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1 Introduction

In the rich physics programme of LHC Run II major attention is given to measurements of

Higgs-boson properties, the direct and indirect search for signals of new-physics phenom-

ena, precision measurements and the extraction of Standard Model (SM) parameters. The

production of W+W− pairs is among the most important LHC processes to study the gauge

symmetry structure of electroweak (EW) interactions and of the mechanism of EW symme-

try breaking in the SM. In particular, with the lack of clear signs of new physics, precision

measurements have become of foremost importance to search for small deviations of SM

predictions. They translate into indirect bounds on high-scale beyond-SM (BSM) models,

whose effects manifest themselves in small deformations of SM predictions at lower energies.

Most important in that respect are constraints on the allowed size of anomalous trilinear

gauge couplings (aTGCs), which appear already in the leading perturbative contributions

to W+W− production. In addition, W+W− final states are irreducible background to

Higgs-boson measurements and to direct searches for BSM particles decaying into leptons,

missing energy, and/or jets.

The W+W− cross section has been measured at both the Tevatron [1, 2] and the LHC

(at 7 TeV [3, 4], 8 TeV [5–8] and 13 TeV [9, 10]). W+W− measurements, in particular with

new data becoming continuously available in Run II and beyond, play a major role as SM

precision tests and in constraining BSM physics, as any small deviation from the SM predic-

tions for the production rate or the shape of distributions could be a signal of new physics.

The high sensitivity to aTGCs of the W+W− process renders W+W− measurements a
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powerful tool for indirect BSM searches [3, 4, 6, 8, 11].1 In the context of Higgs-boson

measurements in the H → W+W− channel, the irreducible W+W− background has been

extensively studied in refs. [21–28].

Measurements of continuum production of W+W− pairs are not the only case for which

accurate predictions for this process are needed: since a complete reconstruction of the W -

boson momenta is prevented by the presence of two neutrinos in the W+W− signature,

any experimental study which features W+W− production as an irreducible background

requires a proper modelling of the W+W− signal. In particular, this affects the sensitivity

to H →W+W− and to any BSM resonance decaying into W+W− pairs. Apart from that,

experimental analyses for both continuum W+W− production and Higgs-boson production

in the H → W+W− channel organize their measurements in categories according to jet

multiplicities. A rather strict veto against jet radiation is particularly important in that

respect to limit the severe signal contamination due to backgrounds involving top-quarks

(tt̄ and tW ). The fact that the fiducial phase-space definition involves cuts on the presence

of the associated jet activity induces an increased sensitivity to higher-order QCD effects

due to potentially large logarithms. Such terms challenge the reliability of fixed-order

predictions in QCD perturbation theory and cause a significant increase of the uncertainty

related to the extrapolation from the fiducial to the total phase space in measurements

of the inclusive W+W− cross section. These issues show the relevance of fully flexible,

hadron-level Monte Carlo predictions with state-of-the-art perturbative precision for the

W+W− production process.

An enormous effort has been put into the computation of highly accurate predictions for

W+W− production in the past years. Leading order (LO) [29] and next-to-LO (NLO) [30,

31] predictions for stable W bosons have been evaluated a long time ago. More sophisticated

parton-level computations at NLO have become available incorporating leptonic W decays

with off-shell effects and spin correlations [32–35]. Recently, also NLO electroweak (EW)

corrections have been computed in both the on-shell approximation [36–38] and including

the full off-shell treatment of the W bosons [39]. Although EW effects have a minor

impact on the inclusive W+W− rate, they can be significantly enhanced up to several tens

of percent at transverse momenta of about 1 TeV.

In light of sizable O(αs) effects, higher-order QCD corrections to W+W− production

are indispensable to ensure highly accurate theoretical predictions for this process. W+W−

production in association with one, two, and three jets has been computed at NLO QCD

in refs. [40–43], refs. [44, 45], and ref. [46], respectively. The simplest O(α2
s ) contribution

to the W+W− cross section constitutes the loop-induced gg → W+W− + X subprocess,

which receives an enhancement from the gluon luminosities and is an important part of the

full next-to-NLO (NNLO) QCD corrections. gg → W+W− predictions at LO have been

extensively studied in refs. [35, 47–50], while the Higgs-interference contribution has been

considered in ref. [51]. The corresponding calculation for loop-induced gg →W+W−+1-jet

production has been presented in ref. [52].

1See also refs. [12–20] as examples of theory ideas to exploit precision in diboson processes to constrain

BSM physics.
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Employing the two-loop helicity amplitudes for gg → V V ′ [53, 54], NLO QCD cor-

rections to this subprocess keeping only contributions with gg initial states were com-

puted in ref. [55] and have been extended by the inclusion of the Higgs-boson interference

in ref. [56]. The complete NLO QCD corrections for gg → W+W− including also the gq

channel are still unknown.

The full NNLO corrections to W+W− production have been calculated for both the

inclusive cross section in the on-shell approximation [57] and the fully differential cross sec-

tion incorporating leptonic W -boson decays with off-shell effects and spin correlations [58].

These computations employed the two loop helicity amplitudes of refs. [59–61]. It was

found that NNLO QCD corrections have a significant impact on the inclusive cross section

of roughly 10%. Contrary to what was widely expected, the dominant correction is given

by the NNLO corrections to the quark-initiated process, with the size of the loop-induced

gg contribution being only about 30% of the O(α2
s ) terms. This highlights the importance

of including the full NNLO corrections to this process.

Several Monte Carlo predictions have been obtained in the past years: W+W− pro-

duction was part of the original proof-of-concept publication of the MC@NLO formal-

ism [62] to match NLO QCD predictions with parton showers (NLO+PS); it was followed

by independent NLO+PS computations in Herwig++ [63], Sherpa [64] and Powheg-

Box [65, 66]. The recent Herwig7 implementation [67, 68] includes also single-resonant

and gluon-induced contributions, and supersedes the previous Herwig++ prediction.

More recently, also merged computations for W+W−+0, 1 jets at NLO+PS have become

available2 in the MEPS@NLO approach [70, 71] within OpenLoops+Sherpa [72], in

the FxFx scheme [73] within MadGraph5 aMC@NLO [74], and in the MiNLO proce-

dure [75, 76] within POWHEG BOX [77–79] through the WWJ-MiNLO generator [80].

The MiNLO computation has the advantage of being NLO accurate in both 0- and 1-jet

quantities simultaneously, while other multi-jet merging simulations partition the phase

space into different jet bins according to some merging scale, which spoils NLO accuracy

in certain phase space regions.

State-of-the-art resummation techniques have been used to compute all higher-order

logarithmic contributions up to NNLL+NLO for threshold logarithms [81] and up to

NNLL+NNLO for the transverse momentum (pT ) of the W+W− pair [82] as well as the

jet-vetoed cross section [83].3 The latter results show that high theoretical control on the

cross section with a veto on the pT of the W+W− pair or on the jets can be obtained only by

combining both NNLO accuracy at fixed order and resummation of large logarithmic terms.

Indeed, some tension observed in earlier W+W− measurements [5, 7] triggered a discus-

sion on the proper modelling of the jet-vetoed cross sections [83, 87–89] and challenged the

validity of lower-order Monte Carlo predictions. Hence, a combination of parton-shower re-

summation with state-of-the-art perturbative precision is crucial to obtain highly accurate

predictions for the production of W+W− pairs at the LHC.

In this paper we present a novel computation of NNLO-accurate predictions matched to

parton showers (NNLOPS) for W+W− production at hadron colliders. More precisely, we

consider all topologies which lead to two opposite-charge leptons and two neutrinos in the

2For a combination of fixed-order NLO predictions of W+W−+0, 1 jets see ref. [69].
3See also refs. [84–86] for earlier, less accurate results.
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final state (`ν``
′ν`′), thereby taking into account off-shell effects and spin correlations. This

is the first time full NNLOPS accuracy is achieved for a 2 → 4 process. Our computation

is based on the combination of two earlier computations: we start from the WWJ-MiNLO

implementation [80] within the POWHEG BOX framework [77–79] and combine it with

the NNLO predictions of ref. [58] which are publicly available within the Matrix code [90,

91]. To obtain NNLOPS accuracy from these two ingredients we follow the reweighting

procedure used in refs. [92–95]. To handle the significantly increased complexity inherent

to an off-shell diboson process with four final-state leptons we devise a parametrization of

the Born-level phase space which allows us to reduce the number of degrees of freedom. In

particular, we derive a formula to describe the angular dependence of the decay products

of the two vector bosons in terms of spherical harmonics, which is deduced from the known

expression for the decay of a single vector boson [96].

Our NNLOPS computation is implemented and will be made publicly available within

the POWHEG BOX framework [77–79].4 All-order, higher-twist, and non-perturbative

QCD effects can be approximated through the interface to a parton shower using hadroniza-

tion and underlying event models, which render a complete and realistic event simulation

feasible. Such corrections can have a non-negligible impact on certain observables. For

instance, exclusive jet cross sections can be considerably modified because of migration

effects. In our implementation and throughout this paper we omit the loop-induced gg

component, since it is already known to higher-order in QCD in the pure gg channel and

can be added at LO+PS through known tools, such as the gg2ww event generator [50, 97]

(as used by ATLAS and CMS).5 Furthermore, in order to define W+W− signal events

free of top-quark contamination we employ the four-flavour scheme with massive bottom

quarks and drop all contributions with bottom quarks in the final state. It has been shown

in refs. [57, 58] for both total and fiducial rates at NNLO that this approach is in very

good agreement (∼ 1–2%) with an alternative procedure to obtain top-free W+W− predic-

tions in the five-flavour scheme. The latter exploits the resonance structure of top-quark

contributions to fit the part of the cross section independent of the top-quark width.

