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}  Fixed order: expand in powers of coupling constants 
}  One more order = one extra particle or one more loop 

}  Leading order 
}  Capture basic features of scattering process 
}  Usually input to parton shower (multiple radiation) 

}  Higher orders 
}  Increasingly accurate in shape and normalization 
}  Describe more and more details of final state 

Higher order corrections 

LO                NLO             NNLO     
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}  Why NLO? 
}  reduce scale uncertainty of LO theory prediction  
}  reliable normalization and shape 
}  accounts for effects of extra radiation 
}  jet algorithm dependence 

}  Typical observations   
}  sizable NLO corrections 
}  corrections not constant, but kinematics-dependent 
}  remaining uncertainty at NLO typically 10-20% 
 

NLO multi-particle production 
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}  Leading-order multi-purpose tools available for 25+ years 
}  Enormous progress in getting NLO predictions for 

2➞(4,5,6,…) processes over the last years 
}  Made possible by   

}  Improved techniques for loop amplitudes 
}  Crucial: a high level of automation 

}  Well-defined interfaces (Binoth Les Houches accord) 
}  combine different ingredients from different codes 

NLO multi-particle production  
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}  One-loop amplitudes 
}  BlackHat (Z. Bern, L. Dixon, F. Febres Cordero, S. Höche, H. Ita, D. Kosower, D. Maitre) 

}  GoSam (G.Cullen, N.Greiner, G.Heinrich, G Luisoni, P. Mastrolia, G.Ossola, F.Tramontano) 

}  RECOLA (S. Actis, A. Denner, L. Hofer, J.N. Lang, A. Scharf, S. Uccirati) 

}  OpenLoops (F. Cascioli, P. Maierhöfer, S. Pozzorini) 

}  NJet (S. Badger, B. Biedermann, P. Uwer, V.  Yundin) 

}  MadLoop/aMC@NLO (R. Frederix et al.) 

}  CutTools (G. Ossola, C. Papadopoulos, R. Pittau) 

}  Real radiation, subtraction terms and                                       
phase space (infrastructure) 
}  From event generator programs 

NLO automation    

ͻ Virtual corrections 
Automatized recently: 
• FEYNARTS/FORMCALC/LOOPTOOLS (public) 

 

• HELAC-NLO (public) 

 
• MadLoop 
  
• OpenLoops 

 

• GoSam (public) 
 

 
Dedicated programs also involve high level of 

automation: 
 

[Hahn et al.] 

Automation in NLO calculations 
ͻ Different ingredients of a NLO calculation have also different 

levels of automation according to their complexity: 

G.Luisoni, 4th September 2012 

Born Real 
corrections 

Subtraction 
terms 

Virtual 
corrections 

NLO 

NLO Revolution 

[Bevilacqua, Czakon, van Hameren, 
 Papadopoulos, Pittau, Worek,  11] 
[Hirschi,Frederix,Frixione,Garzelli, 
Maltoni,Pittau ,11] 

[Cullen, Greiner, Heinrich, GL, Mastrolia, 
Ossola, Reiter, Tramontano, 11] 

Denner-Dittmaier et al., VBFNLO (public), MCFM (public), 
NGLUON (public), BLACKHAT, ROCKET. 

[Cascioli, Maierhöfer,Pozzorini , 12] 
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}  MCFM, VBFNLO (J. Campbell, K. Ellis, C. Williams; D. Zeppenfeld et al.) 

}  Extensive libraries of NLO QCD processes 

}  MG5_aMC@NLO (F. Maltoni, S. Frixione et al.)  
}  Full event generation with automation of one-loop amplitudes 
}  Matching to parton shower (MC@NLO method) 

}  SHERPA (F. Kraus et al.) 

}  Interfaces to one-loop codes (OpenLoops, BlackHat, Njet, GoSam) 

}  Matching to parton shower (MC@NLO, POWHEG methods) 
}  Matching of NLO multiplicities (MENLOPS) 

}  HERWIG (S. Gieseke, S. Plätzer, P. Richardson et al.) 

