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1 Introduction

Along the main objectives of current and future runs of the Large Hadron Collider (LHC)

will be a further detailed investigation of the Higgs sector and the search for physics

beyond the Standard Model (BSM). In fact, these two objects are linked, since very precise

measurements of Higgs couplings and properties might reveal hints of BSM physics. A

prime example of this is given by the branching ratio of the Higgs boson into invisible

particles. In the Standard Model (SM), the only invisible decay mode of the Higgs boson

proceeds via H → ZZ∗ → 4ν, with a branching ratio of only about 10−3 [1]. In various

extensions of the SM this invisible branching ratio can be strongly enhanced [2–4], in

particular in scenarios where the Higgs boson can decay into a pair of weakly interacting

massive particles — prime candidates of particle dark matter [5–10] (for a recent review

see ref. [11]). Therefore, experimental limits on invisible Higgs decays (H → inv) can be

used to exclude regions of parameter space of these models. At the LHC any production

mode where the Higgs boson is produced in association with visible SM particles can

in principle be used in order to search for H → inv. Most stringent bounds have been

obtained combining searches in Higgs production via vector-boson fusion (VBF) and Higgs

production in association with a vector boson (VH) performed by both ATLAS [12–15] and
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CMS [16–19]. These searches yield as currently best limit on the invisible Higgs branching

ratio Br(H → inv) < 0.18 at 95% confidence level [19]. The sensitivity is dominated by the

VBF channel, where invisible Higgs searches are based on measurements of the distribution

in the dijet invariant-mass, mjj, in the TeV region. The signature of two forward jets

with large mjj together with sizeable missing transverse energy receives large contributions

from irreducible SM backgrounds, originating in particular from Z-boson production and

decay into neutrinos in association with two jets. For this reason, significant sensitivity

improvements in H → inv searches can be achieved by controlling these backgrounds at

the percent level. This in turn becomes possible via a theory assisted data-driven strategy,

where precision measurements are combined with state-of-the-art theoretical predictions

for Z+2 jet and W+2 jet distributions and for their ratios. Using this approach for the

V +jet backgrounds to monojet signals [20] made it possible to enhance the sensitivity of

dark-matter searches at the LHC in a very significant way [21, 22].

Besides controlling backgrounds in H → inv searches, V + 2 jet production is of

importance and relevance in its own right. It serves as a laboratory for QCD dynamics

and can be used to derive stringent bounds on anomalous triple gauge boson couplings

and corresponding dimension-6 effective field theory coefficients [23–27]. In regard of the

former, VBF production of vector bosons, which contributes to V + 2 jet production at

large dijet invariant mass and/or rapidity separation, can provide important insights for

the understanding of the QCD dynamics in vector boson scattering (VBS) processes.

In this paper we present new theory predictions for V + 2 jet production, with

V = Z, W ±, including next-to-leading order (NLO) QCD and electroweak (EW) corrections

together with detailed recommendations for their implementation for improving V + 2 jet

backgrounds in searches for invisible Higgs decays. When referring to W +2 jet and Z +2 jet

production, we mean, respectively, the full 2 → 4 off-shell proceeses pp → ℓ+νℓ/νℓℓ
− + 2 jets

and pp → ℓ+ℓ−/νℓν̄l + 2 jets, where ℓ± = e± or µ±, lepton/neutrino pairs are produced via

W ± or Z/γ∗ vector-boson exchange. Since invisible Higgs searches via VBF at the LHC are

based on the mjj distribution, the main focus of this paper is on this particular observable.

At leading order (LO), V +2 jet final state can be generated through a QCD production

mode of order1 α2
s α2, an EW production mode of order α3, and QCD-EW interference

effects of order αsα
3. The EW production mode receives contributions from VBF-type

production as well as from diboson production with subsequent semi-leptonic decays, and

in the case of W + 2 jets also from single-top production with leptonic decays. At NLO four

perturbative terms of order α3−n
s α2+n with n = 0, 1, 2, 3 emerge. The contributions of order

α3
s α2 and α2

s α3 will be referred to as QCD and EW corrections to the QCD production

mode, respectively, while terms of order αsα
4 and α5 will be denoted as the QCD and EW

corrections to the EW production mode. In this study we present predictions for all of these

LO and NLO contributions, considering pp → W ± + 2 jets and pp → Z + 2 jets including

off-shell leptonic decays and invisible decays in the case of Z +2 jet production. We critically

investigate remaining higher-order uncertainties at the NLO level and their correlation

between the different V + 2 jet processes. To this end we consider besides remaining QCD

1Here and in the following we include a factor α stemming from vector-boson decays.
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and EW uncertainties also uncertainties due to missing mixed QCD-EW corrections and

due to the matching to parton showers (PS). For the implementation of our theoretical

predictions in the framework of invisible Higgs searches we propose a procedure based on the

reweighting of Monte Carlo samples with perturbative predictions for the mjj distribution,

providing also detailed prescriptions for the estimate of theoretical uncertainties including

correlations between the Z + 2 jet and W + 2 jet processes.

The NLO QCD corrections to the V + 2 jet QCD production modes are widely avail-

able [28–30] (for pp → V + n jets with n > 2 see e.g. [31–37]) and even next-to-next-to

leading order (NNLO) corrections are within reach [38, 39]. The NLO QCD corrections to

the QCD modes are readily available within general purpose shower Monte Carlo (SMC)

programs [40–43], where they typically enter Monte Carlo samples when NLO predictions

for V + 0, 1, 2 jets production are merged and combined with parton showers at NLO [44–

47]. Additionally, logarithmically enhanced corrections beyond fixed-order NLO due to

wide-angle QCD emissions are available [48–50]. NLO EW corrections to the QCD modes of

V + 2 jet production are known at fixed-order [51–54] and have also been combined with a

QCD+QED parton shower using an approximation where only subleading QED effects are

neglected [53]. The QCD corrections to the EW modes are only known in the so-called VBF

approximation, where the VBF subprocess alone is considered, and the cross-talk between

quark lines is neglected in the higher-order corrections [55, 56]. Within this approximation

NLO QCD corrections to the EW modes have been matched to parton showers [57, 58].

Full NLO QCD+EW predictions for both pp → V + 2 jets processes in the EW production

mode beyond the VBF approximation are presented for the first time in this paper. Similar

predictions for pp → W ± + 2 jets have been presented in ref. [59] for a phase-space region

dominated by single-top production.

The paper is organised as following. In section 2 we discuss the structure of the NLO

corrections to V + 2 jet production considering both the QCD and EW production modes

and their interference. In section 3 we propose a reweighting procedure for the incorporation

of the higher-order corrections into Monte Carlo samples. Theoretical predictions and

uncertainties are presented in section 4, and our conclusions can be found in section 5.

2 V + 2 jet QCD and EW production modes at NLO

We consider the processes pp → V + 2 jets with

V =



















Zν for pp → Z(νℓν̄ℓ) + 2 jets

Zℓ for pp → Z/γ∗(ℓ+ℓ−) + 2 jets

W ± for pp → W ±(ℓ±νℓ) + 2 jets

(2.1)

where ℓ = e or µ. At LO such processes receive three perturbative contributions as

illustrated in the top row of figure 1. Thus, the total LO differential cross section in a

certain observable x can be written as

d

dx
σV

LO =
d

dx
σV,QCD

LO +
d

dx
σV,EW

LO +
d

dx
σV,interf

LO . (2.2)
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Figure 1. Tower of perturbative contributions to V + 2 jet production at LO and NLO considered

and evaluated in this study. In the presented counting the O(α) vector-boson decays are included.

The QCD mode contributes at O(α2
s α2) and consists of absolute squares of the coherent

sum of diagrams of O(g2
se2), exemplified by figures 2(a) and 2(b). The EW mode, on the

other hand, contributes at O(α4) and comprises the absolute square of the coherent sum

of all diagrams of O(e4), see figures 2(e)–2(l) for example diagrams. Their interference

contribution at O(αsα
3) then is mostly comprised of the interference of O(g2

se2) diagrams

with O(e4) diagrams. It, however, also contains genuine contributions consisting of absolute

squares of O(gse3) diagrams, for an example see figures 2(c) and 2(d), typically containing

an external gluon and an external photon. Partonic channels with initial- or final-state

photons are systematically included wherever they contribute at the given perturbative

order. In particular, in order to facilitate the cancellation of collinear singularities at NLO

QCD+EW, we use a democratic jet clustering algorithm, where photons, quarks and gluons

are treated on the same footing as jet constituents.2

The contributions to the EW mode (and consequently also to the interference) deserve

some closer inspection. Diagrams illustrated in figures 2(e) and 2(f), contribute to VBF-type

production, while diagrams as in figures 2(g) and 2(h) contribute to (off-shell) diboson

production with one vector boson decaying hadronically and the other leptonically. In the

literature these are often denoted as t-channel and s-channel contributions, respectively.

In general, partonic channels with qq′ initial states involve EW Feynman diagrams with t-

channel and/or u-channel exchange of vector bosons. In the case of qq̄′ channels also diagrams

with s-channel vector boson exchange contribute. The widely used VBF approximation is a

gauge-invariant prescription that isolates only squared t-channel and u-channel contributions

discarding their interference as well as any s-channel diagram. In this approximation, the

final-state vector boson can couple either to an external quark line or to the vector boson

that is exchanged in the t/u-channel as in figures 2(e) and 2(f), respectively.

