.273 1.1968(40)
xpt-ratio_nnnlo_FV_alphaS_ct_PP 0.843 0.650 77.551 0.229 1.1962(46)
xpt_nnnlo_FV_ct_PP 0.908 0.569 76.830 0.111 1.1974(40)
xpt_nnnlo_FV_alphaS_ct_PP 0.902 0.576 76.668 0.095 1.1966(46)
xpt-ratio_nnnlo_FV_ct_PK 1.014 0.439 76.343 0.068 1.1952(37)
xpt-ratio_nnnlo_FV_alphaS_ct_PK 1.006 0.449 76.234 0.061 1.1944(42)
xpt_nnnlo_FV_PP 0.949 0.517 75.371 0.026 1.1989(40)
xpt_nnnlo_FV_alphaS_PP 0.946 0.522 75.196 0.022 1.1983(46)
xpt_nnnlo_FV_ct_PK 1.135 0.309 75.084 0.019 1.1950(36)
xpt_nnnlo_FV_alphaS_ct_PK 1.123 0.321 75.007 0.018 1.1941(41)
xpt-ratio_nnnlo_FV_PP 1.014 0.439 74.765 0.014 1.1987(40)
xpt-ratio_nnnlo_FV_alphaS_PP 1.009 0.445 74.599 0.012 1.1980(46)
xpt_nnnlo_FV_PK 1.100 0.344 74.421 0.010 1.1969(37)
xpt_nnnlo_FV_alphaS_PK 1.093 0.352 74.306 0.009 1.1962(42)
xpt-ratio_nnnlo_FV_ct_ KK 1.262 0.202 74.014 0.007 1.1920(36)
xpt-ratio_nnnlo_FV_alphaS_ct_ KK 1.244 0.215 74.004 0.007 1.1912(39)
xpt-ratio_nnnlo_FV_PK 1.159 0.286 73.880 0.006 1.1967(37)
xpt-ratio_nnnlo_FV_alphaS_PK 1.150 0.295 73.780 0.005 1.1959(41)
xpt_nnnlo_FV_KK 1.288 0.184 72.757 0.002 1.1938(36)
xpt_nnnlo_FV_alphaS_KK 1.273 0.194 72.718 0.002 1.1930(40)
xpt-ratio_nnnlo_FV_KK 1.338 0.152 72.348 0.001 1.1938(36)
xpt-ratio_nnnlo_FV_alphaS_KK 1.322 0.162 72.323 0.001 1.1929(39)
xpt_nnnlo_FV_alphaS_ct_KK 1.536 0.068 71.459 0.001 1.1900(38)
xpt_nnnlo_FV_ct_ KK 1.558 0.061 71.430 0.001 1.1909(35)

Bayes Model Average

1.1964(42)(12)
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Fpe F
K 2K — _0.00215(72)
Fy F,

(4.21)

and our final result as reported in Eq. (1.4)

~

KT — 1.1942(44)(07)s
Fir

v

= 1.1942(45),

where the first uncertainty in the first line is the combi-
nation of those in Eq. (1.3).

V. SUMMARY AND DISCUSSION

The ratio Fg/F, may be used, in combination with
experimental input for leptonic decay widths, to make a
prediction for the ratio of CKM matrix elements, |V .| /|V 4.
Using the most recent data, Eq. (1.1) becomes [6]

|Vus|k

VEE 0.2760(4),

(5.1)

where strong isospin breaking effects must be included for
direct comparison with experimental data. Combining this
expression with our final result, we find

Vs

=0.2311(10).
‘ ud|

(5.2)

Utilizing the current global average, |V 4| =0.97420(21),
extracted from superallowed nuclear beta decays [6]
results in

|V.s| = 0.2251(10). (5.3)

Finally, we may use our results, combined with the value

|V.p| =(3.94(36)) x 1073, as a test of unitarity for the CKM

matrix, which states that |V,4> + |V,|> + |[V.|> = 1.
From our calculation we find

