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Abstract

The role of strange quarks in generating the structure of the nucleon provides a

key testing-ground for our understanding of Quantum Chromodynamics (QCD).

Because the nucleon has zero net strangeness, strange observables give tremendous

insight into the nature of the vacuum; they can only arise through quantum fluctu-

ations in which strange-antistrange quark pairs are generated. Strange observables

are also relevant to searches for physics beyond the Standard Model; the role of

the strange quark in generating the nucleon mass—encoded in the strange sigma

term—is essential information for the interpretation of dark matter direct-detection

experiments. For these reasons, strangeness in the nucleon is currently a particular

focus of the nuclear physics community.

We use the numerical lattice gauge theory approach to QCD, and the chiral

perturbation theory formalism, to build a clear picture of the role of strange quarks in

various nucleon-structure observables. A detailed analysis of the octet baryon masses

provides precise new values of the nucleon sigma terms. By combining experimental

and lattice input, we deduce the strange electromagnetic form factors of the nucleon

over a far larger range of momentum-scales than is accessible experimentally. Our

calculation of the strange magnetic moment is an order of magnitude more precise

than the closest experimental result.

Until now, the dominant uncertainty in experimental determinations of the

strange proton form factors has come from a lack of knowledge about the size of

charge symmetry violation (CSV) in these quantities. CSV effects quantify the

breaking of the approximate SU(2)-flavour symmetry of the up and down quarks.

As well as their relevance to experimental determinations of nucleon strangeness,

the precise knowledge of CSV observables has, with increasing experimental preci-

sion, become essential to the interpretation of many searches for physics beyond the

Standard Model. We develop a formalism for the calculation of CSV observables

from isospin-averaged 2 + 1–flavour lattice QCD simulations.

Applying this formalism to a comprehensive lattice-based study of the electric

and magnetic Sachs form factors of the baryon octet reveals that the CSV form fac-

tors are an order of magnitude smaller than suggested by previous work. This cal-

culation opens the door for new, precise, experimental measurements of the strange

nucleon form factors. We also investigate the proton-neutron mass difference and

quantify the long-neglected CSV effects in the low Mellin moments of the spin-

dependent and spin-independent parton distribution functions. This analysis im-

proves the interpretation of neutrino-nucleus deep inelastic scattering experiments.

iii





I certify that this work contains no material which has been accepted for the award

of any other degree or diploma in any university or other tertiary institution and,

to the best of my knowledge and belief, contains no material previously published

or written by another person, except where due reference has been made in the

text. In addition, I certify that no part of this work will, in the future, be used

in a submission for any other degree or diploma in any university or other tertiary

institution without the prior approval of the University of Adelaide. I give consent

to this copy of my thesis, when deposited in the University Library, being made

available for loan and photocopying, subject to the provisions of the Copyright Act

1968. The author acknowledges that copyright of published works contained within

this thesis resides with the copyright holder(s) of those works.

Phiala E. Shanahan





Acknowledgements

My journey to a PhD has been remarkably painless and consistently wonderful and

exciting. I have had many and varied opportunities and what has felt like limitless

support and encouragement on all fronts. I, of course, owe heartfelt thanks to the

people who have been responsible for my fairy-tale experience, all of whom I feel

truly privileged to be able to call my friends and colleagues.

Firstly, I thank Tony Thomas for accepting me as his student for my first under-

graduate research summer more than 5 years ago and for setting me on this path.

Tony, you have taught me by example not just a great amount of physics, but how to

approach problems and ideas and, perhaps most importantly, how to value people.

Your indefatigable work ethic and enthusiasm has inspired and re-invigorated me on

the frustrating days when things seemed to have stalled, and has pushed my energy

to greater heights on the best. In hindsight, I can see how you have adapted your

mentoring style over the years to carefully grow me into a researcher; I will carry

your advice and lessons throughout my career and life. Finally, thank you for your

friendship, your thoughtfulness, and your endless generosity with your time and at-

tention. You make it your business to care about your colleagues, students, and

employees as people with individual lives and hopes and dreams, and that makes all

the difference.

