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High-precision tests of the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, as predicted by
the Standard Model (SM), are an important component of the current flavor physics program. They allow
both to search for evidence of physics beyond the Standard Model (BSM) and to put important constraints
on the scale of the allowed new physics (NP) — see Ref. [1] and references therein. In particular, first-row
unitarity, which requires that ∆u ≡ |Vud|2 + |Vus|2 + |Vub|2 − 1 vanishes, is currently the most precisely
tested condition. It allows us to test vector and axial-vector couplings to be SM or BSM.

At the current level of precision, the contribution from |Vub| is negligible, and SM tests through the
first-row unitarity relation or through the universality of the Cabibbo angle [2] involve the high precision
extraction of |Vud| and |Vus|, which contribute at comparable levels to the error budget. The most precise
determination of |Vud| is from superallowed beta decays, while |Vus| is determined from experimental mea-
surements of leptonic or semileptonic kaon decay rates together with nonperturbative inputs obtained from
lattice QCD for the semileptonic form factor fKπ+ (0) or leptonic decay constant fK+ . In the case of |Vus|
determinations from leptonic decay data, using the ratio of kaon and pion leptonic decay rates together with
the ratio of decay constants fK+/fπ+ to obtain |Vus|/|Vud| yields slightly more precise results. A combi-
nation of semileptonic and leptonic decay rates of kaons and pions, together with the corresponding lattice
inputs, can then also yield an alternative first-row CKM test, which avoids the use of nuclear decays.

In the past decade, through dedicated, world-wide effort, lattice QCD (LQCD) has been established as a
reliable tool for providing such non-perturbative inputs at high precision. Indeed, LQCD calculations of the
form factors and decay constants have reached 0.2% and 0.16% level uncertainties, respectively [3–5].

In addition to these high precision LQCD calculations of the non-perturbative inputs, there are recent
determinations of radiative corrections, both universal and structure dependent, entering the extraction of
|Vud| from superallowed beta decays. Together, these developments are responsible for current tensions in
the SM unitarity relation at a 2–5σ level — see, for example, Ref. [2] and references therein. There is also
an internal tension between leptonic and semileptonic determinations of |Vus| within the SM using |Vud|
from superallowed beta decay as an input [5]. Further, the determination of |Vud| from superallowed beta
decay is controversial, due to internal tensions between different determinations of the radiative corrections
mentioned above.

Improvements in the LQCD inputs will be crucial in elucidating the origins of current tensions and pro-
viding as many independent and high precision determinations of |Vud| and |Vus| as possible. The level
of precision reached by LQCD calculations of light-meson form factors and decay constants makes it nec-
essary to include higher-order effects such as QED and strong isospin-breaking corrections directly in the
simulations, instead of estimating them using phenomenological considerations. We are also able to attack
more challenging calculations of weak processes mediated beyond tree-level, such as rare decays or some
of the structure-dependent contributions to the radiative corrections entering in the extraction of |Vud|.

Our ongoing kaon and pion projects will contribute to this program in the near future. We are currently
working on refining our analysis of the pion and kaon decay constants [3], which will allow us to include the
statistical and systematic correlations between them and the kaon form factor, enabling a more precise test
of first-row CKM unitarity without nuclear physics inputs. In view of the current controversy in the |Vud|
determination from superallowed beta decays, that has been traditionally used to fix the value of the pion
decay constant fπ, it is important to move to a lattice scale setting that does not involve fπ as the external
input. This would also allow us to obtain fπ and fK separately (not just the ratio fK/fπ), which could be
used for BSM analyses, as well as providing a complete description of pion leptonic decays.

In addition, over the next decade, we expect the following important developments to further reduce the
theoretical uncertainties on semileptonic and leptonic K and π processes, as well as to extend the landscape
of high precision LQCD calculations in this field:
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• QED and strong isospin breaking effects: At present, the isospin breaking corrections needed in the
determinations of |Vus| and |Vud| from kaon and pion decays are estimated phenomenologically [6],
and the resulting uncertainties are not completely quantified. This includes strong isospin breaking,
virtual, and radiative QED effects. Hence, in order to further improve the CKM determinations, these
effects must be calculated with lattice methods. This is particularly important for the determination
of |Vus| from semileptonic kaon decay, as the phenomenologically evaluated radiative corrections
carry model dependence, and hence may not be fully quantified. Fortunately, a variety of methods
already exist to compute isospin breaking corrections to hadronic quantities using lattice techniques
[5], and methods developed in recent years also enable lattice calculations of radiative corrections. For
example, first results for isospin corrections of leptonic decay amplitudes are presented in Ref. [7],
while first calculations of radiative leptonic decay rates are shown in Refs. [8, 9]. More work is
certainly needed and we plan to build on our ongoing projects on isospin corrections to the muon
g − 2 to develop calculations of these corrections and of the related radiative rates. This effort will
also be beneficial to our B- and D-meson decay projects described in our companion heavy-flavor
letter of intent.

• Rare kaon decay processes: Rare kaon decays are very promising channels in the search for New
Physics, especially considering the active, ongoing and future experimental programs at CERN (NA62,
LHCb, KLEVER) and J-PARC (KOTO, KOTO-II), see, for example, Refs. [10, 11]. However, in rare
kaon decays, long-distance effects are either a dominant contribution (as in K → π``) or a small but
important correction that should be better quantified (as in K → πνν̄). Although challenging for
LQCD, recent theoretical and technological developments have made possible the first exploratory
studies of some of these contributions [12, 13]. In the future, LQCD can become a unique tool for
providing the needed inputs, and we plan to use the infrastructure we are developing for QED cor-
rections and for inclusive decay rates to extend our ongoing kaon program to include them. New
computations can also provide refinements to our current semileptonic kaon form factor project by
including the full q2 dependence as well as the tensor form factor relevant for the short-distance con-
tributions to rare kaon decay amplitudes.

• Radiative corrections relevant to nuclear extractions of |Vud|: LQCD calculations can also help
to disentangle the internal tensions in the determination of radiative corrections to the extraction of
|Vud|. The first realistic calculation of the γW box correction to pion semileptonic decay, a dominant
source of uncertainty, has been already presented in Ref. [14]. The techniques developed can also be
generalized to cover other radiative corrections relevant for |Vud| extractions.

• |Vus| from inclusive strange hadronic τ decays: An alternative extraction of |Vus|, with the potential
to be competitive with determinations from kaon decays if experimental errors are reduced, is based on
the analysis of sum rules involving inclusive strange hadronic τ decays. A methodology that replaces
the traditional use of the OPE on the sum rules by LQCD hadronic-vacuum-polarization functions,
which reduces part of the previous systematics, can be found in Ref. [15], together with preliminary
results.
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