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ABSTRACT: The decreasing uncertainties in theoretical predictions and experimental
measurements of several hadronic observables related to weak processes, which in many
cases are now smaller than O(1%), require theoretical calculations to include subleading
corrections that were neglected so far. Precise determinations of leptonic and semi-leptonic
decay rates, including QED and strong isospin-breaking effects, can play a central role in
solving the current tensions in the first-row unitarity of the CKM matrix. In this work we
present the first RBC/UKQCD lattice calculation of the isospin-breaking corrections to the
ratio of leptonic decay rates of kaons and pions into muons and neutrinos. The calculation
is performed with Ny = 2 + 1 dynamical quarks close to the physical point and domain
wall fermions in the Mobius formulation are employed. Long-distance QED interactions
are included according to the QED;, prescription and the crucial role of finite-volume
electromagnetic corrections in the determination of leptonic decay rates, which produce a
large systematic uncertainty, is extensively discussed. Finally, we study the different sources
of uncertainty on |Vys|/|Vaa| and observe that, if finite-volume systematics can be reduced,
the error from isospin-breaking corrections is potentially sub-dominant in the final precision
of the ratio of the CKM matrix elements.
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1 Introduction

Flavour physics offers a unique opportunity in the search for new physics at the precision
frontier of the Standard Model (SM). Discrepancies between SM predictions and experi-
mental observations of processes where yet undiscovered particles or fields may play a tiny
but measurable role can in fact be signals of new physics beyond the SM. In the hadronic
sector, the study of processes mediated by the weak force gives access to the elements of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix describing quark-flavour mixing. The accurate
determination of the CKM matrix elements V,q and Vg is of crucial importance to test the
first-row unitarity |Vua|? + |Vas|? + [Vap|? = 1 imposed by the SM and to probe emerging
tensions that are approaching the 30 confidence level [1-3]. A complete understanding of
SM processes like the leptonic and semi-leptonic decay modes of pseudoscalar mesons or
nuclear beta decays which underpin these constraints is therefore necessary to test CKM
unitarity and eventually put bounds on the new physics energy scale and couplings.

In particular, in this work we are concerned with the precision determination of the ratio
|Vas|/|Vaa| obtained by combining the experimental leptonic decay rates of the pion (7,2) and
kaon (K2) into a muon and a neutrino with hadronic matrix elements which parameterize
the SM prediction. Given the non-perturbative dynamics of strong interactions at low
energies, these theoretical determinations can be obtained in a reliable and systematically
improvable way from first principles lattice field theory computations. Lattice QCD has
now entered the precision era and is able to provide many hadronic quantities with percent
precision, e.g. the ratio of kaon and pion leptonic decay constants fx /fr and the kaon semi-
leptonic decay (Ky3) vector form factor f7(0), which play a central role in the determination
of the CKM quantities |Vis|/|Vaa| and |Vys|, respectively [2]. To date, most lattice QCD
computations in flavour physics neglect isospin-breaking (IB) effects, namely the inclusion
of electromagnetism and the difference of the up and down quark masses, which are required
to go beyond percent level precision. These contributions have been historically included
using effective field theories such as chiral perturbation theory (xPT) [4-6], where, however,
it can be difficult to systematically assess uncertainties emerging from effective expansions.
The RM123+4Southampton (RM123S) collaboration pioneered the first lattice calculations
beyond the QCD isospin limit [7, 8], although with an extrapolation of the result from
unphysical quark masses. In this work we provide a first determination of the IB effects in
fx/ fx using ab initio computations of lattice QCD and QED using a regularization with
good chiral properties directly at physical quark masses, and examine its impact on the
determination of |Vys|/|Vudl-

When electromagnetism is included, leptonic decay amplitudes can no longer be
factorised into QCD and non-QCD contributions, as the lepton can interact with the
pseudoscalar meson. Additionally, this new interaction generates infrared (IR) divergences
which only cancel when summing diagrams containing virtual and real photon corrections [9].
Thus, the decay rate can be properly written including these effects as

(P* — (fvfy]) = lim [To(Ar) + T1(AR)], (1.1)

Ar—0



where we indicate the contribution to the decay rate with virtual photon corrections as I'y
(virtual decay rate), and that with one real photon in the final state as I'; (real decay rate),
and where Ay is an arbitrary IR energy cutoff (e.g. a photon mass). A practical strategy
for non-perturbative computations was put forward by the RM123S group in ref. [10] (and
applied in successive calculations [7, 8]), which consists in defining the inclusive rate as the
sum of two contributions which are separately IR safe, namely
D(P* = (*vp]) = lim [To(Awr) — T§"(Aw)] + lim [T§"(AfR) +Ti(AfR)],  (1.2)
Ar—0 Ap—0
where we note that different IR regulators can be used in both terms, as will be the case
in practice. The quantity 8% (Ajr) corresponds to the universal (structure-independent)
IR~divergent part of the virtual decay rate, which can be computed perturbatively assuming
the decaying meson to be a point-like particle. This term also exactly cancels the divergence
in I'; (Ajg ), when evaluated with Ay as an IR regulator.
In principle, both virtual and real decay rates should be computed non-perturbatively
since photons with sufficiently high energy can resolve the internal structure of the decaying

meson. While there is no choice for virtual corrections, as all photon modes contribute to

cut
Y

the structure of the meson is suppressed. In this case I';(Ag) can be computed analytically

the rate, one can impose a cut on the real photon energy, wS"", such that its sensitivity to
in perturbation theory in the point-like approximation, namely Flft (wff‘t, Ar). As predicted
by xPT [6] and confirmed by lattice calculations [10, 11], structure-dependent contributions
are negligible for the decay channels studied in this work, namely the decay of pions or kaons
into muons and neutrinos, and therefore at our level of precision we can reliably consider
I (AR) ~ I‘Ift (wifax, Ar), where wy'™ is the maximum photon energy kinematically allowed.
We will focus on the non-perturbative calculation of the virtual decay rate I'g and will use
the finite spatial extent of the lattice, L, along with a suitable prescription for QED in a
finite volume called QEDy,, as an IR regulator [12]. The real decay rate will be evaluated in
the well-motivated point-like approximation and directly in infinite volume, regularizing
the IR divergence with a photon mass Az = m, in eq. (1.2). Thus, we follow the approach
outlined in refs. [8, 10].

Going beyond the isospin-symmetric limit, the leading corrections to the pseudoscalar
decay rates from the electromagnetic fine structure constant aey, ~ 1/137 and from the
renormalized (e.g. in MS at 2 GeV) up-down quark mass difference (m% —mf)/Aqcep ~ 1%
are both of the order of 1%, which we denote universally by O(g) = Olcem, (m—mY)/Aqep).
The correction to the ratio of kaon and pion decay rates is then parameterized by d Rx,
which can be expressed through the relation [1]

B = 13 0)) ~ [VaaP e (2 =y f2 Ok +OE), (19

where O(£?) is understood as a second-order correction in (@em, (mY —m&)/Aqcn). The

DK = ptvaly)) _ [Vis® ma (mi —m3) 3
2
1"

specific choice defining the isospin-symmetric theory, implicit in the definition of frx/fr,
will be the subject of section 2, where we discuss the consistency with other choices in the
literature and the advantage of simulating with close-to-physical quark masses. With that



in mind, we anticipate our final result for the leading IB corrections to f2./f2 as

5RK71' = —0.0086 (3)stat.(t}ll)ﬁt(5)disc.(5)quench.(39)vol. 5 (14)

where the first error is statistical, while the others are systematic uncertainties and will be
discussed in section 6. We note that our result is compatible with the only other lattice
determination by the RM123S collaboration [8] and with xPT [13]

SREMIZS — _0.0126 (14), (1.5)
SRYT = —0.0112 (21). (1.6)

All these numbers are dependent on a choice of scheme to define the separation of isospin-
breaking effects. However, as we will discuss later in this paper, one can provide quanti-
tative evidence that the prescriptions used in the results above are close enough so that
the prescription-dependence lies well below the quoted uncertainties. In addition to our
numerical result, one of the main findings of this work is a refined investigation of the large
power-law finite-size corrections which are induced by the QEDy, treatment of electromag-
netism in a finite volume, and are reflected in a large systematic error in our result. As
the leading structure-dependent finite-size effects are now known to be negligible [14], the
dominant point-like corrections which are investigated in section 3 exhibit unexpectedly
large higher-order corrections. In that section, the connection between the Euclidean
correlation functions and the hadronic matrix elements of interest is outlined. The details
of the lattice implementation using domain wall fermions and the gauge ensemble generated
by the RBC/UKQCD collaboration may be found in section 4, while the analysis of the
numerical data including the estimation of the systematic effects is detailed in section 5.
The discussion of the result and the implications for the extraction of |Vys|/|Vaua| are found
in section 6, before the conclusion.

2 Isospin-breaking corrections

Leptonic decays of pions and kaons are low-energy processes that can be studied in an
effective Fermi theory where the W-boson is integrated out, and the process is mediated
by a local four-fermion interaction. At first order in the Fermi constant G, we can then
assume that low-energy observables can be predicted to a high degree of precision within a
theory of QCD+QED. We will refer to this as the full or physical theory in the rest of the
paper. In the full theory, quantities like the meson decay constant fp entering eq. (1.3) are
ambiguous as they are defined in the unphysical iso-symmetric limit of QCD (iso-QCD)
where m, = mq and aey, = 0. Such unphysical definitions are related to the fact that QCD
and QCD+QED interactions generate different ultraviolet (UV) divergences and hence
require different renormalization procedures to fix the bare parameters of the respective
actions. In order to give a meaning to (iso-)QCD observables within the full QCD+QED
theory, additional renormalization conditions are then required.

The discussion in this section is divided in two: first, we will discuss how to non-
perturbatively renormalize the full theory on the lattice and make well-defined physical



predictions in the continuum limit. Then, we will define QCD and its iso-symmetric
limit, which is employed in our numerical lattice calculation and fixes the definition of
IB corrections. However, the discussion here is general and not restricted to lattice QCD
calculations. In fact, the definitions of the QCD+QED, QCD and iso-QCD theory discussed
in the rest of the section hold for any other non-perturbative approach (like e.g. effective
field theories).

2.1 Renormalizing the full theory

In the full QCD+4QED theory with Nt flavours of quarks, once a UV regulator is introduced
(in our case the lattice spacing a), the action depends only on the bare quark masses in
lattice units m = (1, ...,mpy,) and the bare strong and electromagnetic couplings, g and
e, respectively. In this theory every physical observable can be predicted once the bare
parameters of the action are defined and the regulator is removed. Note that, since we
are only working at first order O(e) in the IB effects, we can neglect the running of the
electromagnetic coupling and safely fix it to its Thomson limit, e? = (47r04ffm)1/ 2 with a‘fm =
1/137.035999084 (21) [15], without the need to impose a specific renormalization condition.
Moreover, when working at first order in e, and when a lepton is also included in the theory,
its mass my can be renormalized perturbatively in the usual way by imposing that its on-shell
value coincides with the experimental one, i.e. mZ’ = m,% = 105.6583755 (23) MeV [1].
The superscript ¢ is used to denote quantities evaluated in the physical (QCD+QED)
theory.

At a fixed value of the bare strong coupling g, we define the bare lattice quark masses in
the full theory m? by identifying Nf 4+ 1 dimensionful quantities, which we assume without
loss of generality' to have mass dimension 1, namely M‘f, ... ,M‘ﬁ,f, A?, and requiring the
following ratios to take on the correct values when e is also at its physical value e?,

or 72 M2\ 2
[l\jﬂ (g,e®,m?) = (A;> , for j=1,---,N;. (2.1)

Here, the Mj and A denote the same quantities evaluated in lattice units at the physical
point (g,e?, m?). For later use, we define this point as 6 = (g,e?, m?). Note that the
procedure for fixing m? must be performed at every value of the coupling ¢, so in this sense
we can think of the bare quark masses as a function of this coupling, m?(g). Moreover, the
lattice quantities appearing on the left-hand side of eq. (2.1) are considered to be evaluated
in the infinite volume limit. In practice, in the full QCD+QED theory, electromagnetic
interactions can generate sizeable power-like finite-volume effects and should be removed,
as discussed in section 3.3. Once the bare quark masses ? are determined, we can predict
any other quantity X? in lattice units and in the full theory as a function of g, namely

X%(g) = X(g,e*,m%(g)). (2.2)

n practice one only requires N; + 1 quantities that can be used to form N; independent dimensionless
ratios.



From this, we can give a physical value to a as a function of ¢ using a suitable dimensionful
external input. For concreteness, we envision using A?

_ A%(g)

alg) = —x5 - (2.3)

With this definition, one can predict dimensionful quantities as
X%(g) = a(g)"MX?(g), (2.4)

where [X] is the mass dimension of X. As a consequence of asymptotic freedom, the limit
g — 0 implies a(g) — 0, and for renormalized quantities the equation above has a g — 0
limit which is cutoff independent. At non-zero g and a there is a family of choices that
have the same continuum limit. For a given discretization of the QCD+QED action, this
family is defined by (i) the set of N¢ ratios that we use to define m(g), and (ii) the physical
quantity A? that we use to set the scale.

In this calculation we employ three flavours of quarks, so we require four hadronic
observables to fix the bare quark masses m = (m,, mq, ms) and the scale, which we choose
to be M = (M1, Mg, M3) = (my+, Mg+, mgo) and A = mg-. The physical values of such
hadronic masses are taken as their experimental measurements, reported in the PDG [1],
ie. M? = (mPRE miPE miRe) = (139.57039 (18), 493.677 (16), 497.611 (13)) MeV and
A? =mgP¢ =1672.45 (29) MeV.

2.2 Defining QCD and its isospin-symmetric limit

The calculation of IB corrections requires the definition of an isospin-symmetric limit of
QCD. If we write the parameters of the bare QCD+QED Lagrangian as o = (g,e,m),
then the point 6? = (g,e?, m?) identifies the full theory defined above in section 2.1.
Points where e = 0 correspond instead to the bare parameters for a QCD Lagrangian,
that we denote as 0P = (g2, 0, m%"), where the vector me°? = (aQ°P, M3, mI°P)
contains the QCD bare quark masses, with mI°P # mgCD. Therefore, we see that defining
QCD within the full QCD+QED theory consists of choosing one point by imposing an
additional renormalization condition. The same holds for iso-QCD theories, all belonging
to the set identified by @ = (¢@,0,m®), with m©® = (mﬁg, mgg, m{”), i.e. with ém = 0.
Here we denoted the average light quark mass as myq = (my + mq)/2 and the up-down
quark mass difference as dm = m, — mq. Again, the definition of a given iso-QCD theory
requires imposing specific renormalization conditions. The possibility of choosing different
renormalization prescriptions for the definition of QCD and iso-QCD translates into a
scheme dependence in any observable computed in such theories.

Since there are many possible valid choices such that the IB corrections are small,
there is no single generally accepted scheme and lattice collaborations have used in the past
different prescriptions to define the iso-QCD theory [2]. Although no significant differences
have been observed so far in the use of different schemes [2], when aiming at sub-percent
precision calculations the ambiguities related to the different renormalization prescriptions
adopted might become relevant when comparing results for (scheme-dependent) iso-QCD
observables or IB effects. We therefore advocate that lattice collaborations be as clear and



transparent as possible in defining the scheme used to define iso-QCD in their calculations,
and eventually agree on a common reference scheme.

In this work we adopt a scheme very similar to that introduced by the BMW Col-
laboration in refs. [16-18], which relies on the use of the neutral mesonic observables
MBMW — (Mud, AM, MKX), where

1
(Mgu + Mc?d) ) AMQ = Mgu_Mdzdv MIQ(X =3 (mi{'ﬂL + mi(o - m72r+) ) (25)

2
Mud = 2

1
2
and ng denotes the squared mass of the connected gg neutral pseudoscalar mesons. One
can show that the leading-order partially-quenched chiral corrections to such quantities are
given by [16, 19]

M2 =2Bm3PR 4 AM? = 2BSmOPR . ME = 2Bm@PR 4. (2.6)

u

where B is the QCD chiral condensate, the superscript R denotes the QCD-renormalized
quark masses in a given scheme (e.g. MS at 2 GeV) and the ellipses are next-to-leading
order SU(3) chiral corrections [19]. An important feature of this choice of variables is the
systematic absence of O(aem) corrections at leading order. Therefore, these specific meson
masses are expected to be dominated by the part proportional to the quark masses, allowing
comparisons with quark-mass schemes like the Gasser-Rusetsky-Scimemi (GRS) one [20]
without the need of using short-distance schemes (e.g. the MS scheme) to renormalize the
quark masses.