Vial? + Vs> + Vo> = 0.99977(59).  (5.4)

Alternatively, rather than using the experimental deter-
mination of |V,4| as input for our test of unitarity, we may
instead use the global lattice average for |V | = 0.2231(7)
[8], extracted via the quantity f, (0), the zero momentum
transfer limit of a form factor relevant for the semileptonic
decay K — 7~ Iv. This leads to

Vil + Vo2 + Vi = 0.9812(95),  (5.5)
leading to a roughly 26 tension with unitarity. Our result,
along with the reported experimental results for |V,,| and

lattice results for |V,|, are shown in Fig. 9. One could also
combine our results with the more precise average in the

0.226+

0.2254
— 0.2244
N
—0.2234

0.2224

0.2214

0.955 0.960 0.965 0.970 0.975 0.980
|Vud ‘

FIG. 9. Result for the ratio of CKM matrix elements,
|V usl/|V ual, extracted from the ratio F g/ F, reported in this work
(red band). The global lattice value for |V | extracted from a
semileptonic decay form factor, f (0) [8], is shown as a horizontal
blue band, while the global experimental average for |V,,| from
nuclear beta decay [6] is given as a vertical green band. Note that
the intersection between the red and green bands agrees well with
the unitarity constraint for the CKM matrix, while the intersection
between the red and blue bands shows ~2¢ tension.

FLAG review which would lead to a slight reduction their
reported uncertainties, but we will leave that to the FLAG
Collaboration in their next update.

Another motivation for this work was to precisely test
(below 1%) whether the action we have used for our
nucleon structure calculations [35-37] can be used to
reproduce an accepted value from other lattice calculations
that are known at the subpercent level. Our result provides
the first subpercent cross-check of the universality of the
continuum limit of this quantity with Ny =2+ 1+1
dynamical flavors, albeit with the same sea-quark action
as used by MILC/FNAL and HPQCD [12,13].

Critical in obtaining a subpercent determination of any
quantity is control over the continuum extrapolation. This
is relevant to our pursuit of a subpercent determination of
g as another calculation, utilizing many of the same HISQ
ensembles but with a different valence action (clover
fermions), obtains a result that is in tension with our
own [92,93]. While there has been speculation that this
discrepancy is due to the continuum extrapolations [93],
new work suggests the original work underestimated the
systematic uncertainty in the correlation function analysis,
and when accounted for, the tension between our results
goes away [94].

In either case, to obtain a subpercent determination of g,
which is relevant for trying to shed light on the neutron
lifetime discrepancy [95], it is important to understand the
scaling violations of our lattice action. While a smooth
continuum extrapolation in one observable does not guar-
antee such a smooth extrapolation in another, it at least
provides some reassurance of a well-behaved continuum
extrapolation. Furthermore, the determination of Fyg/F,
involves the same axial current that is relevant for the
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FIG. 10. Comparison of the continuum extrapolation from the MILC[2014] [96] result (left) with the continuum extrapolation in the
present work with the MDWEF on gradient-flowed HISQ action (right). In the right plot, we also include the FLAG[2020] average value
from the Ny =2 + 1 + 1 calculations [8]. While the a06m310L ensemble is not necessary for us to extrapolate to a consistent value as
this FLAG average (see Fig. 4), the overall size of our discretization effects are larger. This is not necessarily surprising as the HISQ
action used by MILC has perturbatively removed all O(a?) corrections such that the leading scaling violations begin at O(aga?), as
implied by the x axis of the left plot. See footnote 3 for a comment on the leading scaling violations [71-73].

computation of the nucleon matrix element used to com-
pute g,.