In addition, the EW mode also features photon-induced processes, see figure 2(i).

Since we employ the five-flavour (5F) number scheme throughout, b-quarks are treated

as massless partons, and channels with initial-state b-quarks are taken into account for

all processes and perturbative orders. In the 5F scheme, the process pp → W + 2 jets

includes partonic channels of type qb → q′bW that involve EW topologies corresponding to

t-channel single-top production, qb → q′t(bW ), as illustrated in figure 2(k). Top resonances

2For technical details concerning the treatment of jets and photons see sections 3.2 and 4.1.
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Figure 2. Example LO diagrams at O(g2
se2) (a,b), O(gse3) (c,d), and O(e4) (e-l). The square of

O(g2
se2) diagrams yields the O(α2

s α2) QCD LO amplitude, while the square of the O(e4) diagrams

yields the O(α4) EW LO amplitude. The O(αsα
3) perturbative contribution emerges as square of

O(gse3) diagrams, or due to the interference between O(g2
se2) and O(e4) diagrams.

occur also in light-flavour channels of type qq̄′ → b̄bW , which receive contributions from

s-channel single-top production, qq̄′ → b̄t(bW ), illustrated in figure 2(l). All these single-top

contributions are consistently included in our predictions. When the dijet invariant mass,

mj1j2 , is well below the TeV scale, their numerical impact can yield a substantial fraction

of the total EW W + 2 jet cross section at LO. For example, the combined t-channel

and s-channel pp → tj processes yields around 25% of the total EW W + 2 jet process

at mj1j2 = 500 GeV. At higher mj1j2 the impact of the single-top modes is increasingly

suppressed, and for mj1j2 > 2.5 TeV it is below 1% of the EW W + 2 jet process. More

details on the impact of single-top contributions can be found in section 4.2.1.

The LO interferences between QCD and EW modes that contribute at O(αsα
3) are

largely colour suppressed and yield very small contributions. This in particular holds in

the VBF phase space, i.e. with large dijet invariant masses and large rapidity separation of

the leading jets. We will highlight the quantitative impact of the interference contributions

explicitly in section 4.2.1. In experimental searches for invisible Higgs decays this interference

contribution should be considered as separate background (or as an additional systematic

uncertainty) besides the QCD and EW V + 2 jet modes, independent between pp →
Z(νℓν̄ℓ) + 2 jets and pp → W ±(ℓ±νℓ) + 2 jets.

As illustrated in figure 1 (bottom row) at NLO four perturbative contributions emerge.

Out of these only the contribution with the highest and lowest power of αs, i.e. the ones of

O(α3
s α2) and O(α5), can unambiguously be considered as, respectively, QCD corrections to

– 5 –
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the QCD mode and EW corrections to the EW mode. The contributions of O(α2
s α3) and

O(αsα
4) will be referred to, respectively, as the NLO EW corrections to the QCD mode and

NLO QCD corrections to the EW mode. However one should keep in mind that O(α2
s α3)

and O(αsα
4) terms also involve, respectively, QCD and EW corrections to the LO QCD-EW

interference. In the literature the O(αsα
4) corrections have been often computed in the

VBF approximation [55], where, similarly as in the LO case, only squared t- or u-channel

contributions are included, and colour exchange between the two quark lines is neglected.

In this paper we present the first complete computation of the NLO QCD+EW

corrections to EW Z + 2 jet and W + 2 jet production. This computation takes into account

any contribution at the given perturbative orders, including any relevant cross-talk between

different quark lines, t-, u-, and s-channel contributions and their interference, interference

effects between the QCD and EW modes, as well as s-channel and t-channel single-top

contribution in the case of EW W ±(ℓ±νℓ) + 2 jets production. Therefore, this computation

can be seen as a unified NLO description of VBF vector-boson production, vector-boson

pair-production with semi-leptonic decays and, in the case of W ±(ℓ±νℓ) + 2 jets production,

t-channel plus s-channel single-top production.

In W + 2 jet production at O(αsα
4), top resonances occur, besides in t-channel and

s-channel configurations, also in channels of type gb → Wbqq̄′, which involve Wt-channel

single-top production, gb → Wt(bqq̄′). We have verified that these contributions are always

at or significantly below the 1% level with respect to the EW LO mode for all considered

observables. For mj1j2 > 2 TeV these contributions are suppressed to below the permil level.

The total differential NLO cross section for pp → V + 2 jet production in a certain

observable x can be written as

d

dx
σV

NLO =
d

dx
σV,QCD

NLO QCD+EW +
d

dx
σV,EW

NLO QCD+EW +
d

dx
σV,interf

LO , (2.3)

where

d

dx
σV,M

NLO QCD+EW =
d

dx
σV,M

LO +
d

dx
δσV,M

NLO QCD +
d

dx
δσV,M

NLO EW , (2.4)

and M = {QCD, EW} identifies the corresponding production mode. The NLO QCD and

NLO EW corrections δσV,M
NLO QCD and δσV,M

NLO EW correspond to the perturbative contributions

of O(α3
s α2) and O(α2

s α3) for M = QCD, and of O(αsα
4) and O(α5) for M = EW. For

later convenience we also define pure NLO QCD predictions without EW corrections,

d

dx
σV,M

NLO QCD =
d

dx
σV,M

LO +
d

dx
δσV,M

NLO QCD , (2.5)

and pure NLO EW predictions without QCD corrections,

d

dx
σV,M

NLO EW =
d

dx
σV,M

LO +
d

dx
δσV,M

NLO EW . (2.6)

As a natural approximation of mixed QCD-EW higher-order corrections we also define

a factorised combination of NLO QCD and NLO EW corrections,

d

dx
σV,M

NLO QCD×EW =
d

dx
σV,M

NLO QCD

(

1 + κV,M
EW (x)

)

, (2.7)

– 6 –
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with the NLO EW correction factors

κV,M
EW (x) =

d
dxδσV,M

NLO EW

d
dxσV,M

LO

. (2.8)

3 Reweighting of Monte Carlo samples

Since the matching of fully off-shell NLO QCD+EW calculations to parton showers for

pp → V + 2 jets is beyond reach of the present matching techniques, the reweighting of

(N)LO QCD Monte Carlo (MC) samples with NLO QCD+EW parton-level predictions is

the natural alternative to enable state-of-the art theory accuracy in the context of invisible-

Higgs searches. To this end, in following we define a MC reweighting procedure for the

individual QCD and EW production modes in pp → V +2 jet, and we introduce a systematic

approach to handle perturbative and MC uncertainties as well as their correlations.

For practical purposes the reweighting has to be performed based on a one-dimensional

distribution in a certain observable x. The relevant higher-order theory (TH) predictions

for this observable are defined as

d

dx
σV,M

TH

(

~ε V,M
TH

)

=

∫

dy θV
cuts(y)

d

dx

d

dy
σV,M

TH

(

~ε V,M
TH

)

, (3.1)

where V indicates the specific V + 2 jet process in eq. (2.1), and M = QCD, EW identifies

the corresponding production mode. Since LHC searches for invisible Higgs decays in

the VBF channel are based on measurements of the dijet invariant-mass distribution, as

reweighting observable we choose

x = mj1j2 , (3.2)

where mj1j2 is the dijet mass defined in section 3.1. The integration on the r.h.s. of eq. (3.1)

involves all degrees of freedom y that are independent of x. Such degrees of freedom include

the fully differential kinematic dependence on the vector-boson decay products and the two

leading jets, as well as the QED and QCD radiation that accompanies the VBF production

process, i.e. extra jets and photons, and also possible extra leptons and neutrinos from

hadron decays.

The function θV
cuts(y) on the r.h.s. of eq. (3.1) describes selection cuts for pp → V + 2 jet,

and the details of its definition (see sections 3.1–3.2) play an important role for the consistent

implementation of the MC reweighting procedure. Such cuts are typically chosen in a

very similar way for V = Z, W , but are not necessarily identical. For instance, in the case

V = W the QED radiation from the lepton stemming from the W → ℓν decay is typically

subject to a dressing prescription, while dressing is irrelevant for Z → νν decays. Note also

that the cuts that are applied to the theoretical calculations in eq. (3.1) do not need to

be identical to the ones employed in the experimental analysis. They are typically rather

similar to the actual experimental cuts but more inclusive.3

3This is not a necessary prerequisite, i.e. the theoretical cuts θ
V
cuts(y) may be also more exclusive than

experimental cuts. The crucial prerequisite is that the MC samples that are going to be reweighted with

eq. (3.1) and applied to the experimental analysis should extend over the full phase-space regions that are

covered by the theoretical calculations and by the experimental analyses.

– 7 –
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Theory uncertainties in eq. (3.1) are parametrised through sets of nuisance parameters

~ε V,M
TH , and variations of individual nuisance parameters in the range

ε V,M
i,TH ∈ [−1, 1] (3.3)

should be understood as 1σ Gaussian uncertainties.