Besides an extensive validation of our NNLOPS results, we study the impact of the

parton shower on NNLO predictions and show the importance of including NNLO correc-

tions on top of the MiNLO computation. In particular, the NNLOPS predictions provide

new insights on the size of jet-veto logarithms at higher orders. We also compare our

predictions against measurements of the total and fiducial cross sections as measured by

ATLAS and CMS, and present distributions in the presence of experimental selection cuts

in the fiducial volume of W+W− measurements. We finally use differences observed in the

rapidities of the two W bosons to define a charge asymmetry for W+W− production and

study to what extent such asymmetry remains when considering the rapidities of the two

charged leptons instead.

The manuscript is organized as follows. In section 2 we describe technical aspects of

the computation, including a discussion of the top-quark contamination (section 2.1), the

4Instructions to download the code can be obtained at http://powhegbox.mib.infn.it.
5A NLO+PS generator for gg →W+W− production could be obtained along the lines of ref. [98].

– 4 –

http://powhegbox.mib.infn.it


J
H
E
P
1
2
(
2
0
1
8
)
1
2
1

u

ū
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Figure 1. Born-level Feynman diagrams for W+W− production: (a-c) contribute to both the DF

channel (` 6= `′) and the SF channel (` = `′); (d-e) only contribute in the SF case.

reweighting method to obtain NNLOPS predictions (section 2.2), its practical implementa-

tion (section 2.3), and a validation of our NNLOPS results (section 2.4). Phenomenological

results are presented in section 3: we first outline input parameters and fiducial cuts (sec-

tion 3.1); report cross-section predictions and compare them to data (section 3.2); study

the impact of jet-veto logarithms at NNLOPS (section 3.3); demonstrate the importance

of NNLOPS predictions in the fiducial phase space (section 3.4); and finally define a charge

asymmetry for W+W− production (section 3.5). We summarize our findings in section 4.

2 Description of the calculation

We consider the production of two opposite-charge leptons and two neutrinos in proton-

proton collisions

pp→ `−ν̄` `
′+ν`′ +X, (2.1)

where the two leptons are of different flavour (` 6= `′). Our computation includes off-shell ef-

fects and spin correlations by taking into account all the resonant and non-resonant topolo-

gies leading to this process. For convenience, we simply refer to it as W+W− production

in the upcoming sections. Already at LO these topologies involve different combinations

of vector-boson resonances, such as double-resonant t-channel W+W− production; double-

resonant s-channel W+W− production via Z or γ∗; and single-resonant DY-like topologies

with subsequent decay. The relevant Born-level diagrams are shown in figure 1 (a-c).

While the same type of diagrams contribute also to the same-flavour (SF) case (` = `′),

this channel involves additional topologies depicted in figure 1 (d-e): double-resonant t-

channel ZZ production; and single-resonant DY-like topologies. The SF channel therefore

mixes double-resonant ZZ and W+W− contributions. It was shown in refs. [65, 99], how-

ever, that interference effects between ZZ and W+W− topologies are generally small, so

that the two processes can be computed separately and added incoherently. Thus, we

focus on W+W− production in the different-flavour (DF) channel in what follows. More

precisely, while our computation is applicable to any combination `, `′ ∈ {e, µ, τ} of two
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massless leptons of different flavour, for the sake of simplicity, we will study the process

pp→ e−ν̄e µ
+νµ +X and its charge conjugate in section 3.

2.1 Top-quark contamination in W+W− production

W+W− production is subject to a severe contamination from top-quark contributions with

t → Wb decays, which enter radiative corrections through interference with real-emission

diagrams featuring final-state bottom quarks. Such contributions ought to be removed to

define a top-free W+W− cross section. Without a consistent removal of the top-quark

contamination, the W+W− cross section, in particular in the inclusive phase space, can be

increased by even an order of magnitude upon inclusion of radiative corrections, thereby

corrupting the convergence of the perturbative expansion. Two approaches have been

followed in the literature to compute the top-subtracted W+W− cross section, which will

be described below. The two methods have been shown to agree within ∼ 1–2% for both

the inclusive case [57] and with fiducial cuts [58].

In the five-flavour scheme (5FS) bottom quarks are treated as massless and appear as

both initial and final-state particles. In this scheme, the presence of real bottom-quark

emission is inevitably tied to g → bb̄ splittings in the virtual corrections through collinear

singularities. Hence, such contributions must not be separated to guarantee infrared (IR)

safety. Instead, the scaling behaviour of the cross sections in the limit of a vanishing top-

quark width can be exploited to determine all contributions free from top-quark resonances.

This approach requires the repeated computation of the cross section for varying top-quark

widths in the limit Γt → 0 in order to fit the resonance structure and isolate double-

resonant (single-resonant) contributions, which depend quadratically (linearly) on 1/Γt,

while top-free W+W− contributions have no enhancement at small Γt. In the four-flavour

scheme (4FS), on the other hand, bottom quarks are treated as massive and bottom quarks

appear only as final-state particles. The bottom mass renders all partonic subprocesses with

bottom quarks in the final state separately finite. The top-quark contamination in the 4FS

can simply be avoided by dropping all such contributions from the computation, which are

then considered part of the (off-shell) top-pair background. For convenience, we employ

this approach in the calculation and throughout this paper.

2.2 NNLOPS method

Our computation of NNLO-accurate parton shower predictions for W+W− production

builds upon two recent computations for this process: the fully differential NNLO correc-

tions for W+W− production, which were calculated in ref. [58] and have become available

in the Matrix framework [90, 91], and a MiNLO computation for W+W−+jet production

in the POWHEG BOX [77–79] (WWJ-MiNLO), which was presented in ref. [80].

Matrix is a computational framework, which features NNLO QCD corrections to a

large number of hadron-collider processes with color-neutral final states. This code (and

earlier versions of it) has been used to obtain several state-of-the-art NNLO predictions,

in particular for Zγ [100, 101], W±γ [101], ZZ [102, 103], W+W− [57, 58], W±Z [104,

– 6 –
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105] and HH [106, 107] production.6 Matrix uses a fully general implementation of

the qT -subtraction formalism [108] to achieve NNLO accuracy, in combination with an

automated implementation of the Catani-Seymour dipole subtraction method [109, 110]

within the Monte Carlo program Munich7 [113]. All (spin- and colour-correlated) tree-

level and one-loop amplitudes are obtained from OpenLoops8 [118–120], while dedicated

computations of the two-loop amplitudes are employed [61, 121–123]. Most importantly,

the two-loop amplitudes for the production of a pair of off-shell massive vector bosons [61]

are taken from the publicly available code VVamp [124], which enters our computation for

W+W− production.

The WWJ-MiNLO computation of ref. [80] implements W+W−+jet production

within the POWHEG BOX framework and upgrades it by the MiNLO procedure. As de-

scribed in ref. [80], all tree-level matrix elements have been obtained using the POWHEG

BOX interface to MadGraph v4 [125, 126], while the one-loop amplitudes have been

obtained using GoSam 2.0 [127]. The MiNLO procedure merges W+W−+0, 1-jet multi-

plicities to obtain fully exclusive hadron-level events with NLO accuracy. In particular, the

inclusion of a numerical implementation of the B2 resummation coefficient, ensures that

observables inclusive over the extra jet are also NLO accurate. In fact, the WWJ-MiNLO

computation of ref. [80] was the first to implement this approach for a genuine 2 → 2

process, with non-trivial virtual corrections.

To obtain NNLOPS accurate predictions from these two ingredients we follow closely

the method which has already been successfully applied in the computations of Higgs [92],

Drell-Yan [94], HW± [95] and HZ [128] production: the Les Houches events (LHE) pro-

duced with the WWJ-MiNLO generator are reweighted to the correct NNLO prediction

fully differentially in the Born phase space. This is done by means of a multidifferential

reweighting covering the entire phase-space of the colourless system (e−ν̄e µ
+νµ) at LO. In

its simplest form, the reweighting proceeds as follows: for each MiNLO event, the reweight-

ing factor is computed as the ratio of the NNLO cross section in the given configuration

of the Born-level variables and the original MiNLO weight associated with the Born-level

variables of the respective event:

W(ΦB) =
dσNNLO/dΦB

dσMiNLO/dΦB
. (2.2)

dσNNLO/dΦB is a multi-differential distribution obtained from the NNLO computation,

while dσMiNLO/dΦB is the same multi-differential distribution, but determined from the

WWJ-MiNLO events. The observables defining the multi-differential cross section are to

a large extent arbitrary as long as they form a basis of the Born-level phase space (ΦB).

Our specific choice for W+W− production will be discussed in detail in section 2.3.

6It was also used to compute the resummed transverse-momentum spectra for ZZ and W+W− pairs at

NNLL+NNLO in ref. [82].
7The Monte Carlo program Munich features a general implementation of an efficient, multi-channel

based phase-space integration and computes both QCD and EW [111, 112] corrections to NLO accuracy

for arbitrary SM processes.
8OpenLoops relies on the fast and stable tensor reduction of Collier [114, 115], supported by a rescue

system based on quad-precision CutTools [116] with OneLOop [117] to deal with exceptional phase-

space points.
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By construction, this procedure promotes the WWJ-MiNLO events to be NNLO ac-

curate in all Born-level variables. As proven in refs. [92, 94] the reweighting does not spoil

the NLO accuracy of the WWJ-MiNLO computation. Also the parton shower does not

interfere with the NNLO accuracy of the W+W− sample, which is obvious considering

the fact that the second emission is generated from the POWHEG prescription keep-

ing NLO accuracy of the W+W−+jet process. Only starting from the third one, parton

emissions are generated by the shower, whose impact is beyond NNLO as it affects terms

from O(α3
s) onwards. In conclusion, the reweighting procedure under consideration al-

lows us to obtain fully differential hadron-level events, while retaining NNLO accuracy for

W+W− production.