In this scheme we assume that the bare strong coupling of any unphysical theory
identified by the vector o* is kept equal to that of the full theory, i.e. o* = (g,e*, m*).
The bare quark masses of QCD and iso-QCD are then obtained by imposing the following
renormalization conditions, respectively

[MTZ:W]Q(%O,IWCD) = (P?‘“ir(g,ed’,rh‘f’)a ﬁhj\g]?g,e‘ﬁ,rﬁ%, ijﬂ z(g,ed’ﬁhd’))a (2.7)

mq
MBMW 2 . Mu 2 R M 2 R
{ e ] (9,0,m®) = ({mgd] (g,e?,1?), 0, [ﬂg‘} (976¢7m¢)>- (2.8)

The above conditions can be extended beyond Ny = 3 flavours by choosing ratios of hadron
masses with a dependence on the heavier quarks. The lattice spacings for the two theories
can be evaluated by imposing the additional conditions

. ThQ(g,O, thCD) mQ(g,O,ﬁl(O))

a/QCD (g) - ng,G a'nd a(O) (g) = mg?G : (29)

In principle, one could also impose the simpler condition a®“"(g) = a'®(g). Since the UV
divergences of the two theories do not depend on quark masses, the difference between the
two approaches would result in cut-off effects that eventually vanish in the continuum limit.
However, in this work, the quantities we aim to compute are dimensionless, and therefore
we will not need, in practice, to make dimensions explicit in the (iso-)QCD theory.



2.3 Computing isospin-breaking effects on the lattice

Once the bare parameters of both the full theory and iso-QCD have been determined
through the renormalization procedure described above, one can define the expansion of a
QCD+QED observable X (¢¢) around the iso-QCD point o® as

A~

X(6%) = X(6®) +6X (@) + 0(?), (2.10)

where the quantity 6X (o®) encodes the leading order IB corrections of O(e) relative to
the specific iso-QCD point o®. Suppose now that the lattice setup used for the calculation
has been tuned to some iso-QCD point o = (g,0,m), close to the physical point o?. In
practice this point is generally the result of a simulation-parameter tuning procedure and
might differ from the iso-QCD point defined in the previous section, i.e. o # o). However,
we assume that this simulation point is sufficiently close to 6¢, (@, and 6?°P that the
value of X at any of those points can be described accurately enough by a linear correction
to the simulation point. This is a fairly strong assumption that would not be valid in a
number of lattice calculations, particularly when working at non-physical quark masses
where non-linear corrections are expected to be sizeable. However, as we will demonstrate
in section 5.2, this applies to the close-to-physical point simulations used in this work. More
explicitly, under this linearity assumption the physical value of X can be written as

~ Nf ~
X(6?) = X(o)+a?, aiX () + ) (10 — 1) gﬁf (o) +0(&?) , (2.11)
em q=1 q

where the O(&2) represent any second order corrections in mg‘; — Mg and qem, which we
consider to be of similar size to higher-order isospin-breaking corrections O(g?) that are
taken to be negligible and are discarded throughout this work. This expanded power-
counting is necessary as some isospin-symmetric parameters like mg and myq might be
slightly mistuned at the simulation point. If we consider X to be the ratio of hadron masses
in eq. (2.1), by using lattice data for X (o) and its derivatives, and applying the linear
equation above, we can solve the resulting system to obtain the lattice bare quark masses
for the physical point m?.

A similar equation is obtained by linearizing the first term on the right-hand side
of eq. (2.10),

N¢ -
X(o®) = X(a)+ > (m — 1ng) gﬁf () +0(&?) , (2.12)
q=1 4

and can be solved for m® applying the renormalization conditions in eq. (2.8). Combin-
ing egs. (2.11) and (2.12), the isospin-breaking correction in eq. (2.10) can be identified

as
~ Nf ~
A 0X 0X
X (@) = o? D¢ 15 (0) ) 21
0X (o) = af, aaem“’)*;(mq 13) G () (2.13)

The QCD masses and X (o9°P) can be determined using analogous linear expansions.



We can then define a separation of §X (o) into a contribution due to the strong
isospin breaking (SIB) and another due to electromagnetic interactions, namely

N¢ 5

. 5 ) ) oy OX
5XSIB(0'<0>) = X (o%°") — X(O'(0>) — qZ:; (m(?CD _ méo)) amq(o.) 7 (2.14)
X il ax
6X7(0”) = X(0?) = X(°7) = ol 50=—(0) + ; (g — mg°P) o (@) (215)
such that
X(0%) = X(6©) +6X5(6©@) + §X7(a®) + O(e?). (2.16)

From the above discussion it is clear that in order to determine IB corrections one
needs to evaluate numerically the linear coeflicients of the expansion of a given observable
in terms of ey and quark mass shifts. The QED effects have been computed in the past
by different collaborations following two approaches. On the one hand, one can include
QED gauge links in the fermion operator to be inverted and produce QCD+QED quark
propagators to construct hadronic correlation functions, as introduced first in ref. [21], and
used in a wide range of lattice calculations [2]. On the other hand, it is possible to obtain
the same corrections by perturbatively expanding the path integral for X with respect to
Qem, With the result of evaluating diagrams with electromagnetic current insertions, as
originally proposed by the RM123 collaboration in refs. [22, 23]. In the following, the latter
method will be adopted to determine the IB corrections to hadron masses and to the ratio
of the leptonic decay rates of kaons and pions into muons. The implementation of the
method will be discussed in section 4.

2.4 Scheme ambiguities

The isospin decomposition in eq. (2.16), as discussed in section 2.2, depends on the
prescriptions in egs. (2.7) and (2.8), although the physical observable, X (6?), is not.
Varying these prescriptions will lead to different bare masses mg“" and my’, which generate
the scheme-dependence of 6 X5'® and § X7 through eqgs. (2.14) and (2.15). In principle this
ambiguity is an O(g) effect on m@°" and my’, and therefore the ambiguity on the iso-
symmetric component X (o(®) can potentially be as large as the isospin-breaking corrections
6X (o) themselves. It is therefore important to identify classes of schemes which are
phenomenologically relevant with a minimal level of ambiguity.

For instance, the GRS scheme [20] assumes that the renormalized quark masses and the
renormalized strong coupling constant, in a given scheme and at a chosen renormalization
scale, are kept constant for any value of ciep,. This scheme itself depends then on a choice of
renormalization procedure for these quantities. The GRS scheme is generally the prescription
used in phenomenological calculations, such as chiral perturbation theory predictions for
weak decay rates including the ones discussed in this paper [4-6]. It is therefore attractive
for lattice calculations to use prescriptions which produce predictions close to the GRS
scheme. Defining precisely such a class of schemes is a rich technical topic which is relevant
for precision physics, and will be the topic of a future publication based on the lattice



data presented in this paper. The BMW variables chosen here are designed to be hadronic
quantities providing an isospin decomposition close to the GRS scheme, and in section 5.2
we will explicitly check that by comparing with existing results from ref. [8].

3 Matrix elements from Euclidean correlation functions

As discussed in section 1, the inclusion of IB corrections in the calculation of decay rates is
complicated by the appearance of IR divergences, generated by O(aem) QED corrections
to the decay amplitude. In this calculation we adopt the RM123S method of eq. (1.2)
to regularize IR divergences. We choose two separate regulators for the two terms. In
particular, we compute the virtual decay rate on the lattice using the finite volume with
the QED;, prescription as an IR regulator, while the real decay width is evaluated in
perturbation theory using a photon mass, namely

D(P* = o)) = Jim [Fo(L) = T§(L)] + Jim, [T57(m) + Ty m)] . (3.)
The first bracketed term removes the universal (structure-independent) logarithmic IR
divergence and finite volume effects (FVE) up to O(1/L) [24, 25]. Recently, the O(1/L?)
corrections to I'g(L) have been calculated in QEDy,, including structure-dependent contri-
butions, in ref. [14]. Thus, we can extend eq. (3.1) to

D(PY = pfyu[y]) = lim [To(L) — F(()z) (L)] + mlirgo [T8™ (my) + Ty (Wi, m,)] ,  (3.2)

a L—oo

where F(()z)(L) contains the finite-volume effects up to O(1/L?) and will be discussed in

detail in section 3.3. Here, we only note that the residual finite-volume effects in the
quantity I'o(L) — F[()Q) (L) now begin at O(1/L3). The second bracketed term in eq. (3.2)
has been instead calculated analytically in ref. [10] and is reported below in section 3.4.
For convenience, we distinguish the two contributions, the one computed on the lattice
with a finite volume and the one evaluated in perturbation theory with a massive photon,
respectively as

PE(L) = [To(L) ~T(1)] and TR (my) = [P§(my) + Do ™ ma)] . (3.3)

We can expand these expressions at leading order in the IB corrections

T (L) = T [1 4 6RE™(L) — 6RP (L) + O(=?), (3.4)
DR (my) = TB° SRE™ (W™, m,) + O(e), (3.5)

having defined
To(L) = Thee[1 + 5ngtt(L)} +0(?) and TIP(L) = Diee [1 + 5R§§)(L)} +O(2). (3.6)
It follows that, writing the leptonic decay rate as

L(Pt — pty,[y]) =8 (1 + 6Rp) + O(c?) (3.7)
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q ot
p+ I:<
q2 Ve
Figure 1: Feynman diagram of the tree-level contribution to the weak decay of a positive

pseudoscalar meson Pt € {7+, KT} into a lepton-neutrino pair. The double-square vertex
represents the effective weak Hamiltonian eq. (3.9).

its leading IB correction is given by

R T latt (2) . ert / max
dRp = ngnoo SRE™(L) — 6Rp (L) +n}i§0 ORP (W™, my) . (3.8)

The outline of the rest of the section is as follows. In section 3.1 we give our definition
of I'%¢ and derive the corresponding correction JRS"(L) at finite volume in terms of
IB corrections to matrix elements and meson masses. Then, in section 3.2 we describe
how to obtain such corrections starting from Euclidean lattice correlation functions. The
subtraction of QEDy, finite-volume effects 5R$32) (L) and the calculation of the real photon
emission in perturbation theory are then discussed in sections 3.3 and 3.4, respectively.

3.1 Virtual corrections to the leptonic decay rate

We focus here on the determination of the matrix element associated to the virtual decay of
a positive pseudoscalar meson, P+ — ¢Tv,, without including real photons in the final state.
As this is an IR divergent quantity, we assume that an IR regulator is in place throughout
the section. For concreteness, we regulate IR divergences on a finite volume of size L
adopting the QED;, prescription [12] to remove the spatial zero modes of the lattice photon
propagator (see section 3.3). At the lowest order in QED and QCD, pseudoscalar mesons
decay into a lepton-neutrino pair via the exchange of a W-boson between the constituent
quarks of the meson and the leptons. Since for both pions and kaons the process P™ — Ty,
has a momentum transfer much smaller than the W-boson mass myy, we can study it in an
effective theory with a local four-fermion interaction described by the effective Hamiltonian
Gr

M =75V Ow (3.9)

where G is the Fermi constant and Vq*lq2 the relevant CKM matrix element. The four-

fermion operator mediating the process is
Ow =JgJi = (@7"(1 =)@ ) (7ey"(1 =)L) , (3.10)

with ¢ being a u-type quark and g2 a d-type quark and J% and J7 denoting the weak
(V — A) hadronic and leptonic currents, respectively. The Feynman diagram associated
with this tree-level term is represented by figure 1.

When including QED at O(aem), the UV corrections to matrix elements of the local
operator Oy differ from those of the Standard Model and a matching between the two

- 11 -



theories is therefore needed. This is usually performed in the so-called W-regularization [26,
27], and we refer to refs. [8, 10] for detailed discussions on the argument. After the inclusion
of QCD and QED at O(aem) and assuming that chiral symmetry is preserved, the effective
Hamiltonian reads?

GF % Olem
Hw = Vi (Zo + 2 52) Ow . (3.11)

Here Zj is the non-perturbative QCD renormalization constant of the operator Oy,. The
quantity 62 encodes instead the short-distance matching between the effective theory in
the W-regularization and the Standard Model, as well as the electromagnetic corrections to
the matching of the four-fermion operator Oy renormalized non-perturbatively in a given
scheme to the W-regularization one. If Oy is a lattice operator and the regularization
used for the fermionic action introduces an explicit chiral symmetry breaking, then the
operator Oy undergoes an additive renormalization due to the mixing with other lattice
operators with different chirality and the mixing pattern would be more complicated than
that in eq. (3.11) (see e.g. refs. [8, 10]). In the lattice calculation presented in this work,
however, chiral fermions are employed and therefore in the following we will consider the
operator Oy renormalizing multiplicatively as in eq. (3.11), with Zy = Zy = Z4. Moreover,
if a mass-independent scheme is adopted to renormalize the four-fermion operator, then the
quantities Zy and J Z will be the same regardless of the masses of the particles involved in the
process. As a consequence, the contribution of the electromagnetic corrections proportional
to §Z will cancel in the calculation of our quantity of interest, dRx, = dRxg — 0Rx,
entering eq. (1.3).
In the full theory the (IR regulated) virtual decay rate can be written as

To(L) = K|Mp|?, (3.12)

where K is a factor containing the electro-weak coupling, the CKM matrix elements
and the integration over the two-body phase space, while |[Mp|? = dors |IM75|? is the
magnitude squared of the QCD+QED virtual amplitude summed over the lepton and
neutrino polarisations r and s. In the rest frame of the decaying meson P (pp = 0) the
on-shell lepton and neutrino (Euclidean) momenta, py = (iwg, p¢) and p, = (iw,, py), are
such that p; + p, = 0 and the decay rate can be written in terms of

G2 1 m2
K= 167}771' ‘Vq1q2‘2 % < - 2£> ) (3.13)

and the renormalized QCD+QED matrix element
M (pe) = 2 ME(pe) = Z (£,7,943 vi 5,9, |Ow [P, 0)7 (3.14)

Here M5 (py) is the bare matrix element computed in the full QCD+QED theory, as
indicated by the superscript ¢, while the factor Z = Zy + ;-0 Z denotes the renormalization

2When including electromagnetic corrections at O(cem), the Fermi constant Gr has to be defined
accordingly. This is conventionally obtained from the muon lifetime including one-loop electromagnetic
corrections and reads Gr = 1.16634 x 107° GeV ™2 [28, 29].
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constant of the weak operator Oy entering the effective Hamiltonian of eq. (3.11). Note
that M5 (pr) = M5 (|p¢|) is a rotationally symmetric function of the lepton momentum py.
Energy conservation (mp = wy + w,) has also been employed to rewrite

2 2

\pg\:wl,:@ 1—m—§ and W@:@ 1—|—m—§ . (3.15)
2 mp 2 mp

We may expand now the QCD+QED squared matrix element | M p(py)|? in eq. (3.12)

around the iso-symmetric QCD point keeping the lepton momentum to its physical value as

IMp(po)|? = [MP (po)* + 6| Mp(po)” + O(e?). (3.16)

In iso-QCD the matrix element factorizes into a hadronic and leptonic part, namely

(MDD (pe)|? = Z2| (0T, 7, pe; v, 5, Py |Ow | P, 0) |2
= Z3 AP [L(po) (3.17)

where
Zg AW = —Z0 (017 P,0)"” = 24 (0|32 7"y5 1| P, 0)” = im!Y fp (3.18)

is the iso-QCD renormalized axial matrix element expressed in terms of the mass m;? of
the meson state |P,0)* and the decay constant fp, while

L7 (pe) = (5,7, p6; v, 5, P | I210)” = @ () Y° (1 — 75) 0§ (Pe) (3.19)

is the tree-level leptonic tensor with v (p) = (£+, 7, pg|¢|0)"” and @ (p,) = (vr, 5, pu|7¢]0)

the free Dirac spinors. We have considered here only the p = 0 component of Oy (eq. (3.10))
since this is the only one contributing to the axial matrix element in the meson rest frame.
Using the completeness relations for spinors in Euclidean space

> vy (po) v (pe) = —ip, — my | > uy(po)ay (py) = —ip,, (3.20)
rr! 8,8’
one gets
m2
£ = 317 ol = SlprlGer — Ipa) = am? (1 %) (3.21)
7,8 P
and hence
(0) 2 21 4002 2 2 m? ? (0)2 42
|Mp (Po)|” = 2 \AP I“ [L(pe)|” = 4mj (1 — m2 mp Ip - (3.22)
P

Following the convention of the PDG [1], we define the “tree-level” decay rate as

2 2
Ftree —K Mtree 2 K mp M(O) 2 _ G%‘ V. 2 2 1— m% 2 3.93
P =KIMp*|" = © | P‘ -3 | q1qz| my 2 mpfp , (3.23)
mp 7T mp

i.e. with all masses defined in the full theory and only the decay constant fp defined in
iso-QCD. Combining the above egs. (3.14), (3.16) and (3.23) with eq. (3.4) we obtain

5Rlatt:5|MP(p€)|27 5mP:2 5Ap76mp 0Z
H Y T A (A -

(3.24)
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where we have defined the leading IB corrections to the meson mass dmp,
mp =mp +dmp + O(e?), (3.25)

and those to the bare matrix element as

Mi =Re!d — Zr,s 6M71"38(p€) [ﬁrs(pﬁ)]T
Ap AP 1L ()P |

(3.26)

As discussed above, the quantity 6Z/2 does not depend on the masses of the decaying
meson and hence our target quantity 5le}t7f is given by

SRt — o (MK - MK) —2 <M” - 5m”> . (3.27)
m

A9 md
We can distinguish three kinds of corrections to the matrix element, that we denote as
0Ap = 6AL 4+ 5 AH +5A% . (3.28)

The first term contains corrections involving only the quarks and these are proportional to
either the quark fractional charges or to the bare quark mass splittings. These are obtained
from the corrections to the bare matrix element

1 H?

M F_ |2 2o oy 9|
AT 00) = |53 ot g+ 0 (0~ ) 5| Mo 320
aq q
1 0? o)
=-—L" =Y eqeqy ——=— + m¢ —m(®) — ]A¢ ,
0[5 Dot g + S04 =50 48],
with eq, = +2/3|e| and eq, = —1/3|e|, and .A?é, the axial matrix element evaluated in the

full theory. o® indicates that the quantities are evaluated in the target iso-QCD theory,
o©® = (g,0,m®) as discussed in section 2.2. Since in this case the decay amplitude factorizes
into a hadronic and a leptonic part, we refer to these contributions as “factorizable”. The
relevant diagrams contributing to these corrections are depicted in figures 2(a)-2(e) and
3(a)-3(e). The second term in eq. (3.28) corresponds instead to the “non-factorizable”
corrections to the matrix element where a photon is exchanged between a quark and the
charged lepton (e, = —|e|). These are given by

82

A 0] = o0 X ea gorge | MEm0)| (3.30)

o(0)

and the corresponding diagrams are shown in figures 2(f)-2(g) and 3(f). Finally, the third
term in eq. (3.28) consists in the O(e?) contribution of the lepton self-energy in figure 2(h),
which is proportional to ,4;8’ with a factor that can be computed analytically in perturbation
theory,

y 0%

1
It [2@ aeﬂcmpw RENCER

o (0)
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with E;S(pg) =t r,pe; v, s,pV\J2\0>¢. This perturbative correction, however, cancels in

the difference [I'o(L) — Fg2)(L)] in eq. (3.2) and therefore can be neglected in practice in
the calculation. Of course, the lepton self-energy must be included in Flpfrt(my).

