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Hagiwara, Sumino, Yokoya`08; MC, Mitov `08                        (matching coefficients) 
Beneke, Falgari, Schwinn `09; MC, Mitov, Sterman `09        (NNLL so_ gluon resumma`on) 
Beneke, MC, Falgari, Mitov, Schwinn, in prepara`on           (poten`al effects) 

•  Threshold expansion of the gg ‐> U cross sec`on at NNLO 

•  Top quark pair produc`on at NNLO is the hot topic 

•  Many phenomenological applica`ons (not discussed here) 

•  Main progress of the last 12 months is in the threshold behaviour 
   and virtual correc`ons 

2 



Total Cross Sec`on Resumma`on 
•   Resumma`on in Mellin space 

•   The requirements stand for NNLL resumma`on 

NLL a classic result by 
Bonciani, Catani, Mangano, Nason `98 



The So_ Func`on 
•   Factoriza`on in Mellin space 

•   The so_ func`on sa`sfies a renormaliza`on group equa`on 

•   The boundary is crucial for NNLL 

anomalous dimension 
to be expanded at threshold 

MC, Mitov, Sterman `09 



How to Get the Anomalous Dims? 
•   The so_ anomalous dimensions are obtained from calcula`ons in 
    the eikonal approxima`on (scaUering of Wilson lines) 

2‐par`cle correlators 

3‐par`cle correlators 



How to Get the Anomalous Dims? 
•   As long as only two par`cle correla`ons are needed it is sufficient 
    to use form factors and similar results at two loops 

•   Others obtained this result with different methods 

MC, Mitov, Sterman `09 

Kidonakis `09             (trivial color case) 
Becher, Neubert `09 (general, based on old results by Korchemsky and Radyushkin) 



Checks and  Predic`ons 
•   Checked the qq ‐> U divergences against explicit calcula`on 
     MC, Mitov, Sterman `09 

•   Given explicit formulae for divergences in both channels 
    Ferroglia, Neubert, Pecjak, Yang `09 

•   Confirmed the gg ‐> U poles 
    Baernreuther, MC, in prepara`on 

•   The divergences are in priciple known for any massive 2‐loop 
    amplitude, thanks to the evalua`on of triple correlators 

Ferroglia, Neubert, Pecjak, Yang `09 



NNLL Resumma`on 
•   The resumma`on looks now rather like 

•   Can be cast into the tradi`onal formula with a modified DQQ 

    MC, Mitov, Sterman `09 

•   The same result obtained with SCET 
    Beneke, Falgari, Schwinn `09 (separa`on of Coulomb effects made transparent) 

•   The hard func`on contains Coulomb effects, the mixing generates 
    terms of the form log β x 1/β 



Poten`al Contribu`ons 
•  Apart from so_ gluon effects, there are enhanced contribu`ons 
  coming gluon exchanges between the propaga`ng heavy quarks 

•  These are described by poten`als, but not only Coulomb! 

•  Can be computed in NRQCD, but also obtainable from results of 
  Czarnecki, Melnikov ’97 ’01 

   on top quark pair produc`on in e+e‐ and γγ collisions 



Tricky Points 
•  Transi`on from singlet to octet 

   CF ‐> CF ‐ CA/2 works in this case too ! 

•  Subleading mixing between so_ and poten`al interac`ons 

  Correc`ons jump by two powers of the velocity – harmless ! 
  (analysis of the ultraso_ and poten`al regions to arbitrary order) 



NLO 

pp ‐> U bb 



Mo`va`on 
•  Background to UH produc`on, with 
   Higgs boson decays into a bb pair 

•  Early studies at ATLAS and CMS    
   suggested discovery poten`al 

•  Analyses with realis`c backgrounds show 
  problems if backgrounds not controlled 

•  Ujj ‐ 'reducible' background  
    
•  Ubb ‐ 'irreducible' background 
    
•  Problem: misassocia`on of b‐jets to the 
                    orginal partons 

• Reconstructed mass distribu`on 

• All samples, contribu`ons stacked 

• Signal contribu`on also shown 
  separately at the boUom.  