One should bear in mind that eq. (2.2) reflects the reweighting factor only in its sim-

plest form. As pointed out in ref. [92] it has the disadvantage of spreading the NNLO/NLO

K-factor uniformly for observables which are non-trivial starting from the W+W−+1-jet

phase space only, such as the transverse momentum of W -boson pair (pT,WW ). Away from

the singular region, such observables are described at the same formal accuracy (effectively

NLO) by the W+W− NNLO computation and the WWJ-MiNLO generator. Hence, no

improvement can be obtained for them through the reweighting procedure. On the con-

trary, given that the only observables that are formally NNLO accurate are those that

are non-trivial at Born level, where pT,WW = 0, it appears to be more natural to limit

the range in pT,WW in which the reweighting takes effect to small values of pT,WW . In-

deed, this is much closer to what is done in the matching between fixed order and analytic

transverse-momentum resummation of the W+W− system [82, 84–86]. In fact, in analytic

resummation all logarithmic terms are unambiguously matched between the two contri-

butions upon truncation at a given order in αs. For the analytically resummed pT,WW

spectrum at NNLL+NNLO, see ref. [82], the NNLO contribution from the two-loop virtual

corrections is, roughly speaking, distributed in pT,WW between zero and the respective

resummation scale. As a consequence, the NLO transverse momentum distribution is re-

covered at large pT,WW .

Following this idea it was suggested in ref. [92] to introduce a reweighing factor that

evolves smoothly to one in regions where the NNLO computation is formally only NLO

accurate and thus does not improve the NLO accuracy of the MiNLO event sample:

W (ΦB, pT ) = h (pT )
∫ dσNNLO δ (ΦB − ΦB (Φ))− ∫ dσMiNLO

B δ (ΦB − ΦB (Φ))

∫ dσMiNLO
A δ (ΦB − ΦB (Φ))

+ (1− h (pT )) ,

(2.3)

where the function h(pT) has the property that it is one at pT = 0 and vanishes at infinity.

This function is used in eq. (2.3) to split the cross section into

dσA = dσ · h(pT) , dσB = dσ · (1− h(pT)) . (2.4)

Here we use the following smoothing function:

h(pT) =
(2MW )2

(2MW )2 + p 2
T

. (2.5)

– 8 –
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It is trivial to see that the exact value of the NNLO differential cross-section in the Born-

level phase space is preserved using this reweighting factor:(
dσ

dΦB

)NNLOPS

=

(
dσ

dΦB

)NNLO

. (2.6)

We have not yet specified what pT exactly stands for. Between the two natural choices,

the transverse momentum of the colourless system or of the leading jet, we refrain from

using the former, and have chosen the transverse momentum of the leading jet instead.

This choice is motivated by the fact that only the latter is a direct indicator of whether

QCD radiation is present in a given event or not. This ensures that h(pT ) goes to one

only for Born-like configurations, while it tends to zero in the presence of hard radiation,

with W(ΦB, pT) going to one accordingly. To define jets in h(pT ) we employ the inclusive

kT -algorithm with R = 0.4 [129, 130] as implemented in FastJet [131].

2.3 Practical implementation

We now turn to discussing practical details on the implementation of the reweighting

procedure for W+W− production sketched in the previous section. First we have to find a

parametrization of the Born phase space. To this end, we select a set of nine independent

observables, with nine being the degrees of freedom of the 4-particle (e−ν̄e µ
+νµ) phase

space we have at LO, after removing an overall azimuthal angle. This defines our basis for

the multidimensional reweighting. We choose the variables Φ = {pT,W− , yWW , ∆yW+W− ,

cos θCS
W+ , φCS

W+ , cos θCS
W− , φCS

W− , mW+ , mW−}, which correspond to the transverse momentum

of W− (that is equal and in the opposite direction to the one of W+ at LO), the rapidity

of the W+W− pair, the rapidity difference between the two W bosons (∆yW+W− = yW+−
yW−), the Collins-Soper (CS) angles for W+ and W− as introduced in ref. [96], and the

invariant masses of the two W bosons, respectively. The differential cross section in the

Born phase space is then defined as

dσ

dΦB
=

d9σ

dpT,W−dyWWd∆yW+W−dcos θCS
W+dφCS

W+dcos θCS
W−dφCS

W−dmW+dmW−
. (2.7)

Given the high complexity of both the NNLO and the MiNLO computation for W+W−

production the computation of a nine-dimensional cross section is virtually impossible

with current technology. However, we can make use of two facts: first of all, we can drop

the invariant W -boson masses by realizing that their differential K factor is practically

flat over the whole phase space. This is true especially in the peak region of the W±

resonances, where the majority of the events originate from, but even applies in the region

where the W bosons become off-shell. Validation plots confirming this approximation are

discussed in section 2.4. We therefore reduce the number of free parameters from nine

to seven. Secondly, the angular dependence of each W -boson decay is fully described by

the corresponding two CS angles and we exploit the fact that one can parametrize the

dependence of the cross section on the CS angles for the decay of each of the W bosons

in terms of the nine spherical harmonic functions Ylm(θ∗, φ∗) with l ≤ 2 and |m| ≤ l [96].

This allows us to significantly simplify the calculation of the cross section in the Born
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phase space by expressing the sevenfold-differential distribution through the evaluation of

81 triple-differential distributions of the cross section multiplied by functions depending on

the CS angles, which renders a numerical evaluation feasible.

Strictly speaking, the parametrization through CS angles is fully applicable only to

double-resonant W+W− topologies. However, they provide by far the dominant contribu-

tion to the cross section. Indeed, the validation in section 2.4 reveals no remnants of using

this procedure as an approximation in the single- and non-resonant contributions.

Before demonstrating how to express the cross section in terms of spherical harmonics

of the CS angles, we briefly describe our choices of the bin sizes. For the three remaining

variables9 ΦW+
∗ W

−
∗

= {pT,W− , yWW , ∆yW+W−}, we choose bin edges:

pT,W− : [0., 17.5, 25., 30., 35., 40., 47.5, 57.5, 72.5, 100., 200., 350., 600., 1000., 1500.,∞] ;

yWW : [−∞,−3.5,−2.5,−2.0,−1.5,−1.0,−0.5, 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.5,∞] ;

∆yW+W− : [−∞,−5.2,−4.8,−4.4,−4.0,−3.6,−3.2,−2.8,−2.4,−2.0,−1.6,−1.2,

− 0.8,−0.4, 0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6, 4.0, 4.4, 4.8, 5.2,∞] .

(2.8)

These bins have been selected following two criteria: firstly, the bins should be sufficiently

populated by events to ensure statistical robustness. Secondly, we tried to cover regions of

phase space with finer binnings where the NNLO K factor features large shape effects. Not

in all cases both criteria are fully compatible, in particular when there are shape effects far

in the tail of distributions. The present choice constitutes a judicious compromise in these

phase space regions. We will show in section 2.4 that the chosen bin edges are sufficient

to obtain NNLO-accurate parton-shower predictions in all distributions and phase space

regions of phenomenological interest.

We now turn to deriving a novel expression for the expansion of the cross section in

spherical harmonic functions of the CS angles for a process involving the decay of two vector

bosons. We start from the well-known formula for the decay of a single vector boson [96]:

dσ

dΦB
=

d7σ

dpT,W−dyWWd∆yW+W−dcos θCS
W+dφCS

W+dcos θCS
W−dφCS

W−
(2.9)

=
3

16π

8∑
i=0

Ai fi(θ
CS
W− , φ

CS
W−) =

3

16π

8∑
i=0

Bi fi(θ
CS
W+ , φ

CS
W+),

where the first expansion (with Ai) corresponds to the parametrization of the W− decay

in terms of two CS angles and the second one (with Bi) is the same, but for the W+ decay.

The functions fi(θ, φ) are given by

f0(θ, φ) =
(
1− 3 cos2 θ

)
/2 ,

f3(θ, φ) = sin θ cosφ ,

f6(θ, φ) = sin 2θ sinφ ,

f1(θ, φ) = sin 2θ cosφ ,

f4(θ, φ) = cos θ ,

f7(θ, φ) = sin2 θ sin 2φ ,

f2(θ, φ) = (sin2 θ cos 2φ)/2 ,

f5(θ, φ) = sin θ sinφ ,

f8(θ, φ) = 1 + cos2 θ .

(2.10)

9The star indicates that the CS angles of the respective W decays are integrated out.
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For i ∈ {0, . . . , 7} they have the property that their integral vanishes when integrating

over dcos θ dφ. The coefficients Ai and Bi are defined as moments of the differential cross

section integrated over the respective CS angles:

Ai =

∫
dσ

dΦB
gi(θ

CS
W− , φ

CS
W−) dcos θCS

W−dφCS
W− ,

Bi =

∫
dσ

dΦB
gi(θ

CS
W+ , φ

CS
W+) dcos θCS

W+dφCS
W+ .

