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We summarize the status of automated next-to-leading order (NLO) Standard Model (SM)
corrections for hadron and lepton collider processes in the multi-purpose event generator
WHIZARD. The focus will be on NLO electroweak (EW) and QCD-EWmixed corrections at the
LHC. Also, recent progress on the inclusion of EW corrections in future lepton collider processes
and on the POWHEG-matched event generation in the NLO automated setup will be discussed.
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1. Introduction – Automated NLO corrections in WHIZARD

Monte-Carlo event generators are indispensable tools for simulating physics in a universal
manner with a predictive power at the level of exclusive data. WHIZARD [1] is a multi-purpose
generator for cross sections, distributions and simulated event samples for lepton and hadron collider
processes covering physics of the SM and beyond. It provides an intrinsic tree-level matrix element
generator O’Mega [2] and a phase-space integrator VAMP2 [3] with parallelization capabilities based
on the Message Passing Interface (MPI). This automated framework recently has been extended
accounting for complete perturbative NLO corrections in the full SM, i. e. NLO QCD, EW and
mixed corrections. The regularization of infrared singularities is based on Frixione-Kunszt-Signer
(FKS) subtraction where one-loop virtual matrix elements are accessed by generic interfaces to
one-loop providers such as OpenLoops [4], RECOLA [5] and GoSam [6]. The matching of NLO
QCD event generation to parton showers in WHIZARD happens via the POWHEG scheme.

We defer a detailed documentation of the complete NLO module, involving the extension
of the NLO QCD automated framework [7, 8], to a separate publication. We summarize recent
developments towards the NLO EW automated setup as well as the POWHEG matching below.

2. NLO EW and SM mixed corrections at the LHC

Automated NLO EW corrections for LHC processes in general impose new computational
challenges in theoretical predictions. First of all, photon-induced processes as well as QED IR-
safety criteria, e. g. requiring photon recombination, play a role already for pure EW processes.
Concerning off-shell vector boson processes of this class the WHIZARD+OpenLoops NLO EW
framework is validated with MG5_aMC@NLO [9]. Results of these checks for a selection of benchmark
processes including neutral- and charged-current processes (with and without associated Higgs),
VBF as well as single top plus jet processes are listed in Table 1. The input parameters for the
checks presented in this section are chosen according to the setup in ref. [9], particularly,

√
s = 13 TeV, µR = µF =

HT

2 =
1
2
∑

i

√
p2
T,i + m2

i , α input scheme: Gµ CMS.

process αn MG5_aMC@NLO σtot
NLO [pb] WHIZARD σtot

NLO [pb] δ [%] σ
sig
NLO

pp → +OpenLoops

e+νeµ
−ν̄µ α4 0.52794(9) 0.52816(9) +3.69 1.69

e+e−µ+µ− α4 0.012083(3) 0.012078(3) −5.25 1.26
He+νe α3 0.064740(17) 0.064763(6) −4.04 1.24
He+e− α3 0.013699(2) 0.013699(1) −5.86 0.32
H j j α3 2.7058(4) 2.7056(6) −4.23 0.27
t j α2 105.40(1) 105.38(1) −0.72 0.74

Table 1: Checks for a set of pure EW off-shell vector boson processes at the LHC with δ ≡ σtot
NLO/σ

tot
LO − 1

Furthermore, for processes with on-shell bosons VV , VH, VVV , VVH and VHH with V =
W±, Z agreeing NLO EW cross section results with those of MUNICH/MATRIX [10, 11] using
OpenLoops could be achieved for relative MC errors well-below sub-per-mille level.

