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• Since I met him in the late 80’s, Manfred has been to me a 
teacher, supervisor, career mentor and friend

• He was dedicated to excellence in teaching from                    
his “Methoden” lectures — feared by many, to a                 
large list of advanced courses on GR, 4x QFT, and                          
String Theory

• What stood out is that he really cared about his students — 
undergraduates and PhD’s alike

• Huge list of PhD students (some I came in contact with): Otmar 
Moritsch, Hassan Zerrouki, Karl Landsteiner, Alex Boresch, 
Harald Ita, Harald Nieder, Ulrike Feichtinger, Thomas Sommer, 
Michael Langer…………



• I remember him also as very generous and 
supportive in any possible way over the 
years. I would probably not have become a 
theorist without him; his love/obsession for 
QFT was infectious and this love for QFT 
still drives me today

• He was also very “old school”; e.g.                                  
he only offered me the “Du” after I passed 
my PhD; and when he learned at my 
wedding that my wife Orit is vegetarian he 
was extremely worried about my culinary 
well-being  “How will she cook for you???”

Am Traunsee 1/9/2000



QFT, BRS, ghosts and all that

• Learning QFT with Manfred in my scientific youth, I heard of course 
a lot about BRS, ghosts, algebraic methods of renormalisation — 
and of course “funny” gauges

• In two papers we discovered a novel supersymmetry of Chern-
Simons theory in axial gauge n.A=0 and solved for all Green’s 
functions:

• “Symmetries of the Chern-Simons Theory in the Axial Gauge” and ”A short comment on 
the supersymmetric structure of Chern-Simons theory in the axial gauge” with Emery, 
Langer, Piguet, Sorella (1993)

• One key idea here was to use hidden symmetries to get results 
without using Feynman diagrams or stuff like that…

{sBRS, vµ} = @µ



• Later we generalised some of this story to 3D BF theories with Karl 
and Emery:

• In my 4th paper with Manfred we studied renormalisation 
properties of a similar supersymmetry of Witten’s topological Yang-
Mills theory with Moritsch, de Oliveira and Piguet

• “A Renormalized Supersymmetry in the Topological Yang-Mills Field Theory” (1994)

• This SUSY was less mysterious as top. YM is a topologically twisted 
version of N=2 Supersymmetric Yang-Mills (which I did not know at 
the time)

• N=2 super Yang-Mills became a hot topic in the same year thanks to 
Seiberg & Witten, and Karl and I wrote a paper on this during our 
PhD at CERN in 1995.

QFT, BRS, ghosts and all that
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The return of 

• After my PhD in 1996 and my scientific                     
“Wanderjahre” (Tel-Aviv, CERN and Caltech), I finally settled down 
at Queen Mary University of London in 2003.

• Having explored the worlds of non-perturbative physics and string 
theory, the time felt ripe to go back to more basic topics in QFT — 
this also ties nicely with ideas I learned early in my career with 
Manfred.

• In 2003 Witten proposed a novel duality for the S-matrix  ⇒



  Perturbative N=4 SYM    =    Topological String on Twistor Space

Witten 2003 weak/weak

Why is that interesting ?

Simple Geometric Structure in Twistor Space

New tools to calculate amplitudes in QCD

Explains unexpected simplicity of scattering amplitudes in 
Yang Mills & gravity

Traditional Feynman obscure simplicity; many cancellations, 
too many diagrams e.g. gluon scattering 

g g => n g n=7 n=8 n=9

559405 10525900 224449225



Spinor helicity formalism

Compact formulas of amplitudes in massless theories

Write four-momenta as bi-spinors

pµ() paȧ = pµσµaȧ ; a, ȧ= 1,2

massless
on-shell

Spinor Brackets

hi ji ⌘ λiaλ
j
bε
ab , [i j]⌘ λ̃iȧλ̃

j
ḃε
ȧḃ ) 2pi · p j = hi ji [ ji]

pµpµ= det paȧ = 0 ) paȧ = λaλ̃ȧ
Note: In real Mink

λ̃= λ



Tree MHV Gluon Amplitudes

• This simple, one line formula sums up an infinite number of 
Feynman diagrams!

• Holomorphic, depends only on      , not on

• MHV = Maximally Helicity Violating

λi λ̃i

MHV Amplitude 
Parke-Taylor; 
Berends-Giele

= 0 MHV

AtreeMHV = ign�2(2π)4δ(4)�∑ pi
� hi ji4

h12ih23i . . .hn1i

= AtreeMHV



What is twistor space?

