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Outline 

This will not be a usual summary. 

Here I want to talk about what we need to do to keep our 

field strong in the long term. 

Today our field is arguably the most important area of 

theoretical particle physics. 

I will draw examples that fit my theme from elsewhere  

as well as from talks at this conference. 

At this conference we have seen a large number of very  

impressive advances. 
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Loops, legs 
and phenomenology 

Formal Theory 
Experimental  

Physics 

• Important to learn from other subfields. 

• Future health of our field demands that we produce explicit 

  results of direct interest to people outside our subfield.  

Links to other fields  

A healthy field should have links to other fields.  

It must have important input into other fields. 

preaching  

to the choir  
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Fads come and go  

• Ringwaldmania  (1989) . 

• M theory as a matrix model  (1996). 

• Dijkgraaf –Vafa  (2002). 

• String based model building (1986-1989). 

   etc. 

                                          Question:  

 What should we do to ensure that we have a long-lasting 

impact? 

Some disappear 

completely and  

some have tails  

that fade in time 

Answer:  When people look back in 10 years they should say: 

   1)  A great discovery was made at the LHC because of what  

        we did. 

   2) Fundamental theoretical breakthroughs emerged from  

       work in collider phenomenology. 
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The need to link to experiments 
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The need to listen to experimenters From Joey Huston’s talk 
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From James Mueller’s talk 



Top Production at Tevatron 

(Barnreuther, Czakon and Mitov , (arXiv:1204.5201) 
¹qq! ¹tt+X
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First complete NNLO 

calculation with four  

colored partons 

contributions at NNLO 

Sufficient for Tevatron 

LO 

NNLO 

NLO 

People in the audience are doing something about this. 

See Alexander Mitov’s 

 talk 

Also many other advances in top physics background and signal:  

Talks from Dittmaier, Schultze, Bevilacqua, Kosower, Ozeren 
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From Marc-Andre Pleier’s talk 

“continue reducing the uncertainties for Higgs cross sections” 

Many talks on Higgs signal or background: Dittmaier, Frederix, 

Hoeche, Riena,  Stewart, Kuhn, Zeppenfeld, etc 
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Example of Focus on Experiments   

From  Walter Giele’s talk 

A very nice theoretical formulation.  What is their first application?  

NLO forward branching phase-space generators 
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Example:  NLO Matrix Element Method 
See Ciaran Williams talk 

What was  first application of new way to do NLO? 

Matrix element method is a technique developed by experimenters 

 to squeeze as much information as possible out of data. 
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Example:  Matrix Element Method 
See Ciaran Williams’ final slide 

A good attitude! 
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Example:  Matrix Element Method at NLO 

Rainer Wallny led single 

top analysis at CDF using  

the matrix element method 
Rainer after feeding him a  

diet of NLO MEM steroids? 
“It would really be wonderful  

if we could use the matrix element  

method at NLO!” 



14 

Example:  Uses of ROOT ntuples 

Running BlackHat+Sherpa for state of the art W+4,5 jets not so  

simple.  How do we get it to the experimenters? 

Joey is happy 

because he  

can carry out 

NLO QCD 

studies of  

W,Z+1,2,3,4 

jets and compare 

to ATLAS data. 

Joey Huston’s 

talk 

Also a good way for theorist to exchange results. 
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Example:  Uses of ROOT ntuples 

From Ozeren’s talk  



Merging NLO with Parton Showers 

Important progress on getting NLO into an experimenter friendly 

form.  Equivalent to adding NLO to Pythia. 
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See talk from Stefan Hoeche 

W+1,2,3 

jets 



Merging NLO with  Parton Showers 

An application of NLO + parton showers has been to look at  

CDF dijet anomaly. 

Frederix, Frixione, Hirschi, Maltoni, Pittau, Torrielli  (arXiv:1110.5502) 

0.00 

• CMS used Alpgen (scaled).  NLO has a slightly different shape. 

• aMC@NLO is close to Alpgen, so it looks that QCD is under  

  good control. 
17 

From talk from Frederix 

Wjj 
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Data Driven Background Estimation 

CMS uses photons to estimate Z background to susy searches. 
CMS PAS SUS-08-002;  CMS PAS SUS-10-005; arXiv:1106.4503 

¾(pp!Z(! º¹º)+ jets) = ¾(pp! °+ jets) £RZ=°

irreducible background measure this ratio is 

theory input 

Task of theorist assigned by experimenters was to understand  

conversion and give theoretical uncertainty to CMS. 

ZB,  Diana, Dixon, Febres Cordero, Hoche, Ita , D.A. Kosower, D. Maitre,  Ozeren  (arXiv:1106.1423) ; 

Ask, Parker,  Sandoval, Shea, Stirling (arXiv:1107.2803) 

See Kosower’s talk 
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 Links to formal theory 

• Examples where phenomenology calculations help formal 

theory. 