In a similar way as proposed for monojet dark matter searches [20], the theory predictions

for the V + 2 jet x-distributions can be embodied into the corresponding MC simulations

through a one-dimensional reweighting procedure. In this approach, the reweighted MC

samples are defined as

d

dx

d

dy
σV,M (~ε V,M

MC , ~ε V,M
TH ) :=

[

d
dxσV,M

TH (~ε V,M
TH )

d
dxσV,M

MC (~ε V,M
MC )

]

d

dx

d

dy
σV,M

MC (~ε V,M
MC ) . (3.4)

On the r.h.s., σV,M
MC with M= QCD, EW correspond to the fully differential V + 2 jet Monte

Carlo samples before reweighting, and the σV,M
MC terms in the numerator and denominator

must correspond to the same MC samples used in the experimental analysis. Monte Carlo

uncertainties, described by ~ε V,M
MC , must be correlated in the numerator and denominator,

while they can be kept uncorrelated across different processes, apart from Z(νν̄)+ jets

and Z(ℓℓ)+ jets. As for the d
dxσV,M

TH / d
dxσV,M

MC ratio on the r.h.s. of eq. (3.4), it is crucial

that the numerator and the denominator are determined using the same definition of the

x-distribution, which is provided in sections 3.1–3.2.

The method proposed in [20] foresees the separate reweighting of the various V +jet

processes, while the correlations between different processes and different x-regions is

encoded into the corresponding correlations between nuisance parameters. In this paper we

adopt a simplified approach, which is designed for the case where experimental analyses

do not exploit theoretical information on the shape of the x-distribution, but only on the

correlation between different processes at fixed x. In this case, the relevant information can

be encoded into the Z/W ratio

R
Z/W,M
TH (x, ~ε

Z/W,M
TH ) =

d
dxσZ,M

TH (~ε Z,M
TH )

d
dxσW,M

TH (~ε W,M
TH )

, (3.5)

where Z = Zν or Zℓ, and W ≡ W + + W −. The theoretical uncertainties for this ratio

are described by a new set of nuisance parameters ~ε
Z/W,M
TH , which account for the various

uncertainties of the numerator and denominator, as well as for their correlations. In practice,

due to the very similar dynamics of the Z + 2 jet and W + 2 jet processes, the corresponding

uncertainties are strongly correlated. Thus they cancel to a large extent in the ratio. This

in particular holds for the uncertainties related to higher-order QCD effects. Our theory

predictions to be used for MC reweighting are provided directly at the level of the ratio of

eq. (3.5).

This ratio makes it possible to translate the MC prediction for the x-distribution in

W + 2 jet into a corresponding Z + 2 jet prediction,

d

dx
σZ,M (~ε W,M

MC , ~ε
Z/W,M
TH ) := R

Z/W,M
TH (x, ~ε

Z/W,M
TH )

d

dx
σW,M

MC (~ε W,M
MC ) . (3.6)
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Here the idea is that the MC uncertainties in σW,M
MC can be strongly constrained through

data, while theory uncertainties are strongly reduced through cancellations in the ratio,

which results into an accurate prediction for the x-distribution in Z + 2 jets. The latter can

be applied to the whole Z+ jets sample via reweighting,

d

dx

d

dy
σZ,M (~ε Z,M

MC , ~ε W,M
MC , ~ε

Z/W,M
TH ) :=





d
dx σZ,M (~ε W,M

MC , ~ε
Z/W,M
TH )

d
dx σZ,M

MC (~ε Z,M
MC )





d

dx

d

dy
σZ,M

MC (~ε Z,M
MC ) .

(3.7)

Note that the double reweighting procedure defined in eqs. (3.6)–(3.7) is equivalent to a

single reweighting of the Z + 2 jet x-distribution,

d

dx

d

dy
σZ,M (~ε Z,M

MC , ~ε W,M
MC , ~ε

Z/W,M
TH ) :=

[

R
Z/W,M
TH (x, ~ε

Z/W,M
TH )

R
Z/W,M
MC (x, ~ε Z,M

MC , ~ε W,M
MC )

]

d

dx

d

dy
σZ,M

MC (~ε Z,M
MC ) ,

(3.8)

where R
Z/W,M
MC is the MC counterpart of the Z/W ratio defined in eq. (3.5). As discussed

above, the definition of the variable x and the binning of its distribution need to be the

same in all three terms on the r.h.s. of eq. (3.8). Instead, acceptance cuts must be identical

in the numerator and denominator of the double ratio, while particle-level MC predictions

can be subject to more exclusive or inclusive cuts in the experimental analysis.

In addition to the cancellation of theoretical uncertainties in the ratio R
Z/W,M
TH , as

discussed above the W + 2 jet MC uncertainties can be strongly constrained through

data. Moreover, also the Z + 2 jet MC uncertainties undergo strong cancellations be-

tween the term d
dx

d
dy

σZ,M
MC (~ε Z,M

MC ), on the r.h.s. of eq. (3.8), and its integrated counterpart

d
dxσZ,M

MC (~ε Z,M
MC ), which enters the MC ratio R

Z/W,M
MC in the denominator. Thus the reweight-

ing procedure eq. (3.8) turns a precise W + 2 jet measurement into a precise prediction for

Z + 2 jets.

The reweighting in eq. (3.8) can be applied to a Z(νℓν̄ℓ)+2 jets as well as to a Z(ℓ+ℓ−)+

2 jets MC sample. The former allows to constrain the irreducible backgrounds in Higgs to

invisible searches, while the latter allows for validation against data in control regions.

In sections 3.1–3.2 we specify the observables, acceptance cuts, and physics objects

relevant for the reweighting in eq. (3.8). The theoretical calculations presented in section 4

are based on these definitions, which need to be adopted also for the MC predictions

that enter in the denominator of the double ratio on the r.h.s. of eq. (3.8). The details

of this reweighting setup are designed such as to take full advantage of the precision

of perturbative calculations, while excluding all effects that are better described by MC

simulations (e.g. parton showering, hadronisation, and leptons or missing energy from hadron

decays). The described method is intended to guarantee small theoretical uncertainties in

phase space regions that are reasonably close (but not identical) to the VBF fiducial region

defined employed in the reweighting procedure. For phase-space regions sufficiently different

from the VBF selection used in the reweighting dedicated simulations of the higher-order

corrections need to be performed.
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3.1 Observables and cuts

The reweighting in eq. (3.8) should be performed based on the ratio of the one-dimensional

distributions in the dijet invariant mass x = mj1j2 , where j1 and j2 are the two hardest jets.

The following binning is adopted for distributions in mj1j2

mj1j2

GeV
∈ [500, 550, . . . , 950, 1000, 1100, . . . , 1900, 2000, 2500, 3000, 3500, 4000, 6000, 13000] .

(3.9)

Theoretical predictions for the mj1j2-distribution and their MC counterpart should be

determined in the presence of the following cuts,

pT,j1 > 100 GeV , pT,j2 > 50 GeV , mj1j2 > 500 GeV , ∆ηj1j2 > 2.5 ,

pT,V > 150 GeV , (3.10)

for V = W ±, Z. The relevant definitions of jets and pT,V are discussed in section 3.2. Note

that only the reconstructed vector-boson momenta are subject to cuts, while no restriction

is applied to the individual momenta of their decay products. For pp → ℓℓ + 2 jets the

additional process-specific cut

mℓℓ > 40 GeV (3.11)

should be applied.

For a realistic assessment of theoretical uncertainties one should also consider the fact

that, within experimental analyses, VBF cuts can be supplemented by a veto on additional

jet radiation. In this case we recommend to perform two alternative reweightings with and

without jet veto. The difference between MC samples reweighted with jet veto and in the

nominal setup of eq. (3.10) should be small and can be taken as an additional uncertainty.

In particular we consider an additional veto on jet radiation

pT,j3 < pT,cut = max(500 GeV, mj1j2)/20 . (3.12)

We choose to employ a dynamic jet veto to minimise possible large logarithms that may

spoil the perturbative convergence of our results.

Finally, in order to address the limitations of the proposed one-dimensional reweighting

in mj1j2 , we split the phase space into the following three ∆φj1j2 regions, where ∆φj1j2 is

the azimuthal-angle separation between the two leading jets,

Φ1 = {∆φj1j2 < 1} , Φ2 = {1 < ∆φj1j2 < 2} , Φ3 = {2 < ∆φj1j2} . (3.13)

These ∆φj1j2 bins are motivated by the fact that the higher-order corrections to the

reweigthing ratios R
Z/W,M
TH , defined in eq. (3.5), feature a non-negligible dependence on

∆φj1j2 . As discussed in section 4.3, this effect is taken into account through a theoretical

uncertainty that is derived from the differences between the R
Z/W,M
TH ratios in the above

∆φj1j2 regions.

3.2 Definition of physics objects

In the following we define the various physics objects relevant for higher-order perturbative

calculations and for the reweighting in the Monte Carlo counterparts in eq. (3.8).
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Neutrinos. In parton-level calculations of pp → V + 2 jet, neutrinos originate only from

vector-boson decays, while in Monte Carlo samples they can arise also from hadron decays.

In order to avoid any bias in the reweighting procedure, only neutrinos arising from Z and

W decays at Monte Carlo truth level should be considered.

