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We report on next-to-leading order (NLO) QCD and electroweak (EW) corrections to off-shell
vector boson production in association with up to two jets. Fixed-order NLO QCD+EW inclusive
predictions for vector boson plus jet production are known to exhibit huge QCD corrections and
a pathological behaviour of the EW corrections. This problem is solved by applying multi-jet
merging with an additional jet at NLO. To this end we employ an approximate method to include NLO EW corrections in the MEPS@NLO multi-jet merging approach. The simulations are
performed with the S HERPA and M UNICH Monte Carlo frameworks using NLO QCD and EW
matrix elements from O PEN L OOPS.
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1. Introduction

2. NLO QCD+EW automation
The calculation of NLO QCD corrections to SM processes has been automated in the O PEN L OOPS +S HERPA/M UNICH frameworks and is already well established. More recently, these tools
have been upgraded to handle EW corrections in an automated way [2]. The O PEN L OOPS matrix element generator is based on a numerical recursion for the generation of one-loop scattering
amplitudes [11]. Tree and loop amplitudes are built from generic building blocks corresponding
to the Feynman rules of the EW Standard Model, UV counterterms [12] and rational terms of
type R2 [13]. Combined with the C OLLIER tensor reduction library [14] the employed recursion
achieves very high CPU performance and a high degree of numerical stability. The two independent
Monte Carlo generators M UNICH and S HERPA handle the bookkeeping of partonic subprocesses,
phase-space integration and the subtraction of QCD and QED bremsstrahlung in a way that allows
us to consistently include complete αSn α m orders with all QCD–EW interference effects.

3. Fixed order V+jets production
We study the production and decay of electroweak bosons in association with one and two jets
at NLO QCD+EW, including off-shell effects. The leading order (LO) contribution of O(αS α 2 ) of
V + 1 jet receives NLO QCD corrections of O(αS2 α 2 ) and NLO EW corrections of O(αS α 3 ). In
the V + 2 jets case, the EW corrections of O(αS2 α 3 ) can also be regarded as QCD corrections to the
1
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The production of electroweak vector bosons in association with jets is of prime importance
in tests of the Standard Model and as a background in Beyond Standard Model physics searches.
Particularly for the latter, the inclusion of electroweak corrections is crucial due to large effects
arising from EW Sudakov logarithms in the TeV region.
First NLO EW predictions for vector-boson production in association with more than one
jet have been presented for pp → `+ `− j j [1] and for on-shell W+ -boson production with up to
three associated jets at NLO QCD+EW [2]. In the following, we review NLO QCD+EW results
for pp → V + jets merged up to two jets and with off-shell vector-boson decays into leptons and
neutrinos in the complex-mass scheme [3]. I.e. we perform full 2 → 3 and 2 → 4 calculations
with NLO QCD and NLO EW corrections. While in this report we limit ourselves to the case of
pp → `− ν̄` + 1, 2 jets, the complete results with all possible leptonic signatures and a wider range
of observables can be found in [4].
The multi-jet merging solves the problems of huge QCD k factors and pathological EW corrections which plagues inclusive fixed order V + 1 jet production [5]. The inclusion of NLO EW
corrections is achieved by combining virtual contributions with an appropriate infra-red subtraction
in the MEPS@NLO multi-jet merging framework [6, 7]. This procedure guarantees parton-shower
resummation and NLO accuracy in all phase-space regions with up to 2 jets in our simulation. Our
predictions are obtained within the NLO QCD+EW framework [2] which uses the O PEN L OOPS [8]
1-loop matrix element generator in combination with the M UNICH [9] and S HERPA [10] Monte
Carlo programs.
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“LO mix” contribution of O(αS α 3 ) which is included in the simulations as well. The sub-leading
Born contribution of O(α 4 ), which is dominated by diboson production with semi-leptonic decays,
is omitted in order to avoid a double counting between diboson and V + jets processes. Similarly,
sub-leading NLO contributions of O(αS α 4 ) or O(α 5 ) are not considered.
We employ two different prescriptions to combine QCD and EW NLO corrections, namely
additive,
(3.1)

NLO
NLO
NLO
σQCD×EW
= σ LO (1 + δ σQCD
)(1 + δ σEW
).

(3.2)

