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Motivation I

3

VBF-V as probe for aTGCs
VBF-V probes QCD dynamics !

in VBS-VV
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Figure 4: (a) Comparison in the EW-enriched region of the sum of EW-Zjj andmj j -reweighted QCD-Zjj templates
to the data (minus the non-Zjj backgrounds). The normalisation of the templates is adjusted to the results of
the Þt (see text for details). The EW-Zjj MC sample comes from the Powhegevent generator and the QCD-Zjj
MC sample comes from the Alpgenevent generator. (b) The ratio of the sum of the EW-Zjj andmj j -reweighted
QCD-Zjj templates to the background-subtracted data in the EW-enriched region, for three di! erent QCD-Zjj MC
predictions. The normalisation of the templates is adjusted to the results of the Þt. Error bars represent the statistical
uncertainties in the data and combined QCD-Zjj plus EW-Zjj MC samples added in quadrature. The hatched band
represents experimental systematic uncertainties in themj j distribution.

in the dijet rapidity interval, the QCD-enriched control region is divided into pairs of mutually exclusive
subsets according to the|y| of the highestpT jet within the rapidity interval bounded by the dijet system,
the pT of that jet, or the value ofNinterval

jet (pT>25 GeV). The continuous correction factors are determined from
each subregion using both a linear and a quadratic Þt to the data. Correction factors derived in the sub-
regions using quadratic Þts result in the largest variation in the extracted cross-sections. These Þts are
shown in Figure3 (b) for the AlpgenQCD-Zjj sample, which displays the largest variation between sub-
regions of the three event generators used to produce QCD-Zjj predictions. Within statistical uncertainties
the measured EW-Zjj cross-sections are not sensitive to the deÞnition of the control region used.

The normalisations of the corrected QCD-Zjj templates and the EW-Zjj templates are allowed to vary in-
dependently in a Þt to the background-subtractedmj j distribution in the EW-enriched region. The meas-
ured electroweak production cross-section is determined from the data minus the QCD-Zjj contribution
determined from these Þts (Eq. (3)). As the choice of EW-Zjj template can inßuence the normalisation of
the QCD-Zjj template in the EW-enriched region Þt, the measured EW-Zjj cross-section determination is
repeated for each QCD-Zjj template using either the Powhegor SherpaEW-Zjj template in the Þt. The
central value of the result quoted is the average of the measured EW-Zjj cross-sections determined with
each of the six combinations of the three QCD-Zjj and two EW-Zjj templates, with the envelope of meas-
ured results from these variations taken as an uncertainty associated with the dependence on the modelling
of the templates in the EW-enriched region. Separate uncertainties are assigned for the determination of
the QCD-Zjj correction factors in the QCD-enriched region and their propagation into the EW-enriched
region. The measurement of the EW-Zjj cross-section in the EW-enriched region formj j > 1 TeV is
extracted from the same Þt procedure, with data and QCD-Zjj yields integrated formj j > 1 TeV.

Figure 4 (a) shows a comparison in the EW-enriched region of the Þtted EW-Zjj and mj j -reweighted
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Figure 4: (a) Comparison in the EW-enriched region of the sum of EW-Zjj andmj j -reweighted QCD-Zjj templates
to the data (minus the non-Zjj backgrounds). The normalisation of the templates is adjusted to the results of
the Þt (see text for details). The EW-Zjj MC sample comes from the Powhegevent generator and the QCD-Zjj
MC sample comes from the Alpgenevent generator. (b) The ratio of the sum of the EW-Zjj andmj j -reweighted
QCD-Zjj templates to the background-subtracted data in the EW-enriched region, for three di! erent QCD-Zjj MC
predictions. The normalisation of the templates is adjusted to the results of the Þt. Error bars represent the statistical
uncertainties in the data and combined QCD-Zjj plus EW-Zjj MC samples added in quadrature. The hatched band
represents experimental systematic uncertainties in themj j distribution.

in the dijet rapidity interval, the QCD-enriched control region is divided into pairs of mutually exclusive
subsets according to the|y| of the highestpT jet within the rapidity interval bounded by the dijet system,
the pT of that jet, or the value ofNinterval

jet (pT>25 GeV). The continuous correction factors are determined from
each subregion using both a linear and a quadratic Þt to the data. Correction factors derived in the sub-
regions using quadratic Þts result in the largest variation in the extracted cross-sections. These Þts are
shown in Figure3 (b) for the AlpgenQCD-Zjj sample, which displays the largest variation between sub-
regions of the three event generators used to produce QCD-Zjj predictions. Within statistical uncertainties
the measured EW-Zjj cross-sections are not sensitive to the deÞnition of the control region used.

The normalisations of the corrected QCD-Zjj templates and the EW-Zjj templates are allowed to vary in-
dependently in a Þt to the background-subtractedmj j distribution in the EW-enriched region. The meas-
ured electroweak production cross-section is determined from the data minus the QCD-Zjj contribution
determined from these Þts (Eq. (3)). As the choice of EW-Zjj template can inßuence the normalisation of
the QCD-Zjj template in the EW-enriched region Þt, the measured EW-Zjj cross-section determination is
repeated for each QCD-Zjj template using either the Powhegor SherpaEW-Zjj template in the Þt. The
central value of the result quoted is the average of the measured EW-Zjj cross-sections determined with
each of the six combinations of the three QCD-Zjj and two EW-Zjj templates, with the envelope of meas-
ured results from these variations taken as an uncertainty associated with the dependence on the modelling
of the templates in the EW-enriched region. Separate uncertainties are assigned for the determination of
the QCD-Zjj correction factors in the QCD-enriched region and their propagation into the EW-enriched
region. The measurement of the EW-Zjj cross-section in the EW-enriched region formj j > 1 TeV is
extracted from the same Þt procedure, with data and QCD-Zjj yields integrated formj j > 1 TeV.
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Figure 12: EfÞciency of a gap activity veto in dielectron and dimuon events with BDT > 0.92, as
a function of the additional jet pT (left), and of the total HT of additional jets (right). Data points
are compared to MC expectations with only DY events, including signal with the PYTHIA PS
model, or the HERWIG ++ PS model. The bands represent the MC statistical uncertainty.
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Figure 13: EfÞciency of a gap activity veto in dielectron and dimuon events with BDT > 0.92,
as a function of the leading soft track-jet pT (left), and of the total soft HT (right). Data points
are compared to MC expectations with only DY events, including signal with the PYTHIA PS
model, or the HERWIG ++ PS model. The bands represent the MC statistical uncertainty.
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uncertainties are represented by individual nuisance parameters with log-normal distributions
and are proÞled in the Þt.

8.3 Results

No signiÞcant deviation from the SM expectation is observed. Limits on ATGC parameters
were previously set by LEP [65], ATLAS [66, 67], and CMS [68, 69]. The LHC semileptonic
diboson analyses using 8 TeV data currently set the most stringent limits.

Limits on the EFT parameters are reported and also translated into the equivalent parameters
deÞned in an effective Lagrangian (LEP parametrization) in Ref. [70], without form factors:
! " = ! Z = ! , ! #Z = ! gZ

1 ! ! #" tan2 $W. The parameters ! , ! #Z, and ! gZ
1 are considered,

where the ! symbols represents deviations from their respective SM values.

This analysis shows high sensitivity to cWWW/ " 2 and cW/ " 2 parameters (equivalently ! Z and
! gZ

1 ). The sensitivity to cB/ " 2 (equivalently ! #Z) parameter is very low since the contribution
of this operator to the WWZ vertex is suppressed by the weak mixing angle.

Results for 1D limits on cWWW and cW (! and ! gZ
1 ) can be found in Table 2 (Table 3) respectively,

and 2D limits are shown in Fig. 9. Results are dominated by the sensitivity in the muon channel
due to the larger acceptance for muons. An ATGC signal is not included in the interference
between EW and DY production. The effect on the limits is small ( < 3%).
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Figure 8: Distributions of pTZ in data and SM backgrounds, and various ATGC scenarios in
the dielectron (left) and dimuon (right) channels.

Table 2: One-dimensional limits on the ATGC EFT parameters at 95% CL.

Coupling constant Expected 95% CL interval (TeV! 2) Observed 95% CL interval (TeV! 2)

cWWW/ " 2 [! 3.7, 3.6] [! 2.6, 2.6]
cW/ " 2 [! 12.6, 14.7] [! 8.4, 10.1]

9 Study of the hadronic and jet activity in Z + jet events

Now that the presence of an SM signal is established, the properties of the hadronic activity in
the selected events can be examined. The production of additional jets in a region with a larger
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Figure 8: Distributions of pTZ in data and SM backgrounds, and various ATGC scenarios in
the dielectron (left) and dimuon (right) channels.
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VBF-H allows for direct limits on H! invisible
2 3 Event reconstruction

q!

q

ø!