}  Full event generation with one-loop from GoSam or VBFNLO 
}  Matching to parton shower (MC@NLO method) 

Tools for NLO calculations 
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}  Extension of automated NLO codes to include 
electroweak corrections 
}  OpenLoops (S. Kallweit, J. Lindert, P. Maierhöfer, S. Pozzorini, M. Schönherr) 

}  MG5_aMC@NLO (S. Frixione, V. Hirschi, D. Pagani, H. Shao, M. Zaro) 

}  RECOLA (S.Actis, A. Denner, L. Hofer,                                                              
J.N. Lang, A. Scharf, S. Uccirati)  

}  Issue of ordering of corrections:                                     
QCDxEW or QCD+EW 

}  Applications 
}  Top pair production                                         

(MG5_aMC@NLO) 

}  Vector boson plus multijet                                           
(OpenLoops+Sherpa) 

NLO QCD+EW 
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Figure 20. Distribution in the transverse momentum of the reconstructed vector boson in `�⌫̄` + jets
production with standard cuts (left) and in presence of an extra cut ��j

1

j
2

< 2.5 (right). The upper frame
displays absolute predictions obtained with MEPS@NLO QCD merging (green) and its extension to NLO
QCD+EW accuracy including (red) or excluding (black) mixed Born contributions to V + 2 jet topologies
(LO mix). Relative corrections with respect to MEPS@NLO QCD are shown in the lower panels. The bands
correspond to scale variations, and in the case of ratios only the numerator is varied.

5.5 Numerical MEPS@NLO QCD+EW results for pp ! V + 0, 1, 2 jets

Based on the above described multijet merging method, in this section we present an inclusive sim-
ulation of `�⌫̄`+multijet production that includes NLO QCD+EWvirt correction effects in phase-
space regions with up to two resolved jets. In addition to the settings summarised in (2.5)–(2.10)
we set the renormalisation scale according to (5.5), and both factorisation and resummation scales
to the core scale defined in (5.6). The remaining free parameter, the merging scale separating the
individual jet multiplicities, is set to Qcut = 20GeV. To estimate the uncertainties of our calcula-
tion, we vary the renormalisation and factorisation scales by a factor two in a correlated way. The
resummation and merging scales are not varied here as they give rise to much smaller uncertainties
for the observables to be studied in this paper. While this observation has already been made in
various studies based on the MEPS@NLO method [98, 108–113], in Appendix B we show that it
holds true also in the multi-TeV regime, where the gap between the merging scale and the hard
scattering energy can reach two orders of magnitude. The presented analysis has been implemented
in Rivet [114].

The first observable we study is the transverse momentum of the reconstructed W boson in
`�⌫̄` + jets production, as detailed in Fig. 20. This observable receives significant contributions from
two-jet topologies, which are, however, typically dominated by a first hard jet, while the second jet
tends to be much softer. For this reason we observe a rather similar behaviour of NLO QCD+EW
effects in fixed-order calculations for `�⌫̄` + 1 jet (Fig. 5) and `�⌫̄` + 2 jets (Fig. 6), as well as in
their combination through exclusive sums (Fig. 15) and with MEPS@NLO QCD+EWvirt merging
(Fig. 20). More precisely, apart from statistical fluctuations and minor differences due to different
scale choices, MEPS@NLO QCD+EWvirt predictions are in good agreement with `�⌫̄` + 2-jet re-
sults, both for what concerns the size of electroweak corrections and scale uncertainties. At high

– 30 –
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}  NNLO predictions 
}  expected to have a per-cent level accuracy 
}  yielding first reliable estimate of theoretical uncertainty   

}  For processes measured to few per cent accuracy 
}  jet production 
}  vector boson (+jet) production 
}  vector boson pair prodcution 
}  top quark pair production 

}  For processes with potentially large perturbative 
corrections 
}  New channels and/or phase space regions open up  

}  Higgs or vector boson pair production 

 

NNLO accuracy for at hadron colliders    
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}  Require three principal ingredients  
}  two-loop matrix elements 

}  explicit infrared poles from loop integral   
§  known for all massless 2 → 2 processes  

}  one-loop matrix elements 
}  explicit infrared poles from loop integral 
}  and implicit poles from single real emission 

§  usually known from NLO calculations 

}  tree-level matrix elements 
}  implicit poles from double real emission 

§  known from LO calculations 

}  Infrared poles cancel in the sum 
}  Challenge: combine contributions into parton-level generator 

NNLO calculations 
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Multi-loop amplitudes 
}  Key ingredient to higher order QCD corrections 
}  Two challenges 

}  Expression of amplitude in terms of master integrals 
}  Calculation of master integrals 

