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1 Abstract

Have we learned all there is to know about the fundamental particles of the universe,

quarks, leptons, and the gauge bosons mediating the known forces? There are still

many questions about the “Standard Model.” What particles make up dark matter?

How was the observed matter-antimatter imbalance generated (that is, what are the

sources of CP violation)? Why is the weak force so weak? Why is the Higgs mass so

finely tuned?

One way to test whether there is more Beyond the Standard Model is to study how

quarks change their flavour. These processes touch upon the most uncertain parts of

the Standard Model.

2 Strong force

The strong force, described by Quantum ChromoDynamics, or QCD, binds quarks into

nucleons, and nucleons in to atomic nuclei.

The springy lines represent the continual exchange of gluons mediating the strong

interaction. The small loops represent other quark-antiquark pairs which pop in and

out of the quantum sea.

3 Weak force

Quarks come in 6 flavours. They have a huge range of masses. For comparison, the

mass of the proton is 0.938 GeV/c2, the mass of a single uranium atom is 222 GeV/c2.

Quarks change from one flavour to others via the weak force.

4 Beyond the weak force?

Standard model quark flavour-changing parameters given by the CKM matrix
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Experimental data plus theoretical calulations constrain Standard Model parameters.
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5 Quarks inside hadrons

Free quarks are never seen, they are confined inside hadrons. In order to use exper-

imental data of hadron decays to learn about quarks, accurate QCD calculations are

necessary.
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Because of the very strong interactions between quarks inside the hadrons, a nonpertur-

bative approach is necessary. The only method we know is to use numerical methods,

fully accounting for quantum effects known as renormalization.

6 Lattice Quantum ChromoDynamics

We can solve QCD by using methods from Statistical Physics to approximate, in a

conrolled way, the QCD vacuum, with quark-antiquark pairs flashing in and out of

existence amidst a sea of self-interacting gluons. We use importance sampling to

generate typical configurations of glue fields, then we compute correlation functions

describing the specific process of interest.
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7 Decay constants

These are matrix elements governing the quark-antiquark annihilation of the con-

stituents of mesons via weak or electromagnetic decays [1, 2].

8 Rare decays

Rare decays occur only via quantum loops in the Standard Model.
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These rare decays might more readily expose new physics, beyond the Standard Model.

Presently, there seem to be some slight discrepancies between Standard Model and

experimental data [3, 4].

9 Hindered radiative decays

Hindered radiative decays require highly accurate formulations and are good testing

grounds for our methods. We recently calculated the form factor governing the decay

of bottomonium mesons Υ(2S) → ηb(1S)γ [5].
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10 High performance computing

Our recent calculation have been performed here at the Cambridge High Performance

Computing Service

on the Darwin supercomputer at the West Cambridge Data Centre.

The ingredients of a lattice QCD calculation are the following:

• Generate O(1000) configurations of gauge field ensembles using importance sam-

pling. Store on disk. Share with colleagues.

• Calculate many quark propagators on the gauge field ensembles and store on disk.

Computing cost: O(10M) Sandy Bridge core hours/year. Storage require-

ments: O(500) TB for light quark propagators over the course of the current

generation of computations.

• Construct correlation functions which give quantities of interest (masses and matrix

elements).

• Perform sophisticated fits to extract masses and matrix elements.

• Repeat with several lattice spacings, volumes, quark masses in order to quantify

systematic uncertainties.

11 State-of-the-art configurations

To get an idea of the range of parameters necessary to study sources of systematic

uncertainties, here are the ones used in calculating B meson decay constants [2]. The

configurations were generated and made publically available by the MILC Collaboration

[6, 7].

text as “very coarse”, 4, 5 and 6 as “coarse” and 7 as “fine”. Sets 3 and 6 include light sea quarks with their physical masse

Set β aΥ (fm) αV (2/a) aml ams amc δxsea L/a× T/a ncfg

1 5.80 0.1474(5)(14)(2) 0.346 0.013 0.065 0.838 0.323 16×48 1020
2 5.80 0.1463(3)(14)(2) 0.344 0.0064 0.064 0.828 0.126 24×48 1000
3 5.80 0.1450(3)(14)(2) 0.343 0.00235 0.0647 0.831 0.027 32×48 1000
4 6.00 0.1219(2)(9)(2) 0.311 0.0102 0.0509 0.635 0.259 24×64 1052
5 6.00 0.1195(3)(9)(2) 0.308 0.00507 0.0507 0.628 0.108 32×64 1000
6 6.00 0.1189(2)(9)(2) 0.307 0.00184 0.0507 0.628 -0.004 48×64 1000
7 6.30 0.0884(3)(5)(1) 0.267 0.0074 0.0370 0.440 0.327 32×96 1008
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