Figure 4 shows the continuum extrapolation of Fg/F,
from our analysis. The size of the discretization effects are
noticeably larger than we observed in our calculation of g,
[36]. In Sec. IV D 1, we demonstrated that, while helpful,
the a06m310L ensemble is not necessary to achieve a
subpercent determination of Fy/F,. This is in contrast to
the determination by MILC which requires the a ~ 0.06 fm
(or smaller) lattice spacings to control the continuum
extrapolation (though we note, the HPQCD calculation
[12], also performed on the HISQ ensembles, does not
utilize the a ~0.06 fm ensembles but agrees with the
MILC result). It should be noted, the MILC result does
not rely on the heavier mass ensembles except to adjust for
the slight mistuning of the input quark masses on their near-
physical point ensembles. In Fig. 10, we compare our
continuum extrapolation to that of MILC [96].

In Ref. [96], they also utilize the same four lattice
spacings as in this work (they have subsequently improved
their determination with an additional two finer lattice
spacings [13].) A strong competition between the O(a?)

and O(a*) corrections was observed in that work, such that
the a ~ .06 fm ensemble is much more instrumental for a
reliable continuum extrapolation than is the case in our
setup. At the same time, the overall scale of their discre-
tization effects is much smaller than we observe in the
MDWEF on gradient-flowed HISQ action for this quantity.
This is not entirely surprising as the HISQ action has been
tuned to perturbatively remove all O(a?) corrections such
that the leading corrections formally begin as O(aga?).

The analysis and supporting data for this article are
openly available [97].
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APPENDIX A: MODELS INCLUDED
IN FINAL ANALYSIS

We list the models that have entered the final analysis as
described in Sec. IV D and listed in Table VII. For example,
the model

xpt-ratio_nnnlo_FV _alphaS_PP

indicates the model uses the continuum yPT fit function
through N3LO with discretization corrections added as in

Egs. (3.32) and (3.41). The NLO contributions are kept in a

ratio form, Eq. (3.17), and we have included the corre-
sponding N2LO ratio correction 6Y,L0. The finite volume
corrections have been included at NLO. The discretization
terms at N’LO include the age? (€% — €2) counterterm. The
renormalization scale appearing in the logs is y = 4z F, as
indicated by PP, and we have included the corresponding
N2LO correction 51}?0, Eq. (3.29), to hold the actual
renormalization scale fixed at py = 4nF,.

When ct appears in the model name, the only N>LO
terms that are added are from the local counterterms while

all chiral log corrections are set to zero.

APPENDIX B: NLO MIXED ACTION FORMULAS

The expression for dZ, arises from the integral
ip - / dk i 1+ 1In(m%/u?)

k@)K —my)? o (dn)?

which has been regulated and renormalized with the
standard yPT modified dimensional-regularization scheme
[48]. The finite volume corrections to 67, are given by

(B1)

otVde,
2K, (mL
=5 o PO - k) - KonLin
a0 (4n) mL|n|
(B2)
The expression for Ky 4, arises from the integral
dk i
Ky b = (47:)2/
D12 R (27[)[1 (kz_mil)(kz_mle)z)
£y —C
=5 _h (B3)
€, ~ 4,
Similarly, K)) is given by
21) / dk i(47r)2(47rF)2
NP Jr (2m)d (kK2 = m3 )2 (k2 = m3,)
£y —C d¢
__“9 4 ¢
_(622_62 1)2_62 _;2 : (B4)
2 A b2 A
Finally, Ky 4,4, 1s given by
dk i(4n)*(4nF)?
Kooty = a2 2\(12 2\(12 2
R (2m) (k> —my ) (k* —my ) (k* —my )
_ Z, I fﬁbz
(e =€) (€5, —€g) (g, =€) (eg, —€5,)
4
3 (BS)

(€5, = €a) (G, — )
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TABLE VIIL

Input parameters and measured acceptance rate for the new HISQ ensembles. In addition to the columns standardly

reported by MILC (see Table IV of Ref. [43]), we list the abbreviated ensemble name, the number of streams N, and the total
number of configurations N,. For a given ensemble, each stream has an equal number of configurations. The gauge coupling, light,
strange, and charm quark masses on each ensembles are given as well as the tadpole factor u, and the Naik-term added to the charm
quark action ey. Here s denotes the total length in molecular dynamics time units (MDTU) between each saved configuration, Len.
denotes the length between accept/reject steps (in MDTU), and Acc. denotes the fraction of trajectories accepted. The microstep size e
used in the HMC is provided as Len./N g, which was input with single precision. The average acceptance rate over all streams is listed

as well as the number of streams.