}  Integral reduction techniques 
}  Integration-by-parts (K. Chetyrkin, F.  Tkachev; S. Laporta) 

}  Unitarity-based methods 
}  Integrand reduction 

}  Calculation of integrals 
}  Direct evaluation (numerical: sector decomposition) 
}  Differential equations (A. Kotikov; E. Remiddi, TG; J. Henn) 
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Two-loop amplitudes 
}  Master integrals from differential equations 

}  Differentiate integrand with respect to masses and momenta 
}  Apply integration-by-parts identities 

 
 
}  Integrate differential equations and match boundary  

}  Systematic approach 
}  dlog-form, alphabet of process (J. Henn) 

}  Integration: polylogarithms, symbol, coproduct (A. Goncharov; C.Duhr)  

The two remaining ones are master integrals. Written out in terms of propagators, they read:

-
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Both fulfil inhomogeneous di↵erential equations. For a vertex p123 ! p12 + p3, the appropriate variables
for the di↵erential equations are s123 and s12. To illustrate the structure of the di↵erential equations, we
quote them for (5.9):
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The boundary conditions for s123 = 0 or s12 = 0 are obtained directly from the vertex integrals with one
o↵-shell leg quoted above. Using these, one finds
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(5.12)
The second master integral can be obtained from this by analytic continuation of the hypergeometric
function:
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(5.13)
Vertex integrals with three o↵-shell legs can not appear as subtopologies in two-loop four-point func-

tions with one o↵-shell leg.

5.3 t = 5

The two-loop two-point function with t = 5 is a well known example [3, 4] for the application of IBP
identities:
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Two-loop amplitudes 

}  Analytic 2 →2 results for processes with jets 
}  Di-jet production (C. Anastasiou, E.W.N. Glover, C. Oleari, M. Tejeida-Yeomans;            

Z. Bern, L. Dixon,  A. De Freitas) 

}  Vector-boson-plus-jet production                                                  
(L. Garland, E.W.N. Glover,  A. Koukoutsakis, E. Remiddi, L. Tancredi, E. Weihs, TG) 

}  Higgs-boson-plus-jet production (E.W.N. Glover, M. Jaquier,  A. Koukoutsakis, TG)  

}  Top quark pair production 
}  Numerical representation (P. Bärnreuther, M. Czakon, P. Fiedler) 

}  Vector boson pairs 
}  Vector-boson-plus-photon (L. Tancredi, TG) 

}  Pair of massive vector bosons: W+W-, Z0Z0, W±Z0                                                                 
(F. Caola, J. Henn, K. Melnikov,  A&V. Smirnov; A. von Manteuffel, L. Tancredi, TG) 
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Real radiation at NNLO: factorization 
}  Single unresolved radiation at one loop 

}  One-loop correction to collinear splitting factors                     
(Z. Bern, V. Del Duca, W. Kilgore, C. Schmidt) 

}  One-loop correction to soft eikonal factor (S. Catani, M. Grazzini) 

}  Double unresolved radiation factors at tree level                         
(J. Campbell, E.W.N. Glover; S. Catani, M. Grazzini) 

}  Double soft 
}  Soft/Collinear 
}  Triple collinear 
}  Double single collinear 

}  Require method to extract singular contributions 
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Real radiation at NNLO: methods 
}  Sector decompostion                                                            

(T. Binoth, G. Heinrich; C. Anastasiou, K. Melnikov, F. Petriello) 

}  Partition of phase space into sectors of non-overlapping singularities 
}  Laurent expansion of integrand 

}  Numerical sector integrals 

}  Sector-improved subtraction schemes                                   
(M. Czakon; R. Boughezal, K. Melinkov, F. Petriello) 

}  Residue subtraction: universal singular factors 
}  Integration of subtraction terms using sector decomposition 

(1� z)�1�✏ = �1

✏
�(1� z) +

X

n

(�✏)n

n!