÷q!

W " , Z

÷q

W ± , Z

H

!

g

g

t

t t

H

t

(a)
q!

q

÷q!

W " , Z

÷q

W ± , Z

H

(b)

q

ø!

øq

W/ Z
W/ Z

)
!

(c)
g

g

øt
t

t
øt

H

(d)

g

g

ø!

t

t t
)

t

g

!

�

�

Figure 1: Feynman diagrams for the main production processes targeted in the searches con-
sidered in the combination: qq ! qqH (left), qq ! VH (center), and gg ! gH (right).

crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL) are installed, each composed of a barrel and two endcap sections. The tracker sys-
tem measures the momentum of charged particles up to a pseudorapidity of |! | = 2.5, while
the electromagnetic and the hadron calorimeters provide coverage up to |! | = 3. Moreover,
the steel and quartz-Þber ÿCerenkov hadron forward calorimeter (HF) extends the coverage to
|! | = 5. Muons are detected in gas-ionization chambers embedded in the steel ßux-return yoke
outside the solenoid, which cover up to |! | = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The Þrst level (L1) is
composed by custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software based system which runs a version of the CMS full event
reconstruction optimized for fast processing, reducing the event rate to about 1 kHz.

A more detailed description of the CMS detector, together with a deÞnition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [19].

3 Event reconstruction

The particle-ßow (PF) event algorithm [20] reconstructs and identiÞes each individual particle
with an optimized combination of information from the various elements of the CMS detec-
tor. The energy of photons is directly obtained from the ECAL measurement, corrected for
zero-suppression effects. The energy of electrons is determined from a combination of the elec-
tron momentum at the primary interaction vertex, as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.

The missing transverse momentum vector (!pmiss
T ) is computed as the negative vector sum of

the transverse momenta (pT) of all the PF candidates in an event, and its magnitude is denoted
as pmiss

T . Hadronic jets are reconstructed by clustering PF candidates through the anti- kT algo-
rithm [21, 22], with a distance parameter of 0.4. The reconstructed vertex, with the largest value
of summed physics-object p2

T, is taken to be the primary pp interaction vertex. The charged PF
candidates originating from any other vertex are ignored during the jet Þnding procedure. Jet
momentum is determined as the vectorial sum of all particle momenta inside the jet, and is
found, from simulation, to be within 5 to 10% of the true momentum over the whole pT spec-
trum and detector acceptance. An offset correction is applied to jet energies to take into account

subject to large "
irreducible "

backgrounds 
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Figure 5: The observedmjj (left) and ! ! jj (right) distributions in the signal region of the cut-and-
count analysis compared to the post-Þt backgrounds from various SM processes. The predicted
background normalizations are obtained either from a combined Þt to the data in all the control
samples but excluding the signal region (solid stack) or from a background-only Þt performed
across signal and control regions (dark blue line). Expected signal distributions for a 125 GeV
Higgs boson produced through ggH and qqH modes, and decaying exclusively to invisible
particles, are overlaid.

Higgs boson production through qqH and ggH mechanisms is considered, and their relative
contributions are Þxed to the SM prediction within the corresponding uncertainties. The uncer-
tainties in the predictions of the inclusive qqH and ggH production cross sections due to PDF
uncertainties, renormalization and factorization scale variations are taken from Ref. [33]. An
additional uncertainty of 40% is assigned to the expected ggH contribution. This accounts for
both the limited knowledge of the ggH cross section in association with two or more jets, as well
as the uncertainty in the prediction of the ggH differential cross section for large Higgs boson
transverse momentum, pH

T > 250 GeV. Furthermore, the uncertainties in the signal acceptance
due to the choice of the PDFs are evaluated independently for the different signal processes,
and are treated as independent nuisance parameters in the Þt. The observed (expected) 95%
CL upper limit on B(H ! inv ) is found to be 0.28 (0.21) for the shape analysis, and 0.52 (0.27)
in the cut-and-count case. The upper limits are summarized in Table 5. In the cut-and-count
analysis, the signiÞcance of the excess observed in the signal region, calculated with respect to
the background-only hypothesis, is of 2.5 " .

Table 5: Expected and observed 95% CL upper limits on the invisible branching fraction of the
Higgs boson, obtained in the shape and cut-and-count analyses. The one and two standard de-
viation uncertainty range on the expected limits is reported. The signal composition expected
in the signal region is also shown.

Analysis Observed limit Expected limit ± 1 s.d. ± 2 s.d. Signal composition
Shape 0.28 0.21 [0.15Ð0.29] [0.11Ð0.39] 52% qqH, 48% ggH
Cut-and-count 0.53 0.27 [0.20Ð0.38] [0.15Ð0.51] 81% qqH, 19% ggH
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irreducible SM backgrounds:

} V + 2 jets
pp! W(! lv)+2 jets  (QCD) !   MET + 2 jets  (lepton lost)
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counter-intuitive feature of NLO EW corrections, namely that real emission at O(! S! 3) does not
only involve photon bremsstrahlung (Fig. 2b) but also V + 2 jet final states resulting from the
emission of quarks through mixed QCD–EW interference terms (Fig. 2c).

The LO production and off-shell decay of V + 2 jets receives contributions from a tower of
O(! k

S! 4�k) terms with powers k = 2 , 1, 0 in the strong coupling. The contributions of O(! 2
S! 2),

O(! S! 3) and O(! 4) will be denoted as LO, LO mix and LO EW, respectively. The two subleading
orders contribute only via partonic channels with four external (anti)quark legs, and the LO EW
contribution includes, inter alia, the production of dibosons with semi-leptonic decays. Representa-
tive Feynman diagrams for V +2 jet production are shown in Figs. 3 and 4. The NLO contributions
of O(! 3

S! 2) and O(! 2
S! 3) are denoted as NLO QCD and NLO EW, respectively. They are the main

subject of this paper, while subleading NLO contributions of O(! S! 4) or O(! 5) are not consid-
ered. Apart from the terminology, let us remind the reader that O(! 2

S! 3) NLO EW contributions
represent at the same time O(! ) corrections with respect to LO and O(! S) corrections to LO mix
contributions. Therefore, in order to cancel the O(! 2

S! 3) leading logarithmic dependence on the
renormalisation and factorization scales, NLO EW corrections should be combined with LO and
LO mix terms.1

For what concerns the combination of NLO QCD and NLO EW corrections,

" NLO
QCD = " LO + #" NLO

QCD , " NLO
EW = " LO + #" NLO

EW , (2.1)

as a default we adopt an additive prescription,

" NLO
QCD+EW = " LO + #" NLO

QCD + #" NLO
EW . (2.2)

Here, for the case of V + n jet production, " LO is the O(! n

S! 2) LO cross section, while #" NLO
QCD and

#" NLO
EW correspond to the O(! n+1

S ! 2) and O(! n

S! 3) corrections, respectively. Alternatively, in order
to identify potentially large effects due to the interplay of EW and QCD corrections beyond NLO,
we present results considering the following factorised combination of EW and QCD corrections,
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In situations where the factorised approach can be justified by a clear separation of scales—such as
where QCD corrections are dominated by soft interactions well below the EW scale—the factorised

1 LO mix and NLO EW contributions are shown separately in the Þxed-order analysis of Section 4, while in the
merging framework of Section 5 they are systematically combined.
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counter-intuitive feature of NLO EW corrections, namely that real emission at O(! S! 3) does not
only involve photon bremsstrahlung (Fig. 2b) but also V + 2 jet Þnal states resulting from the
emission of quarks through mixed QCDÐEW interference terms (Fig.2c).

