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Concerned with 
a large number 
of topics ranging 
from the 
sub-nuclear 
scales to the 
cosmological
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• (Quantum) nature of black holes? 

• Classical limits of gravity from QFT 

• Holography 

• Perturbative quantum gravity
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Types	of	projects
Recipe	for	thesis:		

Find	an	interesting	problem		
Do	a	non-trivial	and	(hard)	computation!		
Elucidate	the	interesting	aspects	
Write	up	and	defend	your	thesis	
(Potential:	opportunity	to	write	your	first	
research	paper	if	your	result	is	truly	non-trivial	and	
therefore	publishable	material)	





Modern 
amplitude 
techniques




Standard	Model	



Experiments at LHC

Particle	events

…

LHC  
’event’

Proton

Proton

Jets

Jets
Jets: 
Reconstruction complicated.. 

Calculations necessary: 
Amplitudes needed!

Probability for events



Amplitudes	and	probability
Quantum	Mechanics:		 	 Via	solutions	to	the		
	 	 	 	 Schrödinger	equation.	

Particle	Physics:		 	 	 	

	 	 	 	 	 Computed	via		 	
	 	 	 	 Feynman	diagrams.		 	
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Amplitudes	and	Feynman	
diagrams

Feynman’s	method	not	flawless	

Diagrammatic	expansion	:	huge	permutational	problem!	

Scalar	field	theory	 :		constant	vertex	(~1	term)	
Gluons	 	 :		momentum	dependent	vertex	(~3	terms)	
Gravitons	 	 :		momentum	dependent	vertex	(~100	terms)	

Naïve	basic	4pt	diagram	count	(graviton	exchange)	:	

100	x	100	~	104	terms	+	index	contractions	(~	36	pr	diagram)	
Number	of	diagrams:	(~	4	!)					~	 105	terms	~	106	index	contractions	
n-point:	 	 									(~	n	!)					~	more	atoms	in	your	brain!	

Too	much	off-shell	(gauge	dependent)	clutter…..



How	do	we	proceed

Complex	expressions	involving	e.g.		
(pi	• pj)	 	 	 	(no	manifest	symmetry		

(pi	•	εj)	(εI	•	ε	j)	 										or	simplifications)	

	 	 	 	 	 	 	 	

Generic	Feynman	amplitude

Sum	over	topological	
	different	diagrams

#	Feynman	diagrams:		
Factorial	Growth!



MHV	only	one	term!
On-shell	recursion

Tree	amplitude	revolution!
Rich	hidden		
structure

Inspiration	
across	fields	String	Theory

New	relations
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….from compact trees to loops

Quadruple cuts

Rational 
polynomials

Triple cuts

Automated 
computation

Recursive 
techniques

On-shell 
simplification

Powerful computational methods 

Impossible by Feynman diagrams 
Revolution in doable computations 

Integral basis

Compact, on-shell tree 
Amplitudes



Example:	The	scattering	
equations

Cachazo, He and Yuan suggested that one can compute 
amplitudes via 

 

Exciting	new	
framework	for	
amplitudes

Pfaffian 
(dependent on 
polarisations and 
momenta)

Color	
trace

Algebraic 
solutions 



Tools for efficient 
computation

(If you are interested in 
learning more — check out my 
modern methods for particle 
scattering course) (block 3) 



Gravity from Amplitudes





Gravity as a 
particle 
theory?




Path integral for gravity



Traditional quantization of 
gravity 

  Known since the 1960ties that a particle version of  
General Relativity can be derived from the Einstein 
Hilbert Lagrangian (Feynman, DeWitt) 

   Expand Einstein-Hilbert Lagrangian : 

Derive vertices as in a particle theory - compute 
amplitudes as Feynman diagrams! 



Quantum gravity as an 
effective field theory 

  (Weinberg) proposed to view the quantization of 
general relativity from the viewpoint of effective field 
theory 
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Quantum theory for gravity

Gravity as a theory with self-interactions 

Non-renormalisable theory!  (‘t Hooft and Veltman) 

Traditional belief  : – no known symmetry 
can remove all UV-divergences

Dimensionful 
coupling: 

GN=1/M2
planck

String theory can by introducing new length 
scales



Gravitons — Feynman diagrams
• The graviton is emitted from all matter not like light from 

charges.

•  Gravity attractive not mixed attractive / repulsive 

• The optimal particle for gravity is a graviton particle. Light is 

photon particle.



Amplitudes can calculate 
quantum mechanics via 
Feynman graphs also 
when the physics is 
relativistic 


The square of an 
amplitude gives 
probability 


Probability of particle 
can be used for 
prediction eg Higgs 
particle… and .. gravity.


Feynman’s integrals



Applications of String Theory 
Gives 
naturally a 
quantum 
gravity 
theory

Important 
principle: 
gravity is like 
the product 
of something 
simpler 



Examples	of	themes	
  Classical	contributions	from	the	Path	integral:	

 Novel	ways	to	compute	observables	in	General	
Relativity	

 Bending	of	light	–	a	new	take	on	Quantum	Gravity	
and	potential	quantum	corrections	in	General	
Relativity?	

 Applications	for	the	physics	behind	LIGO	and	
observations	of	gravitational	waves	(more	about	
this	in	Michele’s	talk)	

g-



Example: Bending of massless 
matter

Scattering of  massless matter 

Einstein’s original test: Bending of  light/
massless matter around the Sun 

Features: mass-less external fields ~> IR 
singularities 

Features: Connection to GR/Universality of  
matter



Quantum gravity from effective field 
theory

Reproduces 
Einstein's result plus 
quantum effects in 
particle theory!

Using only a 
few 
computationa
l tricks!



Quantum mechanical description of black hole 
scattering?

 —         Classical observables from amplitudes

Classical 
potential 
from 
quantum 
mechanical 
propagation 
via quantum 
/ classical 
corresponde

Large quantum numbers (angular impulse enormous) 
-> Classical physics (gravity) (essence of Bohr's 

correspondence principle)



Precision physics and the experiment LIGO



Research visions

Still	many	things	we	do	not	know..		

Many	deep	mysteries	in	quantum	gravity	research.	

Developments	no	one	would	have	believed	of	a	
few	years	ago.		

				Results	now	extend	into	for	black-hole	
scattering	and	precision	measurements	of	the	
gravitational	attraction.	