✓
lnn(1� z)

1� z

◆

+
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Real radiation at NNLO: methods 
}  qT-subtraction (S. Catani, M. Grazzini) 

}  Production of colourless final states at hadron colliders 
}  Universal behaviour for small transverse momentum from resummation 
}  Cut off real radiation phase space at small transverse momentum 

}  N-jettiness subtraction                                                                  
(R. Boughezal, X. Liu, F. Petriello; J. Gaunt, M. Stahlhofen, F. Tackmann, J. Walsh) 

}  Use N-jettiness variable as cut-off for N-jet final state 

 
 

 

d�F
NNLO = HF

NNLO ⌦ d�F
LO +

h
d�F+jet

NLO � d�CT
NLO

i

⌧N =
2

Q2

X

k

min {qa · pk, qb · pk, q1 · pk, . . . qN · pk}
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Real radiation at NNLO: methods 
}  Antenna subtraction (A. Gehrmann-De Ridder, E.W.N. Glover,  TG) 

}  Subtraction terms constructed from antenna functions 
}  Antenna function contains all emission between two partons 

 

}  Projection-to-Born (M. Cacciari, F. Dreyer,  A. Karlberg, G. Salam, G. Zanderighi) 

1 1
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(b) NNLO "inclusive" part (from structure function method) (c) NNLO "exclusive" part (from VBF H+3j@NLO)
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projected one−loop single real

+ +

FIG. 1: (a) Illustration of the Born VBFH process. (b) NNLO corrections to the upper sector of the VBF process, from the
“inclusive” part of our calculation. (c) Corresponding “exclusive” part. The double-real and one-loop single-real counterevents
in the exclusive part cancel the projected double-real and one-loop single-real contributions in the inclusive part. In the
“projected” and “counterevent” contributions, the dashed lines corresponds to the full set of parton momenta that are integrated
over (for the structure functions, this integral is implicit in the derivation of the coe�cient functions), while the solid lines
correspond to the partons that are left over after projection to Born-like kinematics and then passed to the analysis. The
projection does not change the direction of initial partons and so the corresponding incoming dashed lines are implicit.

quark ! quark + V , then it is straightforward to show
that knowledge of the vector-boson momentum q

1

(q
2

)
uniquely determines the momenta of both the incoming
and outgoing (on-shell) quarks,

p
in,i = xiPi, p

out,i = xiPi � qi . (1)

We exploit this feature in order to assemble a full cal-
culation from two separate ingredients. For the first one,
the “inclusive” ingredient, we remain within the struc-
ture function approach, and for each set of q

1

and q
2

use
Eq. (1) to assign VBF Born-like kinematics to the up-
per and lower sectors. This is represented in Fig. 1b
(showing, for brevity, just the upper sector): for the
two-loop contribution, the Born kinematics that we as-
sign corresponds to that of the actual diagrams; for the
tree-level double-real and one-loop single-real diagrams,
it corresponds to a projection from the true kinematics
(2 ! H + n for n = 3, 4) down to the Born kinemat-
ics (2 ! H + 2). The projected momenta are used to
obtain the “inclusive” contribution to di↵erential cross
sections. Note that the Higgs momentum is una↵ected
by the projection.

Our second, “exclusive”, ingredient starts from the
NLO fully di↵erential calculation of vector-boson fusion
Higgs production with three jets [16, 17], as obtained in
a factorised approximation, i.e. where there is no cross-
talk between upper and lower sectors.2 Thus each par-
ton can be uniquely assigned to one of the upper or lower
sectors and the two vector-boson momenta can be unam-
biguously determined. For each event in a Monte Carlo
integration over phase space, with weight w, we add a

2 The NLO calculation without this approximation is given in
Ref. [18].

counterevent, with weight �w, to which we assign pro-
jected Born VBF kinematics based on the vector-boson
momenta and Eq. (1). This is illustrated in Fig. 1c.
From the original events, we thus obtain the full mo-
mentum structure for tree-level double-real and one-loop
single-real contributions. Meanwhile, after integration
over phase space, the counterevents exactly cancel the
projected tree-level double-real and one-loop single-real
contributions from the inclusive part of the calculation.
Thus the sum of the inclusive and exclusive parts gives
the complete di↵erential NNLO VBFH result.3

For the implementation of the inclusive part of the cal-
culation, we have taken the phase space from POWHEG’s
Higgs plus two-jet VBF calculation [20], while the matrix
element has been coded with structure functions evalu-
ated using parametrised versions [21, 22] of the NNLO
DIS coe�cient functions [23–25] integrated with HOPPET
v1.1.5 [26]. We have tested our implementation against
the results of one of the codes used in Ref. [9, 10] and
found agreement, both for the structure functions and the
final cross sections. We have also checked that switching
to the exact DIS coe�cient functions has a negligible im-
pact. A further successful comparison of the evaluation of
structure functions was made against APFEL v.2.4.1[27].

