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Tree- and loop-level decays of bottom and charm quarks provide a plethora of channels to test and
constrain the Standard Model (SM). Tensions between experimental measurements and theoretical
predictions, e.g. in ratios testing lepton flavor universality, are exciting possible signs of New Physics.
To fully leverage the ongoing experimental research programs by Belle II, LHCb, ATLAS, CMS and
BES III, it is essential to improve theoretical predictions to achieve uncertainties of similar size. To
compute the effects of the strong force in flavor changing weak processes demands that we use a non-
perturbative and systematically improvable method like lattice quantum chromodynamics (QCD). For
more than ten years, the RBC and UKQCD collaborations have actively contributed to the world-
wide effort by pursuing state-of-the-art calculations for flavor physics phenomenology as well as by
improving simulation techniques and tackling new processes. The importance of physics involving
charm and bottom quarks will be reflected in the next-generation dynamical gauge field configura-
tions [1], with chiral domain-wall fermions at physical up/down, strange and charm quark masses at
a range of different lattice spacings (a−1 = 3–5 GeV) which will allow a benign extrapolation to reach
valence bottom quark masses using data points with “heavier than charm” quark masses. In addition
we will significantly extend the range in momentum transfer directly covered in our nonperturbative
simulations and, depending on the process considered, should be able to obtain results at percent, if
not sub-percent, precision. Processes of interest are briefly discussed below.

Neutral meson mixing, meson lifetimes, and leptonic decays

Although a loop-level process, neutral Bs and B meson mixing is the preferred channel to determine
the Cabibbo–Kobayashi–Maskawa (CKM) matrix elements |Vts| and |Vtd|. The SU(3) breaking ratio
ξ (ratio of Bs over B meson mixing) [2] is an important input for global CKM triangle fits [3, 4].
Both mixing processes also play an important role in constraining models of New Physics. Global
averages of experimental measurements of oscillation frequencies [5], dominated by the latest LHCb
results [6, 7], show sub-percent level uncertainties. We recently achieved percent-level precision for the
SU(3) breaking ratios [8] and work is in progress to calculate the bag parameters for individual mixing
processes at the few percent-level. In the future, using the next generation of gauge field ensembles,
we intend to obtain sub-percent level predictions for the bag parameters as well as their ratio ξ. At
this level of precision effects due to electromagentism will also need to be accounted for. Similar
progress is intended for the determination of leptonic decay constants of D(s), B and Bc mesons.
Given corresponding experimental measurements these allow the CKM matrix elements |Vcd|, |Vcs|,
|Vub| and |Vcb| to be determined. In addition we plan to use state-of-the-art lattice QCD methods
to determine B(s) lifetimes, to verify predictions based on QCD sum-rules [9, 10] and other analytic
methods to further test the SM.
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Exclusive semileptonic decays at tree- and loop-level

In the SM, charged weak currents allow tree-level flavor-changing decays, but the absence of tree-level
flavor-changing neutral currents (FCNC) means that FCNC decays provide stringent tests of the SM.
The large masses of B(s) and D(s) mesons make many such decays energetically possible, providing
excellent tests or determinations of CKM matrix elements. Decays with the same hadronic final state
but different generations of final-state leptons test the universality of lepton flavor couplings in the
SM and have attracted substantial attention. Several experiments have reported such ratios for tree-
level (e.g. B → D(∗)`ν [11–14] or Bc → J/ψ`ν [15]) as well as rare loop-level b → {s, d}`` decays
(e.g. B → K(∗)`+`− [16–21] or Bs → φ`+`− [22]) including also baryonic initial and final states.
The tensions between experiment and theory vary for different processes/measurements, but theory
predicts in all cases a smaller value than experimentally observed.

To confirm or refute the observed deviations, higher-precision semileptonic form factor calculations
are needed which directly cover most or all of the allowed physical range of momentum transfer q2 to the
leptons for both pseudoscalar and vector hadronic final states. Building upon our experience of B →
π`ν and Bs → K`ν decays [23] we are currently working on B(s) → D(s)`ν decays. While computations
with pseudoscalar final states are well under control, vector final states present additional challenges.
Overcoming the narrow width approximation (treating the vector final state as QCD-stable) is one
of the outstanding challenges for the future. Improved theoretical knowledge of loop-level decays is
also needed to better understand deviations between theory and experiment for certain q2 bins. Here,
addressing the impact of long-distance contributions related to the charmonium resonances is a key
challenge. Reliably treating long-distance effects and QCD resonances also helps build methodology
for calculating heavy meson decays into multihadron states. Processes such as D → ππ are of great
phenomenological interest and represent significant challenges on the lattice, requiring both further
formal developments and pre-exascale computing resources.

Finally, semileptonic decays of baryons can provide further tests of the SM and are part of the
research programs of LHCb and other experiments.

Inclusive decays and distribution amplitudes

There are promising new ideas [24–26] to calculate inclusive decays using lattice QCD. This may
be the best approach for new insight into the long-established deviations between inclusive and ex-
clusive determinations of |Vub| and |Vcb|. Furthermore, these ideas may enable new nonperturbative
determinations of B(s) and D(s) meson distribution amplitudes.

Radiative decays

Adding a hard photon in the final state for leptonic decay of a pseudoscalar meson lifts helicity
suppression [27], providing sensitivity to a larger set of operators in the weak effective Hamiltonian.
For large photon energy the process B → `ν`γ is the cleanest probe of the first inverse moment,
1/λB, of the B-meson lightcone distribution amplitude, an important input for QCD factorization
predictions for nonleptonic B decays [28, 29]. Using the upper limit for B(B− → `−ν̄`γ, Eγ > 1 GeV)
from Belle [30], a lattice form factor calculation can constrain λB [31]. A similar calculation in the
charm sector can take advantage of BESIII results for D+

(s) → e+νeγ [32, 33]. The general procedure

for the lattice calculations has been demonstrated [34, 35] and first-principles computations are in
progress for the structure-dependent form factors for B(s) → `ν`γ, D(s) → `ν`γ and B(s) → `+`−γ and
D(s) → `+`−γ, with a broad photon energy spectrum. With next-generation gauge field ensembles we
can reach significantly improved precision in determing the corresponding CKM matrix elements.
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