The LO production and o! -shell decay ofV + 2 jets receives contributions from a tower of
O(! k

S! 4! k ) terms with powers k = 2 , 1, 0 in the strong coupling. The contributions of O(! 2
S! 2),

O(! S! 3) and O(! 4) will be denoted as LO, LO mix and LO EW, respectively. The two subleading
orders contribute only via partonic channels with four external (anti)quark legs, and the LO EW
contribution includes, inter alia, the production of dibosons with semi-leptonic decays. Representa-
tive Feynman diagrams forV +2 jet production are shown in Figs.3 and 4. The NLO contributions
of O(! 3

S! 2) and O(! 2
S! 3) are denoted as NLO QCD and NLO EW, respectively. They are the main

subject of this paper, while subleading NLO contributions of O(! S! 4) or O(! 5) are not consid-
ered. Apart from the terminology, let us remind the reader that O(! 2

S! 3) NLO EW contributions
represent at the same timeO(! ) corrections with respect to LO and O(! S) corrections to LO mix
contributions. Therefore, in order to cancel the O(! 2

S! 3) leading logarithmic dependence on the
renormalisation and factorization scales, NLO EW corrections should be combined with LO and
LO mix terms.1

For what concerns the combination of NLO QCD and NLO EW corrections,

" NLO
QCD = " LO + #" NLO

QCD , " NLO
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EW , (2.1)

as a default we adopt an additive prescription,
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QCD + #" NLO
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Here, for the case ofV + n jet production, " LO is the O(! n
S! 2) LO cross section, while#" NLO

QCD and
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EW correspond to theO(! n +1
S ! 2) and O(! n

S! 3) corrections, respectively. Alternatively, in order
to identify potentially large e ! ects due to the interplay of EW and QCD corrections beyond NLO,
we present results considering the following factorised combination of EW and QCD corrections,
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In situations where the factorised approach can be justiÞed by a clear separation of scalesÑsuch as
where QCD corrections are dominated by soft interactions well below the EW scaleÑthe factorised

1 LO mix and NLO EW contributions are shown separately in the Þxed-order analysis of Section 4, while in the
merging framework of Section 5 they are systematically combined.
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Figure 2 : Example LO diagrams at O(g2
s e2) (a,b), O(gse3) (c,d), and O(e4) (e-l). The square of

O(g2
s e2) diagrams yields theO(! 2

s ! 2) QCD LO amplitude, while the square of the O(e4) diagrams
yields the O(! 4) EW LO amplitude. The O(! s! 3) perturbative contribution emerges as square of
O(gse3) diagrams, or due to the interference betweenO(g2

s e2) and O(e4) diagrams.

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 Figs. 2e and 2f, contribute to VBF-type production,
while diagrams as in Figs.2g and 2h contribute to (o ff-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 withqq! initial
states involve EW Feynman diagrams with t-channel and/or u-channel exchange of vector bosons.
In the case ofqøq! channels also diagrams with s-channel vector boson exchange contribute. The
widely used VBF approximation is a gauge-invariant prescription that isolates only squaredt-
channel andu-channel contributions discarding their interference as well as anys-channel diagram.
In this approximation, the Þnal-state vector boson can couple either to an external quark line or to
the vector boson that is exchanged in thet/u -channel as in Figs.2e and 2f, respectively.

In addition, the EW mode also features photon-induced processes, see Fig.2i. Since we employ
the Þve-ßavour (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 processpp ! W + 2 jets includes partonic channels of typeqb ! q!bW
that involve EW topologies corresponding to t-channel single-top production, qb ! q!t(bW), as
illustrated in Fig. 2k. Top resonances occur also in light-ßavour channels of typeqøq! ! øbbW, which
receive contributions from s-channel single-top production,qøq! ! øbt(bW), illustrated in Fig. 2l. All
these single-top contributions are consistently included in our predictions. When the dijet invariant
mass,mj 1 j 2 , is well below the TeV scale, their numerical impact can yield a substantial fraction of

2In order to exclude Þnal-state photons from pp ! V + 2 jet one should introduce a photon-isolation prescription,
while this technical complication can be avoided by handling photons as jet constituents. At LO we have veriÞed
that, for all considered observables, partonic channels with initial- or Þnal-state photons contribute only below the
level of 1%. Further technical details concerning the treatment of photons are discussed in Sects. 3.2 and 4.1.
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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 Figs. 2e and 2f, contribute to VBF-type production,
while diagrams as in Figs.2g and 2h contribute to (o ! -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 withqq! initial
states involve EW Feynman diagrams with t-channel and/or u-channel exchange of vector bosons.
In the case ofqøq! channels also diagrams with s-channel vector boson exchange contribute. The
widely used VBF approximation is a gauge-invariant prescription that isolates only squaredt-
channel andu-channel contributions discarding their interference as well as anys-channel diagram.
In this approximation, the Þnal-state vector boson can couple either to an external quark line or to
the vector boson that is exchanged in thet/u -channel as in Figs.2e and 2f, respectively.

In addition, the EW mode also features photon-induced processes, see Fig.2i. Since we employ
the Þve-ßavour (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 processpp ! W + 2 jets includes partonic channels of typeqb ! q!bW
that involve EW topologies corresponding to t-channel single-top production, qb ! q!t(bW), as
illustrated in Fig. 2k. Top resonances occur also in light-ßavour channels of typeqøq! ! øbbW, which
receive contributions from s-channel single-top production,qøq! ! øbt(bW), illustrated in Fig. 2l. All
these single-top contributions are consistently included in our predictions. When the dijet invariant
mass,mj 1 j 2 , is well below the TeV scale, their numerical impact can yield a substantial fraction of

2In order to exclude Þnal-state photons from pp ! V + 2 jet one should introduce a photon-isolation prescription,
while this technical complication can be avoided by handling photons as jet constituents. At LO we have veriÞed
that, for all considered observables, partonic channels with initial- or Þnal-state photons contribute only below the
level of 1%. Further technical details concerning the treatment of photons are discussed in Sects. 3.2 and 4.1.
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counter-intuitive feature of NLO EW corrections, namely that real emission at O(! S! 3) does not
only involve photon bremsstrahlung (Fig. 2b) but also V + 2 jet Þnal states resulting from the
emission of quarks through mixed QCDÐEW interference terms (Fig.2c).

The LO production and o! -shell decay ofV + 2 jets receives contributions from a tower of
O(! k

S! 4! k ) terms with powers k = 2 , 1, 0 in the strong coupling. The contributions of O(! 2
S! 2),

O(! S! 3) and O(! 4) will be denoted as LO, LO mix and LO EW, respectively. The two subleading
orders contribute only via partonic channels with four external (anti)quark legs, and the LO EW
contribution includes, inter alia, the production of dibosons with semi-leptonic decays. Representa-
tive Feynman diagrams forV +2 jet production are shown in Figs.3 and 4. The NLO contributions
of O(! 3

S! 2) and O(! 2
S! 3) are denoted as NLO QCD and NLO EW, respectively. They are the main

subject of this paper, while subleading NLO contributions of O(! S! 4) or O(! 5) are not consid-
ered. Apart from the terminology, let us remind the reader that O(! 2

S! 3) NLO EW contributions
represent at the same timeO(! ) corrections with respect to LO and O(! S) corrections to LO mix
contributions. Therefore, in order to cancel the O(! 2

S! 3) leading logarithmic dependence on the
renormalisation and factorization scales, NLO EW corrections should be combined with LO and
LO mix terms.1

For what concerns the combination of NLO QCD and NLO EW corrections,

" NLO
QCD = " LO + #" NLO

QCD , " NLO
EW = " LO + #" NLO

EW , (2.1)

as a default we adopt an additive prescription,

" NLO
QCD+EW = " LO + #" NLO

QCD + #" NLO
EW . (2.2)

Here, for the case ofV + n jet production, " LO is the O(! n
S! 2) LO cross section, while#" NLO

QCD and
#" NLO

EW correspond to theO(! n +1
S ! 2) and O(! n

S! 3) corrections, respectively. Alternatively, in order
to identify potentially large e ! ects due to the interplay of EW and QCD corrections beyond NLO,
we present results considering the following factorised combination of EW and QCD corrections,
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1 +
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. (2.3)

In situations where the factorised approach can be justiÞed by a clear separation of scalesÑsuch as
where QCD corrections are dominated by soft interactions well below the EW scaleÑthe factorised

1 LO mix and NLO EW contributions are shown separately in the Þxed-order analysis of Section 4, while in the
merging framework of Section 5 they are systematically combined.
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Figure 2 : Example LO diagrams at O(g2
s e2) (a,b), O(gse3) (c,d), and O(e4) (e-l). The square of

O(g2
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s ! 2) QCD LO amplitude, while the square of the O(e4) diagrams
yields the O(! 4) EW LO amplitude. The O(! s! 3) perturbative contribution emerges as square of
O(gse3) diagrams, or due to the interference betweenO(g2

s e2) and O(e4) diagrams.