For the exclusive part of the calculation, as a starting
point we took the NLO (i.e. fixed-order, but not parton-
shower) part of the POWHEG H+3-jet VBF code [17], it-
self based on the calculation of Ref. [16], with tree-level
matrix elements from MadGraph 4 [28]. This code al-
ready uses a factorised approximation for the matrix ele-
ment, however for a given phase-space point it sums over

3 Our approach can be contrasted with the di↵erential NNLO
structure-function type calculation for single-top production [19]
in that we do not need any fully di↵erential ingredients at NNLO.
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NNLO calculations: results 
}  Sector decomposition 

}  pp → H, pp → V, including decays                                                                  
(C. Anastasiou, K. Melnikov, F. Petriello; S. Bühler, F. Herzog, A. Lazopoulos, R. Müller) 

}  Sector-improved residues 

}  pp → tt (M. Czakon, P.  Fiedler,  A. Mitov) 

}  pp → H+j (R. Boughezal, F. Caola, K. Melnikov, F. Petriello, M. Schulze)  

}  pp → t+j (M. Brucherseifer, F. Caola, K. Melnikov) 
}  qT subtraction  

}  pp → H, pp → V, pp →γγ, pp → VH                                                                     
(S. Catani, L. Cieri, D. de Florian, G. Ferrera M. Grazzini, F. Tramontano) 

}  pp → VV (M. Grazzini et al.) 

}  N-Jettiness subtraction 

}  pp → H+j (R. Boughezal, C. Focke, W. Giele, X. Liu, F. Petriello) 

}  pp → W+j (R. Boughezal, C. Focke, X. Liu, F. Petriello) 

}  pp → Z+j (R. Boughezal, J. Campbell, K. Ellis, C. Focke, W. Giele, X. Liu, F. Petriello) 

}  pp → Ɣ+j (J. Campbell, K. Ellis, C. Williams) 
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Real radiation at NNLO: results 
}  Antenna subtraction (NNLOJET) 

}  pp → H+j (J. Cruz-Martinez, X. Chen, E.W.N. Glover, M. Jaquier, TG) 

}  pp → Z+j (A. Gehrmann-De Ridder, E.W.N. Glover, A. Huss, T. Morgan, TG) 

}  pp → 2j (J. Currie, A. Gehrmann-De Ridder, E.W.N. Glover, A. Huss, J. Pires, TG) 

}  ep → 2j (J. Currie, E.W.N. Glover, A. Huss, J. Niehues, TG) 

}  Projection-to-Born 
}  pp → H+2j (VBF) (M. Cacciari, F. Dreyer,  A. Karlberg, G. Salam, G. Zanderighi) 
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Z pT-distribution at NNLO 
}  Classical QCD observable 

}  Measured: pT= 1...1000 GeV 
}  Constrains gluon distribution                                             

(R.Boughezal, A. Guffanti, F. Petriello, M. Ubiali) 

}  NNLO improves description of                                            
data in shape and normalization 

}  Related observable 

}  purely from lepton directions 
}  Higher resolution at low pT 
}  NNLO reliable to pT=5 GeV 
}  Challenge for numerics 
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}  Inclusive jet and di-jet production 
}  Constraints on parton distributions 
}  Determination of αs 

}  Hadron collider: LHC/Tevatron                                       
(J.Currie, et al.) 

}  Per-cent level accuracy at NNLO 
}  Reduced spread among scale choices 
}  Improved description of dependence                                    

on transverse momentum and rapidity 

}  Deep inelastic scattering: HERA                                          
(J. Currie, A. Huss, J. Niehues, TG) 

}  Prepare interfaces to PDF  
}  Revisit gluon distribution 

Di-jet production at NNLO 
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Towards NNLO automation 
}  Methods for real radiation at NNLO becoming mature 

}  qT subtraction 
}  N-Jettiness subtraction 
}  Sector-improved schemes 
}  Antenna subtraction 

}  Issues 
}  Automation of code generation 
}  Numerical efficiency and stability 
}  Dissemination of results 

}  K-factors, event N-tuples, coefficient grids, … ? 
}  Availability of two-loop amplitudes 
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Multi-loop amplitudes 
}  Limit in complexity at two loops: 2 → 2 

}  Up to two external masses, one internal mass 
}  pp → V1V2, pp → tt available  
}  2 → 3 ongoing: gg → ggg (S. Badger, G. Mogull, A. Ochirov, D. O’Connell; J. Henn. 