(2.11)

The functions gi(θ, φ) are defined as

g0(θ, φ) = 4− 10 cos2 θ ,

g3(θ, φ) = 4 sin θ cosφ ,

g6(θ, φ) = sin 2θ sinφ ,

g1(θ, φ) = sin 2θ cosφ ,

g4(θ, φ) = 4 cos θ ,

g7(θ, φ) = 5 sin2 θ sin 2φ ,

g2(θ, φ) = 10 sin2 θ cos 2φ ,

g5(θ, φ) = 4 sin θ sinφ ,

g8(θ, φ) = 1 .

(2.12)

Note that A8 and B8 are actually not moments, but correspond to the differential cross

section itself integrated over the respective CS angles.

With the notation that we have introduced to write eq. (2.9) in such a compact form,

it is straightforward to deduce the combined formula including both decays by inserting

the expression of eq. (2.9) for the W− decay into the Bi coefficient of the W+ decay in

eq. (2.11), or vice versa. Hence, our generalization to the decay of both vector bosons for

the expansion of the cross section in all four CS angles can be cast into the following form:

dσ

dΦB
=

9

256π2

8∑
i=0

8∑
j=0

ABij fi(θ
CS
W− , φ

CS
W−) fj(θ

CS
W+ , φ

CS
W+) , (2.13)

with coefficients

ABij =

∫
dσ

dΦB
gi(θ

CS
W− , φ

CS
W−) gj(θ

CS
W+ , φ

CS
W+) dcos θCS

W−dφCS
W−dcos θCS

W+dφCS
W+ . (2.14)

These 81 coefficients are simply computed as triple-differential distributions of the variables

{pT,W− , yWW , ∆yW+W−} in the Monte Carlo integration via moments of the cross section.

In particular, the coefficient AB88 corresponds to the triple-differential cross section itself:

AB88 =
d3σ

dpT,W−dyWWd∆yW+W−
. (2.15)

In conclusion, the computation of 81 triple-differential distributions allows us to determine

the fully differential cross section in the Born phase space and is feasible within both the

NNLO code and the MiNLO generator.

2.4 Validation

As detailed in the previous sections, the NNLOPS procedure under consideration reweights

the MiNLO events to the NNLO cross section using a set of observables spanning the Born-

level phase space. Therefore, the un-showered LHE files after reweighting should match the

NNLO distributions for Born-like observables up to differences caused by limited numerics.
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In particular, the normalization of the event sample should reproduce the inclusive NNLO

cross section. In this section we provide an extensive validation of our computation for

W+W− production by comparing LHE-level results with the nominal NNLO predictions.

The NNLO results have been obtain from a statistically independent computation with

respect to the one employed for the reweighting. In order to obtain all results of this

paper, we have used the input parameters specified in section 3.1. For the validation plots

presented here we consider the process pp → e−ν̄e µ
+νµ + X in the inclusive phase space

with no fiducial cuts.

We first point out that the inclusive NNLO cross section is reproduced to about two

permille, which is at the level of the statistical uncertainties. This level of agreement can

be appreciated by examining the cross-section numbers shown in table 2. We will come

back to the discussion and interpretation of these numbers later.

Instead, we now turn to the discussion of differential observables. The figures of this

section are organized according to the following pattern: there is a main frame, where

NNLOPS (blue, solid) and MiNLO (black, dotted) results at LHE level as well as NNLO

predictions (red, dashed) are shown with their absolute normalisation, and as cross section

per bin (namely, the sum of the contents of the bins is equal to the total cross section,

possibly within cuts). In an inset we display the bin-by-bin ratio of all the histograms which

appear in the main frame over the NNLOPS curve, chosen as a reference. The vertical bars

in the ratio frame indicate the statistical uncertainties on the respective prediction. The

bands correspond to the residual uncertainties due to scale variations, which we compute

as follows: the uncertainty of the NNLO and the MiNLO distributions are obtained by

performing a variation of the renormalization (µR) and factorization (µF) scales by a factor

two around the central choice subject to the restriction 1/2 ≤ µR/µF ≤ 2. In the case of

MiNLO the central scale choice is dictated by the MiNLO procedure: the transverse-

momentum of the W+W− system is chosen as a scale on a point-by-point basis, and, upon

integration over radiation, one recovers the inclusive cross-section with renormalization and

factorization scales that scale as mWW . Note that when varying the renormalization scale

in the MINLO results we have also turned on the scale variation in the MINLO Sudakov

form factor, see appendix B of ref. [76]. In the case of the NNLO the central scale is chosen

to be the average of the transverse masses of the two W bosons, see eq. (3.1). In order

to assess the uncertainty of our NNLOPS predictions, computed using eq. (2.3), we have

evaluated the NNLO and MiNLO differential cross-sections using the same scale-variation

factors. As a result, the uncertainty of the NNLOPS is also the envelope of a 7-point

scale variation.

We begin by showing in figure 2 the three observables applied in our NNLOPS reweight-

ing with the binning as in eq. (2.8). We see that the NNLO distributions are nicely re-

produced by the NNLOPS computation. Differences are below one percent in the bulk

region of the distributions and increase to the few-percent level in regions with limited

numerics only. This validates the three-dimensional reweighting we used to obtain our

NNLOPS results.

We next consider the CS angles of the W+ decay. The corresponding results for the

W− decay are practically identical which is why we refrain from discussing them separately.

Figure 3 shows that the distributions in θCS
W+ and φCS

W+ are in perfect agreement between
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(a) (b) (c)

Figure 2. Comparison at LHE level of our NNLOPS results (solid, blue) with the nominal NNLO

predictions (red, dashed) for the three distributions used in the reweighting, with the binning of

eq. (2.8): (a) pT,W− , (b) yWW and (c) ∆yW+W− ; MiNLO results at the LHE level (black, dotted)

are shown for reference; see text for details.
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Figure 3. Same as figure 2, but for the CS angles of the W+ decay: (a) θCSW+ and (b) φCSW+ .

NNLOPS and NNLO, which demonstrates the validity of our procedure to describe the W

decays via CS angles. In fact, we have checked explicitly at NNLO level that eq. (2.13)

reproduces the correct cross section when being differential in any two of the four CS angles

at the same time.

Let us add at this point that we have also tried to only use the three-dimensional

reweighting in dΦW+
∗ W

−
∗

without using the CS angles by replacing

dσ

dΦB
≡ dσ

dΦW+
∗ W

−
∗

=
d3σ

dpT,W−dyWWd∆yW+W−
(2.16)

in eq. (2.2). As expected, this reduces some statistical fluctuations. In fact, we found
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(a) (b)

Figure 4. Same as figure 2, but for the invariant mass of the W+ boson mW+ in two different

regions: (a) around the W -mass peak, mW+ ∈ [50, 100] GeV, and (b) including off-shell regions,

mW+ ∈ [0, 1000] GeV.

that excluding the CS angles the NNLO distributions are still very well reproduced by the

NNLOPS sample. Of all one-dimensional distributions we considered, only θCS
W+ and θCS

W−

show a mildly different shape (at the few-percent level) in this case. We therefore provide

the reweighting without CS angles as an option in our code, while keeping the application

of the full expression in eq. (2.13) the default in the code and throughout this paper. One

must bear in mind that as soon as double differential distributions in angular observables

of the leptons are considered the validity of the application of the reweighting without CS

angles may be limited.

The only observables in our definition of the Born phase space, see eq. (2.7), which

remain to be validated are the invariant masses of the two W bosons. We first recall that

for reasons of complexity we excluded them from the Born-level variables in the reweighting

procedure by assuming them to feature flat higher-order corrections. Indeed, figure 4 (a)

confirms this to be an appropriate assumption in the peak-region of the spectrum, where the

bulk of events is situated and the agreement of the NNLO with the NNLOPS distributions

is close to perfect. Even in the phase-space areas where the two W bosons become far off-

shell the NNLOPS result deviates by less than 5% from the NNLO curve, see figure 4 (b).

This discrepancy is at the level of the statistical uncertainty in these regions. We note

that we only show the mW+ distribution in that figure, because the mW− results are

practically identical.

We conclude this section by studying distributions which have not been used in the

parametrization of our phase-space definition in eq. (2.7). This is important in order

to convince oneself that, beyond the observables used for the reweighting, our procedure
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Figure 5. Same as figure 2, but for observables which have not been used in eq. (2.7) to define a

basis of the Born-level phase space: (a) invariant mass of the W+W− pair mWW , (b) transverse

momentum pT,W+ and (c) rapidity yW+ of W+, (d) transverse mass of the W+W− pair mT,WW

defined eq. (2.17), (e) missing transverse momentum pmiss
T and (f) lepton separation ∆φ``.

reproduces correctly the NNLO cross section for other distributions. Figure 5 shows corre-

sponding plots for the invariant mass of the W+W− pair, the transverse momentum and

the rapidity of W+, the transverse mass of the W+W− pair defined as

mT,WW =

√(
ET,`1 + ET,`2 + pmiss

T

)2 − (pT,l1 + pT,l2 + pmiss
T

)2
, (2.17)

the missing transverse momentum, as well as the separation in the azimuthal angle ∆φll
of the two charged leptons. We stress that we have considered a large number of relevant

observables and that we have picked a representative set of distributions here. In particular,

mWW is the one we found most sensitive to statistical effects.10 Looking at figure 5 it is

clear that our reweighting procedure allows us to promote the MiNLO sample to have

NNLO accuracy for Born-level observables: even in regions where the MiNLO and NNLO

curves are far apart the NNLOPS predictions are perfectly consistent with the NNLO

ones. This is particularly evident in the region of large mWW , where the MiNLO result is

10One should bear in mind that the statistical error bars of the NNLOPS results originate only from the

finite number of generated events. They do not contain any uncertainty related to statistical limitations in

the reweighting procedure itself and to the finite bin sizes used therein.
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almost a factor 2 below the NNLO one. Not only the central predictions are in reasonable

agreement, also the NNLOPS uncertainty bands are of the expected size, being close to

the NNLO ones. The fact that upon reweighting NNLOPS agrees with the NNLO for

Born-level observables verifies that the parametrization through CS angles, which, strictly

speaking, is applicable only to the double-resonant W+W− contributions, is an excellent

approximation in general.