Due to the numerical difficulty of evaluating the quark disconnected diagrams in figure 3
on the lattice, in this work we employ the electro-quenched approximation. This consists in
treating the sea quarks as if they were electrically neutral and hence, in practice, neglecting
the diagrams in figure 3. The deviations from this approximation are expected to be small,
and we assign an associated systematic uncertainty in our final prediction. We are currently
working on overcoming this approximation and the progress of our preliminary study has
been reported in ref. [30].

3.2 Extracting matrix elements from Euclidean correlation functions

The IB corrections to meson masses, dmp, and to the decay amplitude, § Ap, which are
needed to compute 5R11%tt in eq. (3.24), can be obtained from the study of the large time
behaviour of suitably defined Euclidean correlation functions. Here the correlation functions
are studied in the continuum and in a volume with infinite temporal extent. The subtraction
of the effects due to the finite spatial extent of the lattice, L, are discussed later in section 3.3,
while finite-time corrections to these quantities will be addressed in section 4.3, together
with the details on the lattice implementation of the correlation functions.

Tree-level correlation function: We start by defining the tree-level correlation function
for the decay P™ — {Tv,, with the aim of extracting the tree-level matrix element A<,2>
defined in eq. (3.18). As discussed in section 3.1, in the absence of QED the matrix element
for the operator Oyy is factorisable into a hadronic and a leptonic part. As a consequence,

we can extract the hadronic matrix element A;g) from a pure QCD two-point correlation

q1 o+ a1 o+ a o+
a2 ve a ve ) Ve
Figure 2: Quark-connected Feynman diagrams contributing to the leading IB corrections

to the weak decay. The wiggly lines correspond to photons, and the diamond-shaped vertices
are scalar insertions.
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q2
(a)
a1 @ o+ a1
(e P+<C> O
q2 ve q2
(d) (e)

Figure 3: Quark-disconnected Feynman diagrams contributing to the leading IB corrections
to the weak decay.

function without the need of including leptons in the calculation. Let quP () = q1(x)y592(x)
be the interpolating operator for the pseudoscalar meson Pt and define the Euclidean
correlation functions

Cra(t) = [ d'x OIT[A°x6L0)]10), Conl) = [ @*x OT[6(tx)6hO]10) . (332)

with A%(z) = @ (2)7"y5¢1(x) the temporal component of the hadronic axial current and
the meson being projected on zero spatial momentum. For simplicity, we use translational
invariance to create the meson at the origin. In practice, lattice correlators have been
computed for several positions zp = (tp,xp) and then shifted and averaged over all the
volume to improve the statistical precision (see section 4.3). Note that these are generic
correlation functions evaluated at a given point o. Fixing ¢t > 0, the correlation functions
in eq. (3.32) have the following spectral decomposition

Ap Zp
2mp

| Zp|?

CPA(t) - 2mp

e~ mrt + ..., Cpp(t) = e~ mpt + ..., (333)
where Zp = (P,0|¢!(0)|0) and the ellipses stand for contributions of heavier states that
decay exponentially faster than the leading terms. The combined study of the two correlation

(0)

functions evaluated in iso-QCD allows one to extract the meson mass mj’ and the matrix

elements Z}O) and .AE,?

Factorizable correlators: When IB corrections only involve the constituent quarks of
the decaying meson, the matrix element is still factorizable into a hadronic and a leptonic
part. Also in this case we can make use of the correlation functions in eq. (3.32). Defining
the leading factorizable corrections to the correlators as

0? . . 0
5C1PA |: Z €q€q’ 86 + Z (mg; - mg))) O
q

] Cpa(t) (3.34)

aOeq q o)
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and analogously for 5le>P (t), one gets the following decomposition for their ratios with the
corresponding tree-level correlators

5C£,A(t) . 5.,453 5Zp (5mp
Cix(t) AP T zp mp
_ 0CEp(t) §Zp  dmp

REL (1) = =2 - 14+m9) + ...
PP( ) Cé,og,(t) Z}(Do) m(lg) ( P )

RLA(t) = (L+mPt) +..., (3.35)

(3.36)

from a Taylor expansion of the spectral decomposition of the form eq. (3.33). The slope in
t of the above ratios corresponds to the mass shift émp, and by combining the constant
coefficients we can obtain the correction .45/ A% .

Non-factorizable correlators: In order to obtain the non-factorizable IB corrections
to the decay amplitude, we start defining the following QCD+QED correlation function

Cpe(t,te) = /d3x d3x d3x,, e PrXvTiPexe <0|T[V(t@,XV)Z(tg,Xg)Ow(O)Qﬁ)(*t, -x)] 0), (3.37)

where for simplicity we have set the temporal coordinate of the neutrino and the lepton
to be equal. Also in this case we have used translational invariance to insert the weak
Hamiltonian at the origin. Fixing ¢ > 0 and t, > 0 we have that in iso-QCD the above
correlator becomes

CL)(t,te) = — (0] J5(0) h(—t, pp = 0)[0) X Sy (ts, P»|0)Y*(1 — 75) Se(Olte, pe) , (3.38)

with
3 . efwutl
Sy (te, pul0) = / d’x e PR, (1, %,[0) = ——— D up(pu)un(Py) (3.39)
Wy .
3 —ipg-x eiwzw —
Se(Olte, pe) = /d xg e PG (0]te, x¢) = — > vp(pe) vy () - (3.40)
2wy

T

Using eq. (3.33) we get the following spectral decomposition in iso-QCD

0
efm;)tefwgtgefwytg

o Zg uy(py) {AR L (p0)} U3 (pe) + -, (341)
mp wew,

7,8

with £7%(pg) defined in eq. (3.19). Note that C5)(t,¢) is a matrix in Dirac space and that
tracing with 79 =~%(1 — 75) gives

0
—mgg )te—(.«}gtge—w,/te

o) ZOADL(p)* + ... . (3.42)
8Mp Wewy

e

Tr[7 C5)(t.te)] = —
We now define the non-factorizable correlator as

5O (1 1) = / dha dy (O T[J2(0) VA (x) dlo(—t, pp = 0)] [0) X Ay (z — v)

X Sy(te, Pu]0) 77 (1 —75) Se(0ly) v” Se(ylte, Pe),  (3.43)
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where V#(x) = Zévil Vd! () is the Euclidean quark electromagnetic current and A, (z — y)
the photon propagator. Here we have used V' (y) = £(y)v"4(y) for the leptonic electro-
magnetic current. The correlator in eq. (3.43) is obtained by applying the derivatives
of eq. (3.30) to the QCD+QED correlator Cpy(t,t¢). The asymptotic behaviour of the
non-factorizable correlator is

0
gg)te—wgtge—wytg

T AATS nf _g
- Z9 ul,(pe) [OME(pe)]" v (pe) + .- - . (3.44)
Mp Wy

—m

€
66&2(1&7 tf) = Z

r,s

Tracing the correlator with 4? and making use of eq. (3.26) we can obtain the desired
non-factorizable correction to the decay amplitude as

R, = Re +.... (3.45)

Tr[’ygéng(t,tg)] _(5.4%
e[ CS)(tt)] | AP

3.3 Subtraction of finite-volume effects

In the calculation presented in this work we adopt the QEDj, prescription, first introduced
in ref. [12]. As discussed in a number of publications [12, 31-33], charged states are not
well-defined in a naive implementation of finite-volume QED (in which periodic boundary
conditions are applied to the photon fields). The QED;, approach solves this by discarding
the zero spatial-momentum mode of the photon on each energy slice. The resulting
momentum-space photon propagator in Feynman gauge then takes the simple form

Qv o v 1- 5k,0

A} (ko, k) = o W : (3.46)
This prescription solves the issue of zero-mode singularities in a periodic volume, at the cost
of violating locality in space at finite volume. Nevertheless, this theory has a well-defined
and local limit if the infinite-volume extrapolation is performed before the continuum
limit. Additionally, QED; has been the dominant prescription so far in high-precision
lattice QCD+QED calculations, including radiative corrections to leptonic decays [7, 8] and
isospin-breaking corrections to the muon anomalous magnetic moment [18, 34]. Alternative
strategies exist which preserve locality, such as introducing a photon mass [35] or using
non-periodic boundary conditions [36]. However, these approaches affect other fundamental
symmetries (gauge invariance and charge conservation, respectively) and their finite-volume
behaviour for processes such as weak decays is currently not as well studied as in the case
of QED;..

As it is described in detail in ref. [14], the Feynman rules of QED;, can be used to
predict the L dependence of any lattice quantity by representing the latter in terms of
QCD vertex functions at fixed order in QED. In particular, this allows one to analytically
predict the power-like volume dependence, order by order in 1/L, for the virtual-photon
contribution to the leptonic decay rate targeted in this work. This strategy is already
implicit in eq. (3.2), where the subtracted quantity in the first term, denoted by I‘éz)(L), is
defined as the analytic QEDy, prediction through O(1/L?).
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An extension of Fé2) (L) to n orders in 1/L can be written as

(" (L) = Tiree [1 +6RY (L)] : (3.47)
where
SRI(L) =222 (Yp(L) + QhL: ! (3.48)
P 4 pard L)’

isolates the O(aem) contribution of direct interest to us. The first term in parentheses,
Yp(L), combines the infinite-volume universal (point-like) contributions to the decay rate
with those that are logarithmic in L.® The functional form is given by [14, 24]

~ b} L 21 L L
Yp(L) = —= +2log ) 4o log MeZ) | 2087 log mr= log Tz , (3.49)
4 myw 2w 2w 2w

with v; = pg/w; defining the 3-velocity of the lepton and r, = my/mp the lepton-
pseudoscalar mass ratio.

Equation (3.49) depends only on the masses of particles and is, in this sense, universal or
structure-independent. In fact, one can show that the same is true for Yp ¢ and Yp 1, while
for Yp »~1 structure dependence enters through contributions from, e.g., form factors and
their derivatives. For this reason, the point-like approximation can be used to calculate Yp o
and Yp 1 and the full machinery introduced in ref. [14] is first required for the determination
of Yp 2 and higher-order coefficients.

A summary of the knowledge to-date on these coefficients is given by the following:

c3 — 2 (c3(vy) — Bi(vy))

Ypo= 5 +2(1—1log2),
1 2\2 —4 2
Vi1 = - ri)e: Z‘CQ(W) : (3.50)
mp(l —1y)
Fiam [(1+77)° —drja(ve)] 87 [(1+77)er — 2ea(ve)]
YP,2 = - 1 + D) 1 ’
fr mp(l—7p) mp(l —77)
321%cy (2 +72)
Yp3 = —g ks + Vi,
mH(1+r2)3 '

where ¢; and ¢j(v¢) are known finite-volume coefficients, and Bq(vy) is a known special
function. These quantities are all defined in ref. [14].

In Yp o, the structure-dependent ratio F f /fp appears where F f is the on-shell zero-
momentum axial form factor describing radiative leptonic decays and fp is the iso-QCD
pseudoscalar decay constant. A key message is that, while the full result including structure
dependence is known for Yp o, the same is not true for Yp 3, for which the structure-
dependent piece, denoted Ylifig, has yet to be determined. As a result, the finite-volume

3In the notation of ref. [14] this quantity can be defined introducing a photon mass X as

LA

Yp(L) = lim [VETY(A) + Yp, 105 log 5]
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subtractions available currently include 5Rg)(L) and 5Rg’)’pt(L), where ng,dz; is set to zero
in the latter. In this work we use 5Rg)(L) to determine our central value and take the
absolute difference |5R$§)’pt(L) - 5R532)(L)| to estimate a systematic uncertainty associated
with neglected finite-volume effects.

Finally, we also need to consider finite-size effects from QED corrections to the meson
mass mp. For the finite-volume state with zero spatial momentum, these are given

by [14, 25, 31-33]

2 /0.2
c2 c1 mp(rp) C 1
51
2mpL " 2n(mpL)? * 3(mpL) T mpr)p T O |:(mpL)4 » (351)

AmAi(L) = ezm%{

where <r%,) is the squared electromagnetic charge radius known from experiments, dispersion
theory and lattice simulations [1, 2], and C is an unknown contribution, arising from the
branch-cut in the Compton amplitude evaluated with zero spatial momentum for both the
photon and the pseudoscalar. Because C > 0 [14], subtracting the charge-radius dependent
piece is guaranteed to reduce the O(1/L3) finite-volume effects, though it does not fully
remove the 1/L3 scaling. In this work we use the predicted volume dependence through
O(1/L?) to estimate the infinite-volume pseudoscalar mass. As with the decay rate, we
take the difference between the 1/L? and partial 1/L? results as a systematic uncertainty.

3.4 Inclusion of real photon emission

Lastly, we need to include the contributions from a real photon emission, namely the

max
v

in ref. [10]. Most notably, if the photon energy threshold, w

quantity 5R§’frt (W) in eq. (3.8). To this end, we adopt the formulation discussed in detail

cut
5
treat the initial hadron as a point-like particle and compute the inner bremsstrahlung term

, is small enough, one may

analytically. However, since structure-dependent contributions are negligible for the decays
studied in this work, we can set w,CYUt to the maximum value allowed for the photon energy,

namely wi'®* =mp(1 — r2)/2. We report here the result obtained in ref. [10],

SRE™ (@) = lim  ORE™ (W)™ m,)

2 3rd 1 2
=0 [3log (mp) ~ 8log(1 = 1) = L logr? — 8¢ Lig(1 — 1)
m

47 12/V (1_7».%)2 1—T'£
13—-1972 6 —147r2 —4(1 + r?) log(1 — r2
;K TZ ( +7;€) Og( Tﬂ)logrg ) (352)
2(1—17) 1—r;

4 Lattice methodology

In this Section we discuss the lattice implementation of the correlation functions relevant
for the calculation of IB corrections to the leptonic decay rate and give the details of our
lattice setup.

4.1 Lattice QCD+QED path integrals

As anticipated in section 2, IB corrections are computed in this work using the RM123
perturbative method [22], which consists in expanding the path integral for a given physical
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observable around the iso-QCD point. In practice, since our lattice setup has been tuned
to an iso-symmetric point different from the target one described in section 2, we follow a
two-step procedure to get our perturbative corrections. This consists in expanding both the
full QCD+QED and the iso-QCD path integral around the simulation point, and get the
desired correction as the difference of the two.