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 Figs. 2e and 2f, contribute to VBF-type production,
while diagrams as in Figs.2g and 2h contribute to (o ff-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 withqq! initial
states involve EW Feynman diagrams with t-channel and/or u-channel exchange of vector bosons.
In the case ofqøq! channels also diagrams with s-channel vector boson exchange contribute. The
widely used VBF approximation is a gauge-invariant prescription that isolates only squaredt-
channel andu-channel contributions discarding their interference as well as anys-channel diagram.
In this approximation, the Þnal-state vector boson can couple either to an external quark line or to
the vector boson that is exchanged in thet/u -channel as in Figs.2e and 2f, respectively.

In addition, the EW mode also features photon-induced processes, see Fig.2i. Since we employ
the Þve-ßavour (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 processpp ! W + 2 jets includes partonic channels of typeqb ! q!bW
that involve EW topologies corresponding to t-channel single-top production, qb ! q!t(bW), as
illustrated in Fig. 2k. Top resonances occur also in light-ßavour channels of typeqøq! ! øbbW, which
receive contributions from s-channel single-top production,qøq! ! øbt(bW), illustrated in Fig. 2l. All
these single-top contributions are consistently included in our predictions. When the dijet invariant
mass,mj 1 j 2 , is well below the TeV scale, their numerical impact can yield a substantial fraction of

2In order to exclude Þnal-state photons from pp ! V + 2 jet one should introduce a photon-isolation prescription,
while this technical complication can be avoided by handling photons as jet constituents. At LO we have veriÞed
that, for all considered observables, partonic channels with initial- or Þnal-state photons contribute only below the
level of 1%. Further technical details concerning the treatment of photons are discussed in Sects. 3.2 and 4.1.
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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 Figs. 2e and 2f, contribute to VBF-type production,
while diagrams as in Figs.2g and 2h contribute to (o ! -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 withqq! initial
states involve EW Feynman diagrams with t-channel and/or u-channel exchange of vector bosons.
In the case ofqøq! channels also diagrams with s-channel vector boson exchange contribute. The
widely used VBF approximation is a gauge-invariant prescription that isolates only squaredt-
channel andu-channel contributions discarding their interference as well as anys-channel diagram.
In this approximation, the Þnal-state vector boson can couple either to an external quark line or to
the vector boson that is exchanged in thet/u -channel as in Figs.2e and 2f, respectively.

In addition, the EW mode also features photon-induced processes, see Fig.2i. Since we employ
the Þve-ßavour (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 processpp ! W + 2 jets includes partonic channels of typeqb ! q!bW
that involve EW topologies corresponding to t-channel single-top production, qb ! q!t(bW), as
illustrated in Fig. 2k. Top resonances occur also in light-ßavour channels of typeqøq! ! øbbW, which
receive contributions from s-channel single-top production,qøq! ! øbt(bW), illustrated in Fig. 2l. All
these single-top contributions are consistently included in our predictions. When the dijet invariant
mass,mj 1 j 2 , is well below the TeV scale, their numerical impact can yield a substantial fraction of

2In order to exclude Þnal-state photons from pp ! V + 2 jet one should introduce a photon-isolation prescription,
while this technical complication can be avoided by handling photons as jet constituents. At LO we have veriÞed
that, for all considered observables, partonic channels with initial- or Þnal-state photons contribute only below the
level of 1%. Further technical details concerning the treatment of photons are discussed in Sects. 3.2 and 4.1.
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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 Figs. 2e and 2f, contribute to VBF-type production,
while diagrams as in Figs.2g and 2h contribute to (o ! -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 withqq! initial
states involve EW Feynman diagrams with t-channel and/or u-channel exchange of vector bosons.
In the case ofqøq! channels also diagrams with s-channel vector boson exchange contribute. The
widely used VBF approximation is a gauge-invariant prescription that isolates only squaredt-
channel andu-channel contributions discarding their interference as well as anys-channel diagram.
In this approximation, the Þnal-state vector boson can couple either to an external quark line or to
the vector boson that is exchanged in thet/u -channel as in Figs.2e and 2f, respectively.

In addition, the EW mode also features photon-induced processes, see Fig.2i. Since we employ
the Þve-ßavour (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 processpp ! W + 2 jets includes partonic channels of typeqb ! q!bW
that involve EW topologies corresponding to t-channel single-top production, qb ! q!t(bW), as
illustrated in Fig. 2k. Top resonances occur also in light-ßavour channels of typeqøq!

! øbbW, which
receive contributions from s-channel single-top production,qøq!

! øbt(bW), illustrated in Fig. 2l. All
these single-top contributions are consistently included in our predictions. When the dijet invariant
mass,mj1 j2 , is well below the TeV scale, their numerical impact can yield a substantial fraction of

2In order to exclude final-state photons from pp ! V +2 jet one should introduce a photon-isolation prescription,
while this technical complication can be avoided by handling photons as jet constituents. At LO we have verified
that, for all considered observables, partonic channels with initial- or final-state photons contribute only below the
level of 1%. Further technical details concerning the treatment of photons are discussed in Sects. 3.2 and 4.1.
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Figure 2 : Example LO diagrams at O(g2
s e2) (a,b), O(gse3) (c,d), and O(e4) (e-l). The square of
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s e2) diagrams yields theO(! 2

s ! 2) QCD LO amplitude, while the square of the O(e4) diagrams
yields the O(! 4) EW LO amplitude. The O(! s! 3) perturbative contribution emerges as square of
O(gse3) diagrams, or due to the interference betweenO(g2

s e2) and O(e4) diagrams.

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 Figs. 2e and 2f, contribute to VBF-type production,
while diagrams as in Figs.2g and 2h contribute to (o ! -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 withqq! initial
states involve EW Feynman diagrams with t-channel and/or u-channel exchange of vector bosons.
In the case ofqøq! channels also diagrams with s-channel vector boson exchange contribute. The
widely used VBF approximation is a gauge-invariant prescription that isolates only squaredt-
channel andu-channel contributions discarding their interference as well as anys-channel diagram.
In this approximation, the Þnal-state vector boson can couple either to an external quark line or to
the vector boson that is exchanged in thet/u -channel as in Figs.2e and 2f, respectively.

In addition, the EW mode also features photon-induced processes, see Fig.2i. Since we employ
the Þve-ßavour (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 processpp ! W + 2 jets includes partonic channels of typeqb ! q!bW
that involve EW topologies corresponding to t-channel single-top production, qb ! q!t(bW), as
illustrated in Fig. 2k. Top resonances occur also in light-ßavour channels of typeqøq! ! øbbW, which
receive contributions from s-channel single-top production,qøq! ! øbt(bW), illustrated in Fig. 2l. All
these single-top contributions are consistently included in our predictions. When the dijet invariant
mass,mj1 j2 , is well below the TeV scale, their numerical impact can yield a substantial fraction of

2In order to exclude Þnal-state photons from pp ! V + 2 jet one should introduce a photon-isolation prescription,
while this technical complication can be avoided by handling photons as jet constituents. At LO we have veriÞed
that, for all considered observables, partonic channels with initial- or Þnal-state photons contribute only below the
level of 1%. Further technical details concerning the treatment of photons are discussed in Sects. 3.2 and 4.1.
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Figure 3 : Distribution in the invariant mass of the two hardest jets, mj1 j2 , for pp! Z (⌫`ø⌫`)+2 jets
(left) and pp ! W±(`±⌫`) + 2 jets (right) at LO. The upper frame shows absolute predictions for
the QCD (blue), EW (red), and interference (green) production modes. Forpp! W±(`±⌫`)+2 jets
we also show the LOpp ! tj contributions (orange), which belong to the EW production mode
and include t-channel ands-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.

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 around25% of
the total EW W + 2 jet process at the lower end of the consideredmj1 j2 range. At large mj1 j2 the
impact of the single-top modes is increasingly suppressed, and formj1 j2 > 2.5TeV 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 e! ects 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
Þxed-order NLO corrections we also investigate the e! ect of parton-shower matching at NLO QCD.

Fig. 4 shows the distribution in mj1 j2 for pp ! W±(`±⌫`) + 2 jets and pp ! Z (⌫`ø⌫`) + 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 e! ect 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 mj1 j2 tail it becomes increasingly large, reaching around�20% at 2Ð3 TeV and�50% at 4 TeV.
Parton-shower corrections are at the percent level in themj1 j2 -tail, while below 2 TeV their e! ect
is more sizeable and negative, reaching20Ð30% around 500 GeV. This di! erence 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 mj1 j2 . Nevertheless we observe that parton-shower e! ects
in Z + 2 jet and W + 2 jet production are strongly correlated and cancel to a large extent in theZ/W
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Figure 4 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for QCD pp ! Z (! ! ø! ! )+
2 jets (left) and QCD pp ! W ± ("± ! ! ) + 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.

ratio (see Sect.4.3). As for the NLO EW corrections, we Þnd an increasingly negative contribution
with rising mj 1 j 2 . Their impact, however, is rather mild and reaches only about # 10% in the
multi-TeV region.