Charged leptons. Distributions in the lepton pT and other leptonic observables are

known to be highly sensitive to QED radiative corrections, and the differences in the

treatment of QED radiation on Monte Carlo and theory side can lead to a bias in the

reweighting procedure. To avoid such a bias, dressed leptons should be used, i.e. all leptons

are combined with all nearly collinear photons that lie within a cone of

∆Rℓγ =
√

∆φ2
ℓγ + ∆η2

ℓγ < ∆Rrec . (3.14)

For the radius of the recombination cone we employ the standard value ∆Rrec = 0.1,

which allows one to capture the bulk of the collinear final-state radiation, while keeping

contamination from large-angle photon radiation from other sources at a negligible level.

All lepton observables as well as the kinematics of the reconstructed W and Z bosons are

defined in terms of dressed leptons, and, in accordance with standard experimental practice,

both muons and electrons should be dressed. In this way differences between electrons and

muons, ℓ = e, µ, become negligible, and the reweighting function needs to be computed only

once for a generic lepton flavour ℓ.

Similarly as for neutrinos, only charged leptons that arise from Z and W decays at

Monte Carlo truth level should be considered. Concerning QCD radiation in the vicinity of

leptons, no lepton isolation requirement should be imposed in the context of the reweighting

procedure. Instead, in the experimental analysis lepton isolation cuts can be applied in the

usual manner.

Z and W bosons. The off-shell four-momenta of W and Z bosons are defined as

pµ
W + = pµ

ℓ+ + pµ
νℓ

, pµ
W −

= pµ
ℓ−

+ pµ
ν̄ℓ

, (3.15)

pµ
Z = pµ

ℓ+ + pµ
ℓ−

, pµ
Z = pµ

νℓ
+ pµ

ν̄ℓ
,

where the leptons and neutrinos that result from Z and W decays are defined as discussed

above.

Jets. To define jets we use a democratic clustering approach, where quarks, gluons and

photons are treated as jet constituents.4 In a first step, prior to jet clustering, photons are

recombined with collinear quarks within ∆Rqγ < ∆Rrec, similarly as for the charged leptons.

Subsequently, QCD partons (quarks and gluons) together with the remaining photons are

clustered into jets according to the anti-kT algorithm [60] using R=0.4. As usual, jets are

ordered according to their transverse momentum.

Note that democratic jet clustering should be used also in the reweighting procedure,

i.e. when evaluating the MC contribution between squared brackets on the r.h.s. of eq. (3.8).

However, as discussed in section 3, the reweigthed MC sample can be applied to experimental

4Technical subtleties related to the splitting of photons into letpons are discussed in section 4.1.
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analyses where photons and jets are handled as different objects and are subject to different

cuts. In particular, the fact that MC samples implement a fully differential modelling of

QED radiation via parton showering makes it possible to apply any desired photon/jet

separation after reweighting. For experimental analyses that implement a veto against

isolated photons, the potential drawback of our reweighting based on democratic jets lies

in the fact that QED parton showering does not provide a reliable description of events

with hard isolated photons, which can result in a mismodeling of the related veto efficiency.

In order to assess the associated uncertainty we studied the effect of a veto against hard

photons with pT > 100 GeV and a minimal ∆R separation of 0.4 with respect to any QCD

parton. Such a photon veto acts on subprocesses of type pp → V jγ and pp → V γγ, which

contribute to our calculation starting from Born level (in the case of democratic clustering)

and including full NLO QCD+EW corrections. Its effect on the reweighting observable,

i.e. the Z/W ratio presented in section 4.3, as well as on all observables presented in

section 4.2 turns out to be below 1% of the full QCD+EW prediction. This can be regarded

as an upper bound for the uncertainty associated with the usage of democratic jet clustering

in the reweighting procedure.

We also note that, in principle, our theoretical calculations and the reweighting proce-

dure could be repeated with an alternative definition of jets and photons that is more similar

to experimental analyses, where QCD jets and isolated photons are handled as distinct

objects and are subject to different cuts. In practice, our calculations can be repeated in

the presence of a veto against isolated photons [61]. This would give rise to additional

technical subtleties that are related to the cancellation of soft/collinear singularities at

NLO QCD+EW. Such subtleties can be addressed using the q → γ [62] and γ →jet [63]

fragmentation function formalism, which is however currently not available in Sherpa.

4 Theoretical predictions and uncertainties

In this section we present our theoretical input for invisible-Higgs searches. The relevant

input parameters are documented in section 4.1, and in section 4.2 we discuss NLO

QCD+EW predictions for pp → V + 2 jets at 13 TeV, both at parton level and matched to

the parton shower. Our main results for Z/W ratios and their theoretical uncertainties are

presented in section 4.3.

All predictions presented in this paper have been obtained within the Sherpa +

OpenLoops framework, which supports fully automated NLO QCD+EW calculations at

parton level [42, 52, 64] as well as matching [65, 66] to Sherpa’s parton shower [67] and multi-

jet merging [44] at NLO as implemented in the Sherpa Monte Carlo framework [42, 68–70],

which employs Catani-Seymour’s dipole subtraction extended to NLO QCD+EW [52, 64, 71–

75]. In particular, Sherpa+OpenLoops allows for the simulation of the entire tower of

QCD and EW contributions of O(αn
s αm) that are relevant for multi-jet processes like

pp → V + 2 jets at LO and NLO. All relevant renormalised virtual amplitudes are provided

by the OpenLoops 2 program [76] which implements the techniques of [77, 78] and is

interfaced with Collier [79, 80] and OneLOop [81] for the calculation of scalar integrals.
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MW = 80.399 GeV ΓW = 2.085 GeV

MZ = 91.1876 GeV ΓZ = 2.495 GeV

MH = 125 GeV ΓH = 4.07 MeV

mb = 0 GeV Γb = 0

mt = 172.5 GeV Γt = 1.32 GeV ,

Gµ = 1.1663787 · 10−5 GeV−2

Table 1. Values of the various physical input parameters. The value of mb depends on the employed

flavour-number scheme as discussed in the text.

4.1 Definition of numerical setup

In the following we specify input parameters and PDFs employed for theoretical predictions

in this study. As discussed in section 3, Monte Carlo samples used in the experimental

analyses do not need to be generated with the same input parameters and PDFs used for

higher-order theoretical predictions.

In the calculation of pp → νν/ℓν/ℓℓ + 2 jets we use the coupling constants, masses

and widths as listed in table 1. All unstable particles are treated in the complex-mass

scheme [82–84], where width effects are absorbed into the complex-valued renormalised

masses

µ2
i = M2

i − iΓiMi for i = W, Z, t. (4.1)

The EW couplings are derived from the gauge-boson masses and the Fermi constant Gµ

using

α =

∣

∣

∣

∣

∣

√
2 sin2 θw µ2

W Gµ

π

∣

∣

∣

∣

∣

, (4.2)

and the weak mixing angle θw. The latter is determined by

sin2 θw = 1 − cos2 θw = 1 − µ2
W

µ2
Z

(4.3)

in the complex-mass scheme. The CKM matrix is assumed to be diagonal, and we checked at

LO and NLO QCD that for W +2 jet production the difference with respect to a non-diagonal

CKM matrix is always well below 1%.

The Gµ-scheme guarantees an optimal description of pure SU(2) interactions at the

EW scale as it absorbs universal higher-order corrections to the weak mixing angle into the

LO contribution and, thus, minimises higher-order corrections. It is therefore the scheme of

choice for W +2 jet production, and it provides a very good description of Z+2 jet production

as well. The choice of the Gµ scheme plays an important role also for the cancellation

of singularities in partonic subprocesses that involve external photons [85]. In particular,

since we treat final-state photons as jet constituents, the real NLO EW corrections involve

collinear singularities from massless γ → qq̄ splittings, and their cancellation requires

that α is renormalised at a finite scale, such as in the Gµ scheme. In the OpenLoops

framework, this is automatically ensured by handling photons that are allowed to split into
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qq̄ pairs as “off-shell photons” as described in Section 3.2 and 3.3 of ref. [76]. Technically,

the singularities from real γ → qq̄ splittings cancel against 1/ε poles stemming form

∆α(reg)(M2
Z) = Πγγ

light(0) − Πγγ
light(M

2
Z) in eq. (3.78) of [76]. Note that such 1/ε poles arise

from all massless fermions, including leptons. However, γ → ℓ+ℓ− splittings are not included

in our calculations, since leptons are not considered as jet constituents. Thus, in order to

avoid uncancelled 1/ε poles we have handled leptons as massive fermions in ∆α(reg)(M2
Z),

while lepton masses have been kept equal to zero anywhere else. The resulting logarithmic

terms of type ln(m2
ℓ/M2

Z), which result from the fact that γ → ℓ+ℓ− splittings are vetoed

in our calculations, amount to a 3% contribution to ∆α(reg)(M2
Z). This effect is further

suppressed by two orders of magnitude due to the tiny fraction of V + 2 jet events with

final-state photons. Thus our results are highly insensitive to the choice of vetoing or not

vetoing γ → ℓ+ℓ− splittings.