Let (O),» be the expectation value of an observable O calculated (in lattice units) in
terms of the discretized Euclidean path integral in the full QCD+QED theory with bare
parameters o = (g, e?, m?),

ot = Z¢/D b, 9] O [lbﬂz,U,A;0'¢]e_SFW”&’U’A;"qb]e_SV[A}e_g%SG[U]

(1)
with Sp[, ¥, U, A; 0] being the fermionic action, and S, [A] and Si[U] the QED;, and QCD
gauge actions, respectively. Z¢ denotes instead the QCD+QED partition function. Here we
keep the discussion general and allow the observable O to depend on the electromagnetic
coupling e?. Let <(§> -0 be the corresponding expectation values calculated in the target
is0-QCD theory, o = (g,0,m©®),

1

O)e0 = -5

A _ — 1
[ DD, 5] Oy, 5, U] - SrivEe T ()
and (O), that evaluated at the simulation point o = (g, 0, 1h), which is obtained from the
previous equation by substituting ¢ — o.
The expansion of (O),s around the simulation point o is then given by

(O)gs = (O)o + (80)5 — (06Sp) g + 5 (O (55r)%) 5 + O(£%) . (4.3)

l\.')\r—l

The correction <(5(’>>a in eq. (4.3) only appears if the observable O itself depends on the
electromagnetic coupling e?, which is not the case for the correlation functions studied in
this work. The quantity §Sg is instead the IB correction to the lattice fermionic action, i.e.

o5 —ZZ[ i) Se(o) + e V(o) Aula) - 5 AT @) A2()] + 0. (44)

Here St(z) = 9)¢(2)1¢(x) is the scalar density, while VYi(x) and T{*(z) are the electromagnetic
conserved current and the seagull (or tadpole) current, respectively, which depend on the
lattice regularization adopted (see e.g. refs. [22, 37]). The hats denote that all quantities
are expressed in lattice units. In this work, however, we employ a definition of the fermion-
photon coupling similar to the continuum one, where we use the renormalized local vector
current, V{'(z) = Zy ¢¢(x)y"1¢(z), instead of the electromagnetic conserved one and do
not include the tadpole current*. This results in

5Sp=3"%" [(m? — i) Sp(x) +ier Vi () Ayu(2)| + O(22), (4.5)
T f

*Note that for leptons Zy = 1 and hence V() = £(x)y*4(x).
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and the two approaches are expected to differ just by cut-off effects. The comparison of the
two approaches has been thoroughly investigated, and we report on that in appendix A.
Since the simulation point and the iso-QCD point only differ by the choice of the quark
masses, the expansion of the iso-QCD path integral around the simulation point is given by

(O)go) = (0)o + > (1" —1i5) (O S)o + O(22). (4.6)
f

From egs. (4.3) and (4.6) it is then clear that IB corrections are obtained by computing
correlation functions at the simulation point with the insertion of the operators Sg(z) and
V/(x). We repeat that throughout this paper we work in the electro-quenched approximation.
In practice, the bare parameters of the sea quark are kept fixed to their simulated values,
which amounts to neglecting all quark-line disconnected diagrams.

In the perturbative approach adopted in this work the U(1) gauge fields A,(x) are
generated as stochastic fields sampled according to the QED;, gauge action in Feynman
gauge [23, 37]

S.[A :% SRS AR with R = sin (‘”5”) , (4.7)

a
Ek£0  p

with flu(k) being the photon field in momentum space, so that the expectation value
(Au(x)Ay(y)), reproduces the photon propagator A, (z — y).

4.2 Lattice setup

For this calculation, we generate correlators for a (L/a)? x (T/a) = 483 x 96 lattice using
Mobius Domain Wall Fermions (DWF) [38] with close-to-physical masses. The Domain wall
height and the length of the fifth dimension are aMs = 1.8 and Ls/a = 24, respectively. See
ref. [39] for more details. The QCD gauge configurations are generated by the RBC/UKQCD
collaboration using the Iwasaki gauge action [40] with bare coupling 5 = 2.13. The sea
quark masses are 75 = 0.00078 for the light quarks and mZ** = 0.0362 for the strange
quark. We work in a unitary setup where we choose the valence light-quark masses to
have the same value as the sea, 7h,q = M g and similarly for the valence strange quarks,
ms = mg®. In this setup, that we refer to as our simulation point o, the lattice spacing
has been determined without QED to be 1/a = 1.7295 (38) GeV and the simulated pion
mass of this ensemble is m, = 139.15 (36) MeV, corresponding to m,L = 3.863 (6).

To reduce the computational cost of inverting the Dirac operator for near-physical light
quarks, we employ zMobius fermions, which are a rational approximation of the Mdbius
formalism (see ref. [41] and references therein), together with the deflation eigenvectors
generated by the RBC/UKQCD collaboration for this 483 x 96 ensemble. Light-quark
propagators can then be obtained with a smaller value of Lg, thereby reducing the simulation
cost. This rational approximation of the Moébius DWEF action must be corrected for, and

we defer this discussion to appendix B.
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4.3 Implementation of the hadronic correlators

We now turn to discuss the lattice implementation of the correlation functions introduced
in section 3.2, where the relations with the corresponding matrix elements were obtained
in the continuum and infinite-volume limit. As explained in section 4.1, IB corrections
to the expectation value of a given observable can be obtained in the iso-QCD simulated
theory by inserting additional operators in the correlation function [22]. As we discuss
in the following this is obtained, in practice, by iteratively inverting the Dirac operator
using suitable sources to get the appropriate sequential propagators. All the correlation
functions used in this calculation are generated using a set of 60 statistically independent
QCD configurations and are then resampled with the bootstrap method. The QED gauge
fields A,, are generated using one stochastic source on each QCD gauge configuration. In
this way the averages over QED and QCD gauge configurations are simultaneous. The
inversions of the Dirac operator and the quark field contractions have been performed using
the Grid/Hadrons software framework [42—44].

In this calculation we study the decay of the meson PV in its rest frame, pp = O.
To create the meson we use gauge-fixed wall sources. This corresponds to defining a
zero-momentum interpolating operator of the form

Sh(t) = ¢h(t, pp = 0) = a® > @it x1)vs0a(t x2) (4.8)
X1,X2

and evaluating expectation values of this operator fixed to Coulomb gauge. Any gauge-fixed
expectation value involving gbL(t) can be re-expressed as a gauge invariant correlator with
an alternative operator that includes a Wilson line between the quark fields. Crucially, the
gauge-invariant equivalent is local in time so that we can perform spectral decompositions
using the standard Hilbert space of lattice QCD with pseudoscalar quantum numbers.’
Note that using such definition of the meson interpolating operator, the dimensions of
the correlators are different from those described in section 3.2 because of the additional
integration over the spatial coordinates of the quark fields.

Tree-level correlation function: The tree-level correlation functions in eq. (3.32) are
implemented at the simulation point in terms of quark propagators as

CPA(t) = CL3 Z <TI‘ [qu (t7 XIO)T 70 SOu (t’ X‘O)]> ) (49)
Cpp(t) = a® > (Tr[Sq, (t, x2/0)T Sq, (£, x1(0)] ), (4.10)

where we have used vs-hermiticity, Sq(t2, Xa|t1,x1) = 755¢(t1, x1[t2, x5)"75, and defined the
quark propagator with one end projected on zero momentum as

Sqlt1,x1]ta) = Sq(t1,x1lt2, p = 0) = a® Y Sq(t1,x1t2,%2) (4.11)

X2

5The same would not be true for gauge fixings that affect temporal gauge links. The idea of equivalence
between gauge-invariant and gauge-fixed formulations is discussed in the context of QED in a seminal paper
by Dirac [45] and more recently in ref. [46].
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while the symbol (-) denotes the average over the gauge configurations. Note that here we
have generated the pseudoscalar meson at tp = 0 for simplicity. In the lattice calculation
we have instead evaluated the correlation functions on each gauge configuration inserting
the source at every timeslice tp/a = {1,...,7/a = 96} and then shifted and averaged over
the source positions to improve the statistical uncertainty.

By considering the asymptotic form for the pseudoscalar correlator in eq. (3.33) on a
torus with period T in the temporal direction and periodic boundary conditions we obtain

_APZP ¢ _mpt _ —mp(T—1)
Cpa(t) = 2 {e e |2 (4.12)
L3 CPP(t) — ’ZP’2 {e_mpt + e—mp(T—t)} (413)
2mp ’

having neglected exponentially suppressed contributions of excited states.

Factorizable correlators: Let us define the sequential propagators obtained by inserting
the correction to the fermionic action 0SF (see eq. (4.5)) along the quark line as

S (aly) = eq S5 (xly) + (g — 1hq) S (zly) . (4.14)

where
Sialy) = 1027 32 Sulelah Au(a)Su(ely) and S3Gely) = & 1 Salal)Sulel) . (419

We can analogously define the sequential quark propagator with a double insertion of 6SF,
which generates the quark self-energy, as

S (aly) = 2 53 (aly) + O() (4.16)
with
Sy (zly) = —a® 23 ZS Ap(2)Sq(z|lw)y” Ay (w) Sq(wly) - (4.17)

Note that the propagators S((ll)(:dy) and S((f) (x]y) are both ~5-hermitian.
The factorizable correlators 6C5, (t) and 6C5p(t) can then be evaluated in terms of
such sequential propagators. We define

SCEA (1) = Amorem SCER(L) + Z — 1) SCpR(t) (4.18)

_ Z 5Cself q + €qy €qs 5CEXCh + Z 50 ( )
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and analogously 6CLy(t), where

sCstan g 32 (Tr[Sg (. x]0) 1052 2, x]0)] )
scxe (t) = o? Z
OCEE(t) = Y
SO (t) = a® >
SCSRE(t) = a® Y

Tr S (2, x]0) 1708, (t,%[0)] ),

Tr[SE (8, x]0)17°SE (2,%]0)]), (4.19)
Tr[Se, (£, x]0)T7°S3, (¢,%]0)] ),

Te[S3, (t,x]0)"Sg, (¢, %(0)] ) ,

and

1f, f
SCEp M (t) = a® Y (Tr[Sq, (¢, x2/0) 1S5 (£, %1]0)]) ,
X1,%2
0CH (1) = a® > (Tr[S5ell(t,x2(0) 1S, (. x1]0)] ),
X1,X2
> A A
SCRE™(t) = a ) (Tr[S4 (£, x2|0)1SE (£, x1]0)] ), (4.20)
X1,X2
S,
SCREM (1) = a® ) (Tr[Sq, (t,%2]0)'SS (£, %1]0)]) ,
X1,%2
87
SO () = a ) (Tr[S5, (£, %2|0)1Sq, (£, x1]0)] ),
X1,X2
having used again ~ys-hermiticity together with eq. (4.11). Note that the symmetries of the
correlators ensure that (5C;eflf’u = 60;%f’d nd 6Cself Y= 5Cself 4 as well as 6Cs’u = (5C’S’d
and 505 = (5CP A when my, = mgq = myq. The five correlators in eq. (4.19) correspond to
the hadronic part of the Feynman diagrams shown in figures 2(a)-(e), respectively.
For the factorizable correlators, correcting the asymptotic behaviour in egs. (3.35)
and (3.36) for finite-time 7' effects with (anti-)periodic boundary conditions and neglecting
the contribution of excited states results in

SAp  6Zp dmp

Rpa(t) = dp Tz "y A D), (4.21)
Rpp(t) =2 (SZZ; - (SZ—P fep(t, 1), (4.22)
with
fea(t, T) =1+ mp{% — (t — L) coth [mp(t — $)]}, (4.23)
fep(t,T) =1+ mp{35 — (t — 3) tanh [mp(t — 3)] }, (4.24)

and fpa(t,T) = fep(t,T) =~ 1 +mpt for t < T/2.

In the following we will make use of the notation R, () (and analogously for Ryp(t))
with x = {self,q; exch; S,q}. This has to be interpreted as the contributions to R% A (t) com-
ing from the corresponding corrections to the correlator 6C%, (¢) in eq. (4.18). Equivalently,
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we can decompose the correction to the meson mass up to O(€?) as follows

dmp = 4T, OMPB" + Z('rhg —m{’) 5m‘;’q (4.25)
q

o 2 self ,q exch ~ ~ (0) S,q
—Zeq5mp + eqieq, OMp +Z(m§fmq ) ompt.
q q

For the mesons studied in this work we have q = {u,d} for dm +, q = {u,s} for dmg+,
q = {d,s} for dmgo, q = {u,u} for 6M,, and q = {d,d} for IMyq.

Non-factorizable correlators: The non-factorizable correlator introduced in eq. (3.43)
can also be evaluated on the lattice by using the sequential propagators described above.
Defining

SOBL(t,t0) = eqy e 0CPyT (¢, 1) + equee SO (¢, 1), (4.26)

and using eq. (4.11) one has

Oy (t,te) = (Tr[Sq, (0 —1)T ~f S5 (01=1)] % Su(te, PL10) 77 S (Olte, pe)),  (4:27)

SORy 2 (t, te) = (T[S (0]—t)T 47 Sq, (0] —1)] % Su(te, Pul0) V) S (Olte, pe)) s (4.28)

which correspond to the Feynman diagrams in figures 2(f) and 2(g), respectively. Here
we have defined the (sequential) propagator of an anti-lepton with the insertion of an

electromagnetic current and projected on definite external momentum as

S (Olte, pe) =1ia™ > Sp(0]2)7" Au(2) Se(zte, x¢) e PEXE (4.29)

Z,Xyp

The tree-level correlator of eq. (3.38) evaluated at the simulated iso-symmetric point takes
the form

CPE(tvtE) = <Tr [qu (O|_t)T ’72 Scu (O|_t)]> X Su(tfapu|0) ’YZ Sg((”tg,pg) . (430)

Also in this case translational invariance has been used to simplify the notation such that
the weak current is inserted in the origin. However, lattice correlators have been computed
by inserting the weak current on all possible timeslices tr/a = {1,...,T/a = 96} and at
all positions xy, and then averaged over the volume. The lepton propagator has been
computed for 8 different lepton source-sink separations t;/a = {12,16,...,40} and its
momentum is chosen in such a way that energy and momentum are conserved in the process.
Some comments concerning lattice lepton propagators are in order. First, we note that
when evaluated on a torus, the lepton propagator Sy(0|ts, p¢) takes the form (neglecting
possible contact terms)

e—UJ[tg , . e_WZ(T_tl’.) , _r
010 == 3 | g eH RO+ g PO (P

W . (4.31)

The backward signal has a different Dirac structure compared to the forward one and
(29)~! appears in the residue at the pole, with lim, o Q¢ = wy. Such a backward term
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would contribute to the traces in eq. (3.45). However, this contribution is not related to the
matrix element M7 (py) of our interest and therefore it has to be subtracted. To this end
it is possible to define a projector P,

.(pe) Only onto the forward-propagating part, namely
e wete 1
Se(0lte, Pe) * Puoy(pg) = — 50, ve (Pe)V(Pe) T o7 - (4.32)

The definition and derivation of the projector P, is discussed in appendix C.3. Note

AN 4
that the same feature would appear also in the latti(ce)neutrino propagator. However, being
electrically neutral, the neutrino does not couple to the photon and, in addition, the term
e~ /(2w,) in its time-momentum representation (see eq. (3.39)) cancels in the ratio
of eq. (3.45). Therefore we can amputate the neutrino propagator and substitute it with
the (continuum) completeness relation [3-, uj (py)t, (py)]*" = —ip .

The lattice correlators employed in the numerical calculation are then defined as

—i (Tr[Sq, (01— 1)1 77 S (01—=1)] x p, 7 S (Olte, Pe) - Poypy))
—i (Tr[Sg, (0] =t)T 7 Sqy (0]=1)] X p, 77 Si*(Olte, Pe) - Poyipy))»  (4.33)
_i<Tr[SQ2(O‘_t> 72 Squ (0] - ]> ? ’}/zSz(Oftg,pg) Pvz(pe)'

SCRy Y (¢, 1)
JORyY2 (¢, 1)
Cpo(t, ty)

The spectral decompositions of 65’;2(15, t¢) and éPE(t, t¢), taking into account also the

backward propagation of the meson on the torus, become®

e—wete —mopt —mp(T—t) r AATS nf _g
6CP€ t te L3 Z 4mPQ£ Pr 4 Kpy € P }ZP Uy(p[) [5MP (p[)] Uy (pg), (434)
—wyty
Creltste) = 15 Z g (e = e T} Zp o) (= ApL7 (00} 7 (), (4:35)

where Qy = Q(1 + e 1) and xp, (which has a residual dependence on t;) parametrizes
the correction to the matrix element due to the interaction of the backward propagating
meson and the lepton. It follows that eq. (3.45) becomes

Tr [y} SCBi(t, to)] s AN
R (t tf) Re r[’yL Cpg(t,t()] ] Ap fPf(t T) (436)
where
fee(t,T) = 3{(1 + kpg) — (1 — pg) coth [mp(t — $)]} ~ 1 fort < L. (4.37)

For the lepton propagator we use the free Shamir DWF action [47] with aMs = 1.0 and
Ls/a = 8. The Feynman rules for the free DWF propagator have been derived in ref. [48] and
we give details of the relevant Feynman rules in the conventions used in the Grid software
framework [42, 43] in appendix C.1. We have determined the bare input mass for the lepton

SNote that the spectral decomposition for 55;2(75, t¢) given in eq. (4.34) is valid only for t < T — ;. In
this work we restrict the analysis of non-factorizable correlators in the region t < 7'/2, where the condition
t < T — t, is satisfied for all values of ¢, used.
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such that the pole mass of the free propagator corresponds to the physical muon mass
mf, = 105.6583755 MeV [1]. This results in a bare input lepton mass of amy™"* = 0.06107
when using a previous determination of the lattice spacing a=! = 1.730 GeV [39]. Details
on how to determine the input bare mass for a desired target pole mass of the free Shamir
DWF propagator are given in appendix C.2.

We use twisted boundary conditions [49-52] for the lepton propagator in order to
fix the momentum of the lepton such that energy and momentum are conserved at the
weak Hamiltonian. This is the case when the momentum of the lepton is given by |ps| =

T (1—(mg/mp)?) for the pseudoscalar meson at rest. For the determination of [p,| we used

the physical mass for the muon m, = mﬁ and the simulation point masses mp for pion and
kaon as determined previously in ref. [53] on this gauge ensemble. We find a|py| = 0.017054
for the pion and a|py| = 0.13783 for the kaon. We distribute the momentum of the lepton

equally in all three spatial directions, such that p, = —‘p—\/‘g{l, 1,1}.