In Fig. 5 we show the samemj 1 j 2 -distributions and theoretical predictions of Fig. 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 e! ect, while the NLO QCD and NLOPS QCD predictions are
strongly reduced. The maximal e! ect is observed atmj 1 j 2 = 500 GeV, where the veto of Eq. (3.12)
corresponds topT ,cut = 25 GeV, and the NLO QCD cross section is suppressed by a factor four.
Above 500 GeV the value ofpT ,cut grows linearly with mj 1 j 2 , and the e! ect 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 atmj 1 j 2 $ 500GeV.
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 mj 1 j 2 Þxed-order NLO QCD calculations are not reliable, and only NLOPS predictions can
be thrusted. Moreover, the moderate di! erence 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 Fig. 5, changing the scale yields much larger NLOPS/NLO di! erences. At the same time, we
note that such di! erences are dominated by universal Sudakov logarithms that cancel in the ratio

Ð 14 Ð
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Figure 4 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for QCD pp ! Z (! ! ø! ! )+
2 jets (left) and QCD pp ! W ± ("± ! ! ) + 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.

ratio (see Sect.4.3). As for the NLO EW corrections, we Þnd an increasingly negative contribution
with rising mj 1 j 2 . Their impact, however, is rather mild and reaches only about # 10% in the
multi-TeV region.

In Fig. 5 we show the samemj 1 j 2 -distributions and theoretical predictions of Fig. 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 e! ect, while the NLO QCD and NLOPS QCD predictions are
strongly reduced. The maximal e! ect is observed atmj 1 j 2 = 500 GeV, where the veto of Eq. (3.12)
corresponds topT ,cut = 25 GeV, and the NLO QCD cross section is suppressed by a factor four.
Above 500 GeV the value ofpT ,cut grows linearly with mj 1 j 2 , and the e! ect 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 atmj 1 j 2 $ 500GeV.
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 mj 1 j 2 Þxed-order NLO QCD calculations are not reliable, and only NLOPS predictions can
be thrusted. Moreover, the moderate di! erence 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 Fig. 5, changing the scale yields much larger NLOPS/NLO di! erences. At the same time, we
note that such di! erences are dominated by universal Sudakov logarithms that cancel in the ratio
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Figure 5 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for QCD pp ! Z (! ! ø! ! )+
2 jets (left) and QCD pp ! W ± ("± ! ! ) + 2 jets (right) subject to the dynamic veto of Eq. ( 3.12)
against a third jet. Curves and bands as in Fig.4 but without NLO QCD+EW predictions.

betweenZ + 2 jet and W + 2 jet cross sections. This is conÞrmed by the highly universal NLO and
NLOPS suppression e! ects that are observed inZ + 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 ofmjj

distributions for Z + 2 jet and W + 2 jet production at NLO QCD. These observations suggest the
absence of large higher-order e! ects beyond NLO in the Z/W ratio.

In Fig. 5 the EW and QCD corrections are combined using the multiplicative prescription (2.7).
This is well justiÞed by the fact that the EW corrections factorise wrt 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 QCDÐEW combination is not shown in Fig.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
Figs. 6-11. We remind the reader that here we present the Þrst 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 Fig. 6 di! erential 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 to20% in the tail. The QCD scale uncertainties at
NLO QCD are only at the level of a few percent and decrease to negligible levels in the tail. This
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Figure 5 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for QCD pp ! Z (! ! ø! ! )+
2 jets (left) and QCD pp ! W ± ("± ! ! ) + 2 jets (right) subject to the dynamic veto of Eq. ( 3.12)
against a third jet. Curves and bands as in Fig.4 but without NLO QCD+EW predictions.

betweenZ + 2 jet and W + 2 jet cross sections. This is conÞrmed by the highly universal NLO and
NLOPS suppression e! ects that are observed inZ + 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 ofmjj

distributions for Z + 2 jet and W + 2 jet production at NLO QCD. These observations suggest the
absence of large higher-order e! ects beyond NLO in the Z/W ratio.

In Fig. 5 the EW and QCD corrections are combined using the multiplicative prescription (2.7).
This is well justiÞed by the fact that the EW corrections factorise wrt 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 QCDÐEW combination is not shown in Fig.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
Figs. 6-11. We remind the reader that here we present the Þrst 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 Fig. 6 di! erential 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 to20% in the tail. The QCD scale uncertainties at
NLO QCD are only at the level of a few percent and decrease to negligible levels in the tail. This
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Figure 4 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for QCD pp ! Z (! ! ø! ! )+
2 jets (left) and QCD pp ! W ± ("± ! ! ) + 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.

ratio (see Sect.4.3). As for the NLO EW corrections, we Þnd an increasingly negative contribution
with rising mj 1 j 2 . Their impact, however, is rather mild and reaches only about # 10% in the
multi-TeV region.

In Fig. 5 we show the samemj 1 j 2 -distributions and theoretical predictions of Fig. 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 e! ect, while the NLO QCD and NLOPS QCD predictions are
strongly reduced. The maximal e! ect is observed atmj 1 j 2 = 500 GeV, where the veto of Eq. (3.12)
corresponds topT ,cut = 25 GeV, and the NLO QCD cross section is suppressed by a factor four.
Above 500 GeV the value ofpT ,cut grows linearly with mj 1 j 2 , and the e! ect 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 atmj 1 j 2 $ 500GeV.
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 mj 1 j 2 Þxed-order NLO QCD calculations are not reliable, and only NLOPS predictions can
be thrusted. Moreover, the moderate di! erence 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 Fig. 5, changing the scale yields much larger NLOPS/NLO di! erences. At the same time, we
note that such di! erences are dominated by universal Sudakov logarithms that cancel in the ratio
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jets are present, the veto has no e! ect, while the NLO QCD and NLOPS QCD predictions are
strongly reduced. The maximal e! ect is observed atmj 1 j 2 = 500 GeV, where the veto of Eq. (3.12)
corresponds topT ,cut = 25 GeV, and the NLO QCD cross section is suppressed by a factor four.
Above 500 GeV the value ofpT ,cut grows linearly with mj 1 j 2 , and the e! ect 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 atmj 1 j 2 $ 500GeV.
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 mj 1 j 2 Þxed-order NLO QCD calculations are not reliable, and only NLOPS predictions can
be thrusted. Moreover, the moderate di! erence 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 Fig. 5, changing the scale yields much larger NLOPS/NLO di! erences. At the same time, we
note that such di! erences are dominated by universal Sudakov logarithms that cancel in the ratio
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EW mode: only QCD corrections in VBF-approximation known

Figure 10: Dijet invariant-mass distributions for W + production, with scales in

the M scheme. Shown are (a) the minimum dijet invariant-mass distribution for

any final-state reconstructed jets (not necessarily the two tagging jets) and (b) the

invariant mass of the two tagging jets. NLO results are shown in solid black lines,

while the red dashed lines are for LO distributions.

5 Conclusions

Vector-boson fusion at the LHC represents a class of electroweak processes which are
under excellent control perturbatively. This has been known for some time for the most
interesting process in this class: Higgs boson production via VBF hasa modestK factor
of about 1.05 for the inclusive production cross section [14] and this result also holds when
applying realistic acceptance cuts [15].

In the present paper, we have extended this result to the electroweak production of
W and Z plus two jets, when the Þnal-state particles are in a kinematic conÞguration
typical of VBF events. More precisely, we have calculated the NLO QCD corrections to
electroweak production of!" ! jj and ! + ! ! jj at LHC, and we have implemented them in a
fully-ßexible NLO Monte Carlo program. K factors are of the same size as for the Higgs
boson production process, typically ranging between 1.0 and 1.1 formost distributions. What
is more important is the stability of the NLO result: residual scale dependence is at the 2%
level or below. This is smaller than the present parton-distribution-function uncertainties,
which we have calculated for theW ± jj cross sections. We estimate 4% PDF errors using
CTEQ6M parton distributions and roughly half that size using MRST2001E PDFs.
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[Oleari, Zeppenfeld, Õ04] 

11
Figure 8: Transverse-momentum distributions of the charged Þnal-state lepton in
W + production [panels (a) and (b)] and of the softest of the two Þnal-state leptons in
Z production [panels (c) and (d)]. The solid black curves in panel (a) and (c) rep-
resent the NLO cross sections and the red dashed curves the LO ones, for scales
µR = µF = mV (M scheme). Panels (b) and (d) show the ratio of the NLO
transverse-momentum distribution computed in theM and Q scheme (black solid
line), and the K factors in the Q (red dashed line) andM (blue dot-dashed line)
schemes.

