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® |n music, certain chords are more pleasant to the
ear than others...they are “harmonious”

» octave, fifth, major third

» consonant chords

® (Can we understand this ?




® QOvertones, and the harmonic series

* The 2" harmonic has twice the frequency of the fundamental

* The 3™ harmonic has 3 times the frequency of the fundamental
(and hence 3/2 of the frequency of the 2" : the fifth)

*The 4™ harmonic has 4 times the frequency of the fundamental
(and hence 4/3 of the frequency of the 3" : the fourth)

Regularities in
the ratios of the
frequencies




Musical hidden structures

® Qur first hidden structure...

» overlapping the first notes in the harmonic series gives rise to
consonant chords...that is harmony!

perfect major chord

» harmony is about hidden structures, or hidden regularities...




Harmony in particle physics

® Scattering amplitudes of elementary particles
(e.g. gluons, or gravitons)

mathematical quantities related to the probability of the occurrence of a
certain scattering process between particles

describe processes (and probe physics) at the shortest distance scales
possible in a laboratory

measured at particle colliders such as the LHC!




What's special about amplitudes!?

® Their simplicity !

» calculation with textbook methods cumbersome, however
final results are often strikingly simple

® Theorem:

» if you have a simple result, there should be a simple way to
get there!




Textbook approach to amplitudes:

Calculate Feynman diagrams !




Textbook approach to amplitudes:

S0, what’s wrong with them !




Number of Feynman diagrams for gg — n g scattering: (tree level)

n
Gluon

scattering

# of diagrams 559405 | 10525900
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(Parke & Taylor, 1986; Berends, Giele 1987; Mangano, Parke, Xu 1988)

(i 5)*
(12)(23) --- (n1)

Avv(1t, .o, i, ...,

Maximally Helicity Violating, or MHV

VOLUME 56, NUMBER 23 PHYSICAL REVIEW LETTERS 9 JUNE 1986

where s is the corresponding pole and z is the momen-
tum fraction. The result for particles 2 and 3 near-
ly parallel, Eq. (5), is only simple because
My_(—+++ +-+) is zero to this order in g so that
there is no interference term and therefore azimuthal
averaging is not required.

The surprise about this result is that all denomina-
tors are simple dot products of two external momen-
ta. The Feynman diagrams for n-gluon (n >5)
scattering contain propagators (p,+p;+p)?%, (p+p;
+ pe+pm)? . ... These propagators must cancel for
Eq. (3) to be correct; this occurs for n=6. Of course,
Altarelli and Parisi have taught us that many cancella-
tions are expected.

We do not expect such a simple expression for the
other helicity amplitudes. Also, we challenge the
string theorists to prove more rigorously that Eq. (3) is
correct.
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Back-of-envelope
formula...




There are hidden structures in scattering
amplitudes (and other physical observables)...

...which are not captured by Feynman diagrams

Need new framework to describe and calculate
them




Harmony of the MHV amplitude

(Witten ‘03)

transform to

—>
“twistor space”

® Harmony unveiled in Penrose’s twistor space

» MHV amplitude — line in twistor space

» simplicity in terms of geometry

- simplest scattering amplitude corresponds to simplest curve




® Geometry in twistor space suggests to use
the MHV amplitude as a new “local” vertex

» New perturbative expansion of gauge theory

» Twistor space crucial to see the structure

- lines in twistor space correspond to points in spacetime
(Penrose’s incidence relation)

Twistor space Spacetime




Amplitude MHYV diagrams

MHV (m)

——++...+

NMHV
(Next-to-MHV)

———++..+

NNMHV

(Next-to-Next-to-MHV)
————tt .t




® All amplitudes can be derived using a novel
powerful method: MHYV diagrams

» tree level (Cachazo, Svrcek, Witten "04)

» works beautifully at the quantum level @randhuber, spence, GT,04)

L,

One-|00p MHV amPIitUde: 0 ! ?uantum:
particle creation and annihilation

L4

first novel and phenomenologically relevant result derived with
MHV diagrams (Bedford, Brandhuber, Spence, GT, ‘04)




...and this was only the beginning...

...since then, a wealth of fascinating new results
obtained by many groups worldwide

IAS Princeton, Perimeter Institute, UCLA, Brown, Stanford, SLAC, MIT, Michigan, Saclay,
Annecy, IHES (Paris), Uppsala, Niels Bohr Institute (Copenhagen), Oxford, Durham, Humboldt
(Berlin), Max-Planck-Institut (Potsdam), DESY (Hamburg), ETH Zurich, LNF (Frascati), Turin,

Weizmann Institute...

more than 30 workshops so far, regular “Amplitude” series (2 at QM, 2 co-organised by QM)

® Some results with key QM involvement:

Recursion relations in General Relativity
(Bedford, Brandhuber, Spence, GT "05)

Generalised generalised unitarity for QCD amplitudes
(Brandhuber, McNamara, Spence, GT ’05)

Amplitude/Wilson loop duality

(Alday & Maldacena; Drummond, Korchemsky, Sokatchev; Brandhuber, Heslop GT ’07)




Amplitude / Wilson loop duality

X
amplitude Wilson Ic1>op

® Dualities bring novel conceptual insights...

® Much easier to compute!

» Wilson loop: one hour on my laptop. Amplitude: one week on the
UCLA computer cluster! (Anastasiou, Brandhuber, Heslop, Khoze, Spence, GT ’08)

® Novel, hidden symmetries suddenly become manifest




Summary

® Amplitudes are at the crossroad of exciting subjects
in physics and mathematics...

- string theory & supersymmetric gauge theory
pure mathematics, number theory
integrability
twistor theory

- phenomenology of particle physics

® Great amount of information exchanged between
experts in these areas

- possibly the key to its success




® Hopefully QM will stay at the forefront of new

exciting developments for long!