Omega baryon correlators: Before closing the section we give details about the cor-
relators for the Q= baryon, which is employed in the renormalization conditions imposed
in section 2 to fix the bare parameters of the QCD+QED, QCD and iso-QCD actions. We
define the zero momentum two-point function as

a3 . —
Caa(t) = 5 > D> (OIT[wa(t x)40(0)][0) , (4.38)

where the operator 1f(z) = g;(x)yo denotes the spin-3/2 interpolating operator for the

)~ and we have summed over the spatial directions ¢. One form of baryon interpolator is
given by
Uh(a) = € Py sa(@) [sF (2) CoF 5cl@)] (4.39)

where the s represent the strange quark fields, C' is the charge conjugation matrix C' = iya7y,
and Roman indices identify color components of the fields. The projector Py = (1 ++°)/2
ensures that the interpolating operator 1;5 generates states with positive parity quantum
number (P = +1) and annihilates states with negative parity quantum number (P = —1).
In order to improve the signal for the correlation function, in this calculation we employ
Gaussian smearing for the strange quark fields 3(¢, x) = a3 >y exp[—(x — y)2/(202)]s(t,y)
with a width of o/a =9, which requires gauge fixing of the QCD gauge configurations.

One feature of lattice baryon interpolating operators is that, on a torus, they couple to
negative parity states propagating backward in time. As a consequence, assuming ground
state dominance, the correlator has the form

Coalt) = (yzg|2 e Mol 4| Zg? e*%(T*W) P, (4.40)

where wq is the energy of the state with parity P = —1. The operator-state overlaps
for a state with spin projection s € {£3,£1} are defined by Zg ub = (0| ¢5(0) |2, s) and
Zaoysul = (0] 195(0) 2, s), where uf is the positive energy solution to the spin-3/2 Rarita-
Schwinger equation (see e.g. [54] for a recent review), and |(2, s) and |Q, s) are states with
positive and negative parity respectively. In addition, quarks with anti-periodic boundary
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conditions in time have been assumed. Since baryon correlators are significantly affected by
an exponential signal-to-noise-ratio problem, we restrict our analysis of the correlator to
the time region t < T'/2. In this interval we can then neglect the backward propagating
signal and take for ¢t > 0,

~ 1
Caq(t) = 5Tr [CQQ(t)] ~ ‘ZQ]ze_mQt. (4.41)
In analogy with eq. (4.18), we can define the IB corrections to the correlator as

5Ca0(t) = 4maem SCFR(E) + (M? — 1) Con(t) (4.42)
= €2 [ICH"(8) + SCES ()] + (1 — 1005) 6CHS(2)

where 5’565 *(t) and C~’8§§h(t) denote the corrections due to the photon exchange between the
constituent-strange quarks and Cgs (t) the correction given by the insertion of the quark
scalar density on the quark lines. The ratio with the iso-QCD correlator has then the
following asymptotic behaviour

. 56’99(t> 07

= — =2 —odmqt. 4.43
CQQ(t) Zq @ ( )

Raa(t)

Also in this case we can decompose the correction to the {2~ mass as
Fmg = 4mtem OmE® + (¢ — 1) dmg® . (4.44)

Details on the quark contractions for the {2~ correlator, as well as a discussion on the
derivation of its spectral decomposition can be found in appendix D.

5 Numerical analysis

The virtual IB corrections to the ratio of inclusive decay rates evaluated on the lattice, as
defined in eq. (3.27), is built from the IB corrections to the kaon and pion decay amplitudes
and to their masses. As discussed in the previous section, such quantities can be extracted
from the large-time behaviour of suitably defined Euclidean lattice correlators. In this
section, the strategy for extracting the relevant quantities from lattice correlators using a
global-fit analysis is presented. Due to the various classes of correlators involved in this
calculation, we adopt a data-driven approach to standardize the fitting criteria, which we
explain below.

5.1 Strategy for correlator fits

Extracting physical quantities from lattice correlators using a fit procedure requires that
optimal fit ranges are identified for each correlator. In our work, when multiple lattice
correlators have fit parameters in common, e.g. the meson mass mp, these data are fitted
simultaneously fully taking into account such a constraint including the statistical correlation
between the data. In this way, all parameters can be extracted from 7 independent frequentist
fits.
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In the case of the analysis of factorizable corrections, there are 12 correlators to study
for the kaon, while for the pion the flavour symmetries of the correlation functions reduce
the number of independent ones to 8. These correlators are listed below in eq. (5.4). The
functional forms of the fit ansétze used for the correlators are based on the spectral decom-
positions egs. (4.12), (4.13), (4.21) and (4.22), where only the ground-state contribution is
included. For both mesons the tree-level correlators depend on two parameters, while all the
factorizable correlators depend on 3 parameters each, namely a constant term containing
the relative corrections to the matrix elements Ap and Zp, the correction to the meson
mass and the simulation point mass mp entering the tanh/coth functions in eqs. (4.23)
and (4.24). The exact relation between the fit parameters and the physical quantities of
interest is given in egs. (5.5)—(5.7). Since all the correlators for a given meson depend on
the same simulation point mass, we combine the fits as described below. For what concerns
the non-factorizable pion and kaon correlators, we decide instead to fit the ratios %fz(t, te)
using a constant fit ansatz, i.e. setting fpy(t,t¢) = 1 in eq. (4.36). This approximation
corresponds to neglecting the contribution of backward signals and excited states and does
not have a significant effect on the y? for the range considered. In this case there is then
only one parameter for each meson. The Q™ correlators, due to the usual rapidly degrading
signal-to-noise ratio in baryon correlators, are also fitted in a region of small ¢, where we
can safely neglect the contribution of the backward propagating baryon and excited states.
This simplifies the fit ansitze for the tree level correlator 5’99, and the ratios Rgq, and
73‘35 to those given in eqgs. (4.41) and (4.43), respectively. Both the ansétze have two free
parameters.

In order to select the best fit ranges we choose those with the maximum value for
the Akaike Information Criterion (AIC) [55, 56] similarly to the strategy followed by
refs. [18, 32, 57]

1
w=exp | — 5 (X2 - 2ndof) ) (51)

where ngof = Ndata — Npar is the number of degrees of freedom of the fit and the x? function
is defined as

x> =(C —Cu(a))"= ' (C ~ Cu(a). (5.2)
Here C is a vector containing the data (i.e. the time correlators), Cy(a) the corresponding
model as a function of the fit parameters a and X the covariance matrix

1 &

D (Ci - (C)(Ci — (C)T, (5.3)

=1

> —

ng — 1

with ng the number of bootstrap samples. The AIC weight function favours fits that have
minimal y? with the largest nqos possible, which penalises fits with a low x? per degree of
freedom resulting from over-fitting the data.
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The datasets C used for the 7 analyses can be summarized as follows
1. Cl = (Cip, RN R3CEs Rexch RO RE8) with 2 = (K, A),

2. CL = (Cry, RO, REM RSN withy = (m,A), 3. C} =(Ri,), (54)

™ Ty
4. C¥ = (RM), 5. Cq=(Can), 6.Cy"=(RGA), T.C3*=(RS).

The corresponding sets of fit parameters a are

f self,u _self,s _exch _S,u _S,s
1. ay = (ak,a, ", a, ~,ax ", ay ,ay ),

2. afr = (a,r,afflf’“, afTXCh, af’u), 3. aan = (a}l&), (5.5)

S S
4. aﬁf = (aﬁ%), 5. ag = (agn), 6. ay" = (aHy), 7. aQ’S = (aQ’S),

where we have defined

573 5A’1§+6ZI’§) o OAM

ap = (mp, |Zp|*, ApZp), ap = (6m}%, 2 Zp ' Ap Zp apg = Ap (5.6)

325
aoo = (mo, |Zal?), ahg — (5m;3, 2 Zf?) (5.7)

In the case of the factorizable correlators, however, the bootstrap covariance is rank-
deficient as the number of original samples n.f = 60 is smaller than the dimension of the
covariance matrix. Some form of regularisation is then required to make the y2-problem
well-conditioned. To this end we choose to neglect the covariance between the rows of
C% and C! with and without photon lines. This choice is motivated by the fact that the
correlation matrix is approximately block diagonal, and furthermore, we verified that the
optimum parameters do not change significantly if correlation is also neglected between the
correlation functions with different operator insertions. Finally, to reduce the number of
degrees of freedom further, only a subsequence of correlator data separated by the thinning
parameter At are included in the fit, which are reported for each fit in table 1. The regulated
x? thus defined, the best-fit parameters are determined by minimizing the x? function for a
given fit range.

The choice of the fit ranges for each correlator is made using two different approaches
depending on the number of possibilities. For non-combined fits, like those on the (2
correlators, the maximum number of fit ranges spanning the region ¢ € [0,7/2 — 1] (with
T/a = 96) is 1128. In the case of non-factorizable diagrams, including also all possible
ranges in the lepton-time variable ty, the maximum number of fit ranges is of O(10°). In
this case it is computationally feasible to do fits for all possible fit ranges and to compare
the values of w. However, applying the same strategy to the combined factorizable fits
would be computationally unfeasible, as the maximum number of possible fits is O(10%4) or
O(103%) for pion and kaon, respectively. To find good fit range(s) with large AIC we utilize
a genetic algorithm as described in appendix E to perform the optimization. The outcome
of this procedure is a set of fit ranges and their associated AIC weights w from each analysis.
There is, however, a large multiplicity of good fit results. In order to capture the variability
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’ ‘ TNcorr ‘ Npar ‘ Ndof ‘ At/a ‘ X2 ‘ p-value ‘

1 8 18 80 2 49.98 1.00
2| 12 12 95 2 65.00 | 0.99
3 ) 1 24 2 21.42 0.61
4 3 1 32 2 29.41 0.60
5 1 2 7 1 5.14 0.64
6 1 2 9 1 5.32 0.81
7 1 2 6 1 1.73 0.94

Table 1: Details of the best fits for the 7 analysis performed in this work and presented
in figs. 4 to 8, 19 and 20: number of correlators (ncer), number of parameters (npar),
number of degrees of freedom (ngof), size of thinning interval (At/a), chi-squared (x?) and
one-sided p-value.

in the resulting good fits, we consider the 5 fits from each analysis that correspond to the
highest AIC. This is an arbitrary and seemingly small number, which however already leads
to a large multiplicity of ng; = 57 = 78125 alternative combinations for the fit parameters.
The propagation of the variations due to these alternatives to the final results is discussed
in section 5.3.

Here we only show the representative best fits of the correlators for each analysis,
i.e. those corresponding to the highest AIC weight. In figure 4 the tree-level pion and
kaon correlators of egs. (4.12) and (4.13) are shown on a logarithmic scale, their slope
being related to the tree-level meson mass mp. The electromagnetic corrections due to the
exchange of photons between the two constituent quarks and to the u-quark self-energy
are reported in figures 5 and 6, respectively, normalized by the tree-level diagrams. In this

case the slopes of the correlators correspond to the corrections to the meson mass 5m§§“3h

10 10!

a0 Crr(t) —o—
a3 |Cra(t)] —a— 10°

10°! L

1072 |

0.1

0.01 I I I L L L L L L 10~7 I I I I I I L L L
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
t/a t/a
(a) pion (b) kaon

Figure 4: Tree-level correlators Cpp(t) and |Cpa (t)| for pion (a) and kaon (b). The solid
lines with error band correspond to the best fits of the data.
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Figure 5: Factorizable diagram with a photon exchanged between the two constituent
quarks, RESH(t) and RE(¢), for pion (a) and kaon (b). The solid lines with error band
correspond to the best fits of the data.

and 5mjflf’u (see egs. (4.21) and (4.22)). The correction due to the scalar insertion on the

u-quark leg is shown instead in figure 7.

The non-factorizable correlators R;fg defined in eq. (4.36) are reported in figure 8 for
both pions (left) and kaons (right). The expected time behaviour fpy(t,T) is visible from
the data, with plateaus in the region ¢t < T//2. The dependence on the lepton source-sink
time separation ty is suppressed by the use of the projector on the forward propagating
signal (see appendix C.3 for more details). The constant fits to the data corresponding
to the highest value of the AIC weight are reported in the figures, while the grey points
identify the data which are not included in any of the top 5 best fits selected in our analysis.
The details for the best fits are reported in table 1 for the 7 analysis performed in this work.
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Figure 6: Factorizable diagram with u-quark self-energy correction, R;ell)f (t) and Rspejlf (),
for pion (a) and kaon (b). The solid lines correspond to the best fits of the data.
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Figure 7: Factorizable diagram with a scalar insertion along the u-quark line, R‘g’; (t) and
R‘;Xl(t), for pion (a) and kaon (b). The solid lines correspond to the best fits of the data.
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Figure 8: Non-factorizable diagram REL (¢, ) for pion (a) and kaon (b), for multiple values
of lepton source-sink separation ty/a. The solid lines correspond to the best fits of the data.
The grey points denote the data that are not included in any of the top 5 best fits.

5.2 Tuning of the bare parameters

From each of the fits performed in the factorizable analyses (1) and (2) outlined in egs. (5.4)
and (5.5) we obtain an estimate of the masses of the charged pion, the charged and neutral
kaon and the neutral BMW mesons at the simulation iso-QCD point, together with their
leading IB corrections. Analogously, we obtain the mass of the 2~ baryon and its corrections
from the analyses (5), (6) and (7). Imposing the renormalization conditions in section 2,
we can then obtain the relevant mass shifts (m? — m©), (Mm% — m©®) and (m? — M*°P)
that allow one to define the IB correction §.X (o) to a given observable X, as well as
its decomposition into strong isospin-breaking and electromagnetic effects (see eqgs. (2.14)
and (2.15)).
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The mass shift (m? — m) from the physical to the simulation point is obtained by
imposing eq. (2.1) and simultaneously solving the following system of equations

MQ- SMem Smem (5M$’q 6m$,q MZ PDG
L 142 0em | 1 —— ) +2 I8 Nnl—mg)| = [ —= 5.8
mi) [ e ( M, mo )7 zq: Mg )T = G ) )

where j = 1,2,3 and M = {m +,mg+,mgo}. Finite-volume effects are applied to the
meson masses on the right-hand side of eq. (5.8) making use of the formula in eq. (3.51).
Once the vector (m® — m) is known, the QCD mass shifts (m?® — m) are obtained
from eq. (2.7) using the BMW mesons N = {M,q, AM, M, } and solving the system

N2~ 5N$’q 6m37q

J 1 2 J i Q AQCD— ¥ = 59
N2 SNE™  Sppem SNSA S
J 1 2 J Q 9 J o Q N RS
’I?’L?z|: + 2 Qem N] ma + % N] ma (mq mq) )

with j = 1,2, 3. Finally, the iso-QCD point is determined solving the system in eq. (2.8) for
(m® — m), namely for j =1,2,3

z |12 e | =) | = 5.10
m, [ * g N; me (rg” — 1iq) (5.10)
N2 JNem Smem (5N$’q 5m57q
L M+ 20em| —L — Q 9 i Q A IRy
m?z { + 2 e N, . + Z X, . (mq q) | ( i2)

q

Using only the best fit from each of the analyses (i.e. the one corresponding to the
highest AIC weight), we obtain the following bare quark masses in lattice units

) 0.00068 (2) mesP 0.00068 (2) iy 0.00068 (2)
i@ | = 0 ;| omeer | = | —0.0010(4) | , | 6w | = | —0.0010(4)
e 0.0353 (4) FQeP 0.0353 (4) g 0.0352 (4)

The difference between the simulation point and the physical point is given by

Hud — MYy 0.00010 (2)
S —om? | =1 0.0010(4) |, (5.12)
The — Mg 0.0010 (4)

and an important feature to notice is the similar size between the deviations in mq, Ms,
and dm?. This justifies the linearity assumption made in section 2.3, where we assumed
that the m,q and mg corrections to match with the physical point were of the same size as

the isospin-breaking effects.
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Finally, we also obtain the following ratios

{M(or 2

| = (0.006530 (4), 0.08761 (3), 0.08761 (3)) , (5.13)

—ger | = (0.006530 (4), 0.08653 (2), 0.08869 (3)) , (5.14)
mq

|:MQCD 12

il

¢
mg, |

= (0.006530 (4), —0.00464 (2), 0.08434 (2)) . (5.15)

Assuming m(f(l)) = mg, we can form the ratio in eq. (5.13) using the iso-QCD meson masses

in the GRS scheme quoted in ref. [8],

M© 72
[(O)] = (0.00652 (2), 0.08746 (4), 0.08746 (4)) . (5.16)
mqa 1GRS

The pion component agrees between the two schemes, the difference in the kaon part is
more significant, but represents only a per-mille relative difference, which as we will see

in section 6 is well covered by our systematic errors.