One might wonder what is the reason for the large difference between MiNLO and

NNLO at large mWW . It can be easily traced back to the different scale choice in the

NNLO calculation and in MiNLO. In fact, MiNLO uses effectively mWW as a primary

scale, which becomes a very hard scale in the tail of the mWW distribution. On the

contrary, the dynamic scale choice in the NNLO calculation, see eq. (3.1), is not sensitive

to the rapidity distance between the two W -bosons. Hence, it can be much smaller than

mWW when there is a large rapidity separation between the W bosons. As expected, similar

effects can be observed also in the rapidity distribution of the W+ boson and the rapidity

difference between the two W bosons, see figure 5 (c) and figure 2 (c), respectively. We note

that the difference between NNLO and MiNLO would be about 20% smaller in the tail of

the ∆yW+W− and mWW distributions if µ = mWW was used. It is not clear which scale

choice is more appropriate for W+W− production. For instance, if the W bosons originate

from the s-channel decay of an off-shell Z boson, the invariant mass (possibly transverse

mass) of the W -boson pair is the natural choice. However, through the t-channel diagrams

it is also possible to emit one W boson as initial-state (soft, large rapidity) radiation and a

second W boson as a standard hard Drell Yan interaction. In this case, the choice done in

the NNLO calculation would be more appropriate. Since of course all topologies interfere,

it seems hard to argue in favour of any of the two scale choices.

3 Results

In this section we present NNLOPS-accurate predictions for the processes pp →
e∓νe µ

±νµ + X. Hence, we consider the production of two different-flavour leptons to-

gether with the two corresponding neutrinos and its charge-conjugated process. After

defining our general setup, we discuss rates and distributions both in the inclusive phase

space and in presence of fiducial cuts.

3.1 Input parameters and fiducial cuts

We study predictions at the 13 TeV LHC. The Gµ scheme is employed for EW parameters

and the complex-mass scheme [132] for EW decays of the W bosons. Thus, complex

W - and Z-boson masses are used and the EW mixing angles are defined as cos θ2
W =

(m2
W − iΓW mW )/(m2

Z − iΓZ mZ) and α =
√

2Gµm
2
W sin2 θW /π. The input parameters

are set to the PDG [133] values: GF = 1.16639 × 10−5 GeV−2, mW = 80.385 GeV, ΓW =

2.0854 GeV, mZ = 91.1876 GeV, ΓZ = 2.4952 GeV, and mH = 125.0 GeV. We obtain a

branching fraction of BR(W± → `±ν`) = 0.108987 from these inputs for the W -boson

decay into massless leptons. The CKM matrix is set to unity, which, because of unitarity

and because we consider only massless external quarks, is almost equivalent to using the full
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Cabibbo matrix.11 As outlined in section 2.1, we use the 4FS with massive bottom quarks

throughout and consistently remove top-quark contamination by dropping all partonic

subprocesses with real bottom-quark emissions, which are separately IR finite. The on-

shell top- and bottom-quark masses are set to mt = 173.2 GeV and mb = 4.92 GeV.12

We use the NNPDF3.0 [134] nf = 4 PDF sets with the corresponding value of the strong

coupling constant.13 As usual, for the fixed-order results, we choose NnLO PDF sets in

accordance with the perturbative order under consideration, while the evolution of αs is

done at (n+1)-loop order. In the WWJ-MiNLO simulation NNLO PDFs are used. We use

dynamical renormalization (µR) and factorization (µF ) scales: for the NNLO computation

the average of the transverse masses of the two W bosons is chosen as a central scale:

µR = µF = µ0 ≡
1

2

(√
m2
e−ν̄e

+ p2
T,e−ν̄e

+
√
m2
µ+νµ

+ p2
T,µ+νµ

)
, (3.1)

while, upon integration over all radiation, the scales in the MiNLO generator effectively

reduce to an mWW -like scale. As described in section 2.4, uncertainties from missing higher-

order contributions are estimated from the customary 7-point variation, while keeping the

µR and µF values correlated in the NNLOPS reweighting factor. All showered results are

obtained through matching to the Pythia8 parton shower [135]. Results are shown at

parton level, without hadronization or underlying-event effects.

Additional uncertainties connected to the shower-matching could be probed by varying

the choice of h(pt) in eq. (2.3), by using different parton showers or parton-shower tunes,

or by varying the shower vetoing scale by a factor of two for events with radiation far

from singular limits. All these effects can be considered as uncorrelated. Their complete

assessment is left for future studies. Therefore, the size of uncertainties quoted in this

paper may be underestimated. However, comprehensive studies related to the shower and

matching systematics can be performed with the public code.

In table 1 we summarize the set of cuts used in the definition of the fiducial phase

space. They involve standard cuts on the transverse momentum (pT,`) and pseudo-rapidity

(η`) of the charged leptons as well as a lower threshold on the invariant-mass of the dilepton

pair (m`−`+). Lepton dressing with QED final-state radiation (FSR) is not included in the

fiducial results shown in this paper. However, we discuss the general effects of its simulation

with Pythia8 below. A typical minimal requirement on the missing transverse momentum

(pmiss
T ) is supplemented by a cut on the so-called relative missing transverse momentum

(pmiss,rel
T ), which denotes the component of the pmiss

T vector perpendicular to the direction

11An approximation is made in the real correction when the two W bosons are emitted from two different

fermion lines, one in the initial state and one in the final state. First of all, these contributions are very small,

as they contain a gluon propagator in the s-channel which is pushed far off-shell by the W boson emitted off

the final state fermion line. Additionally, these effects are further suppressed by the heavy-flavour PDFs.

Hence, replacing the CKM matrix by the unit matrix is a very good approximation.
12We note that the contributions involving massive fermion loops, which include also the exchange of a

Higgs boson and appear starting from O(α2
s ), are accounted for through the reweighting to the NNLO.

13The strong coupling constant of the nf = 4 NNPDF set is derived from the standard variable-flavour-

number PDF set with α
(5F)
s (MZ) = 0.118 using an appropriate backward and forward evolution with five

and four active flavours, respectively. This results in values of 0.1136, 0.1123 and 0.1123 for α
(4F)
s (MZ) at

LO, NLO and NNLO.
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lepton cuts pT,` > 25 GeV, |η`| < 2.4, m`−`+ > 10 GeV

lepton dressing add photon FSR to lepton momenta with ∆R`γ < 0.1

(our results do not include photon FSR, see text)

neutrino cuts pmiss
T > 20 GeV, pmiss,rel

T > 15 GeV

jet cuts

anti-kT jets with R = 0.4;

Njet = 0 for pT,j > 25 GeV, |ηj | < 2.4 and ∆Rej < 0.3

Njet = 0 for pT,j > 30 GeV, |ηj | < 4.5 and ∆Rej < 0.3

Table 1. Fiducial cuts used in the W+W− analysis by ATLAS at 13 TeV [9]. See text for details.

of the closest lepton in the azimuthal plane:

pmiss,rel
T =

{
pmiss
T · sin |∆φ| for ∆φ < π/2 ,

pmiss
T for ∆φ > π/2 ,

(3.2)

where ∆φ denotes the azimuthal angle between the pmiss
T vector and the nearest lepton. Fi-

nally, there is a two-folded jet-veto requirement: jets are rejected for a softer pT,j threshold

in a narrow pseudo-rapidity (ηj) range, while slightly harder jets are vetoed also in a wider

pseudo-rapidity range. This setup follows precisely the definition of the fiducial volume

employed in the ATLAS 13 TeV W+W− measurement of ref. [9], which we will compare to

below. We refer to this default set of fiducial cuts, which include the jet-veto requirements,

as fiducial-JV. In the following, it will be instructive to also consider the same fiducial

setup, but without any restriction on the jet activity, which we denote as fiducial-noJV

in the respective figures.

We refrain from showing results including charged leptons dressed with photon FSR

in the following, in order to allow for a more direct comparison between NNLO and the

showered results. Besides, a proper treatment is closely tied to the specific choices made

by the experimental collaborations. Nevertheless, for completeness we have simulated such

effects by generating photon emissions with Pythia8, and successively considering dressed

leptons, i.e. we added to their momentum all photon momenta in a cone of ∆R`γ < 0.1.

By and large, the impact of photon FSR is at the level of a few percent. In particular, the

cross section in the fiducial phase space is reduced by about 2%. Relatively large effects

(> 10%) are found only in distributions where it is expected, such as the invariant mass

of each of the two W bosons or the charged lepton transverse momenta. We stress that

with our NNLOPS computation the experimentalists have now a tool to produce NNLO

accurate predictions, and, at the same time, to consistently include lepton dressing through

photon FSR as obtained by a parton shower.