As renormalisation scale µR and factorisation scale µF we set

µR,F = ξR,Fµ0 , with µ0 =
1

2
H ′

T and
1

2
≤ ξR, ξF ≤ 2 . (4.4)

Here H ′
T is defined as the scalar sum of the transverse energy of all parton-level final-state

objects,

H ′
T = ET,V +

∑

i∈partons

pT,i , with ET,V =
√

m2
V + p2

T,V (4.5)

where mV and pT,V are, respectively, the invariant mass and the transverse momen-

tum of the reconstructed off-shell vector boson momenta as defined in eq. (3.15), while

the sum includes all final-state QCD and QED partons (q, g, γ) including those emit-

ted at NLO.5 Our default scale choice corresponds to ξR = ξF = 1, and theoreti-

cal QCD scale uncertainties are assessed by applying the standard 7-point variations

(ξR, ξF) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 1
2), (1

2 , 1), (1
2 , 1

2).

For the calculation of hadron-level cross sections at NLO(PS) QCD + NLO EW we

employ the NNPDF31_nlo_as_0118_luxqed PDF set, which encodes QED effects via the

LUXqed methodology of [86]. The same PDF set, and the related αs value, is used

throughout, i.e. also in the relevant LO and NLO ingredients used in the estimate of

theoretical uncertainties. Consistently with the 5F number scheme employed in the PDFs,

b-quarks are treated as massless partons, and channels with initial-state b-quarks are taken

into account for all processes and production modes.

In addition to fixed-order calculations including NLO QCD and EW corrections, we

also match the NLO QCD corrections to the QCD mode to the QCD parton shower. More

precisely, the NLO corrections to V +2 jet production are matched to the QCD parton

shower using the S-MC@NLO approach [66]. Here we set the scales according to the CKKW

scale setting algorithm of refs. [44, 87], i.e. we interpret the given configuration using the

inverse of the parton shower (using only its QCD splitting functions) to arrive at a core

process and the reconstructed splitting scales ti,

αn+k
s (µ2

R) = αk
s (µ2

core)
n

∏

i=1

αs(ti) . (4.6)

5This scale choice corresponds to the scale setter DH_Tp2 in Sherpa.
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Figure 3. Distribution in the invariant mass of the two hardest jets, mj1j2
, for pp → Z(νℓν̄ℓ)+2 jets

(left) and pp → W ±(ℓ±νℓ) + 2 jets (right) at LO. The upper frame shows absolute predictions for

the QCD (blue), EW (red), and interference (green) production modes. For pp → W ±(ℓ±νℓ) + 2 jets

we also show the LO pp → tj contributions (orange), which belong to the EW production mode

and include t-channel and s-channel single-top production. The relative importance of the various

contributions normalised to the EW production mode is displayed in the lower frame. The bands

correspond to QCD scale variations, and in the case of ratios only the numerator is varied.

We restrict ourselves to strongly ordered hierarchies only, i.e. µQ > t1 > t2 > . . . > tn, as

the parton shower would produce them in its regular evolution. In consequence, depending

on the phase space point, possible core configurations are pp → V , pp → V +j, pp → V +jj,

and pp → V + jjj. Further, we set both the factorisation and the shower starting scale, µF

and µQ respectively, to the scale µcore = 1
2 H ′

T defined on the reconstructed core process. In

our region of interest where the usual Sudakov factors are negligible, our NLOPS simulation

is thus equivalent to the two-jet component of an inclusive NLO merged calculation in the

MEPS@NLO algorithm without additional multiplicities merged on top of it.

4.2 Higher-order QCD, EW and PS predictions for V + 2 jet

In this section we present LO and NLO QCD+EW predictions for pp → Z(νℓν̄ℓ) + 2 jets

and pp → W ±(ℓ±νℓ) + 2 jets including also parton-shower effects. In the case of νν̄ final

states we consider a single generic neutrino flavour ν = νe, νµ, or ντ , as we also do for ℓνℓ

final states, where ℓ = e or µ. Tau lepton final states are not considered. Since the hard

leptons from Z- and W -boson decays are dressed, electrons and muons can be treated on

the same footing by neglecting their masses. Each process is split into a QCD and EW

production mode as discussed in section 2.

4.2.1 LO contributions and interference

In figure 3 we show LO predictions for Z + 2 jet (left) and W + 2 jet (right) production

considering the QCD and EW modes together with the LO interference. In the case of
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W + 2 jet production we also show for illustration purposes the LO contribution due to

pp → tj with leptonic on-shell decays of the top (no such on-shell top approximation is

applied within our NLO predictions for W + 2 jet). The final-state jet can be a light jet or a

bottom-quark jet, i.e. this process comprises t-channel and s-channel single-top production at

LO. The single-top processes are consistently included in the off-shell matrix elements of the

EW mode of pp → W ±(ℓ±νℓ)+2 jets. For both Z +2 jet and W +2 jet production the QCD

mode largely dominates over the EW mode in the bulk of the phase space. However, at large

mj1j2 the EW mode becomes subsequently more and more important, eventually dominating

over the QCD mode for mj1j2 > 4 TeV. For both considered processes the LO interference

remains more or less constant with respect to the EW mode, at about 2 − 3% relative to it

over the entire mj1j2 range. Given the small size of the LO interference contribution, in Higgs

to invisible searches it should either be considered as separate background contribution, or

taken entirely as additional systematic uncertainty. The pp → tj process yields around 25%

of the total EW W + 2 jet process at the lower end of the considered mj1j2 range. At large

mj1j2 the impact of the single-top modes is increasingly suppressed, and for mj1j2 > 2.5 TeV

it drops below 1% of the EW W + 2 jet process.

4.2.2 QCD production

The NLO QCD and EW corrections to the production of V + 2 jets via QCD interactions

are well known in the literature. For example, ref. [53] presents a systematic investigation

of QCD and EW correction effects on high-energy observables. Here we focus on NLO

corrections and correlations relevant for invisible-Higgs searches at large invariant masses of

the two hardest jets. Besides fixed-order NLO corrections we also investigate the effect of

parton-shower matching at NLO QCD.

Figure 4 shows the distribution in mj1j2 for pp → W ±(ℓ±νℓ)+2 jets and pp → Z(νℓν̄ℓ)+

2 jets in various approximations. Predictions and scale variations at LO QCD, NLO QCD

and NLOPS QCD accuracy are presented together with the additive and multiplicative

combination of NLO QCD and EW corrections. For both processes the effect of QCD, EW

and shower corrections, as well as the QCD scale variations is remarkably similar.

The impact of QCD corrections is negative, and below 1 TeV it remains quite small,

while in the mj1j2 tail it becomes increasingly large, reaching around −20% at 2–3 TeV and

−50% at 4 TeV. Parton-shower corrections are at the percent level in the mj1j2-tail, while

below 2 TeV their effect is more sizeable and negative, reaching 20–30% around 500 GeV.

This difference between NLO and NLOPS predictions largely exceed the size of QCD scale

variations. Thus the latter do not provide a reliable uncertainty estimate at small mj1j2 .

Nevertheless we observe that parton-shower effects in Z+2 jet and W +2 jet production are

strongly correlated and cancel to a large extent in the Z/W ratio (see section 4.3). As for

the NLO EW corrections, we find an increasingly negative contribution with rising mj1j2 .

Their impact, however, is rather mild and reaches only about −10% in the multi-TeV region.

In figure 5 we show the same mj1j2-distributions and theoretical predictions of figure 4

in the presence of the dynamic veto of eq. (3.12) against a third jet. At LO QCD, where

only two jets are present, the veto has no effect, while the NLO QCD and NLOPS QCD

predictions are strongly reduced. The maximal effect is observed at mj1j2 = 500 GeV, where
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Figure 4. Distribution in the invariant mass of the two hardest jets, mj1j2
, for QCD pp →

Z(νℓν̄ℓ) + 2 jets (left) and QCD pp → W ±(ℓ±νℓ) + 2 jets (right). The upper frame displays absolute

LO QCD (blue), NLO QCD (green), and NLO+PS QCD (magenta) predictions, and ratios with

respect to NLO QCD are presented in the central panel. The bands correspond to QCD scale

variations, and in the case of ratios only the numerator is varied. The lower panel shows the relative

impact of NLO QCD+EW (black) and NLO QCD×EW (red) predictions normalised to NLO QCD.

the veto of eq. (3.12) corresponds to pT,cut = 25 GeV, and the NLO QCD cross section is

suppressed by a factor four. Above 500 GeV the value of pT,cut grows linearly with mj1j2 ,

and the effect of the veto on the cross section becomes less important. Below 1 TeV the NLO

QCD corrections and their scale uncertainties are increasingly large, and scale variations

give rise to negative cross sections at mj1j2 ≃ 500 GeV. This is due to the presence of

large QCD Sudakov logarithms that arise form the jet veto and need to be resummed by

the parton shower. Thus, as far as absolute cross sections are concerned, at small mj1j2

fixed-order NLO QCD calculations are not reliable, and only NLOPS predictions can be

thrusted. Moreover, the moderate difference between NLO and NLOPS QCD results should

be regarded as an accidental agreement due to the choice of the central scale. In fact, as can

be seen in figure 5, changing the scale yields much larger NLOPS/NLO differences. At the

same time, we note that such differences are dominated by universal Sudakov logarithms

that cancel in the ratio between Z + 2 jet and W + 2 jet cross sections. This is confirmed by

the highly universal NLO and NLOPS suppression effects that are observed in Z + 2 jet

and W + 2 jet production. Moreover, we have checked that correlated factor-two scale

variations cancel to a large extend in the ratio of mjj distributions for Z +2 jet and W +2 jet
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Figure 5. Distribution in the invariant mass of the two hardest jets, mj1j2
, for QCD pp →

Z(νℓν̄ℓ) + 2 jets (left) and QCD pp → W ±(ℓ±νℓ) + 2 jets (right) subject to the dynamic veto

of eq. (3.12) against a third jet. Curves and bands as in figure 4 but without NLO QCD+EW

predictions.

production at NLO QCD. These observations suggest the absence of large higher-order

effects beyond NLO in the Z/W ratio.