5.3 Estimation of model uncertainties

As described in section 5.1, given a fit-scan procedure we obtain a set of fit ranges and their
associated AIC weights from each analysis. In this calculation we choose to consider the 5
best fits from each analysis, thus obtaining a total of ng; = 78125 determinations of the
fit parameters for each bootstrap sample. We can then combine the fit parameters, tune

x1072
100 .

Wrot

Looocoo (o oo oo oo o |

—0.0108 —0.0104 —0.01 —0.0096 —0.0092 —0.0088

latt
ORE.

Figure 9: Histogram displaying the distribution of 5R1§t7;“. The blue and green error bands
are the statistical and fit systematic errors, respectively.
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the bare-quark masses and use eq. (3.27) to get ng; estimates of 5R1;}t; for each bootstrap.
In order to extract a value from this set, we build a histogram of the ng; values of 6le}t7§

reweighting each entry with the total AIC weight for that choice of analyses, namely

7 7
1
Wiot = sz = €Xp |:_ 5 E (Xz2 - 2nd0f7i):| . (517)
=1

=1

Here the summation applies because the 7 analyses are independent. The relative size
between the ngy different weights informs us which prediction is preferable to the others.
The choice of limiting our study to only the fit ranges associated to the top 5 AIC weights in
each analysis is motivated by the fact that, with this reweighting procedure, the exponential
suppresses the relatively inferior fit results. Given the reweighted histogram built from
the ngy values of 5R1§tﬂt_, which is shown in figure 9, we determine the central value for this
quantity as the median of the histogram. Choosing the median instead of the mean makes
the result not subject to drastic variations due to outlier predictions. In figure 9 the median
is indicated in blue together with its statistical error, while the green error bar is the fit
systematics. The statistical error is estimated from the variance of the bootstrap samples of
the medians, while the systematic error is determined from the distribution of 5R1]%t7'; as the
20 interval around the central value (i.e. the central 95% band). The distribution of § R}
in figure 9 shows two peaks. They suggest that there are two sets of fit intervals with
statistically distinct fit results but with comparably good AIC weights. However, we note
that both peaks are covered by our systematic error. Alternative strategies were attempted
to stress the stability of our result, including different assumptions about correlation and
different weight functions’, all leading to results within the quoted systematic uncertainty.
The value obtained for (5R1f}tﬂt_ is then

SREM = —0.0101 (3)star. (74"t - (5.18)

6 Results

The finite-volume lattice estimate of (5R1f}t; obtained in the previous section can be combined

with the function 5RE;1)(L) discussed in section 3.3 in order to subtract the logarithmic
divergence and power-like electromagnetic finite-volume effects up to O(1/L?). The pre-
diction of d Rk, is then obtained according to eq. (3.8) by adding the contribution of the

max

5
reported in eq. (3.52). To evaluate the finite-volume correction, we compute egs. (3.48)

real-photon emission JRb (W), which is computed in perturbation theory [10] and

and (3.50) using the finite-volume coefficients determined in ref. [14] and the simulation
point meson masses and decay constants, together with '] and FI from yPT at O(p*)
and O(p%), respectively [11, 58, 59]. For our lattice of size Lyg = 48a we get

SR (Lus) = SR (Lus) — 6RP (Lyg) = —0.00730. (6.1)

"We tried the flat distribution, the two-sided p-value, and ad-hoc functions favouring high number of
degrees of freedom with small x2.
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Evaluating eq. (3.52) for the physical values of the meson masses m, and mg [1] we obtain
instead

5R§;>Trrt(w’1;1ax) — 6R§)§rt(wfynax) o 5R£)rert(w;nax) = —0.00583. (62)

Combining the previous results and including all sources of systematic uncertainties,
which we are going to discuss in the rest of the section, our result for § Rg, obtained at
L = L, amounts to

SRir = —0.0086 (3)stat. (755t (5)disc. (5)quench. (39)vol. - (6.3)

The first error is statistical, and it is obtained from the variance of the bootstrap distribution
of 5R1§t7§. The second error is the systematic uncertainty associated with our fit strategy and
estimated as the 20 interval around the median of the distribution of R (see figure 9),
as discussed in section 5.3.

The calculation presented in this work has been performed on a single lattice spacing
and, as a consequence, we are not able to extrapolate 5R1I*}5§ to the continuum limit. Thus, we
quote a systematic uncertainty associated with the residual O(a?) discretization effects. This
is estimated as (aA)? with a=! = 1730 MeV and A = 400 MeV [34]. This gives (aA)? ~ 5%,
which is applied to the central value of 5R1;}t7§ before the finite-volume subtraction and
results in —0.0086 (5)gisc. -

Electromagnetic interactions involving sea quarks have been neglected in this work.
Such electro-quenching effects are SU(3) and 1/N, suppressed for O(aem) contributions
and expected to be of ~ O(10%) [60] of the QED correction to the rate. Separating § R
into its electromagnetic and strong-isospin breaking contributions (§RE%)Y and (5 RI)SIB
(according to the separation scheme outlined in section 2) we take the 10% of the e.m. part
(SREYY as our electro-quenching error. Using the median of the (§RE%)Y distribution,
(SREYY = —0.0047, we get —0.0086 (5)quench.-

As discussed above, we use the finite-volume correction including the full 1/L? scaling
(denoted by 5R§32) (L)) in order to determine our central value for the infinite-volume
observable § Rp. We then estimate the systematic uncertainty, associated with the truncation
of the finite-volume expansion, by forming the difference between (5R§32) (L) and the correction
including the point-like 1/L3 contribution (denoted by 5R§§)’p “(L)). These quantities are
given explicitly by combining egs. (3.48)—(3.50) from section 3.3.

Since we are only targeting the difference between pion and kaon decay rates, the

finite-volume correction we actually require is the difference
SRY(L) = 6RW(L) — sR(L). (6.4)

The systematic uncertainty on this is then estimated via

o1 = ORP(L) — ORGL(D), (6.5)
_ Qem 3272 [ 24 (mg/my)? 24 (mg/mg)? md

= o (el [[F (e fme?P T [ (mefrge P

where we have given the explicit expression as it will play a crucial role in our error budget.
We stress that o, is positive. As we will see below, both 5R§§2F(L) and the final observable
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0Rpr are negative. This implies that, if one were to estimate d Ry using (5R§?3T’pt(L), the
result would be reduced (a negative number with increased magnitude) as compared to the

central value we report using (5}2%r (L).

To give numerical results for 6R§?7)r

, we require values for the meson masses and decay
constants, the muon and W-boson mass, and also values for the form factors F' ,{1( and F7].
As above, we take F§ and F7 from yPT at O(p%) and O(p*), respectively [11, 58, 59], and

meson masses and decay constants from our simulation. The full set of inputs is then
my = 0.1395 GeV , mg = 0.4992 GeV ,

m,, = 0.1057GeV,  my = 80.38 GeV,
(6.7)
fr=0.1310GeV,  fx =0.1564GeV,

FrXPT —o.0119,  FIOXPT =0.0340,

where results for F4 are reported to three digits, all other numbers to four digits and
uncertainties are neglected, since these are completely subdominant in our determination.
Substituting these values into the expressions for 5R§?T)F(L) and evaluating at the lattice

volume used in this calculation, L4g, one finds
SR (Lis) = —0.00468, SR (Lys) = —0.00730,  SRIPY(Lyg) = —0.00337.

From these numerical results it is clear that the convergence appears quite poor for the
volume used. In particular the ratio

OLys

Ol (54, (6.8)
SR (Lus)

implies that the finite-volume correction is assigned a 54% systematic error in our method.
As emphasized above, this is due to the fact that we have only incomplete knowledge of
the correction through 1/L3, since the structure-dependent piece has not been calculated.
Propagating this through eq. (3.8), we obtain

SRy = —0.0086 (39)yol. - (6.9)

We close this section by presenting additional information on the finite-volume expansion,
making use of the analytic results of ref. [14] as well as data from the previously published
lattice calculation by the RM123S group [8]. This calculation uses a different lattice
discretization and also extrapolates from heavier-than-physical pions. A key advantage
relative to this work, however, is that it includes results at multiple volumes. The data are
displayed in figure 10, separately for 6 R; and d Rx. The results are for m, =~ 320 MeV and
myg =~ 580 MeV, and four different volumes.

Our aim is to examine this data in light of a key conclusion of ref. [14], namely that the
structure-dependent part of Yp o (the 1/L? coefficient) is numerically negligible. As this was
not known at the time, the approach of ref. [8] was to subtract the point-like 1/L prediction
and to numerically investigate the residual volume dependence. The circular data points
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Figure 10: The volume-dependence of (a) R, and (b) Rk based on data taken from
ref. [8] supplemented with analytic knowledge from ref. [14]. The L dependence is presented
at fixed, heavier-than-physical quark masses corresponding to m, ~ 320 MeV and my = 580
MeV. As indicated in the legend and described in detail in the text, the various points
correspond to different subtractions and the curves to fits of residual L dependence.

in figure 10, labelled in the legend as “1/L subtracted”, show the result of this analysis
and coincide to figure 9 of ref. [8]. As can be seen from the 1/L-subtracted data and the
dashed curves in figure 10, a linear description vs. 1/L? for the residual volume dependence
is realistic. This results in a numerical prediction for the structure dependence that is much
larger than the analytic result of ref. [14]. Another way to reach this same conclusion is to
examine the residual L dependence in the pointlike 1/L? subtracted data. The fact that
this shows a clear residual slope was interpreted as the effect of the structure dependence at
1/L2. This can also be seen in figure 10 in the square data points labelled “1/L? subtracted”
(strictly, here we subtract the full 1/L? behaviour and ref. [8] the point-like part, but the
distinction is numerically insignificant.)

We argue that the puzzle is resolved by the observation that the data is equally well
described by 1/L3 behaviour. To explore this we first subtract the point-like 1/L3 prediction
and find that the L dependence is reduced. This is shown in figure 10 as the diamonds,
labelled in the legend as “1/L3 pointlike subtracted”. We then perform a fit of the form
a+b/L? to the point-like 1/L3-subtracted data. We find this describes the data reasonably
and can be interpreted as an estimate of the residual 1/L? behaviour, again arising from
structure dependence.® The three solid curves in figure 10 show the result of the a + b/L3
fit for each of the three subtraction scenarios. We stress that the curves are related by
analytic terms and that only one fit was performed.

From these considerations, we conclude that the L — oo limit is challenging for QEDy,
and that analytical knowledge of the L dependence can be of great importance in controlling

8Given the discussion above, the reader might note that we are mimicking the approach of ref. [8] but
one order higher in 1/L. To this point we stress one key difference; the point-like 1/L™ contributions are
known to vanish for n > 3.
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the systematic error associated to these extrapolations. We are working on several directions
to address this issues, including an analytic determination of the structure dependence at
1/L3. As is discussed in ref. [14], this will require evaluating a branch-cut contribution
(similar to that appearing for the pseudoscalar mass in eq. (3.51)).

We now turn to the determination of |Vis|/|Vial|. For this purpose, symmetrizing the
fit systematic in eq. (6.3) and summing in quadrature all the errors but the “vol.” one, we
get IRy, = —0.0086 (13)(39)yo1.. Combining this result with the value of the iso-QCD ratio
fr/fr we can predict |Vys|/|Vud| at leading order in IB corrections as

Vasl — [DE* = ptvu]) mi (mg —mp) 12 £ (01
Vaa| [ D(nt — wu:m) My (M2, — m%)] i (1 —3 5RKW) (6.10)

Averaging” the Ny = 2 + 1 lattice results reviewed in FLAG [2, 39, 61-67], and using the
PDG average for the ratio of experimental decay widths [1], we obtain

[Vas| /[Viaa| = 023154 (28)exp. (15)5r (45)5Rp vol. (65) fp (6.11)

where the first error comes from the experimental measurements, the second is our uncer-
tainty on d Ry, excluding the finite-volume systematics quoted separately, and the last
error comes from the average of lattice determinations for fx/f.. Interestingly, we find
that the error from fr/fr dominates the uncertainty on |Vis|/|Vua|. The same conclusion
is obtained using the RM123S result. In fact, taking dREM123S = —(0.0126 (14) [8] and the
Nt =24 141 FLAG average, fx/fr = 1.1966 (18) [2], one obtains (|Vis|/|Vaua|)FM1238 =
0.23131 (28)exp (17)5rp (35) 1. This is a clear motivation for future new computations of
fx/fx on the lattice, with the aim of reducing the uncertainty by a factor 2 to 3 to bring
it below the current experimental uncertainties on the decay width ratio. Finally, the
second-largest uncertainty in eq. (6.11) comes from the challenges with finite-volume QED
as discussed above. It is foreseeable that this conservative uncertainty will be drastically
reduced in the near future, which can be done through the addition of multiple volumes
to compute the 1/L? coefficient or the usage of a different QED formulation with smaller
volume corrections. In conclusion, there are identified ways forward to reduce in the short-
term future the two main systematic errors on |Vys|/|Vad|, and beyond those the precision
reached on d Ry is sufficient and below the experimental input uncertainties.

7 Conclusions

The study of light-meson leptonic decays is of great relevance for the extraction of the
CKM matrix elements |Vs| and |V,,4|, especially in light of current outstanding 3¢ tensions
in the first-row unitarity [1, 3]. To either confirm or resolve such tensions, a combined
effort of both theory and experiment is necessary. New experimental measurements and

9FLAG does not quote an average for fx /fx, but for the isospin-corrected ratio fr+/f.+. We produced
the value fx/fr = 1.1930 (33) following exactly the averaging procedure described in the review. Although
iso-QCD has been tuned in slightly different ways in the calculations entering this average, from the
corresponding values of m, and mg we expect scheme ambiguities to be below the quoted uncertainty (see
discussion in sections 2.4 and 5.2).
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analyses are possible for some facilities (e.g. at NA62, as suggested by the authors of
ref. [3]) and can help to clarify the situation. On the theoretical side, precise and controlled
calculations of leptonic and semi-leptonic decay rates, including non-perturbative effects
of strong interactions, as well as QED and strong isospin-breaking effects, would allow
stringent tests of the SM.

In this paper we have presented the first physical-quark-mass lattice calculation of the
leading isospin-breaking effects on the ratio of the rates of kaon and pion decays into muons.
This has been performed using chiral domain wall fermions with close-to-physical masses on
a single gauge ensemble, i.e. at a fixed value of the lattice spacing and on a finite volume.
Finite-volume QED interactions have been regulated according to the QED;, prescription
by removing the spatial zero mode of the photon propagator and the electro-quenched
approximation has been employed, thus assigning zero electric charge to the sea quarks.
Including all sources of systematic uncertainty, we obtain

SRir = —0.0086 (3)stat. (755t (5)disc. (5)quench. (39)vol. - (7.1)

This result is compatible with the lattice result obtained by the RM123S collaboration [§],
as well as with the xPT estimate of ref. [13].

Although our statistical error is very competitive with e.g. the RM123S calculation, the
final precision of our estimate of R is affected by a large systematic uncertainty. This is
dominated by the error associated with residual finite-volume effects, which amounts to
around 45% of the central value of § R . The origin of such a large uncertainty, as explained
in section 6, is due to the lack of knowledge of structure-dependent effects at O(1/L3), which
are specific to the QED;, prescription. The discussion in section 6 emphasises the crucial
role of finite-volume effects in the extraction of d R, and the need for a dedicated study of
the O(1/L3) contributions. Two ways of reducing the finite-volume systematic error will
be explored in future calculations. On the one hand, work is in progress to understand
and determine the 1/L? finite-volume QED;, contributions. On the other hand, performing
the same calculation on multiple volumes can certainly help to extrapolate to the infinite-
volume limit. Repeating the calculation on gauge ensembles with different lattice spacings
would also allow to reduce the systematic uncertainties associated to discretization effects.
For what concerns electro-quenching, a plan is in place to overcome this approximation
calculating quark-disconnected electromagnetic corrections. The progress of our preliminary
study has been reported in ref. [30].

To conclude, our calculation provides an important step towards future flavour physics
precision tests. The anticipated extensions of the calculation presented in this work, resulting
in smaller systematic uncertainties, will allow for a new theoretical prediction for the ratio
|Vis|/|Vaua|. However, as discussed at the end of section 6, a real progress will only be possible
if also the precision of the iso-QCD decay constants fr/fr is improved. At this point, the
uncertainties coming from theoretical predictions will no longer dominate over those from
experimental inputs in the extraction of |Vis|/|Vaa|. We are currently also investigating the
prospects for a non-perturbatve determination of the leading isospin-breaking corrections
to semi-leptonic K — wfv decays, which are relevant for an independent determination of
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|Vis|. Together, these results will provide novel and stringent precision tests of the CKM
matrix unitarity.
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Appendices
A Comparison of local and conserved electromagnetic currents

A.1 Theory

A certain freedom always exists in the detailed choice of how to discretize local composite
fields in a lattice calculation. In particular, various equally valid discretizations can be
defined that differ in their renormalization and cut-off effects. In this work, we use the
(ultra-)local discretization of the electromagnetic current on the lattice, defined as

Vig(x) = Zvibp ()7 g () . (A1)

This is an extension of the current appearing in eq. (4.5), as here we allow the possibility
of an off-diagonal flavour current in order to simplify the discussion of particular quark
contractions in isolation.
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The local current does not exactly satisfy the QED Ward-Takahashi identity. In other
words, the coupling to the photon field breaks QED gauge invariance explicitly for non-zero
lattice spacing. In addition to introducing a finite renormalization of the electromagnetic
current at order aep, the lack of gauge symmetry implies that new singularities may arise
when the position of the current coincides with other local fields. Such short-distance effects
occur, for example, when the vertex is integrated over the space-time volume and as a result
coincides with the axial current as in the first correlation function defined in eq. (4.19). By
contrast, when gauge-invariance is preserved using a discretization of the current which is
exactly conserved, singularities associated with overlapping operators are highly constrained
by the Ward-Takahashi identities.

