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Short—distance correlation functions and non-perturbative

renormalization of quark currents in lattice QCD
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Summary of thesis contents

Precise predictions of the Standard Model (SM) are important for the searches of
new physics. The precision of the SM predictions needs to be improved for detailed
comparisons with the forthcoming updates of experiments. The uncertainty of SM
predictions mainly arises from the contribution of Quantum Chromodynamics (QCD),
which is the theory of strong interaction of quarks, anti-quarks and gluons. This is
because QCD cannot be treated by perturbation theory at low energies and the
parameters of QCD such as the strong coupling constant have large uncertainty
compared to other SM parameters.

Correlation functions of quark currents provide a rich source of information on the
QCD vacuum at various scales ranging from perturbative to non-perturbative regions.
At short distances, they become mostly perturbative due to the asymptotic freedom of
QCD. Using high order perturbation theory, they can be used to determine the strong
coupling constant. At long distances, on the other hand, the correlation functions
carry the information about the hadron spectrum and the low-energy QCD constants,
which are the parameters in the chiral perturbation theory.

Correlation functions can be calculated from first principles using lattice QCD. In
lattice QCD, the spacetime is discretized and compactified with some boundary
conditions. Then, the degrees of freedom of the system in lattice QCD become finite
and therefore the numerical path integral is feasible using the Monte Carlo method.
Taking the infinite volume limit and the continuum limit for the correlation functions
on the lattice, one can obtain the correlation function in the continuum.

The comparison of the correlation functions in the continuum theory and on the
lattice may determine fundamental quantities of QCD. In fact, lattice QCD is usually
applied to calculate hadron masses and decay constants from the correlation
functions at long distances. Similarly, the comparison at short distances can in
principle provide a determination of the strong coupling constant. The comparison at
short distances needs to be performed after eliminating lattice artifacts. The lattice
calculation at short distances suffers from unphysical discretization effect, which
becomes more significant as the distance becomes small. A careful investigation of the
discretization effect is, therefore, necessary for the precise determination of the
strong coupling constant.

In this thesis, we analyze short-distance correlation functions both on the lattice
and in the continuum, and investigate the region where the lattice results agree with
the continuum theory after appropriately removing the lattice artifact. The lattice
simulation is carried out on 14 gauge field ensembles generated by the JLQCD

collaboration. The ensembles contain 2+1 flavors of sea quarks described by the
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Mobius domain-wall fermions, which realize precise chiral symmetry on the lattice.
The pion masses on these ensembles are in the region 220-500 MeV. The lattice
spacings are 0.044 fm, 0.055 fm, and 0.080 fm. We extrapolate lattice results to the
physical pion mass and the continuum limit. We subtract the discretization effects
within the mean field approximation.

Vector, axial-vector, scalar, pseudoscalar channels of the correlation functions in
perturbation theory are available to the four-loop level Using this well-advanced
results, we investigate the convergence property of perturbative expansions. Slight
deviation of the correlation functions in QCD at short distances from those in
perturbation theory is explained by the Operator Product Expansion (OPE), which
accommodates some non-perturbative effects in the correlation functions by
expanding a correlation function into a series of composite operators.

We utilize the correspondence of continuum and lattice correlation functions for the
renormalization of quark currents. It turns out that although the correlation
functions on our lattice ensembles suffer from significant discretization effect in the
perturbative region, the analysis including OPE allows us to determine the
renormalization constants at slightly longer distances where the discretization effects
are well-managed. We obtain the renormalization constants of the vector current and
the scalar density with precision of O(1%) or less.

Using the result of the renormalization, we test the consistency between
correlation functions on the lattice and experiments. We calculate the vector and
axial-vector correlation function from the experimental results of spectral functions
obtained through the hadronic tau decays by the ALEPH collaboration. We verify that
the experimental correlation functions are in good agreement with our lattice results.

The result of the renormalization is also applied to an analysis of the chiral
condensate, which is an order parameter of the spontaneous breaking of chiral
symmetry in QCD and plays an important role in the chiral perturbation theory. We
extract the chiral condensate from current correlators in the OPE regime using a
novel method based on the axial Ward-Takahashi identity. This result agrees with the

world average of lattice calculation of 2+1 flavor QCD.
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Summary of the results of the doctoral thesis screening
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