• Examples where formal theory can help us with phenomenology 

calculations.  
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Connections to Formal Areas 

Parke-Taylor (MHV) amplitude: 

A(1¡; 2¡; 3+ : : : ; n+) = i
h12i4

h12ih23i ¢ ¢ ¢ hn1i

Laid the ground for many more advances: 

1) Unitarity method. 

2) Connection to Witten’s twistor string. 

3) On-shell recursion. 

4) Explosion of interest in N = 4 sYM and N = 8 supergravity 

      amplitudes. 

• Original observation: simple pattern for 4,5,6 points.  

• Relatively minor observation led to important advances because  

  structure generalizes. 
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How is QCD Connected to N = 4 sYM? 

Connection to QCD is trivial. 

At any loop order to get N = 4 sYM from QCD: 

• Replace quarks with  1 adjoint fermion. 

• Place all states in D = 10  (equivalent to 4 fermion flavors in D = 4). 

• Put all loop momenta  in D = 4-2e. 

If you have a QCD computation,  N = 4 sYM is  

essentially free. 

Dimensional reduction of D = 10,  N = 1 susy 

N = 4 sYM plays central role in AdS/CFT and string theory 
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Connections to N = 4 sYM Theory 
Anastasiou. ZB, Dixon and Kosower;  ZB, Dixon and Smirnov 

We were calculating the 2 loop splitting amplitude in QCD 

While calculating QCD we decided to have a look at N = 4 sYM. 

Strange curiosity:  the N = 4 sYM splitting amplitude iterates 

  Who ordered that? 

Needed for checking computations of 2 loop amplitudes 

and also connected to AP splitting functions. 

2 loop splitting 
amplitude 

slightly  
off shell 

1 loop splitting 
amplitude 

nearly  
collinear 

It iterates! 



N = 4 sYM  Amplitudes  
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• Led to all-order resummation of 4, 5 point planar N= 4    

   sYM amplitude.    Agrees with string theory via AdS/CFT. 

 

• Many theorists are currently extending this 

to higher points.  

 

• Goal is to solve planar N = 4 sYM theory. 

 Explicit QCD computations can provide the key 

stimulus to a formal development in areas such as 

AdS/CFT and N = 4 sYM theory. 
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A Two-Loop Hint  

Consider the four gluon all-positive helicity amplitude in QCD. 

This is the simplest example.  If we can’t find simplicity here 

there is no hope for any other QCD amplitudes. 

Why do the planar and non-planar double boxes  

look the same? I believe this is a clue. 

 If you expand it in polylogs it is some moderate mess. 

Instead let’s write it in a special basis of integrals 

planar 

non-planar 

p q q p q p 

Bern, Dixon, Kosower 

   hep-th/0001001 

+ 

+ + 

+ 

From 2006 HP2 

(Zurich) summary talk  



25 

A Hint of What? 

 Answer is rather surprising: 

• A hint for a general all-loop duality between color and  

   kinematics, even with no susy.  Same algebraic structure. 

•  A hint for perturbative quantum gravity as a double-copy 

    of gauge theory. 

• An extremely powerful means for computing gravity  

    amplitudes and studying their UV behavior. 

ZB, Carrasco, Johansson (2010) 

The answer or even the connection to the above was not clear  

until much later and came from investigating other curiosities at  

four  loops in N = 4 sYM theory. 
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BCJ  

Consequence: Gravity as a Double Copy of Gauge Theory 

 If you have a set of duality satisfying numerators. 

                                  To get:  

  

simply take 

color factor        kinematic numerator 

gauge theory         gravity theory 

Gravity loop integrands are free! 

assume this: 

Today our most powerful means of investigating UV properties  

of (super)gravity theories uses this.  
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Britto, Cachazo, Feng and Witten 

An Ak+1 

An-k+1 

Input  from N = 4 Community  

Building blocks are  

on-shell amplitudes 

Used to generate compact analytic QCD amplitudes. 

BlackHat tree amplitudes, for example, derived using this. 

• Understanding of IR divergences developed for QCD played 

   key role in finding recursion relations. 

• Generalized unitarity in N = 4 amplitude suggested recursion. 

• Led to on-shell recursion applicable to any Standard Model 

   process at tree level. 

Tree-level on-shell recursion 

QCD                 N = 4 sYM 
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Input from N = 4 sYM Community 

From  C. Duhr’s Loops and Legs 2012 talk 

Symbols introducd to N=4 sYM by Goncharov, Spradlin, Vergu, Volovich 

Go learn about symbols if you deal with polylogs! 
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Input N = 4 sYM Community 

From  Claude Duhr’s Loops and Legs 2012 talk 

in QCD 

 QCD 

 N = 4 
Claude found it! 

 N = 4 
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Summary  

  

• It is clear the N = 4 and collider phenomenology  

communities can learn from each other. 

QCD N = 4  
sYM 

• Pay careful attention to what the experimenters actually 

  need! 

We can look forward to an exciting future 
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