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Motivation

● NNLO priority list:
   

1. Drell-Yan

2. Higgs production
in gluon fusion

3. two jet
production

4. top quark pair
production

DONE

5. gauge boson pair
production

ALMOST THERE

NEW RESULTS



  

Motivation

● What to expect from experiment:

8 million
pairs per

year

CMS study
on tops



  

Motivation

G.Dissertori
at Les Houches '07



  

Status quo of the theory

● Until now:
● NLO QCD corrections with expected precision ~10-15%

● NLO QCD corrections to tt + jet (S.Dittmaier, P.Uwer, S.Weinzierl '07, see P.Uwer's talk)

● results for NNLO virtual corrections: (A.Mitov, S.Moch, M.C. '07)

● quark-antiquark annihilation (10% contribution to the X-section)

● gluon fusion                          (90% contribution to the X-section)

● both processes in the high energy limit
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● We computed color and spin averaged amplitudes
  (can be changed in the future)

● color decomposition for the annihilation channel

● and the fusion channel
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from factorization (A.Mitov, S.Moch '06, see S.Moch's talk)

direct computation

common



  

● The leading color coefficient in quark annihilation

● Functional basis

logms , log x  , log1−x  ,Li2 x ,Li3x ,S12x ,Li4 x ,S22x ,S13x 



  

● The leading color coefficient in gluon fusion

● Functional basis

logms , log x  , log1−x  ,Li2 x ,Li3x ,S12x ,Li4 x ,S22x ,S13x 



  

Particle fluxes at the LHC

convergent high-energy expansion
                                    

                   in                 ?

what about the rest of events ?

what about the angular variation ?
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Direct computation

● Statistics
● annihilation channel

    - 190 diagrams expressed through 2812 integrals

    - 145 master integrals in the full result

    - 69   master integrals needed in the present calculation

● fusion channel

    - 726 diagrams expressed through 8676 integrals

    - 422 master integrals in the full result

    - 174 master integrals needed in the present calculation



  

Direct computation

● Reduction to masters as a first step (S.Laporta '00)

● The real problem is how to compute the masters

●  We know the functions in the solution after expansion, but that     
 doesn't help much

●  We even have an idea of the functions in the full result, but that   
 doesn't help much either

●  One of the methods to proceed:

Mellin-Barnes representations



  

Steps
● construct representations (MBrepresentation.m, G.Chachamis, M.C.)

● perform an analytic continuation in ε to the vicinity of 0 (MB.m, M.C.)

● expand in the mass by recursively closing the contours in the
   multifold integrals (MBasymptotics, M.C.)

● perform as much of the integrations with the help of the 
   Barnes lemmas

● resum the remaining integrals with non-trivial kinematic dependence
   by transforming into harmonic series (XSummer, S.Moch, P.Uwer)

● resum the remaining constants by high-precision numerical evaluation
  (~ 80 digits) and subsequent fit to a transcendental basis (PSLQ, D.Bailey)

● as a last resort expand in x and resum by fitting to a basis



  

● on-shell graphs have no Euclidean domain of definition

● need to extend the integral by using U as an independent parameter
   to have a properly defined MB representation

● loop-by-loop integration produces more compact representations in
   the case of massive integrals, but the expansion falls back on the
   massless case

● the massless loop-by-loop is six-dimensional and the U parameter
   regulates part of the divergence

● necessary to construct representations by directly integrating the
   two-loop Feynman parameter integral
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Non-planar graphs



  

● Example non-planar integral

5 mastersscalar:
square root
singularities



  

● Working with non-planar tensor integrals

Kμ

it's wiser to replace tensors
by inverse denominators (K4)

● generates an 8-fold representation, but double analytic continuation

● reduces the number of 4-folds at the end (~ 400 →  ~ 10)

● simpler structure of the result

tensors rank 2 unavoidable



  

Power corrections
● Let's consider the expansion in ms of the bare 2-loop leading 

color contribution to quark annihilation

● at x=1/2 and with r = 4 ms

● The series is derived under the assumption that                       .     
 what happens at the edge of the phase space ?
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Power corrections



  

Full mass dependence
● A practical prescription for
   implementation in MC:

- construct a dense grid
- use interpolation
- renormalize at the end

s≈590GeV



  

Merging ideas for workable numerics

sector decomposition
T.Binoth, G.Heinrich '00

integration by contour deformation
D.Soper '98, Z.Nagy, D.Soper '06

K.Melnikov, A.Lazopoulos '07, Ch.Anastasiou, A.Daleo '07

MB representations
E.Boos,A.Davydychev '91
V.Smirnov '99, B.Tausk '99

expansions from DEQs
M.Caffo, H.Czyz, E.Remiddi '98 

numerical integration of DEQs
M.Caffo, H.Czyz, E.Remiddi '98 

M.C. '07

see also R.Boughezal's talk



  

Steps
● Compute the high energy asymptotics of the master integrals 

obtaining the leading behaviour of the amplitude

● Determine the coefficients of the mass expansions using 
differential equations in ms obtaining the power corrections

● Evaluate the expansions for              to obtain the desired 
numerical precision of the boundaries

ms
d
dms

Mi ms, x ,=∑ j
Cij ms,x ,Mj ms, x ,

ms≪1

 

● Evolve the functions from the boundary 
point with differential equations first in 
ms and then in x (ODEPACK)



  

Efficiency● starting point

● singularities of coefficients 
   of DEQs:

● interpolation necessary

● relative errors required

● contour deformation

=0

x=1/21±

ms=x

ms=0.002, x=0.25

ms=0.01, x=0.01

10−14 ms, 10−12 x 

time: 1 s
precision: 10 digits
stability: 12 digits

time: 22 s
precision: 8 digits
stability: 8 digits
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W pair production
● Accurate knowledge needed
    - signal: to study the gauge structure of the Standard Model

    - background: for Higgs boson production and decay in the mass  
                       range 

● Large enhancements at the NLO level in the 
dominant quark annihilation channel

   - 70% with general LHC cuts

    - 20 – 30% with Higgs boson search cuts

● Necessity to study scale variation in the case of 
gluon fusion (leading order error determination)

    - 30% enhancement with Higgs boson search cuts, otherwise 5%

MH ∈ [140,175] GeV



  

W pair production
● Leading color contribution at 2-loops in t-channel production in 

quark annihilation

● full result soon to follow (G.Chachamis, M.C., D.Eiras)



  

Conclusions

● Leading high energy behaviour of the 2-loop virtual corrections         
   available for both production channels in the case of top pairs

● Leading high energy behaviour of the 2-loop virtual corrections         
   almost complete in the quark annihilation channel for W pairs

● Power corrections and full mass dependence in both cases are
   feasible

● Lots to be done from here...