All fiducial results in this section have been obtained for the pp→ e−ν̄e µ
+νµ process,

while multiplying them with a factor of two to account for the charge-conjugated process

(pp → e+νe µ
−ν̄µ).14 As pointed out in the introduction, contributions which stem from

14We have explicitly checked that the minor asymmetry in the electron and muon cuts, which appears only

in the electron-jet separation of the jet-veto definition, has a completely negligible impact. Our procedure

can therefore be considered to provide the exact result for the sum of the two (charge-conjugated) processes.
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qq̄ (no loop2 gg) σincl(pp→W+W−) [pb] σfid(pp→ e∓νe µ
±νµ) [fb] A = σfid/σincl [%]

LO 70.66(1)+5.1%
−6.2% 440.5(0)+6.0%

−7.1% 0.623

NLO 99.96(3)+3.5%
−2.8% 411.8(1)+2.7%

−2.3% 0.412

NNLO 110.0(1)+1.6%
−1.6% 413.1(2)+1.0%

−0.7% 0.376

MiNLO 96.05(1)+7.1%
−4.9% 359.6(1)+5.4%

−8.3% 0.374

NNLOPS 110.2(2)+1.7%
−1.6% 413.0(2)+2.2%

−2.3% 0.375

ATLAS−gg [9] 124.7± 5 (stat)± 13 (syst)± 3 (lumi) 473± 20 (stat)± 50 (syst)± 11 (lumi) 0.379

CMS−gg [10] 108.5± 5.8 (stat)
±5.7(exp. syst)
±6.4(theo. syst) ± 3.6 (lumi) — —

Table 2. Cross sections for inclusive W+W− production and e∓νe µ
±νµ production with fiducial

cuts in various approximations compared to data. At NNLO, all corrections to qq̄-bar induced

W+W− production are taken into account up to O(α2
s), while excluding the loop-induced gg con-

tribution. The central values of the experimental results have been corrected by subtracting the

O(α3
s) theoretical prediction for the (non-resonant) gg component [55] as quoted in the ATLAS

analysis [9]. In contrast to CMS, ATLAS includes resonant Higgs bosons decaying to W+W− pairs

in their W+W− signal measurement. The theoretical predictions of this additional gg-initiated

contribution in the inclusive [136] and fiducial [136, 137] phase space as quoted in the ATLAS

analysis [9] have also been removed from the central ATLAS result.15

the loop-induced gg channel and enter the NNLO corrections to W+W− production are

disregarded throughout this work. We employ this simplification to perform a clean study

of the newly computed NNLOPS effects. For a fully consistent comparison to data all

contributions should be combined with correlated scale variations.

3.2 Inclusive and fiducial rates

In table 2, we report results for integrated cross sections, both fully inclusive and with

fiducial cuts. The inclusive W+W− results have been obtained from the full off-shell com-

putation of the leptonic process in eq. (2.1) by simply dividing out the branching fraction

of the W → `ν decays. The numbers inside the brackets after the central prediction are the

numerical errors, while the percentages reflect the uncertainties due to scale variations. For

reference, we also quote the acceptance obtained from the ratio of the central prediction

for the fiducial cross section over the inclusive one. The predicted rates are provided in

various approximations, with NNLOPS being our best prediction. All the available experi-

mental results at 13 TeV by ATLAS and CMS are quoted in the same table. Since we omit

loop-induced gg contributions in the O(α2
s) calculations, the central values of the measured

cross sections have been corrected by removing the respective theory prediction of the gg

15We note that the prediction used for the inclusive Higgs results includes the N3LO cross section in the

heavy-top limit of refs. [138–140] and quark-mass effects [93, 137, 141–148]. The fiducial acceptance for

the resonant Higgs contributions in ref. [9] has been computed with the POWHEG implementation [137],

but equivalent tools using the MC@NLO approach [149], or even more sophisticated merging [150, 151]

and NNLOPS [92, 93, 152] predictions could have been used to determine the acceptance. Given the minor

impact (∼ 2%) of resonant Higgs contributions in the fiducial phase space, which is due to the applied jet

veto, a more precise modelling of the Higgs contributions is not required.
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component to facilitate a meaningful comparison, as detailed in the caption of the table.

The main conclusions that can be drawn from the table are the following:

1. Radiative corrections on the inclusive cross section are large. They amount to +41.4%

at NLO and are still +10.0% at NNLO. The MiNLO result is, in accordance with

its formal accuracy, very close to the inclusive NLO rate. By construction, NNLOPS

yields the inclusive NNLO cross section up to statistics.

2. In the fiducial phase space the situation is quite different. Radiative corrections

are much smaller and even negative at NLO. They amount to −6.5% at NLO

and +0.32% at NNLO. In fact, looking only at the O(α2
s) coefficient, i.e. com-

paring against NLO computed with NNLO PDFs (referred to as NLO′) which yields

σNLO′
fid = 424.6(1)+2.5%

−2.1%, one realizes that the O(α2
s) contributions from the NNLO

matrix elements are actually also negative. We stress that these findings are caused

entirely by the restrictions of jet activity in the fiducial phase space. If we remove the

jet-veto requirements, i.e. consider the fiducial-noJV setup, radiative corrections

are similar to the inclusive case.

3. When comparing MiNLO and NLO results, it appears quite surprising that the

two fiducial cross sections turn out to be so different, despite the fact that they are

practically identical in the fiducial-noJV setup. However, it was pointed out some

time ago [89] that the POWHEG generator tends to underestimate the jet-vetoed

cross section for W+W− production, which seems to persist also in its MiNLO

extension. When MiNLO is reweighted to the NNLO this deficit in the fiducial cross

section disappears. The reasons for why this happens are twofold: first, the fiducial

cross section without a jet-veto is about 10% higher at NNLO than for MiNLO;

second, the jet-veto efficiency predicted by MiNLO is ∼ 5% lower than at NNLOPS

for relevant jet-veto cuts (see section 3.3). It shall be noted, however, that the

reasonable size of the fiducial cross section at NLO is accidental. It is caused by the

interplay of the small cross section without a jet veto and a poor modelling of the jet-

veto efficiency. This is apparent considering the acceptance in the last column, which

is rather similar among NNLO, MiNLO and NNLOPS, but quite higher at NLO.

4. It is interesting to note that the fiducial NNLOPS result is identical with the NNLO

cross section, despite the fact that its description of jet-veto logarithms is more

accurate at low jet-veto scales. We postpone a detailed discussion to section 3.3,

where we analyze the cross section as a function of the jet-veto cut. We note, however,

that the perturbative uncertainties of the NNLOPS result are more realistic than at

NNLO. As expected they are larger in the restricted phase space than in the fully

inclusive one, while the opposite is the case at NNLO.

5. Despite the rather small QCD corrections in the fiducial phase space, only beyond

NLO a reliable prediction for the fiducial acceptance is obtained.
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6. As expected, scale uncertainties successively decrease upon inclusion of QCD pertur-

bative corrections. At LO and NLO, they underestimate, however, the actual size of

missing higher-order terms in the case of the inclusive cross section.

7. The agreement between the NNLO(PS) predictions and the measured cross sections

is quite good. This is particularly true for the inclusive cross section, which is fully

consistent with the CMS measurement within the statistical uncertainty, and agrees

also with the ATLAS one as soon as systematics are taken into account. Clearly,

the tension found in some early 8 TeV W+W− measurements of the inclusive cross

section [5, 7] does not persist at 13 TeV with state-of-the-art theoretical predictions.

For the fiducial cross-section measurement by ATLAS the relative difference to the

NNLOPS result is somewhat higher, but still within the quoted uncertainties.

3.3 Jet-vetoed cross section and impact of the parton shower

We now consider the integrated cross section with a jet-veto as a function of the jet-veto

cut (pveto
T,j1

) defined as

σ(pT,j1 < pveto
T,j1) =

∫ pvetoT,j1

0
dpT,j1

dσ

dpT,j1
= σint −

∫ ∞
pvetoT,j1

dpT,j1
dσ

dpT,j1
. (3.3)

σint denotes the cross section integrated over all pT,j1 . In addition to the jet-veto require-

ment any IR-safe set of cuts may be imposed on the cross section in the previous equation.

We further define the jet-veto efficiency as

ε(pveto
T,j1) = σ(pT,j1 < pveto

T,j1)/σint. (3.4)

Figure 6 depicts both the jet-vetoed cross section and the jet-veto efficiency in the

fiducial phase space. We point out that the relative behaviour of the curves is practically

identical in the fully inclusive phase space, which is why we refrain from discussing them

separately, and that the general conclusions drawn here also apply in the inclusive case.

The figures throughout this section follow the same pattern as in section 2.4, only that

they now show in the main frame physical results for MiNLO and NNLOPS after shower,

and not the ones at LHE level.

Since NNLO (red, dashed) and NNLOPS (blue, solid) have almost identical cross

sections, there is virtually no difference in relative terms between their jet-vetoed cross

sections and the respective efficiency. MiNLO (black, dotted), on the other hand, has a

different normalization in the fiducial-noJV phase space of roughly −13%. Furthermore,

the jet-veto efficiency predicted by MiNLO is about 4% below the NNLOPS one for typical

jet-veto cuts applied by the experiments (20 GeV. pveto
T,j1

. 30 GeV).

The agreement between NNLO and NNLOPS results is remarkable. Even down to

pveto
T,j1

= 15 GeV their difference is within ∼ 2%. Similar results were found in ref. [83]

with resummation effects at high logarithmic accuracy of about ∼ 2–3% beyond NNLO for

pveto
T,j1

= 30 GeV. This shows that jet-veto logarithms at typical jet-veto cuts applied by the

experiments are not particularly large and still well described by a NNLO computation.
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(a) (b)

Figure 6. Comparison of MiNLO (black, dotted), NNLO (red, dashed) and NNLOPS (blue, solid)

predictions in the fiducial phase space as a function of pvetoT,j1
for (a) the cross section and (b) the

jet-veto efficiency.