For processes at O(αs) and higher NLO fixed order contributions possibly contain overlapping
QCD-EW corrections demanding for the subtraction of both, QED and QCD IR singularities. More
precisely, both correction types of possible IR splittings have to be considered in the counterterms
for all NLO contributions at fixed coupling powers except for those at orders leading in αs or α.
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σtot [fb] σsig rel. deviation
pp → t t̄H αm

s α
n MUNICH+OpenLoops WHIZARD+OpenLoops

LO21 α2
sα 3.44865(1) · 102 3.4487(1) · 102 0.76 0.003%

LO12 αsα
2 1.40208(2) · 100 1.4022(1) · 100 1.44 0.011%

LO03 α3 2.42709(1) · 100 2.4274(2) · 100 2.07 0.011%
NLO31 α3

sα 9.9656(4) · 101 9.968(4) · 101 0.62 0.023%
NLO22 α2

sα
2 6.209(1) · 100 6.208(2) · 100 0.20 0.009%

NLO13 αsα
3 1.7238(2) · 100 1.7232(5) · 100 1.24 0.040%

NLO04 α4 1.5053(3) · 10−1 1.5060(7) · 10−1 1.00 0.048%

Table 2: Comparison of all fixed order LO and NLO contributions to the cross section of pp→ tt̄H

By appropriate modifications of the FKS automated framework in WHIZARD the contributions of
the whole tower of coupling powers can be computed. By interfacing OpenLoops process libraries
the validation of all αs leading and subleading NLO contributions of pp → tt̄(H/Z/W±) has
been performed with reference results of MUNICH/MATRIX. Results for pp → tt̄H are exemplarily
shown in Table 2. Due to IR-safety criteria photons have to be treated on a democratic basis with
gluons in the jet definition. This yields a non-trivial phase-space cut evaluation including photon
recombination and jet clustering for processes with jets and leptons in the final state. In this context,
checks with MG5_aMC@NLO for pp → e+νe j and pp → e+e− j are performed with results listed in
Table 3.

pp → αm
s α

n MG5_aMC@NLO σtot
NLO [fb] WHIZARD+OpenLoops σtot

NLO [fb] δ [%] σ
sig
NLO

e+νe j αsα
2 9.0475(8) · 105 9.0459(7) · 105 −1.11 1.5

e+e− j αsα
2 1.4909(2) · 105 1.4908(2) · 105 −1.00 0.4

Table 3: Checks for cross sections at NLO EW for representative processes requiring involved cuts

3. Lepton collider processes at NLO EW

Under certain conditions predictions for lepton collision processes at NLO EW are reliable in a
fixed order massive initial state approximation. Using NLO EW accurate amplitudes from RECOLA
this is automated in WHIZARD with adjusted FKS phase space construction for massive initial-state
emitters. This framework is used in our recent study on NLO EW corrections to multi-boson
production at a future muon collider [12]. For a universal treatment of collinear ISR effects in NLO
calculations NLL accurate electron PDFs [13, 14] - implemented and validated in WHIZARD - have
to be applied. Embedding these into the FKS framework is under development. Numerical pitfalls
are posed by the interplay of FKS ISR construction and the divergent behavior of the PDFs in the
asymptotic z → 1 limit which is being handled by adequate phase-space mappings.

4. POWHEG-matched and showered NLO event generation

The work on the POWHEGmatching in WHIZARD started with earlier studies on e+e− → tt̄(H)
precision calculations [15]. Aiming for a generalization of the POWHEG matching to arbitrary
processes the implementation now has been extended to pp processes with validation completed for
Drell-Yan and similar processes. Comparisons of pT,e− , me+e− and ye− distributions for pp→ e+e−

with POWHEG-matched events from WHIZARD and POWHEG-BOX [16] and showered with PYTHIA
[17] are shown in Fig. 1.
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Figure 1: Distributions at NLO QCD to pp→ e+e− for the validation of matched and showered events

5. Outlook

Future plans include the application of NLO-NLL electron PDFs in lepton collision observables
at NLO as well as efficiency improvements on the phase-space generation for NLO EW calculations
to high multiplicity processes at the LHC. Furthermore, the automated POWHEG matching is
supposed to be extended accounting for NLO corrections in the full SM.
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