A. Lo Presti, TG; C. Papadopoulos, D. Tomassini, C. Wever) 

}  Limit in complexity at three loops: 2 → 1 (or equivalent) 
}  DIS three loop splitting and coefficient functions                         

(S. Moch, A. Vogt, J. Vermaseren) 

}  Heavy quark DIS coefficient functions at NNLO                                                                 
(J. Ablinger, A. Behring, J. Blümlein, A. Hasselhuhn,  A. von Manteuffel, C.G. Raab, M. Round,                                                                          
C. Schneider, F.  Wissbrock) 
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Higgs production in gluon fusion at N3LO 

}  N3LO contributions to Higgs production (P. Baikov, K. Chetyrkin,          
V. Smirnov, A. Smirnov, M. Steinhauser; N. Glover, T. Huber, N. Ikizlerli, C. Studerus, M. Jaquier,         
A. Koukoutsakis, C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, B.Mistlberger, E. Furlan, Y. Li, A. von 
Manteuffel, R. Schabinger, H.X. Zhu, C. Anzai,  A. Hasselhuhn, M. Hoschele, J. Hoff, W. Kilgore, M. 
Steinhauer, T. Ueda, TG) 

}  Three-loop form factor 
}  Two-loop single real 
}  One-loop double real 
}  Tree-level triple real 

}  Coefficient function (C. Anastasiou,                                                                       
C. Duhr, F. Dulat, F. Herzog, B. Mistlberger)  

}  From high-order expansion                                                                   
around threshold 
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Higgs production in gluon fusion 

}  Precise prediction mandatory for                                  
coupling extraction 

}  N3LO coefficient function plus 
}  Quark mass corrections at NLO 
}  Electroweak corrections 

}  Sources of uncertainty 
}  PDF and strong coupling 
}  Resummation effects 
}  Truncation error 

}  Prediction for 13 TeV                                                          
(C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, F. Herzog, A. Lazopoulos, B. Mistlberger, TG)  
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High precision determination of the gluon fusion

Higgs boson cross-section at the LHC
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bTheoretical Physics Department, CERN, Geneva, Switzerland
cCenter for Cosmology, Particle Physics and Phenomenology (CP3),
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Abstract: We present the most precise value for the Higgs boson cross-section in the

gluon-fusion production mode at the LHC. Our result is based on a perturbative expansion

through N3LO in QCD, in an e↵ective theory where the top-quark is assumed to be in-

finitely heavy, while all other Standard Model quarks are massless. We combine this result

with QCD corrections to the cross-section where all finite quark-mass e↵ects are included

exactly through NLO. In addition, electroweak corrections and the first corrections in the

inverse mass of the top-quark are incorporated at three loops. We also investigate the

e↵ects of threshold resummation, both in the traditional QCD framework and following a

SCET approach, which resums a class of ⇡2 contributions to all orders. We assess the uncer-

tainty of the cross-section from missing higher-order corrections due to both perturbative

QCD e↵ects beyond N3LO and unknown mixed QCD-electroweak e↵ects. In addition, we

determine the sensitivity of the cross-section to the choice of parton distribution function

(PDF) sets and to the parametric uncertainty in the strong coupling constant and quark

masses. For a Higgs mass of mH = 125 GeV and an LHC center-of-mass energy of 13 TeV,

our best prediction for the gluon fusion cross-section is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory)± 1.56 pb (3.20%) (PDF+↵s)

Keywords: Higgs physics, QCD, gluon fusion.
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Where do we stand? 
}  Witnessed an NLO revolution 

}  Previously unthinkable NLO QCD+EW multi-particle 
calculations now feasible due to technological breakthroughs 

}  High-level of automation 
}  Standarization of interfaces: combine different codes 

(providers) 
}  Interface to experiment (codes, ntuples, histograms,..)? 

}  Substantial progress on NNLO calculations 
}  Several different methods available 
}  Close interplay with resummation 
}  Calculations on process-by-process basis 
}  Codes typically require HPC infrastructure 
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Future Directions 
}  NNLO automation 

}  Uncover analytical structures to organize calculation  
}  Develop standard interfaces 
}  Interface to experiment ? 

}  Beyond NNLO 
}  N3LO precision for benchmark processes 
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