19



EW mode

Figure 10: Dijet invariant-mass distributions for W + production, with scales in

the M scheme. Shown are (a) the minimum dijet invariant-mass distribution for

any final-state reconstructed jets (not necessarily the two tagging jets) and (b) the

invariant mass of the two tagging jets. NLO results are shown in solid black lines,

while the red dashed lines are for LO distributions.
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under excellent control perturbatively. This has been known for some time for the most
interesting process in this class: Higgs boson production via VBF hasa modestK factor
of about 1.05 for the inclusive production cross section [14] and this result also holds when
applying realistic acceptance cuts [15].

In the present paper, we have extended this result to the electroweak production of
W and Z plus two jets, when the Þnal-state particles are in a kinematic conÞguration
typical of VBF events. More precisely, we have calculated the NLO QCD corrections to
electroweak production of!" ! jj and ! + ! ! jj at LHC, and we have implemented them in a
fully-ßexible NLO Monte Carlo program. K factors are of the same size as for the Higgs
boson production process, typically ranging between 1.0 and 1.1 formost distributions. What
is more important is the stability of the NLO result: residual scale dependence is at the 2%
level or below. This is smaller than the present parton-distribution-function uncertainties,
which we have calculated for theW ± jj cross sections. We estimate 4% PDF errors using
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Figure 8 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for EW pp ! Z (! ! ø! ! )+
2 jets (left) and EW pp ! W ± ("± ! ! ) + 2 jets (right). Curves and bands as in Fig. 6.
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Figure 9 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for EW pp ! Z (! ! ø! ! )+
2 jets (left) and EW pp ! W ± ("± ! ! ) + 2 jets (right) subject to the dynamic third jet veto of
Eq. (3.12). Curves and bands as in Fig.6.

! #j 1 j 2 . Also in this case the EW corrections are almost constant and at the level of10%. For the
Z (! ! ø! ! ) channel also the QCD corrections are constant and at the level of20%. For the W ± ("± ! ! )
channel the QCD corrections increase up to30% for small rapidity separation. In actual analyses
for VBF-V production and invisible-Higgs searches often tighter requirements on! #j 1 j 2 than the
here considered! #j 1 j 2 > 2.5 are imposed. This will further increase the level of correlation between
the W ± ("± ! ! ) and Z (! ! ø! ! ) channels. Thus correlation uncertainties derived here and then applied
with tighter ! #j 1 j 2 requirements can be seen as conservative.
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EW mode: NLO QCD+EW

13

Sherpa
+

O
penL

oops

EW LO
EW NLO QCD
EW NLO QCD ! EW
EW NLO QCD+EW

10" 6

10" 5

10" 4

pp # ! ! ø! ! + 2 jets at13 TeV

d
"

/d
m

j 1
j 2

[p
b/

G
eV

]

1000 2000 3000 4000 5000

0.4

0.6

0.8

1

1.2

1.4

mj1j2
[GeV]

"
/d

"
N

LO
Q

C
D

Sherpa
+

O
penL

oops

EW LO
EW NLO QCD
EW NLO QCD ! EW
EW NLO QCD+EW

10" 6

10" 5

10" 4

pp # ! ± ! ! + 2 jets at13 TeV

d
"

/d
m

j 1
j 2

[p
b/

G
eV

]

1000 2000 3000 4000 5000

0.4

0.6

0.8

1

1.2

1.4

mj1j2
[GeV]

"
/d

"
N

LO
Q

C
D

Figure 8 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for EW pp ! Z (! ! ø! ! )+
2 jets (left) and EW pp ! W ± ("± ! ! ) + 2 jets (right). Curves and bands as in Fig. 6.
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Figure 9 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for EW pp ! Z (! ! ø! ! )+
2 jets (left) and EW pp ! W ± ("± ! ! ) + 2 jets (right) subject to the dynamic third jet veto of
Eq. (3.12). Curves and bands as in Fig.6.

! #j 1 j 2 . Also in this case the EW corrections are almost constant and at the level of10%. For the
Z (! ! ø! ! ) channel also the QCD corrections are constant and at the level of20%. For the W ± ("± ! ! )
channel the QCD corrections increase up to30% for small rapidity separation. In actual analyses
for VBF-V production and invisible-Higgs searches often tighter requirements on! #j 1 j 2 than the
here considered! #j 1 j 2 > 2.5 are imposed. This will further increase the level of correlation between
the W ± ("± ! ! ) and Z (! ! ø! ! ) channels. Thus correlation uncertainties derived here and then applied
with tighter ! #j 1 j 2 requirements can be seen as conservative.
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Figure 8 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for EW pp! Z (⌫`⌫̄`)+
2 jets (left) and EW pp! W±(`±⌫`) + 2 jets (right). Curves and bands as in Fig. 6.
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Figure 9 : Distribution in the invariant mass of the two hardest jets, mj 1 j 2 , for EW pp! Z (⌫`⌫̄`)+
2 jets (left) and EW pp ! W±(`±⌫`) + 2 jets (right) subject to the dynamic third jet veto of
Eq. (3.12). Curves and bands as in Fig. 6.

! ⌘j 1 j 2 . Also in this case the EW corrections are almost constant and at the level of 10%. For the
Z (⌫`⌫̄`) channel also the QCD corrections are constant and at the level of 20%. For the W±(`±⌫`)
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 ! ⌘j 1 j 2 than the
here considered ! ⌘j 1 j 2 > 2.5 are imposed. This will further increase the level of correlation between
the W±(`±⌫`) and Z (⌫`⌫̄`) channels. Thus correlation uncertainties derived here and then applied
with tighter ! ⌘j 1 j 2 requirements can be seen as conservative.
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¥ QCD corrections decrease for large mjj (where QCD uncertainties are very small)
¥ QCD corrections universal at the 1-5% level
¥ Up to -20% EW corrections in the multi TeV in mjj (universal at the few percent level)
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EW mode: NLO QCD+EW with jet veto
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¥ large differences in QCD corrections at small mjj due to single-top. Universal behaviour at large mjj.  
¥ relative EW corrections largely independent of jet veto
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Figure 8 : Distribution in the invariant mass of the two hardest jets, mj1j2 , for EW pp ! Z(! ! !̄ ! )+
2 jets (left) and EW pp ! W

± ("± ! ! ) + 2 jets (right). Curves and bands as in Fig. 6.
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Figure 9 : Distribution in the invariant mass of the two hardest jets, mj1j2 , for EW pp ! Z(! ! !̄ ! )+
2 jets (left) and EW pp ! W

± ("± ! ! ) + 2 jets (right) subject to the dynamic third jet veto of
Eq. (3.12). Curves and bands as in Fig. 6.

! #j1j2 . Also in this case the EW corrections are almost constant and at the level of 10%. For the
Z(! ! !̄ ! ) channel also the QCD corrections are constant and at the level of 20%. For the W

± ("± ! ! )
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 ! #j1j2than the
here considered ! #j1j2 > 2.5 are imposed. This will further increase the level of correlation between
the W

± ("± ! ! ) and Z(! ! !̄ ! ) channels. Thus correlation uncertainties derived here and then applied
with tighter ! #j1j2requirements can be seen as conservative.
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Figure 2 : Example LO diagrams at O(g2
s e2) (a,b), O(gse3) (c,d), and O(e4) (e-l). The square of

O(g2
s e2) diagrams yields theO(! 2

s ! 2) QCD LO amplitude, while the square of the O(e4) diagrams
yields the O(! 4) EW LO amplitude. The O(! s! 3) perturbative contribution emerges as square of
O(gse3) diagrams, or due to the interference betweenO(g2

s e2) and O(e4) diagrams.

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 Figs. 2e and 2f, contribute to VBF-type production,
while diagrams as in Figs.2g and 2h contribute to (o ! -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 withqq! initial
states involve EW Feynman diagrams with t-channel and/or u-channel exchange of vector bosons.
In the case ofqøq! channels also diagrams with s-channel vector boson exchange contribute. The
widely used VBF approximation is a gauge-invariant prescription that isolates only squaredt-
channel andu-channel contributions discarding their interference as well as anys-channel diagram.
In this approximation, the Þnal-state vector boson can couple either to an external quark line or to
the vector boson that is exchanged in thet/u -channel as in Figs.2e and 2f, respectively.