Ensemble 10/ ¢ am; am am, Uy ey s Len. € Acc. Ngream  Nego
al5SmI35XL  5.80 0.002426  0.06730 0.8447 0.85535 -0.35892 5 0.2 0.2/150 0.631 4 2000
a09m135 6.30 0.001326  0.03636  0.4313 0.874164 —0.11586 6 1.5 1.5/130  0.693 2 1010
a06m310L 6.72 0.0048 0.024 0.286 0.885773 —0.05330 6 2.0 2.0/120 0.765 2 1000

In each of these expressions, the corresponding expression
including FV corrections are given by replacing £ — fgv,
Eq. (3.39).

APPENDIX C: HMC FOR NEW ENSEMBLES

We present various summary information for the three
new ensembles used in this work, a06m310L, al5m135XL

and a09m135. In Table VIII, we list the parameters of
the HISQ ensembles used in the HMC. In Fig. 11, we show
the MDTU history of the AS for the three ensembles.
For the al5m135XL ensemble, we reduced the trajectory
length significantly compared to the al5ml130 from
MILC to overcome spikes in the HMC force calculations.
To compensate, we lowered the acceptance rate to
encourage the HMC to move around parameter space with

a15m135XL —— bacc. =0.635 —— d acc. = 0.625
4 7 cacc. = 0.631 e acc. = 0.624
2 -
n
<
0 -
_9
_4: T T 1 T T
0 2000 4000 6000 8000 10000
MDTU
o5 a09m135 aacc. = 0.694 —— b acc. = 0.691
)
T 0.0-
—2.51 T T T T T T T
0 1000 2000 3000 4000 5000 6000
MDTU
a06m310L —— bacc. =0.775 cacc. = 0.754
2.5 1 12.5
)
—2.5 1 . . : . : i : L 1-2.5
0 1000 2000 3000 4000 5000 6000 O 50
MDTU

FIG. 11.
streams which are separated and shifted in MDTU for clarity.

The AS values computed in the accept/reject step of the HMC versus MDTU. The different colors correspond to the different
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TABLE IX. Average values of the quark-antiquark condensate yy with statistical errors and integrated autocorrelation times
measured with the [-method analysis. Each value is averaged over all the available streams (which are all statistically compatible). The
integrated autocorrelation time is reported in units of MDTU. The al Sm135XL results are obtained from the second half of each stream

because we have more measurements.

Ensemble Ntream 47 Qi Yy Ts Y. Tc

al5m135XL 4 0.02390(2) 11(2) 0.08928(2) 71(26) 0.4800580(5) <1
a09m135 2 0.005761(6) 9(2) 0.003935(3) 32(9) 0.3205399(5) 1.5(1)
a06m310L 2 0.006599(4) 30(8) 0.002356(2) 34(8) 0.2275664(4) 2.02)

larger jumps in an attempt to reduce the auto-
correlation time. We ran 25 HMC accept/reject steps before
saving a configuration for a total trajectory length of 5.
For each accept/reject step we also measure the quark-
antiquark condensate y using a stochastic estimate with 5
random sources that are averaged together. We compute it
for each of the quark masses am;, amg, and am,. On the
al5m135XL we have measured ywy only on every saved
configuration for the first half of each stream, while we
measured it at each accept/reject step for the second half.
The integrated autocorrelation time, as well as the average
and statistical errors of yy, are computed using the I'-
method analysis [107] with the Python package UNEwW

[108]. We report the results in Table IX. In Fig. 12 we
report the value of the yy on each saved configuration for
the three quark masses on each ensemble.

