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  NLO calculations are/will be the workhorse of LHC physic. They are:  

  Versatile 

  Flexible 

  Not always as accurate as we might want. 

  NNLO, where possible, will ultimately define the reach of the LHC. 

  The kind of questions to be addressed at NNLO (or N3LO) are: 

  Detailed answers about the Higgs boson 

  Self consistency of the SM at the level of few percent. 

  Extract parameters with high precision (mW, mtop, Higgs, …) 

  Search for non-SM couplings  

  Say as much as possible about the nature of Dark Matter candidates.  
    If no candidate is found in direct searches, powerful exclusion limits might be very  
    valuable hints about how to think about this very real problem. 

NLO vs NNLO 
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Some things I will not cover 

  NNLO calculations and parton showers. 

  Matching NNLO with soft gluon resummation (well understood; an industry exists).   

  e+e- colliders, DIS. 

  “Classic” and well known and used hadron collider NNLO results like: 

  DY and vector boson production 

  Higgs at NNLO. 

Related discussions at this workshop 
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Grazzini, Kallweit, Rathlev, Torre ’13 
de Florian, Mazzitelli ‘13 

Z( l+l-) + γ @ NNLO 
HH @ NNLO 

Vector boson pair production at NNLO 

Following the idea of Catani and Grazzini ‘07, the availability of 2-loop amplitudes makes it  
possible to compute NNLO corrections to processes with non-strongly interacting final states. 

  First example: di-photon production. 
    Spectacular example of the need of 
    higher order corrections! 

  Very recently:  

The slow perturbative converge we know from Higgs can also be seen in HH 

Restricted, independent scale variation 

  The missing process: WW; 2 loop amplitudes not yet available 
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Anastasiou, Duhr, Dulat, Mistlberger ‘13 
Anastasiou, Duhr, Dulat, Herzog, Mistlberger ’13 
Buehler, Lazopoulos ‘13 

Higgs at N3LO 

 - Soft-triple real radiation 
 - RV: 1 Loop, H+3partons 
 - Scale dependence and collinear factorization 

Ball, Bonvini, Forte, Marzani, Ridolfi ‘13 

  The Higgs cross-section converges slowly through NNLO. Such feature is worrying.  

  What is it due to?  
  Is the converge going ot become apparent at N3LO or is it not there at all? 

  There are indications in the literature that the N3LO corrections could be as large as 17 % ! 

  While the numerical result depends on modeling (unknown) subleading soft terms, it might 
    work in Higgs production (unlike more complicated processes like tT).  
    Reason: analytical structure of the results. 

  Ongoing work towards Higgs at N3LO: 

If slow perturbative convergence is confirmed, we should perhaps rethink the perturbative  
approach to Higgs production. Alternatives, for example, are BLM-flavored approaches. 
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Dijets at NNLO 

Currie, Gehrmann-De Ridder, Gehrmann, Glover, Pires ‘13 

  Major process for the physics at hadron colliders: 

 - pdf’s 

 - resonance searches 

 - understand scale setting at large rapidity  

  Recent work towards NNLO: the gg  jj computed: 

  Early indications: 

 - good perturbative convergence 

 - subleading color O(10%) (as expected) 

 - a test bed for the antennae approach 
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H+Jet at NNLO 

Boughezal, Caola, Melnikov, Petriello, Schulze ‘13 

  NNLO calculation for gg  H+jet available 

  Early indication of good perturbative convergence. 

  Important result for Higgs physics, in particular for matching-and-merging approaches. 

  Work can be directly applied to vector boson + jet at NNLO. 

  A good check of the computational approach Czakon ’10 
Boughezal, Melnikov, Petriello ‘11 
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Top pair at NNLO 

  All partonic channels computed 

  Total inclusive only for now. 

  Computationally made possible due to novel understanding of treating  
    double real radiation. 

    The approach is of general applicability. Checked in top pair and H+j. 

  Very good perturbative convergence observed for both LHC and Tevaron. 

  Errors are small: 3% scales, 3% mtop, 3% pdf’s, … Point of saturation reached. 

  Applied to pdf’s. 

  Differential top production in progress. 

  Top decay at NNLO available.  

  Including top decay in top production is for the future.   

Bernreuther, Czakon, Fiedler, Mitov ‘12 – ‘13 

STRIPPER, Czakon ’10 

Gao, Li, Zhu ’12 
Brucherseifer, Caola, Melnikov ‘13 
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Badger, Frellesvig, Zhang ‘13 

2 loop amplitudes 

  Little is know beyond 1 loop 

Bern, Dixon, Dunbar, Kosower `94 
Britto, Cachazo, Feng `04 
Ossola, Papadopoulos, Pittau `07 
Giele, Kunszt, Melnikov `08 
… 

  Full understanding at one loop 

  2-Loop, 5-legs, planar, all “+” helicity 
   based on d-dim unitarity 

  Direct calculations:  

     Full 2-loop tT amplitudes (numerics) 

     A number of color structures known analytically 

Czakon ’07 
Baernreuter, Czakon, Fiedler ’13 (to appear) 

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus  

  It is easy to see that beyond 1 loop we lack a clear, working and general approach. 

  Unitarity type of approach has been used to derive the 4-point amplitude in N=4 SYM    
    through 4 (5) loops.  
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Goncharov, Spradlin, Vergu, Volovich ‘10 

2 loop amplitudes 

  Improvements in a number of directions: 

  Better understanding of functions appearing in Feynman integrals 
            along the lines of the symbol 

  Interesting idea: look for bases of constant trancedentality. 

  If it works it would have a non-trivial implications for the integrability of master integrals  
   (even in QCD) 

  Works in all cases that have been checked.  
Henn, Smirnov ‘13 

How to make this work in general is still an open question. 

Henn ‘12 
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From 2 loop amplitudes to 1 loop amplitudes 

  This is correct statement in principle. It is also sufficient in practice for 1 loop. 
     Not so for 2 loop. 

Bern, Dixon, Dunbar, Kosower `94 
Britto, Cachazo, Feng `04 
Ossola, Papadopoulos, Pittau `07 
Giele, Kunszt, Melnikov `08 
… 

  I mentioned that 1 loop amplitudes is a solved problem  

  In NNLO calculations all we need is the finite part of the 1-loop amplitude  (in RV) 
    (no subleading terms in epsilon are needed) 

  However the typical evaluation available on the market is too slow: 

    1 sec per point 

  For NNLO one needs few msec per point (since we integrate over the finite part). 
   True with/without masses. 

  Hand tuned codes are able to fulfill this task  
Dittmaier, Uwer, Weinzierl ’07 
S. Dittmaier (private code) 



Future tasks 

  NNLO is in good health. A new stage in precision phenomenology 

  Any process can be computed (subject to resources) given 2-loop amplitudes exist 

  Differential top production, with decays (NWA).  AFB to appear soon. 

 H+1jet was already computed (expect related Z,W+jet) at NNLO 

  Full dijet @ NNLO will become available too 

  WW, etc. 

  Going beyond NNLO for Higgs: the slow convergence is apparent and a bit disturbing. 
  Work towards N3LO in progress 
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Summary and Conclusions 

Boughezal, Caola, Melnikov, Petriello, Schulze ‘13 

Currie, Gehrmann-De Ridder, Gehrmann, Glover, Pires ‘13 

  2-to-3 at NNLO problematic (in practice). Could be interesting (3-jet/2-jet, for example). 

  Fast evaluation of  1-loop amplitudes is lacking (the available tree-level ones are OK)  
    2-loop amplitudes are an open problem. 

  Parton showers? 


