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Plan
• We are here to celebrate Zoltan’s 80th birthday. Approximately, 

this means more than 50 years of physics!  


• In fact, first papers of Zoltan indeed appeared in the late 60s. 
Very influential papers with Riccardo Barbieri very early on 


• Aim of this talk: look back at the incredible progress done in the 
past 50 years in pQCD and at Zoltan’s role in this endeavour  

The talk will revolve around the dichotomy: 

what has changed dramatically in this time 

and what has remained essentially the same



Early stages of QCD 

• Calculations done mostly analytically by hand (no big 
computer at the time) 


• First few phenomenological milestones:


‣ NLO calculation of three-jet production in e+e- collisions 


‣ Drell-Yan at NLO 
Altarelli; Ellis, Martinelli, Petronzio ’81 

Perturbative calculations: 

Ellis, Ross, Terrano ’80 

NB: Calculations already 
done in MS scheme using 
dimensional regularisation



Z+0 jets

 Ellis, Martinelli, Petronzio '81 

With 
intrinsic kt

Without 
intrinsic kt

Accurate modelling of 
intrinsic kt extremely relevant 

today (see e.g. W-mass 
measurement from transverse 

momentum distributions) 

K-factors 
ubiquitous 

today 

K-factor for Z-boson transverse momentum 
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C-parameter in e+e-

NLO 
Many debates on π2 

resummation even today 

Ellis, Ross, Terrano ’80 
MACSYMA still used 

by Keith today! 



Many debates on choice of 
the scale in the running 

coupling even today



Many debates on choice of 
the scale in the running 

coupling even today 

Typical of Zoltan:

‣Follow closely recent progress 

‣Find clever ways to improve on already very 

hard calculations and exploit them more widely, 
effectively contributing to improving theory 
predictions  



Typical of Zoltan:


‣Close connection to phenomenology 

‣Focus of paper is on backgrounds as well 


10 years before the discovery of the top-quark … 

What I found however most astonishing: third solo 
paper I found of Zoltan during those years. I cannot 

imagine Zoltan working alone (without anybody to talk 
to!). Something must have changed over time! 



• Paper pioneers the development 
of state-of-the art methods for the 
efficient calculation of LO high-
multiplicity processes


• Use of “modern” computers to 
handle complex algebra  
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Typical of Zoltan:


‣Seek simplicity and analytic elegance 

‣Practical attitude: shorter and faster means 

more applications 




gg → gggg
Consider the amplitude for two gluons to collide and produce 
four gluons: gg → gggg
Before modern computers, this would have been barely tractable 
even at leading order (LO)

217 diagrams



gg → gggg

(1984)



In 1985 Parke and Taylor took up the challenge, using
✓ the most advanced theoretical tools available 
✓ the world best computers

they produced a final formula that would fit in 8 pages 

gg → gggg



Parke-Taylor 



Game-changer
Soon afterwards they could guess an incredible, unanticipated 
simple form (for a fixed helicity configuration) … 

Parke and Taylor, Phys. Rev. Lett 56 (1986) 2459



Game-changer
… which naturally suggested the result for an arbitrary number 
of gluons 

Parke and Taylor, Phys. Rev. Lett 56 (1986) 2459





Kunszt, Nucl. Phys. B 271 (1986) 333



Pioneering full NLO calculation 

Characteristic shapes of LO and 

NLO scales dependencies 

Validation of NLO through comparison to data 

NB: no kt-algorithm, cone algorithm still used 





…

hadronisation  
corrections 

perturbative 
convergence

Jade 
Durham 

Cambridge 



Other “pheno” highlights of the 90s



“Amplitudes” highlights of the 90s



The game-changer: FKS 



The game-changer: FKS 

😄 Together with Catani-Seymour, one of the two subtraction


     methods used in virtually all NLO calculations 

😄 Implemented e.g. in POWHEG, MC@NLO, …  


😄 Precursor of NNLO subtraction methods


😕 But … 



NLO revolution

Britto, Cachazo, Feng ’04

1) “... we show how to use generalized unitarity to read off the (box) 
coefficients. The generalized cuts we use are quadrupole cuts ...”

NB: non-zero 
because cut 
gives complex 
momenta

Quadrupole cuts: four on-shell conditions on four dimensional 
loop momentum freezes the integration. Rational part of the 
amplitude, computed separately

Two breakthrough ideas: 



NLO revolution

Ossola, Pittau, Papadopolous ’06

2) The OPP method: “We show how to extract the coefficients of 
4-, 3-, 2- and 1-point one-loop scalar integrals....”
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1. Introduction

The current TEVATRON collider and the upcoming Large Hadron Collider need a good
understanding of the standard model signals to carry out a successful search for the Higgs
particle and physics beyond the standard model. At these hadron colliders QCD plays an
essential role. From the lessons learned at the TEVATRON we need fixed order calculations
matched with parton shower Monte Carlo’s and hadronization models for a successful
understanding of the observed collisions.

For successful implementation of numerical algorithms for evaluating the fixed order
amplitudes one needs to take into account the so-called complexity of the algorithm. That
is, how does the evaluation time grows with the number of external particles. An algo-
rithm of polynomial complexity is highly desirable. Furthermore algebraic methods can be
successfully implemented in efficient and reliable numerical procedures. This can lead to
rather different methods from what one would develop and use in analytic calculation.

The leading order parton level generators are well understood. Generators have been
constructed using algebraic manipulation programs to calculate the tree amplitudes directly
from Feynman diagrams. However, such a direct approach leads to an algorithm of double
factorial complexity. Techniques such as helicity amplitudes, color ordering and recursion

– 1 –

Coefficients can be determined by solving a system of equations

Two breakthrough ideas: 



Highlights after 2000
With a series of seminal papers on D-dimensional unitarity, Zoltan 

played a key role in the development of the so-called NLO revolution 
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W+3 jets 
accuracy for one primitive amplitude

Paper written in the phase when unitarity methods were still being 
tested and validated; all ingredients provided for the computation of 
the full NLO cross section 

Ellis, Giele, Kunszt, Melnikov, GZ, 0810.2762 



Review on unitarity 

⇨ Very pedagogical, many worked out 
examples. Input and contributions of 

Zoltan absolutely crucial

Ellis, Kunszt, Melnikov, GZ, 1105.4319 



Conclusions

Ellis, Kunszt, Melnikov, GZ, 1105.4319 



A few personal 
recollections 
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Santa Barbara 2004!? Crazy times, but no pictures of Zoltan … 



Loopfest in Buffalo in 2006!!! 



Zoltan’s free time at Loopfest …   
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