Clearly, below pveto
T,j1

= 15 GeV NNLO loses all predictive power and even turns negative at

some point. The scale-uncertainty band completely underestimates the true uncertainty

of the NNLO prediction due to missing higher-order corrections in this region. It is nice

to see how matching to the parton shower cures the unphysical behaviour of the NNLO

result, so that NNLOPS yields accurate predictions in the entire range of jet-veto cuts.

Furthermore, the scale uncertainty band of the NNLOPS curve widens at small pveto
T,j1

,

reflecting the fact that higher-order logarithmic terms become important in this region

and degrade the accuracy of the perturbative prediction.

3.4 Differential distributions in the fiducial phase space

We now turn to discussing differential cross sections. The figures in this section have the

same layout as before. Additionally, we show the central NNLOPS result at LHE level, i.e.

before the shower is applied, in the ratio frame. We start by considering observables which

are sensitive to soft-gluon emissions. In phase-space regions where the cross section be-

comes sensitive to soft-gluon effects, large logarithmic terms spoil the validity of fixed-order

computations and must be resummed to all orders to yield a physical description. This

can be done either via analytic resummation techniques or via a parton-shower approach.

Therefore, the largest and most relevant effects of combining NNLO predictions with parton

showers are expected in regions where observables are sensitive to soft-gluon radiation.

Figure 7 depicts the transverse-momentum distribution of the hardest jet in the inclu-

sive and the fiducial-noJV phase space. The relative behaviour of the results in the two

scenarios is very similar. This remains true also for other distributions which is why we

refrain from showing any other inclusive result and focus instead only on distributions in
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(a) (b)

Figure 7. Distribution of the cross section in transverse momentum of the leading jet as predicted

by MiNLO (black, dotted), NNLO (red, dashed) and NNLOPS (blue, solid); for reference, central

results of NNLOPS at LHE level (green, dash-dotted) are also shown in the ratio frame; (a) inclusive

phase space and (b) fiducial-noJV setup.

the fiducial phase below. As expected, the NNLO curve diverges as small jet pT due to

large logarithmic terms. On the contrary, both NNLOPS and MiNLO remain finite in the

small-pT region. However, the importance of including NNLO accuracy on top of MiNLO

is obvious from the ∼ 15% differences to NNLOPS in that region, which also produce a

shape distortion. At high transverse momenta all three predictions have the same (NLO)

perturbative accuracy and are consistent within scale uncertainties. The uncertainty band

of the NNLOPS result is smallest at around pT,j1 = 15 GeV. This narrowing of the band is

due to the fact that at high pT the NNLOPS prediction is formally only NLO accurate and

at very small pT the uncertainty increases due to missing large logarithmic higher-order

terms. As a consequence, the uncertainty will be smallest in the intermediate-pT region.

We continue by showing in figure 8 the transverse momentum of the colourless final-

state (diboson) system (pT,WW ).16 The fiducial-noJV setup in the left panel of that figure

reveals no surprises: the NNLO curve diverges at small transverse momenta, which is cured

in the NNLOPS prediction by the parton shower. The general behaviour is very similar to

the pT distribution of the leading jet. The pT,WW distribution in the fiducial-JV setup

(right panel of figure 8), on the other hand, shows some quite prominent effects: in the

intermediate pT region (40 GeV. pT,WW . 100 GeV) NNLO and NNLOPS results can

differ by more than one order of magnitude, while at low pT NNLO shows the typical

unphysical behaviour, and at high pT the two predictions become similar again. It is

16Note that we performed a qualitative comparison of the inclusive pT,WW distribution with the ana-

lytically resummed results of refs. [82], and we found remarkable agreement in terms of shape between

NNLOPS and NNLL+NNLO.
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(a) (b)

Figure 8. Same as figure 7, but for the distribution in the transverse momentum of the colourless

final-state system; (a) fiducial-noJV and (b) fiducial-JV phase space.

interesting to notice that the NNLOPS result before showering (see the green, dash-dotted

result at LHE level in the ratio) follows closely the NNLO curve in the intermediate pT
range. Hence, this large gap is filled up in the NNLOPS prediction entirely by soft radiation

due to the parton shower. This can be understood as follows: beyond the region where

jet-veto requirements are applied (25 GeV and 30 GeV respectively) the NNLO pT,WW

distribution drops significantly as a substantial fraction of events with a hard jet recoiling

against the W+W− system is removed. In fact, disregarding high-rapidity jets which

escape the jet veto requirements, the NLO distribution has a boundary at the jet veto cut.

Thus, the NNLO result is effectively only LO accurate at larger pT,WW values, and only

configurations with two jets of transverse momentum less than 25 or 30 GeV can contribute

to this region. Eventually, the shower generates additional configurations where three and

more jets recoil against the W+W− system, so that the intermediate pT region gets filled up

and a smooth and physical distribution is obtained. Since in the intermediate transverse

momentum region (40 GeV. pT,WW . 100 GeV) the distribution is mainly built up by

the colour singlet recoiling against soft jets from the parton shower, in this region the

distribution is particularly sensitive to the modeling of soft radiation in the parton shower.

Accordingly, this distribution seems particularly suited to tune the parton shower inputs

of the NNLOPS generator, both the perturbative components as well as the handling of

non-perturbative hadronization effects. Compared to other measurements that enter tunes

of parton shower it is interesting to note that the W+W− system that is measured is in fact

relatively hard. We finally note that the step in the NNLO curve around pT,WW = 25 GeV

is a perturbative instability from an integrable logarithmic singularity [153] caused by the

boundary in the NLO pT,WW distribution due to the jet-veto cut.

Also the distribution in the azimuthal angle between the dilepton system and the

missing transverse-momentum vector (∆φ``,νν) is sensitive to soft-gluon effects: since the
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Figure 9. Same as figure 7, but for the distribution in the azimuthal angle between the dilepton

system and the two neutrinos; (a) fiducial-noJV and (b) fiducial-JV phase space.

two vectors are back-to-back at LO, values different from π are filled only upon inclusion

of higher-order corrections. The ∆φ``,νν distribution is shown in figure 9 and develops the

expected Sudakov-like behaviour at large separation angles. While it is clear that in this

region only the showered results provide a proper prediction, at small separation angles

MiNLO, NNLO and NNLOPS in the fiducial-noJV setup (left panel of that figure) all

have the same formal fixed-order accuracy and agree within their respective uncertainty

bands. Looking at small ∆φ``,νν angles in the setup with a jet-veto (fiducial-JV) in

the right panel of that figure, on the other hand, we observe a very strong suppression

of the NNLO cross section with respect to the NNLOPS one. As in the pT,WW case

the green, dash-dotted LHE result in the ratio is very close to NNLO in that region.

The explanation follows the same logic as for pT,WW above: the jet-veto suppresses small

∆φ``,νν separations as they require the W+W− system to recoil against hard jet radiation.

The shower reshuffles events such that more of such configurations are generated and

increases the cross section at small ∆φ``,νν . Being dominated by corrections from the

shower, also this observable may serve as a way to tune parton showers and as a probe of

non-perturbative models in the parton shower Monte Carlo.

To conclude our analysis of differential observables in the fiducial phase, we consider

a set of distributions in figure 10 which have been unfolded in the 8 TeV measurement

done by ATLAS in ref. [6]. They involve the leading lepton pT , the transverse momentum,

invariant mass and rapidity of the dilepton system, the separation in the azimuthal angle of

the two leptons as well as an observable sensitive to new physics searches which is defined

through the separation in η of the two leptons:

|cos(θ?)| = |tanh (∆η``/2)| . (3.5)

It is nice to see that, on the one hand, the inclusion of NNLO corrections on top of the
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Figure 10. Same as figure 7, but for various distributions in the fiducial phase space measured

in the 8 TeV analysis by ATLAS [6]: (a) transverse momentum of the leading lepton pT,`1 (b)

transverse momentum pT,``, (c) invariant mass m`−`+ and (d) rapidity of the dilepton pair, (d)

azimuthal lepton separation ∆φ``, and (e) |cos(θ?)| defined in eq. (3.5).

MiNLO generator is crucial not only for the correct normalization, but in many cases also

to capture relevant shape effects. On the other hand, the impact of the parton shower on

top of the NNLO predictions is moderate in many phase space regions, but absolutely vital

in cases where the perturbative prediction fails due to soft radiation effects, as we have

already seen in figures 7−9. Moreover, even in some of the distributions where the NNLO

prediction is not challenged by large logarithms, the shower induces shape effects at the

5% level, see figure 10 (a) and (c) for example.

The two distribution which require some additional discussion in figure 10 are pT,`` and

∆φ``. We note at this point that in the fiducial phase space the LHE-level NNLOPS result

before shower, which is shown only in the ratio frame, has a different normalization (by

about −5%) than after shower. This is due to the jet-veto requirements and does not appear

in the inclusive nor the fiducial-noJV phase space. It can be understood by realizing that

the LHE-level results are unphysical in regions sensitive to soft-gluon radiation where large

logarithmic contributions are resummed by the shower. In other phase-space regions LHE-

level results coincide with the respective fixed-order result. Since among the fiducial cuts

only the jet-veto requirements are subject to effects from soft gluons, large differences
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between LHE-level and showered results appear in the fiducial-JV setup primarily.

