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F) Text

One of the challenges of the so-called Standard Model of Particle

Physics is to explain the peculiar behavior of quarks, the elementary

particles that make up the protons and neutrons in the atomic nucleus.

Among these peculiar properties is the fact that the total mass of

quarks in a proton (or neutron) can account for only 1% of the proton

mass, meaning that 99% of the mass of the visible universe is not due

to masses of its constituent elementary particles, the quarks, but to

effects of the interaction among them. Even more intriguing is the

fact that this interaction, known as the strong force, does not decrease

if the distance between quarks is increased. As a result, it is believed

that quarks cannot be separated from each other, and an isolated quark

has never been observed. This is the property of quark confinement,

which determines that the strong interaction is completely different

from the electric force that binds electrons to the nucleus.

These and other phenomena are expected to be fully described in the

Standard Model by the quantum field theory of the strong interaction,

called Quantum Chromodynamics, or QCD. However, even though precise

calculations by usual field-theory methods can be made for QCD in the

limit of very high energies (a discovery that was awarded the 2004

Nobel Prize in Physics), these methods fail when applied to QCD at the

(lower) energies involved in the description of the phenomena mentioned

above. A completely different approach, proposed by K. Wilson in 1974 [1],

is to formulate the theory on a space-time lattice, where quarks can only

exist on lattice points and the interaction is suitably defined along

the links between points. In this approach, known as Lattice QCD, the

problem with the energy scale is avoided; the theory is translated into

a classical statistical mechanical model, and the desired quantities

may in principle be calculated by known methods for such a system in

thermal equilibrium. Using this formulation and a technique similar

to a high-temperature expansion, Wilson could demonstrate the property

of quark confinement directly from the theory, but only in the limit

where lattice spacings are large, i.e. far from the physical limit.

It was soon realized that a suitable statistical mechanical technique

in this study is Numerical Simulation by the so-called Monte Carlo method.

In the simulation, one follows a time evolution (implemented according to

prescribed statistical rules) of the lattice system on a computer, and

takes ``measurements'' of the desired quantities, which are then analyzed

with usual methods of experimental data analysis. The approach may thus

be thought of as a ``theoretical'' experiment, since these measurements

are actually theoretical calculations. In this way one can consider the

theory on finer lattices and the physical (continuum) limit may be

approached, but at a very high computational cost. This motivated the

design and construction of new machines for use in the field, combined with

intensive development of more efficient simulation algorithms and

formulation

methods [2]. These resources and techniques are finally available today.

Lattice QCD simulations have recently produced very precise calculations

for the mass of the proton and other particles composed of light quarks

[3], in complete agreement with experiment. The approach is also used to

understand the mechanism responsible for quark confinement, a problem

that remains unsolved. At the same time, lattice simulations of heavy

quarks are increasingly important, since they may help unveil the structure

behind flavor changes of quarks (i.e. changes between different kinds of

quarks) in the Standard Model. This structure is encoded in the so-called

Cabibbo-Kobayashi-Maskawa (CKM) matrix, for whose proposal Kobayashi and

Maskawa won the 2008 Nobel Prize in Physics. Precise knowledge of this

matrix can establish if results from current and future experiments in

particle accelerators (such as the LHC) are compatible with the predictions

of the Standard Model or if they show evidence for New Physics, i.e. Physics

beyond the Standard Model.
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