In figure 5 the EW and QCD corrections are combined using the multiplicative prescrip-

tion (2.7). This is well justified by the fact that the EW corrections factorise w.r.t. the large

QCD Sudakov logarithms that arise form the jet veto, and the resulting EW corrections

are almost identical to the inclusive selection. The additive QCD-EW combination is not

shown in figure 5 since this prescription is completely unreliable in the presence of a strong

jet veto.

4.2.3 EW production

Numerical results for EW V + 2 jet production including QCD and EW corrections are

shown in figures 6–11. We remind the reader that here we present the first calculation of

the complete QCD corrections (beyond the VBF approximation) and of the EW corrections

to Z+2 jet production in the EW mode.

In figure 6 differential predictions in the transverse momentum of the (reconstructed)

vector bosons, pT,V , are shown. We observe that the NLO QCD corrections increase the

LO EW cross section by about 20% showing hardly any pT,V dependence. QCD scale

uncertainties at LO are around 10% for small pT,V and increase up to 20% in the tail. The
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Figure 6. Distribution in the reconstructed transverse momentum of the off-shell vector boson,

pT,V, for EW pp → Z(νℓν̄ℓ) + 2 jets (left) and EW pp → W ±(ℓ±νℓ) + 2 jets (right). Absolute EW

LO (blue), NLO QCD (green), NLO QCD+EW (black) and NLO QCD×EW (red) predictions are

shown in the upper panel. Here NLO QCD and NLO EW corrections should be understood as

O(αs) and O(α) effects w.r.t. to the EW LO. The same predictions normalised to NLO QCD are

shown in the lower panel. The bands correspond to QCD scale variations, and in the case of ratios

only the numerator is varied.

QCD scale uncertainties at NLO QCD are only at the level of a few percent and decrease

to negligible levels in the tail. This is consistent with the computation of the NLO QCD

corrections for the V + 2 jet processes in the VBF approximation, where residual scale

uncertainties are at the 2% level [55]. Here we note that, given the rather large size of

the NLO QCD corrections, such small scale uncertainties cannot be regarded as a reliable

estimate of unknown higher-order effects. In the pT,V distribution the EW corrections

display a typical behaviour induced by the dominance of EW Sudakov logarithms. At

1 TeV the EW corrections reduce the NLO QCD cross section by 40–50%, with a spread

of about 10% between the additive and the multiplicative combinations. Both QCD and

EW corrections are highly correlated between the two considered processes, i.e. the relative

impact of these corrections is almost identical.

Higher-order QCD and EW corrections to the transverse momentum distribution of the

hardest jet, pT,j1 , are shown in figure 7. Here the QCD corrections are largest at small pT,j1

and decrease in the tail. For pT,j1 above a few hundred GeV the NLO QCD corrections

drop below 10%. The NLO EW corrections increase logarithmically at large pT,j1 and

reach −40% at 1 TeV. Due to the smallness of the higher-order QCD corrections in the tail,

differences between additive and multiplicative combinations are negligible. Again a high

degree of correlation of the higher-order corrections is observed between the two processes.

In figures 8 and 9 we turn to the distribution in the invariant mass between of two

leading jets, mj1j2 , defined inclusively and with an additional dynamic veto on central
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Figure 7. Distribution in the transverse momentum of the hardest jet, pT,j1
, for EW pp →

Z(νℓν̄ℓ) + 2 jets (left) and EW pp → W ±(ℓ±νℓ) + 2 jets (right). Curves and bands as in figure 6.

jet activity as introduced in section 3.1, respectively. These distributions are crucial for

background estimations in invisible-Higgs searches. For the jet-inclusive distributions

higher-order QCD and EW corrections are highly correlated between the two considered

processes with differences at the 5% level for the QCD corrections at small mj1j2 . At LO

QCD, scale uncertainties increase with mj1j2 and reach 20–30% in the multi-TeV range. At

NLO QCD, scale uncertainties are reduced to the 1% level all the way up to the multi-TeV

regime. Overall, the NLO QCD corrections have a marked impact on the shape of the mj1j2

distribution, ranging from +70% at small mj1j2 to about +5% above 2 TeV. At the same

time, NLO EW corrections are negative and increase towards the mj1j2 tail. However, they

remain smaller compared to the corresponding corrections in pT,V or pT,j1 . This is due to

the fact that, at very large mj1j2 , the Mandelstam invariants t̂ and û are much smaller as

compared to ŝ ∼ mj1j2 . As a consequence the double Sudakov logarithms ln2(|r̂|/M2
W ) with

r̂ = t̂, û are significantly suppressed with respect to ln2(ŝ/M2
W ). At mj1j2 = 5 TeV the EW

corrections amount to about 20%, and differences between an additive and a multiplicative

combinations of QCD and EW corrections remain at 1% level. The dynamic central jet veto

has marked impact on the NLO QCD corrections, in particular in the small mj1j2 region.

Here, the corrections are reduced to about +20% for Z + 2 jet production, and turn negative

to about −20% for W + 2 jet production. The dynamic jet veto has a much smaller effect

in the TeV regime. Here the QCD corrections for both Z(νℓν̄ℓ) and W ±(ℓ±νℓ) production

are at the percent level only. Unsurprisingly, the EW corrections are hardly effected by the

central jet veto.

In figure 10 we plot the differential distribution in the azimuthal separation of the

two hardest jets, ∆φj1j2 . In this observable the EW corrections are at the 10% level

with hardly any variation across the ∆φj1j2 range. The QCD corrections on the other

hand show a mild increase towards smaller ∆φj1j2 . Interestingly, in this region the QCD
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Figure 8. Distribution in the invariant mass of the two hardest jets, mj1j2
, for EW pp →

Z(νℓν̄ℓ) + 2 jets (left) and EW pp → W ±(ℓ±νℓ) + 2 jets (right). Curves and bands as in figure 6.
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Figure 9. Distribution in the invariant mass of the two hardest jets, mj1j2
, for EW pp →

Z(νℓν̄ℓ) + 2 jets (left) and EW pp → W ±(ℓ±νℓ) + 2 jets (right) subject to the dynamic third jet veto

of eq. (3.12). Curves and bands as in figure 6.

corrections also show a non-universality between the two considered processes at the 10%

level. This non-universality can be attributed to the following two mechanisms. The first

one is single-top production, which enters only pp →W ±(ℓ±νℓ) + 2 jets in the form of s-

and t-channel contributions at LO and also associated Wt production at NLO QCD (see

section 2). The second mechanism consists of s-channel contributions that correspond to

diboson subprocesses of type qq̄′ → V V ′, where one of the weak bosons decays into two jets.

At mj1j2 > MW,Z, such diboson channels can contribute through hard initial-state radiation,
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Figure 10. Distribution in the azimuthal separation of the two hardest jets, ∆φj1j2
, for EW

pp → Z(νℓν̄ℓ)+2 jets (left) and EW pp → W ±(ℓ±νℓ)+2 jets (right). Curves and bands as in figure 6.
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Figure 11. Distribution in the rapidity separation of the two hardest jets, ∆ηj1j2
, for EW

pp → Z(νℓν̄ℓ)+2 jets (left) and EW pp → W ±(ℓ±νℓ)+2 jets (right). Curves and bands as in figure 6.

which plays the role of one of the two hardest jets. Their non-universality is due to the fact

that the QCD corrections to W ±Z production are much larger as compared to W +W −

and ZZ production. Both mechanisms tend to enhance W ±(ℓ±νℓ) + 2 jets production at

small ∆φj1j2 , while they tend to be suppressed at larger ∆φj1j2 . The impact of these mild

non-universalities is discussed in more detail in section 4.3.

Finally, in figure 11 we consider the distribution in the rapidity separation of the two

hardest jets, ∆ηj1j2 . Also in this case the EW corrections are almost constant and at

the level of 10%. For the Z(νℓν̄ℓ) channel also the QCD corrections are constant and at
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the level of 20%. For the W ±(ℓ±νℓ) channel the QCD corrections increase up to 30% for

small rapidity separation. In actual analyses for VBF-V production and invisible-Higgs

searches often tighter requirements on ∆ηj1j2 than the here considered ∆ηj1j2 > 2.5 are

imposed. This will further increase the level of correlation between the W ±(ℓ±νℓ) and

Z(νℓν̄ℓ) channels. Thus correlation uncertainties derived here and then applied with tighter

∆ηj1j2 requirements can be seen as conservative.

