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The Standard Model of Particle Physics (SM) is a framework combining the
current understanding of the field of particle physics. Nevertheless, inexplicable
discrepancies between theoretical predictions and experimental measurements indicate
that the SM is not complete, motivating the search for New Physics and extensions of
the SM.

One such discrepancy is the long standing tension between inclusive and
exclusive determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
V.| and |V.,|. Since it is imperative to have precise predictions of the SM in order to
search for New Physics, this discrepancy provides theorists and experimentalists alike
with the challenge of further deepening their understanding on these types of decays.

Focusing on the inclusive decays, while analytical techniques to analyze this
class of decays exist, i.e., Operator Product expansion (OPE), a prediction with full
control over all systematic effects requires nonperturbative methods. Lattice QCD
fulfills those requirements, although it comes with its own sets of challenges. One major
challenge, and one of the main reasons why it was thought impossible to apply lattice
techniques towards inclusive decays, is the sheer number of potential states, possibly
containing multi hadron states, which contribute to this class of decays. It is clear that
identifying all the amplitudes for each contribution and summing them up over the
whole phase space seems like a daunting task. This is combined with the fact that the
extraction of spectral densities from hadron correlators remains an intractable task.

In view of this, a new technique, extending the application of lattice QCD
towards the inclusive description, was recently developed. The basic idea is to consider
smeared spectral densities to calculate an approximation for the energy integral
appearing in the definition of the inclusive decay rate, where the role of the smearing
is fulfilled by the phase space integral. In doing so, the problem of determining the
inclusive rate is reduced to one where a suitable polynomial approximation for the
kernel function of the energy integral has to be found. The approach utilized in this
work is the approximation through Chebyshev polynomials.

This work studies the application of the aforementioned technique towards the
inclusive semileptonic decay of the charmed Dg meson from lattice correlators using a
full and flexible setup. We choose the charm sector instead of the bottom sector, where
the discrepancy is observed, due to inherent problems on the lattice when it comes to
the treatment of the bottom sector. The main two challenges that have to be addressed



are the large discretization errors expected for the b quark mass, as well as the challenge
of simulating the physical » quark mass on the lattice. These systematic effects are
under better control for the charm sector, hence why this application provides a good
way to prove the concept whether the proposed method is applicable.

We employ the Chebyshev polynomials to analyze the inclusive decays,
introducing a trade-off between the data and the Chebyshev matrix elements, taking into
account the bounds on which the Chebyshev polynomials are defined. Although we are
limited to polynomial orders of N = 10, we confirm that the Chebyshev approximation
provides an accurate and efficient way to determine the inclusive rate. Although we
only include the statistical error in this work, a comparison with experimental data from
the BESIII collaboration confirms that our prediction for the CKM matrix element |V,|
appears to be in the right ballpark when compared to available values from the PDG.
We further improved the approximation through Chebyshev polynomials by introducing
a set of generic shifted polynomials in terms of e~®. As an important cross-check of
the results obtained from the inclusive analysis strategy, we compare the results under
the assumption of a ground state dominance in the inclusive decay with the prediction
from the form factors determined for the exclusive decay mode, confirming a good
agreement between the two determinations. While we observe increasing discrepancies
between the values for higher values of g2, these can be attributed to the decreasing
phase space and the hence higher polynomial order required in the approximation, in
addition to systematic effects such as discretization or cut-off effects.

Additionally, we present a first study into understanding and estimating
systematic effects contributing to the inclusive decay analysis from lattice data. We
address the error introduced from the smearing applied to the kernel function in
combination with the limited polynomial order in the Chebyshev approximation as well
as the error associated with the presence of finite volume effects. In case of the former,
we combine the two required limits, namely the N — o and ¢ — 0 limits, and employ
properties of the Chebyshev polynomials, to obtain a conservative estimate on the
expected corrections. To estimate corrections due to finite volume effects, we develop
a modeling strategy based on the production of multi-hadron states, specifically two-
body states. We derive the spectral density in the infinite and finite volume. The
information is then combined with the lattice data and after confirming that our model
reproduces the behavior of the data, we estimate the corrections based on the infinite
volume extrapolation.

To summarize, this work builds a solid foundation in applying the introduced
techniques towards the inclusive decay. We advanced the analysis by presenting first
steps into understanding and estimating systematic effects origination from the
Chebyshev polynomial approach and finite volume effects. By extending this analysis
towards the bottom sector it will be possible to obtain a new and independent
determination of the CKM matrix elements and advance the understanding of the still



unresolved discrepancy mentioned at the beginning.
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