Because we observe a long autocorrelation time of the
(paw,) on the al5m135XL ensemble, we also studied the
uncertainty on the extracted pion and kaon effective masses
as a function of block size to check for possible longer
autocorrelations than usual, with blocking lengths of 10, 25,
and 100 MDTU (Fig. 13). We observe that these hadronic
quantities have a much shorter autocorrelation time as the
uncertainty is independent of 7z, and consistent with the
unblocked data. On this al5m135XL ensemble, while we
have generated 2000 configurations, we have only utilized
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FIG. 12. The quark-antiquark condensate on each configuration of the three ensembles. The different streams are plotted separately for
clarity. The plots in each column correspond to the light, strange and charm quark masses, respectively.
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TABLE X. Values of the overrelaxed stout smearing parameters used to measure the topological charge Q and the resulting mean (Q)
and width (o) of the distribution for each stream. The last column reports the integrated autocorrelation time in units of MDTU using the
I'-method analysis. These measurements were performed with QUDA which is now available via the su3_test test executable in the

develop branch [39,40].

queam (6)
Ensemble p Ngep a b c d e Qo) 7 (o)
al5ml35XL  0.068 2000 N _10(34)  -3(35)  —2(33)  5(32)  -3(33) 15(3)
a09m135 0.065 2000 0.5(12.0) 2(12) e e 1(12) 18(4)
a06m310L 0.066 1800 . 4(12) -1.2(7.4) 1(10) 420(198)

1000 in this paper (the first half from each of the four
streams).

Finally, in Table X, we list the parameters of the
overrelaxed stout smearing used to measure the topologi-
cal charge Q on each configuration [109] and we
show the resulting Q distributions in Fig. 14. While the

Q-distribution on the a06m310L ensemble is less than
ideal and the integrated autocorrelation time is long,
the volume is sufficiently large (aL = 72a ~ 4.1 fm) that
we do not anticipate any measurable impact from the
poorly distributed Q-values, which nonetheless average to
nearly 0.

0.3950
0.3925 _ § m=None § =n=10 ¢ n=25 ¢ = =100
i:% 0.3900
g 0.3875 0 o] o W i) 110 oo - p— T
§ m=None i 7=10 & 7=25 § ==100
ks% 0.11 1
g
0.10 1 L ] ow (1) e op OO o
20 92 o1 26 =
t
FIG. 13. The effective mass in the mid- to long-time region of the kaon (top) and pion (bottom) on the al5Sm135XL ensemble are

plotted as a function of the blocking time, 7, in MDTU. For example, 7, = 10 blocks nearest neighbor configurations while z;,, = 100 is
blocking in groups of 20 configurations. That the uncertainty is independent of 7, indicates the autocorrelation time for these hadronic
quantities is very short.

100 40 30
20

10

50 20

0 < 044
—10
—50 =20
—20

206m310L —30

1000 2000 3000 4000 5000 6000 0 50
HMC trajectory

—100 —40 1 —40 =
09m135 30
1000 2000 3000 4000 5000 6000 0 25
HMC trajectory

al5m135XL
2000 4000 6000 8000 10000 0 25 0
HMC trajectory

FIG. 14. Distribution of topological charge Q measurements on each configuration. The Q-values were determined by using the
overrelaxed stout smearing technique outlined in [109] with weight parameters p given in Table X and ¢ = —0.25. We cross-checked a
sample of our stout smeared measurements with the more expensive Symanzik flow technique and saw good agreement between the
two. We determined the p parameter and the number of steps to perform on an ensemble-to-ensemble basis, i.e., for a handful of
configurations per ensemble we choose a spread of ps and step numbers and observe which combination gives the best plateau. These
values of p and step number (¢ is always —0.25) are then applied to the entire ensemble.
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