• Twistor Space is projectivised              -space (Penrose)

... is a “1/2 Fourier transform” of momentum space:

(λa, λ̃ȧ) ) (λa,µȧ)

• Relations between Minkowski space and Twistor Space

µȧ+ xaȧλa = 0Incidence Relation:

(�a, µȧ)



Amplitudes in Twistor Space

• Performing 1/2 Fourier transform on MHV amplitude 

Hence: For MHV amplitudes all gluons 
  lie on a line in projective Twistor Space

MHV

point in Mink
line in twistor space

µȧ+ xaȧλa = 0

(�a, µȧ)

xaȧ

(�i, µi)

AMHV (�i, µi) ⇠
Y

i

�(2)(µȧ

i
+ xaȧ�ia)



MHV Diagrams
• Main Idea: MHV amplitude = local interaction in Mink

• MHV Diagramatic Rules  (tree-level Cachazo-Svrcek-Witten)

• MHV amplitudes continued off-shell as local vertices

• Connect MHV vertices with scalar propagators:

• Sum all possible diagrams

1
P2

Off-shell continuation of spinor:
Example

MHV MHV

�Pa = Paȧ⌘
ȧ

Reference 
spinor

Dependence on reference spinor
cancels in sum over diagrams

1 of 6 MHV diagrams = 220 Feynman diagrams!



MHVMHVMHVMHV
Some more 
diagrams:

…and we can also do loops with that (AB, Spence, Travaglini).

Z
dM ∑

m1,m2,h
MHVMHV

Note: no ghosts and gauge fixing; 
much fewer diagrams than Feynman,
only on-shell amplitudes enter the calculations!



Exorcising ghosts with 
Feynman’s Tree Theorem (FTT)

• Goal: prove Lorentz-inv. at loop level by re-expressing loop in 
terms of tree quantities (for which MHV diagrams give invariant 
answers)

• Also gives a new way to get loops from trees!

• Feynman realised the problem of ghosts and found a neat work-
around (before Faddeev-Popov and BRS(T))

• The FTT is based on the decomposition of the conventional 
Feynman propagator:

ΔF(P) = ΔR(P)+2πδ(�)(P2�m2)

δ(�)(P2�m2)⌘ δ(P2�m2)θ(�P0)



FTT cont’d

• Assume we use Feynman rules with            instead of 

• Since            is a causal propagator (unlike            ) any loop 
integral is zero

ΔF(P)ΔR(P)

ΔF(P)ΔR(P)

IR =
Z
∏
i
d4xi ΔR(x1� x2)V (x2)ΔR(x2� x3)V (x3) · · ·ΔR(xn� x1)V (x1) = 0

t1 > t2 > · · · > tn > t1with local vertices has support for:  

Since there are no closed time-like curves in Minkowski 
space this integral vanishes!

x1

x2

x3

x4

= 0



• Now use the decomposition of             into            and      
an on-shell delta-function (cut a la Cutkosky)

ΔF(P)ΔR(P)

IR :=
Z d4L

(2π)4
f (L,{Ki})∏

i

h
ΔF(L+Ki)�2πδ(�)�(L+Ki)2

�i
= 0

to find the FTT

IF = �
Z d4L

(2π)4
f (L,{Ki})

0

∏
i

h
ΔF(L+Ki)�2πδ(�)�(L+Ki)2

�i

In a nutshell: the FTT reduces Loops to Trees! Or more 
precisely to the sum of all possible cuts.

IF = I1�cut + I2�cut + I3�cut + I4�cut

FTT cont’d

+ + +=



FTT and MHV Diagrams

• MHV vertices are local in Minkowski space, so we can apply 
the FTT directly to MHV diagrams

• Simple proof of Lorentz invariance for the sum of MHV 
diagrams of generic (one-)loop amplitudes:               
Amplitude = sum of MHV diagrams in which one or more 
loop leg is cut:

A = A1�cut + A2�cut + A3�cut + A4�cut

key point: each set of p-particle cut diagrams sums to a 
product of tree amplitudes!



FTT and MHV Diagrams cont’d

• MHV one-loop amplitudes

MHVMHV

MHV MHV MHV MHV

The MHV diagrams have the following 1-particle and 2-
particle cuts

2-particle cuts = phase space integral of a product of 
on-shell tree amplitudes and hence are Lorentz-in.

1-particle: sum of diagrams gives a tree amplitude 
in the “forward limit”; also Lorentz-inv.!

` �`



FTT and MHV Diagrams cont’d

• more complicated cases can be treated in complete analogy

• NMHV Amplitudes (3 negative helicity gluons)

MHV

MHV

MHVMHV

MHVMHV

MHV

MHVMHV

MHV MHV MHV

MHV diagrams

2-particle 
cut diagrams

MHV

MHV

MHVMHV MHV MHV

MHV MHV MHV

one-particle cut 
diagrams



Summary

• FTT predated ghosts, BRS quantisation etc.

• Efficient proof of Lorentz invariance of MHV loop diagrams

• Has been used for loop amplitudes in QCD

• MHV rules actually follow from a light-cone gauge fixed Yang-Mills 
theory plus field redefinition (Mansfield) — no twistors needed

• I hope Manfred would have enjoyed these topics — it was very 
amusing that my research brought me back to themes Manfred 
introduced me to early in my career, and I am very grateful for the 
impact he had and continues to have on my career in so many ways