Nevertheless, by power counting one can show that in our set-up no such extra diver-
gences arise, nor is the automatic O(a) improvement of the chiral fermion discretization
spoiled. To see this, first consider diagram (a) of figure 2. We examine the limit in which
both electromagnetic vertices approach the position of the axial current. To identify this di-
agram in isolation we introduce fictitious valence-quark flavours denoted 1,2, 3,4 (discussed
in more detail below) and write

1 v r—a v
o [VA@) V@) A5(0)] "7 625 AL4(0) + O(?). (A2)

Here the factor 272 on the left-hand side arises from the short-distance behaviour of the
photon propagator and the a® arises from the discretized space-time measure. The three
key claims in this equation, all justified in the following paragraphs, are (i) that no power
divergences (positive powers of 1/a) arise, (ii) that the constant order simply defines a
contribution to the renormalization of the axial current, and (iii) that the leading corrections
that vanish as a — 0 are O(a?) rather than O(a).

We have introduced additional (degenerate) flavours 1,2,3,4 in the paradigm of a
partially quenched theory to isolate the contribution from the diagram of interest. This
flavour structure ensures that only operators with energy dimension greater than or equal
to three can contribute to the right-hand side, since all contributing operators must carry
anti-1 and 4 quantum numbers, and must therefore be built from at least two quarks. The
difference between the lowest dimension of operators contributing (three) and the dimension
on the left-hand side (nine) is therefore six, and this leads to a 1/a® scaling accompanying
the quark bilinear. This is however cancelled by the power of a®/2% — a® on the left-hand
side, implying that no power divergences arise. This demonstrates point (i) above.

Without any additional symmetries, all rotationally covariant quark bilinears could
contribute. However, in our set-up we have an approximate chiral symmetry, broken due
to an exponentially suppressed contribution from the finite extent of the fifth dimension.
Taking this to be negligible, we need only catalogue dimension three operators with the
correct chiral rotation properties, and the {1,4} axial-current is the unique choice with
dimension three. Thus, the effect of breaking gauge invariance results in an additional
renormalization of the axial current at the next-to-leading order in the electromagnetic
coupling. This demonstrates point (ii) above.
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Figure 11: A comparison of the QED correction to the pion mass from the exchange (left)
and the self energy+tadpole (right) diagrams between the local and conserved currents.

Finally, the discrete lattice chiral symmetry [68] forbids mixing with dimension-four
operators with the appropriate definition [69], which might otherwise introduce linear lattice
artefacts in such off-shell correlation functions. This is our third and final point (iii) and
a similar analysis of the remaining diagrams illustrates that the use of the local current
poses no particular difficulties with our chosen discretization. We now turn to a numerical
demonstration that the discrepancy in d Ri between this current and the conserved vector
current at fixed lattice spacing has a value consistent with our expectations for an O(a?)
effect.

A.2 Numerical check

We perform a numerical test on a smaller 243 x 64 lattice using Shamir-Domain-Wall
fermions [70], with aM5 = 1.8 and Ls/a = 16. We limit the statistics to 10 QCD configura-
tions, with interpolating operator inserted on every other timeslice (32 in total). The pion
mass for this ensemble is m, =~ 339.789 MeV.

The difference between the formulation of local and conserved electromagnetic current
is the presence of a tadpole diagram in the latter, which arises from the second derivative
of the Dirac operator with respect to the electric charge. We may extract the contributions
to the QED mass corrections from correlator ratios via

pp(t+1) — Rip(t)
_fPPaPJF LT) - fPl;P(t T)’ (4.3)

X
(Smp—

where x = {self, q; ; self, q2 ; exch} while the ratios R{p(t) and the function fpp(t,T) are
defined in eqgs. (4.22) and (4.24), respectively. The result for pions is shown in figure 11. For
the exchange diagram where the electromagnetic current is inserted on both propagators,
we notice that the use of the renormalized local current or the conserved current give
very similar results. However, in the case where there are two current insertions on the
same quark propagator, the presence of the tadpole contributes additionally to the mass
correction, as expected. This discrepancy will manifest in the results obtained from the
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combined fits performed on the tree-level and factorizable correlators.

Since, for this numerical check, we are working on a gauge ensemble away from the
physical point we simply define the iso-QCD point to be equal to the simulation one,
i.e. 0 = o, such that ms’ = mp. Furthermore, the (fictitious) physical point o is
defined imposing the following conditions

(m2,)? = m + (mE2)? — (m)?, (A4)
(e )” = i + 5[ (mi2e)? — (mige)?]. (A.5)
(m80)” = e = 5[ (mp)? = (m32e)?] (A6)

i.e. we keep the pion and kaon mass splittings at their experimentally measured values (taken
from PDG [1]). These conditions allow us to obtain the quark mass shifts (h? — m) needed
to compute IB corrections. The physical value of aey, is tuned instead to its Thomson limit,
as done in section 2.

In table 2 we report the photon corrections to the meson masses, as well as the
factorizable and non-factorizable contributions to the decay amplitude, obtained using
either the conserved electromagnetic current or the renormalized local vector current. We
see that all diagrams except the non-factorizable correction give as expected significantly
different results using the two different approaches. However, when combining these
corrections with those obtained from the insertion of the scalar density, Zx(mdq’ — 1) Sq ()
(see eq. (4.5)), the estimates for a physical observable obtained with the two approaches

become comparable. In fact, this is the case for 5le}5§,

(ORES),.. =—T704(20) x 1073, (SR} = —6.91(20) x 1073 (A7)

)COIlS

We can see that the two results are compatible with each other, the difference (5R1;}‘;§)100 —

(SR s being consistent with zero within errors. The slightly larger value (~ 2%) of
(SR, can be associated to O(a?) cut-off effects, which as explained in the previous
subsection are expected to contribute.

local conserved
(62, )em™ 0.005476 (38) 0.009160 (30)
(6MZ,)°™ 0.000434 (39) 0.005782 (29)
(63, )em™ 0.008148 (47) 0.012260 (54)
(6120 )e™ 0.0005142 (98) 0.002250 (13)
(6A+ /A" | 5.388(49) x 1072 | 1.1743 (64) x 10~
(6 A+ /AR | 2,218 (48) x 1072 | 5.265 (57) x 1072
(6 A+ /A | 5.374(59) x 1072 | 5.287 (43) x 1072
(6 A+ JAR)™ | 4.493 (41) x 1072 | 4.494 (48) x 1072

Table 2: Comparison of photon corrections to meson masses and to the decay amplitude
computed using local and conserved current.
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B zMobius to Mobius correction

The zMo6bius DWF action [41] is an approximation of the M6bius DWF action [38] and is
used in this work due to faster numerical convergence. The real parameters of the Mobius
DWF action are matched to complex ones in the zM6bius DWF action, using the Remez
algorithm, leading to a reduced Lg dimension. On the ensemble used in this work, an
Ls/a = 24 is used for Mobius and Lg/a = 10 for zMobius.

A further drastic improvement in the iterations needed for a light-quark inversion
is achieved via deflation: we compute the lowest Ny = 2000 eigenvectors of the Dirac
operator to obtain a starting guess, reducing computational cost of light-quark inversions
substantially.

For the light-quark inversions using the Mobius action, for which we do not have
eigenvectors available on disk, we employ the M&bius accelerated DWF (MADWF) algo-
rithm [71]. This algorithm constructs a guess for the final solve by transforming the 5D
Domain-Wall Dirac operator D]%%v via Pauli-Villars solves into a 4D approximation of the
overlap operator D2, The solution of the DD inversion is then used to reconstruct an
approximated solution for D%%v. Using this solution as a guess for the final solve on D]E’D%v
leads to an overall reduction in computational cost. One key insight used in this work
is that the Domain-Wall Dirac operator D%%V does not have to be the same in the first
and last step of this algorithm. For our light-quark solves with the Mobius action, we
therefore produced the guess of the MADWEF algorithm using a zMobius Dirac operator,
allowing us to benefit from deflation. We found that the zM&bius MADWEF guess was able
to significantly speed up the final Mobius solve. Compared to an undeflated light-quark
Moébius solve, the deflated zMd&bius solve has an iteration count reduced by a factor 20 and
the MADWF Mobius solve with a deflated zM6bius MADWEF guess is faster by a factor 10.

To correct for the bias introduced by the zMo&bius approximation, we perform an
all-mode averaging (AMA) [72] correction step. Within AMA, for each observable O we
compute the estimator (O)y; using the Mbius action from two source times (tge = 0,7/2).
On the same source times, we compute the cheaper estimator (O>ZM using the zMo6bius
action. Finally, we compute another zMobius estimator (O),\ from all 96 source times
available on the ensemble used in this work. The final bias-corrected estimator is then given
by

(0) = (O)ani + (O)m = (O)ai - (B.1)

A comparison of the magnitude of bias correction (O)y — (O),\ to the statistical error
of the estimator (O),\ is shown in figure 12. We find that the correction is negligible on
most observables, with the exception of the non-factorisable correlation functions and the
pion two-point correlation function.
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Pion two-point correlator

Kaon two-point correlator
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Figure 12: Comparison of the magnitude of the zM&bius-to-M&bius bias correction (blue
circles) to the statistical error of the zMobius estimators (orange squares) for the 7 and K
meson. All plots show the correlations functions, in lattice units, computed using point
sources and wall sinks. In the pion two-point correlation function (top left) the correction
is larger than the noise, while for the kaon two-point function (top right) the correction is
smaller than our statistical precision. In the non-factorisable correlation functions (bottom
plots) signal and correction are of compatible magnitude.

C Free domain wall fermion propagators

In this appendix we discuss the free domain wall fermion propagators, which have been
used for the implementation of the lepton in the non-factorizable correlation functions.
Throughout this section all quantities are expressed in lattice units.

In this work we use the following convention for the five-dimensional Shamir-Domain-
Wall-Fermion-Dirac operator [42, 43]

1
Ds,t(mv y) = _53,7&*

B Z [(1 — M) Upbyorp+ (1 + %)U;éy,%u = 0st(M5 — 1= 4)0y

m

- 5t78+1P—5:6,y - 5t,s—1P+5fc,y + mdx,y(ss,Lsdt,lp— + m(sw,y(ss,l‘st,LsPJr (C-l)
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where s,t € {1, Lg} label the slices in the fifth dimension and M5 is the Domain Wall height.
The Domain Wall Fermion action is given by

Ls
S, T, U ==> > y(x) Day(z,y) Uly). (C.2)

T,y s,t=1

The physical quark fields are given by
a(x) = P_Wy(x) + Py, (x) and  g(e) = Uy (2)Py + Uy ()P, (C.3)
with Py = (1 £75)/2.

C.1 Feynman rules for free propagator

A derivation of the free Domain-Wall-Fermion propagator in momentum space can be found
in ref. [48]. However, the conventions used for the five dimensional Dirac operator in ref. [48]
differ from the ones given in eq. (C.1) and thus, in the following, we give results for the
convention used in our work. These can be obtained by following the same steps as the
derivation in ref. [48].

The free momentum-space action is given by

Da(p) =1 yusinpuds + (W(p)des — Gs14 + ms1drr,) Py
W

+ (W(p)dss — Osy1,6 + mdr,161) P, (C.4)

with
W(p)=1— Ms+ 2%}1& % . (C.5)

The inverse of the operator in eq. (C.4) (i.e. the propagator) can be written as

Ssi(p) = — (i Zu Y SN Ppdsy + (er;)su) quzt Py — (i ZH Yy SN Ppdsy + (Wvﬁ)su) Gﬁ,t P_, (0'6)

where we use the notation

(Wh)st = =W (p)dst + Gsq1,e — M5, 0.001 (C.7)
(W )st = =W (p)dst + 0s—1,4 — M 0s,104,1, (C.8)
and define
-1 1
Git = (Z sin? p,, + WmW;,§> , Gét = <Z sin? p,, + W;ng> . (C.9)
K st K st

Following the steps in ref. [48] for the conventions used in this work, the inverses in eq. (C.9)
can be calculated and are given by

Gf,t = G(s,t) +A++eoc(s+t) _|_A+_ea(s—t) +A_+ea(—s+t) —i—A__ea(_S_t), (C.l())
GL, = G(s,t) + Byye®®™ + B, 57D 4 B (5t 4 B o= (C.11)
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where
G(s,t) = A (ea(Ls—\s—tD i e*a(Lsf\S*tl)) 7 (C.12)
with
1 1

A= .
2|W|sinha  2sinh (aLg)’

(C.13)

and « can be defined via

1+ W2+ Z“sinzpH
2|W|

cosha = (C.14)

The coefficients Ay 1 and Byt are determined such that the boundary conditions (s = 1, Lg)
in Dy Sty = 05 are fulfilled

Apy = % (e —1) e (e — W) (1 = m?),
A=D1ty (@ - W) (1 m?)
B, = % (e720ls —1) (1 — e W) (1 —m?), (C.15)
B = (1) (1 W) (1),
A=A =B, =B_, = %2|W| sinh() (1 + 2m cosh(aLs) +m?) |
with

F = |1 — |[We® +m?(|Wle ™ — 1)} teols [ywye—a 1 m2(1— |W|ea)}
— 4|{W|msinh(«) . (C.16)

NB: The five dimensional free propagator in eq. (C.6) can be projected to four dimensions
by

S*(p) = P_S11(p)Ps + PSr, 1.(p)P- + P_Si 1. (p)P- + P+ Sp..1(p) Py . (C.17)

It can be shown that in the infinite Lg limit, the four dimensional propagator is given by

=i, Yusinp, +m(l —We™)
— (1= [Wle*) = m>(|W]e~* — 1)

[ — for Ly — o0 (C.18)

in agreement with the expression given in ref. [73].

C.2 Pole mass of the free propagator

For the calculation of the QED correction from the factorisable diagram, we want to fix
the free lepton propagator to the physical muon mass as its pole mass. In the following
we describe how to determine the correct input-mass parameter m for the free propagator
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to reproduce a desired pole mass. The 4D propagator can be written with a common
denominator A/F (see egs. (C.13) and (C.16))

A\ 1
() = 2|W|sinh(c)2 sinh(aLs) {eO‘LS [1— [Wle* + m?(|Wle™® —1)]
F (C.19)
— 4|W|msinh(a) + e L [[W]e™® — 1 + m2(1 — [W[e®)] } .
We now have to find mpele where (A/F)7! 2 2 =0. (A/F)~! has some trivial zeros,

pole

where sinh(a)) = 0, which we are not interested in. We are interested in the case F' = 0, i.e.

F| » =Fe=0. (C.20)

2—_
pe= mpole

2
pole

the input mass m that corresponds to this pole mass, i.e. we have to solve with respect to

In practice, we want to choose a desired pole mass m (e.g. the muon mass) and determine

m:
Fpole — eapoleLs |:1 _ ’Wpole|eapole + m2(|wpole|e*apole _ 1)] — 4‘Wpole|m Sinh(apole)
+ e—OépoleLs |:|Wpole’e_apole —1 + m2(1 _ ‘Wpole|eaP01e):| = 0,
(C.21)
with
" + W2+, sin? (p“ )
p 1 1
Wpole =1—Ms5+2 Z Sin2 pole ) cosh Qpole = - . o . (0.22)
" 2 2|VVpole|

This is a simple quadratic equation in m and the solutions are easily obtained from

m:—gi (g)Q—q, (C.23)

with

—4|Whole| sinh(opole)
eO‘DoleLS(|Wpole|e_O‘pole — 1) + e_apoleLS(]_ — |Wpole|eap01e) ’
eapochS(l — ‘Wpole’eapolc) _|_ e_apochS(‘Wpolee_apolc — 1)

= . C.25
q eapoleLS(’Wpole|efapole — 1) + efapoleLs(l — ’Wpole|eapole) ( )

p= (C.24)

For large Lg one finds

1-— ‘W 1 ’eap‘)le
- PO f Ly — co. C.26
m \/ | Wp01e |e—ap01e _ 1 or S 0 ( )

In figure 13 we show the effective mass of a free propagator calculated using our implemen-
tation in Grid from Feynman rules (see appendix C.1) on a 243 x 64 lattice. The plot on
the left corresponds to a Domain Wall height of aMs = 1.0, while the plot on the right
to aMs = 1.2, both with length Ls/a = 8 in the fifth dimension. Red points show the
numerical results for the effective mass, the solid green line shows the target pole mass of
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ampele = 0.05, while the dashed blue line is the required input mass determined according
to egs. (C.23)—(C.25). For large-enough times ¢ the effective mass of the free propagator
plateaus at the desired target value of the pole mass amypge = 0.05. The deviation from the
plateau at small ¢ is due to unphysical poles in the free Domain Wall Fermion propagator
(see, e.g., the discussion in ref. [74]).
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Figure 13: The effective mass of a free propagator calculated from Feynman rules on a
243 x 64 lattice for aMs = 1.0 (left) and aMs = 1.2 (right).