In addition, the EW mode also features photon-induced processes, see Fig.2i. Since we employ
the Þve-ßavour (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 processpp ! W + 2 jets includes partonic channels of typeqb ! q!bW
that involve EW topologies corresponding to t-channel single-top production, qb ! q!t(bW), as
illustrated in Fig. 2k. Top resonances occur also in light-ßavour channels of typeqøq! ! øbbW, which
receive contributions from s-channel single-top production,qøq! ! øbt(bW), illustrated in Fig. 2l. All
these single-top contributions are consistently included in our predictions. When the dijet invariant
mass,mj1 j2 , is well below the TeV scale, their numerical impact can yield a substantial fraction of

2In order to exclude Þnal-state photons from pp ! V + 2 jet one should introduce a photon-isolation prescription,
while this technical complication can be avoided by handling photons as jet constituents. At LO we have veriÞed
that, for all considered observables, partonic channels with initial- or Þnal-state photons contribute only below the
level of 1%. Further technical details concerning the treatment of photons are discussed in Sects. 3.2 and 4.1.
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Figure 6 : Distribution in the reconstructed transverse momentum of the o! -shell vector boson,
pT ,V , for EW pp ! Z (! `ø! `) + 2 jets (left) and EW pp ! W ± ("± ! `) + 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(#s) and O(#) e! ects wrt 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.

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 the2% 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 e! ects. 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 by40Ð50%, 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 ,j 1 , are shown in Fig. 7. Here the QCD corrections are largest at smallpT ,j 1 and decrease in the
tail. For pT ,j 1 above a few hundred GeV the NLO QCD corrections drop below10%. The NLO EW
corrections increase logarithmically at largepT ,j 1 and reach # 40% at 1 TeV. Due to the smallness
of the higher-order QCD corrections in the tail, di! erences 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 Figs. 8 and 9 we turn to the distribution in the invariant mass between of two leading jets,
mj 1 j 2 , deÞned inclusively and with an additional dynamic veto on central jet activity as introduced
in Sect. 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 di! erences at the5% level for the QCD
corrections at small mj 1 j 2 . At LO QCD, scale uncertainties increase with mj 1 j 2 and reach 20Ð30%
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
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Figure 10 : Distribution in the azimuthal separation of the two hardest jets, ! ! j 1 j 2 , for EW
pp ! Z (" ! ø" ! ) + 2 jets (left) and EW pp ! W ± (#± " ! ) + 2 jets (right). Curves and bands as in Fig.
6.
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Figure 11 : Distribution in the rapidity separation of the two hardest jets, ! $j 1 j 2 , for EW pp !
Z (" ! ø" ! ) + 2 jets (left) and EW pp ! W ± (#± " ! ) + 2 jets (right). Curves and bands as in Fig. 6.

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 mj 1 j 2 distributions in pp ! Z (" ! ø" ! )+2 jets and pp ! W ± (#± " ! )+2 jets. Numerical predictions
for these process ratios and the related uncertainties can be found at [85], where also additional
ratios betweenpp ! Z (#+ #! ) + 2 jets and pp ! W ± (#± " ! ) + 2 jets distributions are available.

The Z/W ratios are the key ingredients of the reweighting procedure deÞned in Eq. (3.8). As
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Figure 1: Feynman diagrams for the main production processes targeted in the searches con-
sidered in the combination: qq ! qqH (left), qq ! VH (center), and gg ! gH (right).

crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL) are installed, each composed of a barrel and two endcap sections. The tracker sys-
tem measures the momentum of charged particles up to a pseudorapidity of |! | = 2.5, while
the electromagnetic and the hadron calorimeters provide coverage up to |! | = 3. Moreover,
the steel and quartz-Þber ÿCerenkov hadron forward calorimeter (HF) extends the coverage to
|! | = 5. Muons are detected in gas-ionization chambers embedded in the steel ßux-return yoke
outside the solenoid, which cover up to |! | = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The Þrst level (L1) is
composed by custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software based system which runs a version of the CMS full event
reconstruction optimized for fast processing, reducing the event rate to about 1 kHz.

A more detailed description of the CMS detector, together with a deÞnition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [19].

3 Event reconstruction

The particle-ßow (PF) event algorithm [20] reconstructs and identiÞes each individual particle
with an optimized combination of information from the various elements of the CMS detec-
tor. The energy of photons is directly obtained from the ECAL measurement, corrected for
zero-suppression effects. The energy of electrons is determined from a combination of the elec-
tron momentum at the primary interaction vertex, as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.

The missing transverse momentum vector (!pmiss
T ) is computed as the negative vector sum of

the transverse momenta (pT) of all the PF candidates in an event, and its magnitude is denoted
as pmiss

T . Hadronic jets are reconstructed by clustering PF candidates through the anti- kT algo-
rithm [21, 22], with a distance parameter of 0.4. The reconstructed vertex, with the largest value
of summed physics-object p2

T, is taken to be the primary pp interaction vertex. The charged PF
candidates originating from any other vertex are ignored during the jet Þnding procedure. Jet
momentum is determined as the vectorial sum of all particle momenta inside the jet, and is
found, from simulation, to be within 5 to 10% of the true momentum over the whole pT spec-
trum and detector acceptance. An offset correction is applied to jet energies to take into account
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Figure 5: The observedmjj (left) and ! ! jj (right) distributions in the signal region of the cut-and-
count analysis compared to the post-Þt backgrounds from various SM processes. The predicted
background normalizations are obtained either from a combined Þt to the data in all the control
samples but excluding the signal region (solid stack) or from a background-only Þt performed
across signal and control regions (dark blue line). Expected signal distributions for a 125 GeV
Higgs boson produced through ggH and qqH modes, and decaying exclusively to invisible
particles, are overlaid.

Higgs boson production through qqH and ggH mechanisms is considered, and their relative
contributions are Þxed to the SM prediction within the corresponding uncertainties. The uncer-
tainties in the predictions of the inclusive qqH and ggH production cross sections due to PDF
uncertainties, renormalization and factorization scale variations are taken from Ref. [33]. An
additional uncertainty of 40% is assigned to the expected ggH contribution. This accounts for
both the limited knowledge of the ggH cross section in association with two or more jets, as well
as the uncertainty in the prediction of the ggH differential cross section for large Higgs boson
transverse momentum, pH

T > 250 GeV. Furthermore, the uncertainties in the signal acceptance
due to the choice of the PDFs are evaluated independently for the different signal processes,
and are treated as independent nuisance parameters in the Þt. The observed (expected) 95%
CL upper limit on B(H ! inv ) is found to be 0.28 (0.21) for the shape analysis, and 0.52 (0.27)
in the cut-and-count case. The upper limits are summarized in Table 5. In the cut-and-count
analysis, the signiÞcance of the excess observed in the signal region, calculated with respect to
the background-only hypothesis, is of 2.5 " .

Table 5: Expected and observed 95% CL upper limits on the invisible branching fraction of the
Higgs boson, obtained in the shape and cut-and-count analyses. The one and two standard de-
viation uncertainty range on the expected limits is reported. The signal composition expected
in the signal region is also shown.

Analysis Observed limit Expected limit ± 1 s.d. ± 2 s.d. Signal composition
Shape 0.28 0.21 [0.15Ð0.29] [0.11Ð0.39] 52% qqH, 48% ggH
Cut-and-count 0.53 0.27 [0.20Ð0.38] [0.15Ð0.51] 81% qqH, 19% ggH
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Figure 4 . Representative virtual and real NLO EW contributions to V + 2 jet production.

counter-intuitive feature of NLO EW corrections, namely that real emission at O(! S! 3) does not
only involve photon bremsstrahlung (Fig. 2b) but also V + 2 jet Þnal states resulting from the
emission of quarks through mixed QCDÐEW interference terms (Fig.2c).

