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motivation

gluon fusion is the main mechanism 
for Higgs production at hadron colliders 

it is sensitive to any coloured particle 
that couples to the Higgs, e.g. the top 

the Higgs sector is untested

the Standard Model Higgs sector is likely to be wrong

extensions of the SM require new particles which may 
contribute to gluon fusion

this channel is very 

sensitive to new 

physics effects}



Assume that we find...

a relatively light Higgs with a cross section much 
different than            (                        ,                        ?)

  and/or some new heavy particles

! lot of model-building activity ...

! ... and of perturbative QCD calculations of the gluon 
fusion cross section for these models

motivation

σSM σ ∼ 0.35σSM σ ∼ 0.80σSM



it is known very precisely...

... but it required tough calculations

... and integrating out the top quark (HQET)
    (Chetyrkin, Kniehl, Steinhauser)
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gluon fusion in bsm

No NNLO calculation in any BSM model, e.g. a fourth 
fermionic generation

Why?

The low-energy theory is usually the same as in SM 
HQET, but the matching calculation at NNLO is much 
more complicated:

number of diagrams

renormalization

dependence on multiple mass scales



... many possibilities!

particles in different 
representations of 
the Lorentz group

particles of different 
mass in the loops

particles in different 
colour 

representations

different structure of 
the Higgs coupling
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separating new physics

experiments (LEP, Tevatron, ..) indicate that new particles 
must be heavy, while the Higgs is light

this allows for an effective-theory approach:
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Method

expansion by subgraphs (Chetyrkin; Gorishny; V. A. Smirnov)

        + small momentum expansion (Fleischer, Tarasov):
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expansion by subgraphs (Chetyrkin; Gorishny; V. A. Smirnov)
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technical challenges

Large number of Feynman diagrams 

Apply costly differentiations for Taylor expansion

Reduce a large number (~105) of integrals  to master 
integrals

! can be done with
" QGRAF (Nogueira)

" Mathematica
" FORM (Vermaseren)

" AIR (Anastasiou, Lazopoulos)

! same methods for SM and BSM Wilson coefficients

~ 500 in the SM, ~ 4000 in MSSM, ~ 6000 in composite Higgs, ...



technical challenges

Evaluate the master integrals

! much more difficult than in the SM (many mass 
scales)

! impossible with traditional analytic methods



Scalar qcd

part of supersymmetric models or other extensions of 
the SM

first new result with our techniques

not very different from the SM calculation, if only one 
heavy squark

new vertices:



one-scale master integrals

same as for the SM (MATAD, Steinhauser)

non-trivial check of our 

numerical methods
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Scalar qcd
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4TH GENERATION

the two mass scales appear together at NNLO for the first 
time:

can use the same routines as for the previous calculation

master integrals now contain up to two, different, 
massive propagators

+  other 115



4TH GENERATION
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sector decomposition

method for calculating numerically divergent multi-
dimensional integrals

can be applied regardless of the number of mass scales

own efficient implementation

Hepp; Denner, Roth; Binoth, Heinrich; Anastasiou, Melnikov, Petriello;  
Anastasiou, Beerli, Daleo; Lazopoulos, Melnikov, Petriello 



4TH GENERATION
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applications

First NNLO matching calculation for scalar QCD and 
fourth SM generation

.. to come:

composite Higgs models at NNLO

MSSM at NNLO

... and whatever the LHC asks for!



conclusions

the Higgs boson is likely to come with some new physics

many viable BSM theories exist, and many need to 
introduce new, coloured particles

they can significantly affect the gluon-fusion cross section

effective theory disentangles new physics from QCD 

we have automatised the matching procedure for BSM 
models through NNLO

ready for high-precision predictions for Higgs boson cross-
section
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