The pT,`` distribution in figure 10 (b) shows some interesting features: at 20 GeV the

NNLO curve develops some perturbative instability. The integrable logarithmic singular-

ity [153] is caused by the fiducial pmiss
T > 20 GeV cut, which at LO implies that the cross

section below pT,`` = 20 GeV vanishes. The reduced formal accuracy of the NNLO calcula-

tion in this region is also evident from the larger uncertainty band. As expected, this effect

is absent in the NNLOPS result already before the shower. Both the NNLO and the LHE-

level NNLOPS curve show a very similar shape at larger pT,``. Around pT,`` = 100 GeV a

dip appears in the ratio to the showered NNLOPS prediction. The reason for this dip is

the following: emissions from the parton shower can modify pT,`` because of recoil effects.

Accordingly events can migrate to a different bin. The largest impact of this migration

will be right after the point of inflection, which for pT,`` is at around 100 GeV.

Also for the ∆φ`` distribution in figure 10 (e) the parton shower induces some prominent

shape differences in the NNLOPS result. The NNLO and NNLOPS result at LHE level are

very similar shape-wise: their curves relative to the NNLOPS one increase slightly with

∆φ`` up to ∆φ`` ∼ 2.5, after which they drop off significantly towards configurations where

the two leptons are back-to-back. This behaviour is caused by the fiducial lepton cuts and

is absent in the fully inclusive case. In particular the cut on pmiss
T > 20 GeV suppresses

the region where the two leptons are back to back in the azimuthal plane. Accordingly, the

cross section drops sharply just before ∆φ`` = π. Because the cross section drops very fast,

a small change in ∆φ`` due to the parton shower will have a large effect in the ratio plot.

This effect is similar to the one observed around pT,`` = 90 − 100 GeV, see figure 10 (b).

In particular the effect of the parton shower is to partially re-populate this region since

pmiss
T can recoil against extra soft radiation from the parton shower, hence the region close

to ∆φ`` = π is less suppressed.

In summary, the importance of NNLOPS accurate predictions for W+W− production

has been demonstrated in the fiducial phase space. Besides IR-sensitive observables which

require parton-shower resummation already in the inclusive phase space, also other dis-

tributions in the fiducial phase space exhibit sizeable corrections from the parton shower,

which cures perturbative instabilities caused by fiducial cuts and provides a more reliable

description of jet-veto logarithms present in the fiducial cross section. The relevance of

NNLO accuracy beyond the MiNLO description is evident in essentially every observable,

irrespective of inclusive or fiducial, integrated or differential.

3.5 Charge asymmetry in W+W− production

To complete our presentation of phenomenological results, we turn to discussing the def-

inition of a charge asymmetry in the W+W− production process at the LHC. Similar to

tt̄ production, the two W bosons in W+W− production exhibit an asymmetry. This is

caused by the fact that W+W− is mainly produced through t-channel uū or dd̄ scattering

(s-channel production does not create an asymmetry). Since up quarks in the protons

are faster than down quarks and since the W -bosons tend to move in the same direction

as the incoming quark, i.e. W+ (W−) bosons tend to follow the up (down) quarks, the

W+-bosons tend to be more forward. This asymmetry manifests itself in the rapidity dis-
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(a) (b)

Figure 11. Comparison of rapidity distributions of negatively (magenta, solid) and positively

(green, dotted) charged particles at NNLOPS for (a) the two W bosons and (b) the two leptons.

tributions of the positively and negatively charged W bosons as shown in figure 11 (a):

W+ bosons are generally more forward, while W− bosons are situated more at central ra-

pidity. However, since the W -boson momenta of the W+W− final state are not accessible

in the measurement due to the two neutrinos (not even under the assumption that they

are on-shell), one may wonder whether this asymmetry persists in the case of the leptons.

Indeed, figure 11 (b) shows a similar, but less pronounced behaviour for the leptons. In

fact, the asymmetry is reversed with respect to the charges in this case with the `+ being

more central and the `− more forward.

We can now use the previous observation to define a charge asymmetry in W+W−

production for the W bosons:

AWC =
σ(|yW+ | > |yW− |)− σ(|yW+ | < |yW− |)
σ(|yW+ | > |yW− |) + σ(|yW+ | < |yW− |)

, (3.6)

as well as for the leptons:17

A`C =
σ(|y`+ | > |y`− |)− σ(|y`+ | < |y`− |)
σ(|y`+ | > |y`− |) + σ(|y`+ | < |y`− |)

. (3.7)

This allows us to express the size of the asymmetry by a single number. It is zero if there

is no asymmetry, positive if the positively-charged particle is more forward, and negative

otherwise. Note that the denominator simply corresponds to the integrated cross section,

within the considered cuts.

17Note that for the leptons, since they are massless, the rapidity entering the asymmetry and the pseudo-

rapidity used to define the fiducial cuts coincide (y` ≡ η`).
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NNLOPS inclusive phase space fiducial phase space

AWC 0.1263(1)+2.1%
−1.8% 0.0726(3)+2.0%

−2.6%

A`C −
[
0.0270(1)+5.0%

−6.4%

]
−
[
0.0009(4)+72%

−87%

]
Table 3. NNLOPS predictions for the charge asymmetry for W -bosons and charged leptons in

W+W− production. The fiducial volume is defined in table 1 (including the jet-veto requirement).

Table 3 summarizes the NNLOPS predictions for AWC and A`C in the inclusive and

in the fiducial phase. The uncertainties are obtained by computing a 7-point variation in

the numerator and dividing by the central cross section in the denominator. This choice

is motivated by the fact that fully correlated uncertainties in the ratio lead to too small

uncertainties for AWC . The W -boson asymmetry in the inclusive phase space is pretty large

and positive, as one could expect from figure 11 (a). It is significantly reduced by the fiducial

cuts, but still clearly different from zero. Also the leptons yield a charge asymmetry at

inclusive level, which, however, is smaller than for W bosons and negative. Unfortunately,

once lepton cuts are applied in the fiducial volume A`C becomes almost compatible with

zero within both perturbative and numerical uncertainties. This again is due to the left-

handed nature of the W -boson interactions: in the case of the W+ decay, the neutrino

tends to follow the W direction while the positive charged lepton will mostly end up in the

central region of the detector. When the W− decays, it is instead the negative charged

lepton that tends to follow the W boson in the forward region, while the neutrino ends up

in the central region of the detector compared to the W boson rapidity. This effect ends up

fully compensating the W -boson charge asymmetry and even causing the leptons to have

an asymmetry that is reversed in sign. The relative importance of these two effects depends

on kinematics of the leptons and can then be altered by probing different kinematic regions.

For instance, it is clear from the plots that by widening the rapidity requirements on the

leptons and measureing them further into the forward region (beyond |η`| = 2.4) a non-zero

charge asymmetry could be measured by the experiments. It would be interesting to see

whether such measurement can be performed at LHCb, which already measured a lepton

charge asymmetry in Drell-Yan production [154]. Furthermore, we verified explicitly that

the lepton asymmetry increases when going to a boosted regime of the W bosons, due

to its sensitivity to the W -boson polarizations. In this region, BSM effects that alter the

W -polarization composition could considerably modify the value of A`C , so that the lepton

asymmetry can be used as a probe of new physics. A more detailed analysis of such effects

is, however, beyond the scope of the present paper.

4 Summary

In this paper we presented NNLO-accurate parton-shower predictions for the production

of W+W− pairs at hadron colliders. We include off-shell effects and spin correlations by

considering the full leptonic process with two charged leptons and the two corresponding

neutrinos in the final state (`ν``
′ν`′). For the first time NNLO QCD corrections have been
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consistently matched to parton showers for a 2 → 4 process. Our calculation has been

extensively validated by the excellent agreement of the NNLOPS Les Houches events with

NNLO predictions for Born-level observables.

We have studied the impact of including NNLO corrections on top of the MiNLO

generator and of including the parton shower on top of NNLO predictions on rates and

distributions in both inclusive and fiducial phase spaces. Integrated cross sections predicted

by our NNLOPS computation are virtually identical with the NNLO cross section and in

good agreement with cross-section measurements for W+W− production by ATLAS and

CMS. The relevance of the parton shower to resum jet-veto logarithms beyond the ones

present at NNLO is moderate: down to jet-veto cuts of 15 GeV NNLO agrees with NNLOPS

to better than about 2%, but becomes unreliable below such values.

The importance of NNLOPS predictions compared to fixed order becomes most ap-

parent in differential distributions which are sensitive to soft-gluon effects. In these phase-

space regions the validity of QCD perturbation theory breaks down due to the presence

of large logarithmic contributions, but matching to the parton shower recovers physical

predictions by the NNLOPS computation for all observables. Even observables which de-

velop no logarithmic divergences at inclusive level can feature perturbative instabilities as

soon as fiducial cuts are applied. Hence, also in such cases NNLOPS matching can induce

substantial effects beyond NNLO as far as distributions in the fiducial phase space are con-

cerned. Several examples have been presented where fiducial cuts, primarily the jet-veto

requirements, but also lepton cuts, challenge fixed order predictions and cause an improved

description by NNLOPS. Moreover, we found NNLO-corrections to have a significant im-

pact beyond the MiNLO computation throughout: by and large NNLOPS and MiNLO

show differences at the 10%-level and higher.

We reckon that the NNLOPS calculation and the results presented in this paper will be

highly valuable for experimental measurements, which feature W+W− final states as signal

or background. The computation is publicly available within the POWHEG BOX frame-

work and allows for fully-exclusive hadron-level event generation, which can be combined

by the experiments with their detector simulation.
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