4.3 Precise predictions and uncertainties for V + 2 jet ratios

In this section we present predictions and theoretical uncertainties for the ratios of eq. (3.5)

between the mj1j2 distributions in pp → Z(νℓν̄ℓ) + 2 jets and pp → W ±(ℓ±νℓ) + 2 jets.

Numerical predictions for these process ratios and the related uncertainties can be found

at [88], where also additional ratios between pp → Z(ℓ+ℓ−) + 2 jets and pp → W ±(ℓ±νℓ) +

2 jets distributions are available.

The Z/W ratios are the key ingredients of the reweighting procedure defined in eq. (3.8).

As nominal theory predictions we take the fixed-order NLO QCD×EW ratios

R
Z/W,M
TH (x, ~ε

Z/W,M
TH ) =

d
dxσZ,M

NLO QCD×EW(~ε Z,M
TH )

d
dxσW,M

NLO QCD×EW(~ε W,M
TH )

, (4.7)

where x = mj1j2 is the dijet invariant mass. As discussed in section 3, theory uncertainties

are described by the nuisance parameters ~ε
Z/W,M
TH , which are directly acting on the Z/W

ratios, combining the uncertainties of the individual processes and their correlations. With

this approach, our complete predictions with uncertainties read

R
Z/W,M
TH (x, ~ε

Z/W,M
TH ) := R

Z/W,M
TH (x) +

∑

i

ε
Z/W,M
i,TH δR

Z/W,M
i,TH (x) , (4.8)

where the nuisance parameters ε
Z/W,M
i,TH are defined as in eq. (3.3) and are meant to be

constrained by data in the context of VBF-Higgs analyses as detailed in section 3. In the

following we focus on the δR
Z/W,M
i,TH (x) factors, which encode the various sources of theory

uncertainty, as defined in eqs. (4.9)–(4.14). Note that for the two V +2 jet production modes

(M), i.e. for QCD and EW production, we define two independent ratios and uncertainties.

To account for unknown QCD corrections beyond NLO in a conservative way, we avoid

using scale uncertainties and, following ref. [20], we handle the difference between LO QCD

and NLO QCD ratios as uncertainty. More precisely, we consider the effect of switching off

NLO QCD corrections in our nominal NLO QCD×EW predictions,

δR
Z/W,M
QCD (x) :=

∣

∣

∣R
Z/W,M
NLO EW(x) − R

Z/W,M
NLO QCD×EW(x)

∣

∣

∣ . (4.9)

While this approach effectively downgrades the known NLO QCD corrections to an uncer-

tainty, the bulk of the QCD corrections cancel in the ratio, and the uncertainty δR
Z/W,M
QCD

remains quite small.

For parton showering and NLO matching, in analogy with (2.7) we introduce the

factorised combination of NLOPS QCD predictions and EW corrections,

d

dx
σV,M

NLOPS QCD×EW =
d

dx
σV,M

NLOPS QCD

(

1 + κV,M
EW (x)

)

, (4.10)
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and as uncertainty we use

δR
Z/W,M
PS (x) :=

∣

∣

∣R
Z/W,M
NLOPS QCD×EW(x) − R

Z/W,M
NLO QCD×EW(x)

∣

∣

∣ , (4.11)

i.e. the full difference between fixed-order NLO and NLOPS predictions.

To describe the effect of unknown mixed QCD-EW uncertainties beyond NLO we

introduce the uncertainty

δR
Z/W,M
mix (x) :=

∣

∣

∣R
Z/W,M
NLO QCD+EW(x) − R

Z/W,M
NLO QCD×EW(x)

∣

∣

∣ , (4.12)

which corresponds to the difference between the additive and multiplicative combination

of NLO QCD and NLO EW corrections. Also this prescription can be regarded as a

conservative estimate since the multiplicative combination is expected to provide a correct

description of the dominant mixed QCD-EW effects beyond NLO.

In case a jet veto is applied to the experimental analysis, also the following uncertainty

should be considered,

δR
Z/W,M
veto (x) :=

∣

∣

∣R
Z/W,M
TH,veto(x) − R

Z/W,M
NLO QCD×EW(x)

∣

∣

∣ , (4.13)

where the ratio R
Z/W,M
TH,veto is computed in the presence of the “theoretical” veto detailed in

eq. (3.12). Note that the effect of the veto cancels to a large extent in the ratio. Thus the

prescription of eq. (3.12) does not need to be identical to the veto that is employed in the

experimental analysis.

In a situation where in the actual experimental analysis additional requirements on

∆φj1j2 are imposed a further uncertainty capturing the non-negligible ∆φj1j2 dependence

of QCD higher-order effects in the EW production modes (see section 4.3.2) should be

considered for a reliable estimate of non-correlation effects in the Z/W ratio. To this end

we split the phase space into the N = 3 ∆φj1j2 bins Φi defined in eq. (3.13). Based on

these ∆φj1j2 bins there are two options to determine an additional uncertainty. On the one

hand, alternative reweightings within the individual ∆φj1j2 bins can be performed, and the

resulting spread should be considered as an uncertainty. On the other hand, a conservative

uncertainty can be defined as

δR
Z/W,M
∆φ (x) := max

Φi

( ∣

∣

∣

∣

R
Z/W,M
NLO QCD×EW

∣

∣

∣

Φi

− R
Z/W,M
NLO QCD×EW(x)

∣

∣

∣

∣

)

. (4.14)

In other words, the maximal spread with respect to the nominal ratio of eq. (4.7) in ∆φj1j2

space is taken as uncertainty of the one-dimensional reweighting procedure. As alternative

to the above uncertainties, a two-dimensional reweighting in ∆φj1j2 and mj1j2 might be

beneficial. However, as shown below in section 4.3.2, at large mj1j2 i.e. for mj1j2 > 2 TeV,

∆φj1j2 variations are small and any non-correlation effects can reliably estimated via any of

the two uncertainty prescriptions discussed above. For mj1j2 < 2 TeV, ∆φj1j2 variations can

be significantly larger, however in this regime the QCD mode anyhow dominates over the

EW mode. Therefore, a discussion of two-dimensional reweightings and related uncertainty

prescriptions is left to future work.
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Figure 12. Ratios of the QCD pp → Z(νℓν̄ℓ)+2 jets and QCD pp → W ±(ℓ±νℓ)+2 jets distributions

in mj1j2
inclusive (left) and in the presence of the dynamic veto of eq. (3.12) against a third jet

(right). The upper panels compare absolute predictions at LO (blue), NLO QCD (green), NLOPS

QCD (magenta) and NLO QCD×EW (red) accuracy. The impact of QCD corrections is illustrated in

the middle panel, which shows the relative variation w.r.t. the nominal NLO QCD×EW prediction

(red) when switching on the parton shower (NLOPS QCD×EW , purple) or switching off QCD

corrections (NLO EW, orange). Similarly, the lowest panel shows the relative effect of switching off

EW corrections (NLO QCD, green) or replacing the multiplicative by the additive combination of

QCD and EW corrections (NLO QCD+EW, black).

Finally, also PDF uncertainties should be considered. In this case, PDF variations in

the numerator and denominator of the Z/W ratio should be correlated. In the following

subsections we present predictions for the ratios defined in eq. (4.7) and for the various

ingredients that enter the theoretical uncertainties of eqs. (4.8)–(4.14).

4.3.1 Z/W ratios for the QCD production mode

As observed in section 4.2.2, the QCD and EW corrections to the QCD production modes

of the individual Z + 2 jet and W + 2 jet processes are strongly correlated. This is confirmed

by the smallness of the corrections in the Z/W ratios shown in figures 12–13.

The left and right plots of figure 12 present the ratio of mj1j2-distributions with the

inclusive selection cuts, defined in eq. (3.10), and in the presence of the additional jet veto,

defined in eq. (3.12). The value of the ratio is around 0.24 and remains almost constant in

the considered mj1j2 range from 500 to 5000 GeV. The size of the QCD and PS corrections
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Figure 13. Ratios of the QCD pp → Z(νℓν̄ℓ)+2 jets and QCD pp → W ±(ℓ±νℓ)+2 jets distributions

in ∆φj1j2
. The same higher-order predictions and conventions as in figure 12 are used.

that enter the uncertainties of eqs. (4.9)–(4.11) is shown in the middle panels. In the

inclusive selection NLO QCD corrections to the ratio remain below 4–6% in the entire mj1j2

range, and PS corrections remain below 6%. When the jet veto is applied, in spite of the

drastic suppression of the individual Z + 2 jet and W + 2 jet cross sections, the Z/W ratio

remains remarkably stable at the percent level. The jet-veto uncertainty of eq. (4.13) is

thus quite small. Also the QCD and PS corrections to the ratio are largely insensitive to

the jet veto.

As shown in the lowest frames of figure 12, the EW corrections to the QCD Z/W

ratio are around 2% and almost independent of mj1j2 , both for the inclusive selection and

including a jet veto. Due to the strong cancellation of QCD and EW corrections in the

ratio, the difference between the additive and multiplicative NLO QCD-EW combinations,

which enters the uncertainty of eq. (4.12), is completely negligible.