and multiplicative,

The difference between the two prescriptions can be regarded as an estimate of unknown higherorder corrections of QCD–EW mixed type. The applied cuts in the simulations correspond to the
ATLAS analysis of [15].
It is well known that NLO QCD predictions for V + 1 jet production suffer from a very poor
convergence of the perturbative expansion [5] at large jet transverse momenta. In this kinematic
regime the NLO QCD cross section is dominated by dijet configurations where the hardest jet
recoils against a similarly hard second jet, while the vector boson remains relatively soft. Such
configurations are effectively described at LO, with correspondingly large scale uncertainties. This
effect clearly shows in Fig. 1 (left), where the NLO QCD and EW effects in pp → `− ν̄` + 1 jet are
plotted versus the transverse momenta of the reconstructed vector boson and of the leading jet.
In the W-boson pT distribution, QCD corrections are at the level of 40-50%, but reach 100% in
tail. NLO EW corrections present a consistent Sudakov shape, with corrections growing negative
and reaching a few tens of percent in the tail. However, as reflected in the sizeable disparity between additive QCD+EW and multiplicative QCD×EW combinations, the large size of NLO QCD
and NLO EW effects suggests the presence of important uncontrolled mixed NNLO QCD–EW
corrections.
QCD corrections in the jet-pT distribution show a clear pathological behaviour with several
100% corrections in the multi-TeV region. Furthermore we observe a pathological NLO EW
behaviour, with large positive corrections instead of negative Sudakov effects. In principle, this
behaviour can be avoided by imposing a cut that renders the V + 1 jet cross section sufficiently
exclusive with respect to extra jet radiation. As shown in Fig. 1 (centre), a veto against dijet configurations with angular separation ∆φ j1 j2 > 3π/4 leads to well-behaved QCD predictions and a
standard NLO EW Sudakov behaviour.
However, in order to obtain a precise theoretical description of inclusive V + jets production
at high pT , it is clear that fixed-order NLO QCD+EW calculations for one-jet final states have to
be supplemented by corresponding predictions for multi-jet final states. As shown in Fig. 1 (right)
for the pT distribution of the hardest jet in pp → V + 2 jets, in this process NLO QCD+EW effects
are completely free from the perturbative instabilities that plague NLO predictions for V + 1 jet
production.
2
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NLO
NLO
NLO
σQCD+EW
= σ LO (1 + δ σQCD
+ δ σEW
),
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Figure 1: Distributions in the transverse momenta of the reconstructed vector boson, pT,V , and of the
hardest jet, pT, j1 , for pp → `− ν̄` + 1 jet with standard cuts (left) and with an additional cut ∆φ j1 j2 < 3π/4
(centre), and distributions of the hardest jet for pp → `− ν̄` /`+ ν` +2 jets (right) at 13 TeV. Absolute LO (light
blue), NLO QCD (green), NLO QCD+EW (red) and NLO QCD×EW (black) predictions (upper panel) and
relative corrections with respect to NLO QCD (lower panels). The bands correspond to scale variations, and
in the case of ratios only the numerator is varied. The absolute predictions in pT, j1 are rescaled by a factor
10−3 .

4. V+jets multi-jet merging at NLO QCD+EW
For the multi-jet merging we employ the MEPS@NLO method [6, 7] which upgrades LO merging to NLO QCD. However, the technical ingredients for NLO QCD+EW accurate merging are still
missing to date. The fact that EW Sudakov logarithms, which are the main source of large NLO
EW effects at high energy, arise only from virtual corrections, motivates us to include EW effects
in the multi-jet merging by supplementing virtual EW corrections with an appropriate infra-red
subtraction without requiring to integrate real-emission matrix elements. We adopt the following
EWvirt approximation for the NLO EW corrections to V + n jet production,
h
i
dσn,NLO EWvirt = Bn (Φn ) + Vn,EW (Φn ) + In,EW (Φn ) dΦn .
(4.1)
Here, Bn (Φn ) stands for the Born contribution of O(αSn α 2 ), and Vn,EW (Φn ) denotes the exact oneloop EW corrections of O(αSn α 3 ). The cancellation of virtual infra-red singularities is implemented
through the In,EW (Φn ) term, which represents the NLO EW generalisation of the Catani–Seymour
I operator [16, 17]. This corresponds to an approximate and fully inclusive description of the
emission of photons and QCD partons at O(αSn α 3 ). It turns out that the virtual EW approximation
can provide percent-level accuracy for a wide range of observables and energy scales, also well
3
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Figure 2: Distributions in the transverse momentum of the reconstructed vector boson (left) and of the
hardest jet (right) in `− ν̄` + jets production. 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.

beyond the kinematic regions where Sudakov EW logarithms become large. The most striking
exception is given by the m`` and m`ν invariant-mass distributions in the off-shell region below the
Breit–Wigner peak. In this case, real QED radiation off the charged leptons leads to corrections
of a few tens of percent, which can not be reproduced by the EWvirt approximation as exclusive
real photon emission is not included. In contrast, for distributions in the transverse momentum
of the vector bosons or of the charged leptons that arise from their decays, we observe very good
agreement, typically at the 1–2% level, from low pT up to the multi-TeV region [4].
Fig. 2 (left) shows the transverse momentum of the reconstructed W boson in `− ν̄` + jets production. 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. At
high pT the impact of EW effects in the MEPS framework turns out to be large and can reach −50%
or more in the multi-TeV region. This is quantitatively consistent with the outcome of the factorised
QCD×EW prescription in inclusive V + jet NLO calculations, and clearly more pronounced than
what results from the additive combination of QCD+EW fixed-order corrections (Fig. 1). This can
be attributed to the inclusion of NLO EW effects in two-jet topologies and, to some extent, also in
three-jet topologies via NLO matching to the parton shower. For the vector-boson pT distribution,
mixed Born contributions are almost negligible.
In Fig. 2 (right) we examine the transverse momentum of the leading jet. As this observable exhibits a strong sensitivity to higher jet multiplicities, in particular to topologies with two
hard back-to-back jets, it is ideally suited to be calculated using a consistent multi-jet merging.
Thanks to the inclusion of dijet topologies as genuine `− ν̄` + 2 jet production processes at NLO,
4

PoS(LL2016)008

NLO
dσ/dσQCD

dσ/dpT,j1 [pb/GeV]

dσ/dpT,V [pb/GeV]

Multi-jet merging for vector boson plus jets including electroweak corrections

Multi-jet merging for vector boson plus jets including electroweak corrections

P. Maierhöfer

the MEPS@NLO method allows one to avoid giant K-factors and cures the pathological behaviour
of EW corrections observed in fixed-order NLO QCD+EW calculations for V + 1 jet. It is worth
noting that there is a sizeable impact of mixed Born contributions in the tail of this distribution.

5. Conclusions
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