I am similarly indebted to Ross Young. Ross, thanks for your limitless patience—

for keeping your good humour when I have come bounding into your office with new

and exciting results or ideas for the nth time in a day. Your curiosity and enthusiasm

is inspiring and humbling, as is your dedication to your students. Thank you for

introducing me to a different side of academia, for the hour-long discussions (and

explanations) of university politics and of the humours and trials of teaching. Thank

you for doing idiot-checks for me, and for coming into my office to ask me to do the

same for you. You’ve not just watched me grow up, as a person and as a physicist,

but you’ve helped and encouraged me grow into someone better (on both fronts).

Ross. . . I really don’t know what to say or how to thank you for the role model and

inspiration you have been over the last 5 years. Of course, thanks as well for going

far beyond the call of duty and for (literally) saving my life when everything went

wrong at that conference in China.

Although not officially my supervisor, I owe heartfelt thanks to James Zanotti

who for the later stages of this work assumed that role in all but name. James, thank

you for keeping your door open and for always taking the time to chat about physics

and about life. Thanks for never shutting a discussion down, no matter how late it

had become. Thanks for your always careful, thoughtful, and honest advice on all

manner of things from physics to superannuation, and for your genuine interest in

vii



my progress. You have a real talent for seeing the best in people, and, even more

so, for making people see the best in themselves. You have always been the person

to voice a compliment when encouragement was most needed, even before we began

collaborating; thank you for your support and for your confidence in me. You’ve

unquestioningly encouraged and accepted me as I’ve taken those steps along the

path from student to colleague. Thank you for your friendship.

Several of my fellow PhD students also deserve special thanks. First and fore-

most, Ben Owen. Thanks for the tea breaks, coffee breaks, hot chocolate breaks,

and always-open ear. You have taken the time to support me when I needed it,

no matter the reason. Travelling this road—the highs, the lows, and everything in

between—with a good friend has made frustrations into hilarious adventures and

successes into celebrations. Nathan Hall. Thanks for being patient, always willing

to listen, and an entirely motivating rock of discipline as an office-mate. We missed

you after you left for Canada. Daniel Trewartha. For your friendship over the last 5

years and your companionship, support, and careful reading of this thesis over the

last few months. Your willingness to humour me and debate trivial things like table

formatting, hyphen use, and bibtex styles has made the writing process much more

entertaining. Elli King and Max Malacari. For putting life into perspective, for

having open ears and hearts for hard questions, for believing in me, and for always

being up for an adventure. You both have a talent for making me laugh at myself

and at life when it is most necessary. I can only hope that I have been able to do

the same for you. Adrian Kiratidis, Alex Chambers, and Lewis Tunstall. Thanks

for the fun and the good times, both in the office and out.

A number of other people have supported me in less visible ways. For their

invaluable and consistent assistance with every administrative hurdle and a huge

variety of other things, as well as their interest and moral support, I thank Sharon

Johnson, Silvana Santucci, and Bronwyn Gibson. Dave Ottoway, thanks for being

both a mentor and a friend and for giving your time so generously. To my col-

laborators, particularly Gerrit Schierholz who has unquestioningly backed my every

endeavour, ambition, and postdoc application, thank you; it has been a privilege

and a pleasure. Will Detmold, thanks for your support. I can’t wait to join you in

Boston.

Finally, I thank my family, particularly my mum and Graham, who have cele-

brated every success with me and supported me in every way. Without their help I

would not have been nearly as happy, productive or successful. To my step-father

Graham: for your generosity in treating me in every way as your own daughter, I

dedicate this thesis to you.