C.3 Projectors on definite spinor structure

Euclidean free Dirac spinors satisfy the following on-shell Dirac equations
D(iw,p)u(p) =0,  D(-iw,—p)v(p)=0, (C.27)

where D(p) is the Dirac operator in momentum space and w is the energy satisfying
the dispersion relation D(iw,p)D(—iw,—p) = 0. The spinors also respect the following
completeness relations

> w'(p)u’(p) = D(—iw,—p), Y v (p)v"(p) = —D(iw,p), (C.28)

T

and orthogonality relations

v"(=p)Tou(p) =0, @'(p)Lou’(p) =266, u'(p)u’(p) =2Mé",
u(=p)Tov*(p) =0, 2" (p)Lov’(p) =265,  v"(p)v°(p) = —2M ",
(C.29)
where £ and M are quantities that in the continuum limit reduce to liH(l) E=+/m?+ |pl?
a—

and liH(l) M = m, respectively.
a—r
As discussed in section 4.3, the external anti-lepton propagator projected on momentum

P¢, when evaluated on the lattice with finite time 7" and anti-periodic boundary conditions
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takes the following form (neglecting possible contact terms)

—wgty Dlwe,pe)  _,r—t,) P(—iwe, pe) 1
¢ — wete _ e—we(T—tg) .
S:(0ltpe) = {o e : ol (0
- _ —u)gtg Ur(p) —wy(T—ty) u""(_p)a"'(_p) 1
Z { 295 te 20, “Txewd’

where we observe that the backward signal has a different Dirac structure compared to the
forward one. Here €y is a quantity that in the continuum limit gives lin% Qe = /m2 + |p? .
a—
By using the orthogonality relations above and the fact that

D(—iw,p) — D(iw,p) =2ET, (C.31)
we can define two projectors

Pup) = {D(-iE,p) — D(E,p)} ' [-D(iE, p)]
= {w(—p)u(—p) + vs(P)vs(P)} " [vr(P)0:(P)]

(C.32)
Pu(-p) = {D(~iE,p) — D(iE,p)} " D(~iE,p)
= {w(—p)u(—p) + vs(P)0s(P)} " [ur(—P) U (—P)] ,
such that for the lepton propagator we have
_ —wyt Ur(pﬁ)ﬁr(pﬁ) 1
SZ(O‘t&pZ) ’ P’U(pg) - Z {e e 20 X 1+ewl’
" i (C.33)
) _ —we(T—tg) ur(—Pe)Ur (—Pr) 1
SE(OHZ’pﬁ) Pu(—pg) o Z {e ‘ ‘ 20 X 14+ e—weT

r

In order to construct the projectors Pyp,) and Py(_p,) we then compute on the lattice
the free domain-wall lepton propagator Sy(ty, —p¢|0), projected on definite momentum —py,
having the following temporal behaviour

SZ(U, —pg|0) = Z {e—wm W + e_wli(T—te) Ur(p)l_h"(p)

. (C.34
20, 20, }X1+e—weT (C.34)

r

Since the definitions of the projectors in eq. (C.32) do not depend on the spinor normalization
2Q(1 + e~«¢T), because it cancels out in the matrix multiplications, they can be easily
obtained from the free lattice lepton propagator just by extracting and combining the
coefficients of the forward and backward exponentials.
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Figure 15: Comparison of the kaon non-factorizable correlator Rr}(fe obtained without the
use of the projector Pyp,) (a) and with the backward propagating signal removed (b).
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Figure 14: Comparison of the pion non-factorizable correlator Rﬁfi obtained without the
use of the projector Py(p,) (a) and with the backward-propagating signal removed (b).

The effect of using the projector P,y on the non-factorizable correlator R‘}ng defined

Ps
in eq. (4.36) is shown in figures 14 and 15 for)the pion and kaon decay, respectively (computed
with zM6bius fermions). We note that the backward signal is drastically suppressed and
the dependence on the lepton source-sink separation ¢ is barely visible for ¢t < T'/2. The
use of these projectors makes then a crucial difference in the extraction of a clear signal

from the lattice data.

D Correlation functions for the {2 baryon

In this appendix we discuss the construction of the 2~ baryon correlation functions used
in this work, as well as their spectral representation. We begin by considering the Wick
contractions for the tree-level iso-QCD correlator given in eq. (4.38), of which there are 6
contributions. These are shown diagrammatically in figure 16, where the points connecting
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two propagators are contractions of a diquark pair in eq. (4.39), and dashed magenta
portions of a propagator indicate contraction with a transposed quark field. The colour
structure of these contractions is not represented in these diagrams.

For the QED corrections to this correlator, we require two insertions of the quark-
photon interaction iZy Y, 54s (see eq. (4.15)) which corresponds to a photon propagator
connecting the quark legs, as well as a quark-disconnected contribution that is omitted in
this work. Taking for example diagram (a) in figure 16, the corresponding QED corrections
are shown in figure 17 where (a), (b) and (c) are the exchange diagrams contributing
to 555’§§h(t) and (d), (e) and (f) are the self energy diagrams contributing to 56585’5(75)
in eq. (4.42). Similarly, quark-mass corrections are given by the insertion of the scalar
density >, 5s (see eq. (4.15)). Again taking diagram (a) in figure 16 as an example, the mass
corrections are given by the diagrams in figure 18, as well as a disconnected contribution
that is also omitted.

(a) () (d) () ()

>

(b)

Figure 16: All Feynman diagrams corresponding to the tree-level correlation function
Caq(t). Points connecting two propagators are contractions of a diquark pair, and dashed
magenta portions of a propagator indicate contraction with a transposed quark field.

Figure 17: All (connected) Feynman diagrams contributing to Rga (t) originating from
the tree-level contribution shown in figure 16 (a). Similar diagrams exist for the other
contributions.

()

Figure 18: All (connected) Feynman diagrams contributing to Rgé (t) originating from
the tree-level contribution shown in figure 16 (a). Similar diagrams exist for the other
contributions.

Once the 2~ correlators have been constructed, their spectral representation must be
evaluated. First note that the interpolator in eq. (4.39) contains a parity projector P;
which causes @Zg to create states of positive parity, but also annihilate states of negative
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parity. Therefore, the ground state spectral representation will have the form

Cont) =5 373" [(OL019 ) 0 UH(0)10) s 1)

2mq

(51660 10) (01 F(0) 9.)
2000 ’
where the relative sign change between the forward and backward-propagating components
comes from assuming anti-periodic boundary conditions in time on the quarks, and therefore
also on the baryon fields. We have additionally distinguished the notation of the rest energy
of the negative parity state g from the positive parity one mgq due to the fact that, at
the physical point, the negative parity {2~ baryon is not simply a single state in the QCD
Fock space, but is instead a resonance in the =K channel and therefore there is a whole
spectrum of finite volume multi-particle states contributing in the backward time direction.
However, this does not complicate our analysis since we are restricted to early times where
the backward propagating contributions are negligible.
The operator-state overlaps have the form

(0196(0)[25) = Zauk . (Q,s[95(0)|0) = Zya, (D.2)
(Q, 51900 [0) = Zaysvl ,  (0]96(0) [, 5) = ZGukys (D.3)

where uf and v% are the positive and negative energy solutions to the spin-3/2 Rarita-
Schwinger equation respectively (see e.g. [54] for a recent review), and the 75 is present in
the negative parity matrix elements to obtain the correct transformation properties. Using
Euclidean conventions, the completeness relations for zero momentum spinors with mass m
are given by

o 1 o 1
> ulul =2mP; (5” - 37’7J) .Y viel = —2mP- (5” - 37’7J) : (D4)
S S

which result in the form of the correlator given in eq. (4.40). The spectral representation
of the QED and quark mass corrections to this tree-level correlator are simply found by
expanding the two parameters Zq and mgq to first order in the respective isospin breaking
parameter.

Figure 19 shows the log effective mass of the tree-level correlator (~7QQ(t) along with
the fit result of the iso-QCD mass. It should be noted that the fit was performed to the
correlator and not directly to the effective mass. The value obtained for the mass of the
Q™ baryon, g = 0.967 (3) for the best fit shown in figure 19, is in agreement with that
obtained in ref. [39] using the same gauge ensemble. Figure 20 shows the ratio of the
QED and ms corrections of the Q7 correlator to the tree-level result, Rga (t) and Rgs (t)
respectively. Included is the fit to this ratio using the linear fit model given in eq. (4.43).
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Figure 20: Ratios of Q= baryon QED corrections (a) and quark mass corrections (b) to
the tree-level correlator, RGH (t) and Rgé(t) respectively, in red and the fit to the data in
blue.

E Determining best fits with a genetic algorithm

In this appendix, we discuss in detail the setup of the genetic algorithm (GA) used in
the data analysis described in section 5.1 to select best correlator fits. After summarising
the purpose of a GA, we describe the genetic operators used, and we present the GA
hyperparameters used to produce the factorisable analysis fit results in section 5.

GAs form a class of global optimizers which stochastically evolve a set of candidate
solutions toward ones which maximize/minimize a given objective function. The evolution
process is inspired by natural selection in biological systems by proposing new solutions
attempting to combine best features from a previous generation of solutions. Because of
this analogy, the set of candidate solutions is generally referred as the population, and the
state of the population at a given iteration of the algorithm is called a generation. The step
between one generation to the next is done via genetics-inspired operators called crossover
and mutation operators. The crossover operator aims at producing a better solution to the
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optimisation problem by combining two members of the current generation. The mutation
operator make arbitrary random changes to members of the current generation, increasing
the space of solutions explored by the algorithm.

In the context of the factorisable analyses, a population member is a vector 7 =
(r, ..., 7o)} where each component is a fit interval 7() = [tgi)n, t%&x] for the j-th cor-
relator, and ncor 1S the total number of correlators to fit. The objective function here
is the AIC weight introduced in section 5.1, which we aim at maximising. The space of
all possible fits is finite, although it contains a very large number of elements. However,
this finiteness guarantees that at least one solution to the optimisation problem exists. A

high-level description of the algorithm is as follows:
1. in each generation, begin with an initial population of {7} with Py elements;
2. evolve {71} with genetic operators to produce nqg new elements (called offspring);

3. compute the AIC for all population members through x? minimization as described
in section 5.1;

4. choose among {7} the best Py fit ranges with the largest AIC weights and discard
all other elements;

5. repeat steps 2-4 until a termination condition is satisfied.

Let us now introduce the genetic operators. Consider two candidate fit intervals in
the initial population, 75 and 7,/. The crossover operator, X, generates a new T with
fit intervals from either of the parent members based on random numbers 0 < p; <1 for
1 <7 < ngorr That is,

TR = X(Tka Tk’) = {)((7']51)7 Tk(;ll))? e ,X(Tk(:ncorr), Tk(;?corr))} , (El)
where )
] .
(]) (]) Tk lf pj < 05,
X ,T) = . E.2
(Tk Tk ) {TIS ) otherwise. (E2)

This is repeated until one obtains a population size of P > Fy. The mutation operator, M,
then mutates the population at a given rate m. That is, for some randomly drawn value of
p (0 <p<1), one has

, if <
M(ry) = {TP+1 e (E-3)
Tk otherwise,
with
1 j TNcorr
Tp+1E{T}ll,...,M(Tgll),...,TI(DH )} (E.4)

where the index j (1 < j < neorr), is also randomly drawn. The mutation M (TI(:,j_?_l) is a fit
interval where either tyi, or tmax or both have been modified randomly.

With the operators defined, we can discuss the GA parameters used for this work. To
begin, the free parameters in a GA are: the size of the initial population, Py; the crossover
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rate, which is parametrised in this work by the population size after crossover P; the
mutation rate m; the weight function to optimize w; the maximum number of generations
Gmax and the termination condition. We studied three GA setups to check the validity of
our fit conclusions. These are summarised in table 3. First, let

1 N
WN = N ;wi (E5)

be the average of the top N weights in each generation. In all three setups, we aim to
maximize the AIC in each GA run, which terminates when the average of the N = 5 top fit,
ws, does not improve over 1000 successive generations. If this condition cannot be satisfied,
we impose a cut-off when a GA run exceeds Gpax generations. In practice, however, none
of the runs hit this cut-off limit. To accelerate the GA in its exploration of the T-space, we
cache all fit results during the process.

Let the label ‘GA X-Y’ refer to a GA setup with a population size Py = X which
has been run multiple times until obtaining a total of Y candidates. Across the different
runs are varied the initial condition of the algorithm and the random number sequence
used in the genetic operators. We consider 3 different setups GA 5-2000, GA 25-2000, and
GA 25-5000, summarised in table 3. Additionally, figure 21 compare the AICs of the 2000
outcomes, sorted by their weights in descending order. It is worth commenting on two
features. First, the best AIC fits in both setups are very similar, demonstrating some level
of independence between the optimal solution found and the hyperparameters of the GA.
Beyond that, it is clear that the range of AIC weights is narrower in GA 25-2000 than GA
5-2000 for both pion and kaon. This suggests that a population size of Py = 25 allows one
to discover more optimal solutions than Py = 5 for a given target number of candidates.
This is expected as the algorithm will try more candidates at each generation. However,
this also suggests that the Py = 5 set of runs is not saturating its exploration of the best
AIC fit space. To address this, the GA 25-5000 setup was designed to check that such
saturation was achieved for GA 25-2000. In table 4, we give the average number of distinct
fits explored by each setup for each analysis. As we can see, considerably increasing the
number of GA runs in the Py = 25 case does not lead to a significant volume of new fits
tried, meaning that the additional runs were to a large extent redundant in terms of optimal
solutions found.

Ultimately, as it is generally the case with GAs in this type of context, it is not possible
to demonstrate with absolute certainty that the GA found the best fits without knowing the
exact solution to the problem. However, we remind the reader that the main aim here is to
establish a representative spread in our final result for d R in order to assign a systematic
error related to the selection of fit ranges. To check the stability of our systematic error
under variations of the GA setup, we take the top 5 fits of both GA 25-2000 and GA 25-5000
setups and generate an AIC-weighted histogram of 5Rlﬁt7§ for each setup. These are shown
in figure 23, along with their median and the fit systematic errors as defined in section 5.3.
We see that they lead to very similar conclusions in terms of median and systematic spread,
and we consider that as a compelling evidence that the GA is converging on a set of fit
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| | GA 5-2000 | GA 25-2000 | GA 25-5000 |

’ number of runs ‘ 400 ‘ 80 ‘ 200 ‘
Py 5 25 25
P 20 100 100
m 0.3 0.3 0.3
Gmax 25000 10000 10000
termination cond. n. 1 ws unchanged for 1000 generations
termination cond. n. 2 GA exceeds Gmax
total GA candidates 2000 | 2000 5000

Table 3: Table of three different GA setups used in this work. All setups maximize the
AIC weight. ws is defined in the text below eq. (E.5).

1 x 10%0 , ! 1 x 1030

GA 5-2000 —o— ‘ GA 5-2000 —o—
GA 25-2000 GA 25-2000
1% 102 | 4 1% 108 |
1x10% | 4 1x10% |
= =
20 =
S 1x10% § E o1x10% |
=1 ]
= =
1x 102 L 9 1x10%2 L
1x1020 L 4 1x1020 L
1% 108 I I I 1% 108 I I I
0 500 1000 1500 2000 0 500 1000 1500 2000
GA candidate GA candidate

Figure 21: Comparison of the 2000 GA candidates between two setups GA 5-2000 and
GA 25-2000, sorted in descending order of AIC weights, for 7 (left) and K (right) meson
correlator analysis.

Analysis | GA 5-2000 | GA 25-2000 | GA 25-5000 |

T 4085.915 32854.5375 | 33767.365
K 4726.1425 34430.625 33975.085

Table 4: The average total number of fits tried per GA setup for each meson correlator
analysis.

candidates which is representative enough to estimate the fit range selection systematic
uncertainty. Finally, the GA 25-5000 setup was used to produce the final result of this work.

— 60 —



1% 10%8 ; ; : : 1x10% ! | !
GA 25-5000 —=— GA 25-5000 —=—
5 . 5 5- e
1x107 L GA 25-2000 ] 1% 1077 GA 25-2000
1x10% | J 1x10% |
. 1x10% L 1 . 1x10» L
£ 1x10% £ o1x10% [
) )
< 1x10% L < 1x10% L
1x 102 L 1x 102 L
1x 102 | 1x 102 |
1 x 10%° . . . | 1 % 1020 . ) ) )
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
GA candidate GA candidate

Figure 22: Comparison of the GA candidates between setups GA 25-5000 and GA 25-2000,
sorted in descending order of AIC weights, for the 7 (left) and K (right) meson correlator
analysis.
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Figure 23: AIC-weighted histogram generated from top 5 fits of each analysis as described
in section 5.3. The median of each histogram and the fit systematics are superimposed on

the histogram.
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