In figure 13 we present the QCD Z/W ratio for the distributions in ∆φj1j2 without

applying a jet veto. Note that, as a result of the acceptance cuts, eq. (3.10), these ∆φj1j2

distributions are dominated by events with 500 GeV < mj1j2 < 1500 GeV. The results thus

feature a very small dependence on ∆φj1j2 , both for the nominal ratio, as well as for the

individual corrections. This observation supports the one-dimensional mj1j2-reweighting

procedure proposed in section 3, and the ∆φj1j2-uncertainty of eq. (4.14) can be neglected

for the QCD production modes.
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Figure 14. Ratios of the EW pp → Z(νℓν̄ℓ) + 2 jets and EW pp → W ±(ℓ±νℓ) + 2 jets distributions

in mj1j2
inclusive (left) and in the presence of the dynamic veto of eq. (3.12) against a third jet

(right). Same higher-order predictions and conventions as in figure 12, but without matching to the

parton shower.

4.3.2 Z/W ratios for the EW production mode

Higher-order predictions for the ratios of distributions in EW Z + 2 jet and EW W + 2 jet

production are presented in figures 14–16. The left and right plots of figure 14 show the

ratio of mj1j2-distributions with inclusive selection cuts and in the presence of the additional

jet veto. The EW Z/W ratio is around 0.15 and remains rather stable when mj1j2 grows

from 500 GeV to 5 TeV.

In the absence of the jet veto, as expected from the findings of section 4.2.3, the ratio

is quite stable with respect to higher-order corrections. In particular, for mj1j2 > 1 TeV,

which corresponds to the most relevant region for invisible-Higgs searches, QCD corrections

are at the percent level. Below 1 TeV the QCD corrections tend to become more significant

reaching +10% at mj1j2 = 500 GeV. The impact of EW corrections on the inclusive ratio

does not exceed 1% in the plotted mj1j2 range, and the mixed QCD-EW uncertainties of

eq. (4.12) are negligible.

In the presence of the jet veto, the QCD corrections become rather sizeable below

1 TeV and reach the level of +50% at 500 GeV. As a consequence, also mixed QCD-EW

uncertainties are somewhat enhanced. This non-universal behaviour of the QCD corrections

leads to an enhancement of the QCD uncertainty, as defined in eq. (4.9). However, we note
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Figure 15. Ratios of the EW pp → Z(νℓν̄ℓ) + 2 jets and EW pp → W ±(ℓ±νℓ) + 2 jets distributions

in ∆φj1j2
without jet veto. Same higher-order predictions and conventions as in figure 12.

that the non-universality of the EW production modes at mj1j2 < 1 TeV tends to be washed

out by the dominance of the QCD production modes, where all correction effects feature a

high degree of universality. Moreover, we point out that the prescription of eq. (4.9) is very

conservative and may be replaced by a more realistic estimate if QCD uncertainties play a

critical role.

Together with their non-universal behaviour at mj1j2 < 1 TeV, the QCD corrections

to the EW Z/W ratio feature also a nontrivial dependence on ∆φj1j2 . This is illustrated

in figure 15, where we plot the ratio of the ∆φj1j2 distributions for EW Z + 2 jet and EW

W + 2 jet production. The ∆φj1j2 dependence of this ratio features variations at the level

of 20% at LO and 15% at NLO QCD×EW . The EW corrections are very small, and their

dependence on ∆φj1j2 does not exceed 1%. In contrast, the impact of QCD corrections on

the ratio ranges from −10% at small ∆φj1j2 to +10% around ∆φj1j2 = 2.5.

In order to account for this ∆φj1j2 dependence in the reweighting of the one-dimensional

mj1j2 distribution we split the phase space into the three ∆φj1j2 bins defined in eq. (3.13).

The ratios of mj1j2 distributions for EW Z + 2 jet and EW W + 2 jet production in these

three ∆φj1j2 bins are shown in figure 16. For mj1j2 > 2 TeV, in all three ∆φj1j2-bins we

observe very small QCD corrections at the one-percent level, consistently with the behaviour

of the inclusive mj1j2 distribution in figure 14. This is due both to the moderate size of the

QCD corrections to the individual EW Z + 2 jet and W + 2 jet cross sections (see figure 8)
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Figure 16. Ratios of the EW pp → Z(νℓν̄ℓ) + 2 jets and EW pp → W ±(ℓ±νℓ) + 2 jets distributions

in mj1j2
without jet veto in the regions ∆φj1j2

< 1 (left), 1 < ∆φj1j2
< 2 (middle), and ∆φj1j2

> 2

(right). Same higher-order predictions and conventions as in figure 12, but without matching to the

parton shower.

and to their strong correlation. In constrast, for 500 GeV < mj1j2 < 2 TeV the size of the

QCD corrections and their dependence on ∆φj1j2 are quite significant. With decreasing

mj1j2 the impact of the QCD corrections can grow up the level of +10% or −20%, depending

on ∆φj1j2 . Also the nominal NLO QCD×EW ratio features a non-negligible dependence

on ∆φj1j2 . In order to account for the uncertainties associated with this nontrivial mj1j2

and ∆φj1j2 dependence, the high-order QCD uncertainty for the inclusive mj1j2 distribution,

defined in eq. (4.9), is complemented by the additional uncertainty of eq. (4.14), which

accounts for the variation of the nomimal ratio in the different ∆φj1j2 bins.

5 Conclusions

The precise control of SM backgrounds is key in order to harness the full potential of

invisible-Higgs searches in the VBF production mode at the LHC. Irreducible background

contributions to the corresponding signature of missing transverse energy plus two jets

with high invariant mass arise from the SM processes pp → Z(νℓν̄ℓ) + 2 jets and pp →
W ±(ℓ±νℓ) + 2 jets, where the lepton is outside of the acceptance region. Such backgrounds

can be predicted with rather good theoretical accuracy in perturbation theory, while the

residual theoretical uncertainties can be further reduced with a data-driven approach. In

particular, the irreducible pp → Z(νℓν̄ℓ)+2 jets background can be constrained by means of

accurate data for pp → W ±(ℓ±νℓ) + 2 jets with a visible lepton, in combination with precise

theoretical predictions for the correlation between Z + 2 jet and W + 2 jet production.
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In this article we have presented parton-level predictions including complete NLO

QCD and EW corrections for all relevant V + 2 jet processes in the SM. These reactions

involve various perturbative contributions, which can be split into QCD modes, EW modes,

and interference contributions. For the first time we have consistently computed all four

perturbative contributions to Z +2 jet and W +2 jet production that arise at NLO QCD+EW

without applying any approximations. Based on the observation that the LO interference

between the QCD and EW modes is very small, the NLO contributions of O(α3
s α2) and

O(α2
s α3) can be regarded as QCD and EW corrections to the QCD production mode, while

O(αsα
4) and O(α5) correspond to QCD and EW corrections to the EW production mode.

In the signal region for invisible-Higgs searches, i.e. at large dijet invariant mass, mj1j2 ,

the EW V + 2 jet production mode is dominated by VBF topologies, but our calculations

account for all possible V + 2 jet topologies, including contributions that correspond to

diboson production with semi-leptonic decays, as well as single-top production and decay

in the s-, t- and Wt-channels.

The QCD corrections to the EW modes are small at large mj1j2 , while the EW corrections

can reach up to −20%. Both for the QCD and the EW modes, we have found a high degree

of correlation between the higher-order QCD and EW corrections to pp → Z(νℓν̄ℓ) + 2 jets

and pp → W ±(ℓ±νℓ) + 2 jets. As a result of this strong correlation, higher-order corrections

and uncertainties cancel to a large extent in the ratio of pp → Z(νℓν̄ℓ) + 2 jets and

pp → W ±(ℓ±νℓ) + 2 jets cross sections. Based on this observation we have proposed to

exploit precise theoretical predictions for this Z/W ratio in combination with data in

order to control the V + 2 jet backgrounds to invisible-Higgs searches with few-percent

precision. To this end we have provided an explicit recipe, based on the reweighting of

mj1j2 distributions, which can be applied to the Monte Carlo samples that are used in the

experimental analyses. This reweighting is implemented at the level of the QCD and EW

Z/W ratios, such as to exploit the very small theoretical uncertainties in these observables.

In the phase space relevant for invisible-Higgs searches, at mj1j2 > 1 TeV, the correlation

of higher-order corrections in Z + 2 jet and W + 2 jet production turns out to be particular

strong, and theoretical uncertainties in the Z/W ratios are as small as a few percent.

Moderate decorrelation effects have been observed at smaller mj1j2 in the ratio of the EW

production modes. Such effects can reach up to 10% in the ratio. They are driven by

non-universal QCD corrections to the EW V + 2 jet production modes, and they originate

from semileptonic diboson topologies and single-top contributions that are not included in

the naive VBF approximation. The Z/W correlation can in principle be further enhanced

separating these non-universal contributions. We leave this to future investigation.

Based on the predictions and uncertainties derived in this article significant sensitivity

improvements can be expected in searches for invisible Higgs decays. In fact, our predictions

and the proposed reweighting procedure have already been applied in a recent ATLAS

search [89] yielding an upper limit of 14.5% on the invisible branching ratio of the Higgs at

95% confidence level. In this context the search presented in [89] also provides a closure test

of the reweighting procedure introduced here. The approach and the theoretical predictions

presented in this paper can also be applied to measurements of V + 2 jet production via

VFB in order to derive constraints on effective field theories beyond the Standard Model.
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