Contents

Abstract iii

Acknowledgements vii

1 Introduction 1

2 Quantum Chromodynamics 5

2.1 Mathematical Formulation . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Lattice Quantum Field Theory . . . . . . . . . . . . . . . . . . . . . 8

2.3 Strangeness and Charge Symmetry Violation in the Nucleon . . . . . 16

3 Chiral Perturbation Theory 21

3.1 Effective Field Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2 Chiral Symmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 The Chiral Effective Lagrangian . . . . . . . . . . . . . . . . . . . . . 25

3.4 Chiral Power Counting . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.5 Finite-Range Regularisation . . . . . . . . . . . . . . . . . . . . . . . 35

3.6 The Nucleon Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.7 Finite-Volume Corrections . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Octet Baryon Mass Splittings 43

4.1 SU(3) Chiral Extrapolation . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Fits to Isospin-Averaged Lattice QCD Simulation Results . . . . . . . 48

4.3 Mass Splittings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.4 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 56

5 Sigma Commutators 59

5.1 The Feynman-Hellmann Theorem . . . . . . . . . . . . . . . . . . . . 60

5.2 Light and Strange Sigma Terms . . . . . . . . . . . . . . . . . . . . . 62

5.3 Charge Symmetry Violation . . . . . . . . . . . . . . . . . . . . . . . 66

5.4 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 67

6 Parton Distribution Moments 71

6.1 Moments of Quark Distribution Functions . . . . . . . . . . . . . . . 72

6.2 Chiral Perturbation Theory . . . . . . . . . . . . . . . . . . . . . . . 74

6.3 Fits to Lattice QCD Simulation Results . . . . . . . . . . . . . . . . 83

6.4 Hyperon Spin Fractions and the Proton Spin Puzzle . . . . . . . . . . 86

6.5 Charge Symmetry Violation . . . . . . . . . . . . . . . . . . . . . . . 88

ix



x Contents

6.6 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 94

7 Electromagnetic Form Factors 97

7.1 Dirac, Pauli and Sachs Form Factors . . . . . . . . . . . . . . . . . . 98

7.2 Lattice QCD Simulation . . . . . . . . . . . . . . . . . . . . . . . . . 99

7.3 Connected Chiral Perturbation Theory . . . . . . . . . . . . . . . . . 104

7.4 Fits to Lattice Simulation Results . . . . . . . . . . . . . . . . . . . . 115

7.5 Electromagnetic Form Factors at the Physical Point . . . . . . . . . . 124

7.6 Charge Symmetry Violation . . . . . . . . . . . . . . . . . . . . . . . 140

7.7 Strange Nucleon Form Factors . . . . . . . . . . . . . . . . . . . . . . 143

7.8 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 156

8 Summary and Outlook 159

A Formal Details of Heavy Mass Techniques 163

B Definitions and Identities 167

C Derivations for Chapter 3 169

C.1 Loop Integral Transform . . . . . . . . . . . . . . . . . . . . . . . . . 169

C.2 Example of Finite-Volume Correction . . . . . . . . . . . . . . . . . . 169

D Additional Figures for Chapter 4 171

E Additional Results for Chapter 5 173

F Tables of Chiral Coefficients 175

F.1 Strong Interaction Vertices . . . . . . . . . . . . . . . . . . . . . . . . 175

F.2 Twist-Two Operator Insertion Vertices . . . . . . . . . . . . . . . . . 175

F.3 Electromagnetic Form Factor Extrapolation . . . . . . . . . . . . . . 175

G Deep Inelastic Scattering and the Operator Product Expansion 193

G.1 DIS and the Compton Forward Scattering Amplitude . . . . . . . . . 193

G.2 The Operator Product Expansion . . . . . . . . . . . . . . . . . . . . 194

G.3 The QCD-Improved Parton Model . . . . . . . . . . . . . . . . . . . 196

H Chiral Extrapolation Formulae for Moments of PDFs 199

H.1 gA and 〈x〉pu−d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

H.2 Charge Symmetry Violation . . . . . . . . . . . . . . . . . . . . . . . 201

I Lattice Simulation Results for the Electromagnetic Form Factors 203

J Additional Results for Chapter 7 215

J.1 Fit Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

J.2 Octet Baryon Form Factors: Figures . . . . . . . . . . . . . . . . . . 215

J.3 Details of the Calculation of `Rs
d . . . . . . . . . . . . . . . . . . . . . 221



Contents xi

K List of Publications 223

Bibliography 225


	TITLE: Strangeness and Charge Symmetry Violation in Nucleon Structure
	Abstract
	Declaration
	Acknowledgements
	Contents