MH < 135GeV



Goals 

•  NLO correc`ons to 2 ‐> 4  is current technical fron`er 
•  Complexity of calcula`ons triggered crea`on of priori`zed wishlist 
•  Ubb produc`on ranges among the most wanted candidates 

•  NLO QCD correc`ons to UH 
 Beenakker, DiUmaier, Krämer, Plümper, Spira, Zerwas, ’01 

    Reina, Dawson, ’01; Dawson, Orr, Reina, Wackeroth, ’03 

•  NLO QCD correc`ons to Ubb 
 Bredenstein, Denner, DiUmaier, Pozzorini, ’08 ‘09 

•  Confirm published results 
•  Demonstrate power of system based on HELAC‐PHEGAS, 
  HELAC‐1LOOP, CUTTOOLS, ONELOOP and HELAC‐DIPOLES 
  in realis`c computa`on with 6 external legs and massive partons  



HELAC‐1LOOP 
CUTTOOLS & OPP 

•  Reduc`on at integrand level 
    Ossola, Papadopoulos, PiUau `07 `08 

•  Ra`onal terms with special 
   Feynman rules (not a problem!) 
    Draggio`s, Garzelli, Papadopoulos, PiUau `09 

HELAC‐1LOOP 

van Hameren, Papadopoulos, PiUau `09 

•  Numerator func`ons for fixed 
   loop momentum (tree level!) 



Efficiency & Precision 
•  Monte Carlo over color (full color available! 0.5 seconds per event) 

•  Reweigh`ng 

1.  much less points to evaluate 
       (200.000 for 1 permille accuracy in our case!) 

2.  based on smoothness arguments 

3.  avoids numerical instabili`es 

•  Gauge check for every event to cer`fy precision 



HELAC‐DIPOLES 
hUp://helac‐phegas.web.cern.ch/helac‐phegas/ 

•  Complete, public, automa`c Catani‐Seymour dipoles 

•  Phase space integra`on of subtracted real radia`on and integrated 
   dipoles in both massless and massive cases 

•  Extended for arbitrary polariza`ons MC, Papadopoulos, Worek, ’09 

   Monte Carlo over polariza`on states of external par`cles 

•  Phase space restric`on on the dipole phase space αmax ∈ ]0,1] 
1.  Less dipole subtrac`on terms needed per event 
2.  Increased numerical stability by decreasing size of dipole phase space 
3.  Reduced missed binning problem 
4.  Large cancella`ons between dipole subtracted real radia`on and 
        integrated dipoles 



Cutoff Dependence in Real Emission 

Dipole subtracted 
real emission 

K+P operators 

I operator 

Full result 

Internal check: 

Cutoff independence 
in distribu`ons 



Results 

Permille level 
agreement! 

Scale dependence 
reduced: 

70% (LO) ‐> 33% (NLO) 

K factor of 1.77 

for quarks only 1.03 

Bevilacqua, MC, Papadopoulos, PiUau, Worek `09 



Scale Dependence 

Scale dependence for 

µR = µF = ξmt

LO 

NLO 

Scale dependence decomposed 
into contribu`ons from real 
and virtual correc`ons 

REAL 

VIRTUAL 

Bevilacqua, MC, Papadopoulos, PiUau, Worek `09 



Distribu`ons 

b‐jet pair kinema`cs 

1.  Invariant mass 
2.  Transverse momentum 
3.  Rapidity 

single b‐jet kinema`cs 

4.  Transverse momentum 

LO & NLO 

Bevilacqua, MC, Papadopoulos, PiUau, Worek `09 



Dynamical K Factors 

Rela`vely small varia`on compared to the size, 
but shape changes important 

Bevilacqua, MC, Papadopoulos, PiUau, Worek `09 



Conclusions 
•  NNLO threshold expansion for pp ‐> U known 

•  Complete NNLO calcula`ons under way 

•  NLO pp ‐> Ubb completed by two groups 

•  Complete tool at NLO built around HELAC‐PHEGAS: 
    HELAC‐1LOOP, CUTTOOLS, ONELOOP and HELAC‐DIPOLES 

•  Other automa`c systems: 
1.  BlackHat 
2.  Rocket 
3.  Golem 