The LO production and o! -shell decay ofV + 2 jets receives contributions from a tower of
O(! k

S! 4! k ) terms with powers k = 2 , 1, 0 in the strong coupling. The contributions of O(! 2
S! 2),

O(! S! 3) and O(! 4) will be denoted as LO, LO mix and LO EW, respectively. The two subleading
orders contribute only via partonic channels with four external (anti)quark legs, and the LO EW
contribution includes, inter alia, the production of dibosons with semi-leptonic decays. Representa-
tive Feynman diagrams forV +2 jet production are shown in Figs.3 and 4. The NLO contributions
of O(! 3

S! 2) and O(! 2
S! 3) are denoted as NLO QCD and NLO EW, respectively. They are the main

subject of this paper, while subleading NLO contributions of O(! S! 4) or O(! 5) are not consid-
ered. Apart from the terminology, let us remind the reader that O(! 2

S! 3) NLO EW contributions
represent at the same timeO(! ) corrections with respect to LO and O(! S) corrections to LO mix
contributions. Therefore, in order to cancel the O(! 2

S! 3) leading logarithmic dependence on the
renormalisation and factorization scales, NLO EW corrections should be combined with LO and
LO mix terms.1

For what concerns the combination of NLO QCD and NLO EW corrections,

" NLO
QCD = " LO + #" NLO

QCD , " NLO
EW = " LO + #" NLO

EW , (2.1)

as a default we adopt an additive prescription,

" NLO
QCD+EW = " LO + #" NLO

QCD + #" NLO
EW . (2.2)

Here, for the case ofV + n jet production, " LO is the O(! n
S! 2) LO cross section, while#" NLO

QCD and
#" NLO

EW correspond to theO(! n +1
S ! 2) and O(! n

S! 3) corrections, respectively. Alternatively, in order
to identify potentially large e ! ects due to the interplay of EW and QCD corrections beyond NLO,
we present results considering the following factorised combination of EW and QCD corrections,

" NLO
QCD " EW = " NLO

QCD

!

1 +
#" NLO

EW

" LO

"

= " NLO
EW

!

1 +
#" NLO

QCD

" LO

"

. (2.3)

In situations where the factorised approach can be justiÞed by a clear separation of scalesÑsuch as
where QCD corrections are dominated by soft interactions well below the EW scaleÑthe factorised

1 LO mix and NLO EW contributions are shown separately in the Þxed-order analysis of Section 4, while in the
merging framework of Section 5 they are systematically combined.

Ð 4 Ð

v

v
Z

QCD-mode

VBF-mode

Need to control these backgrounds at below 10% level!

Z

¥ Naively  Z+2 jets and W+2 jets should be highly correlated: exactly the same topologies & same IR structure  

/

VBF

 45

 

VBF-H allows for direct limits on H! invisible
2 3 Event reconstruction

q!

q

ø!

÷q!

W " , Z

÷q

W ± , Z

H

!

g

g

t

t t

H

t

(a)
q!

q

÷q!

W " , Z

÷q

W ± , Z

H

(b)

q

ø!

øq

W/ Z
W/ Z

)
!

(c)
g

g

øt
t

t
øt

H

(d)

g

g

ø�

t

t t
)

t

g

�

�

�

Figure 1: Feynman diagrams for the main production processes targeted in the searches con-
sidered in the combination: qq ! qqH (left), qq ! VH (center), and gg ! gH (right).

crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL) are installed, each composed of a barrel and two endcap sections. The tracker sys-
tem measures the momentum of charged particles up to a pseudorapidity of |! | = 2.5, while
the electromagnetic and the hadron calorimeters provide coverage up to |! | = 3. Moreover,
the steel and quartz-Þber ÿCerenkov hadron forward calorimeter (HF) extends the coverage to
|! | = 5. Muons are detected in gas-ionization chambers embedded in the steel ßux-return yoke
outside the solenoid, which cover up to |! | = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The Þrst level (L1) is
composed by custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software based system which runs a version of the CMS full event
reconstruction optimized for fast processing, reducing the event rate to about 1 kHz.

A more detailed description of the CMS detector, together with a deÞnition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [19].

3 Event reconstruction

The particle-ßow (PF) event algorithm [20] reconstructs and identiÞes each individual particle
with an optimized combination of information from the various elements of the CMS detec-
tor. The energy of photons is directly obtained from the ECAL measurement, corrected for
zero-suppression effects. The energy of electrons is determined from a combination of the elec-
tron momentum at the primary interaction vertex, as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.

The missing transverse momentum vector (!pmiss
T ) is computed as the negative vector sum of

the transverse momenta (pT) of all the PF candidates in an event, and its magnitude is denoted
as pmiss

T . Hadronic jets are reconstructed by clustering PF candidates through the anti- kT algo-
rithm [21, 22], with a distance parameter of 0.4. The reconstructed vertex, with the largest value
of summed physics-object p2

T, is taken to be the primary pp interaction vertex. The charged PF
candidates originating from any other vertex are ignored during the jet Þnding procedure. Jet
momentum is determined as the vectorial sum of all particle momenta inside the jet, and is
found, from simulation, to be within 5 to 10% of the true momentum over the whole pT spec-
trum and detector acceptance. An offset correction is applied to jet energies to take into account
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Figure 5: The observedmjj (left) and ! ! jj (right) distributions in the signal region of the cut-and-
count analysis compared to the post-Þt backgrounds from various SM processes. The predicted
background normalizations are obtained either from a combined Þt to the data in all the control
samples but excluding the signal region (solid stack) or from a background-only Þt performed
across signal and control regions (dark blue line). Expected signal distributions for a 125 GeV
Higgs boson produced through ggH and qqH modes, and decaying exclusively to invisible
particles, are overlaid.

Higgs boson production through qqH and ggH mechanisms is considered, and their relative
contributions are Þxed to the SM prediction within the corresponding uncertainties. The uncer-
tainties in the predictions of the inclusive qqH and ggH production cross sections due to PDF
uncertainties, renormalization and factorization scale variations are taken from Ref. [33]. An
additional uncertainty of 40% is assigned to the expected ggH contribution. This accounts for
both the limited knowledge of the ggH cross section in association with two or more jets, as well
as the uncertainty in the prediction of the ggH differential cross section for large Higgs boson
transverse momentum, pH

T > 250 GeV. Furthermore, the uncertainties in the signal acceptance
due to the choice of the PDFs are evaluated independently for the different signal processes,
and are treated as independent nuisance parameters in the Þt. The observed (expected) 95%
CL upper limit on B(H ! inv ) is found to be 0.28 (0.21) for the shape analysis, and 0.52 (0.27)
in the cut-and-count case. The upper limits are summarized in Table 5. In the cut-and-count
analysis, the signiÞcance of the excess observed in the signal region, calculated with respect to
the background-only hypothesis, is of 2.5 " .

Table 5: Expected and observed 95% CL upper limits on the invisible branching fraction of the
Higgs boson, obtained in the shape and cut-and-count analyses. The one and two standard de-
viation uncertainty range on the expected limits is reported. The signal composition expected
in the signal region is also shown.

Analysis Observed limit Expected limit ± 1 s.d. ± 2 s.d. Signal composition
Shape 0.28 0.21 [0.15Ð0.29] [0.11Ð0.39] 52% qqH, 48% ggH
Cut-and-count 0.53 0.27 [0.20Ð0.38] [0.15Ð0.51] 81% qqH, 19% ggH
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counter-intuitive feature of NLO EW corrections, namely that real emission at O(! S! 3) does not
only involve photon bremsstrahlung (Fig. 2b) but also V + 2 jet Þnal states resulting from the
emission of quarks through mixed QCDÐEW interference terms (Fig.2c).

The LO production and o! -shell decay ofV + 2 jets receives contributions from a tower of
O(! k

S! 4! k ) terms with powers k = 2 , 1, 0 in the strong coupling. The contributions of O(! 2
S! 2),

O(! S! 3) and O(! 4) will be denoted as LO, LO mix and LO EW, respectively. The two subleading
orders contribute only via partonic channels with four external (anti)quark legs, and the LO EW
contribution includes, inter alia, the production of dibosons with semi-leptonic decays. Representa-
tive Feynman diagrams forV +2 jet production are shown in Figs.3 and 4. The NLO contributions
of O(! 3

S! 2) and O(! 2
S! 3) are denoted as NLO QCD and NLO EW, respectively. They are the main

subject of this paper, while subleading NLO contributions of O(! S! 4) or O(! 5) are not consid-
ered. Apart from the terminology, let us remind the reader that O(! 2

S! 3) NLO EW contributions
represent at the same timeO(! ) corrections with respect to LO and O(! S) corrections to LO mix
contributions. Therefore, in order to cancel the O(! 2

S! 3) leading logarithmic dependence on the
renormalisation and factorization scales, NLO EW corrections should be combined with LO and
LO mix terms.1

For what concerns the combination of NLO QCD and NLO EW corrections,
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as a default we adopt an additive prescription,
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EW correspond to theO(! n +1
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In situations where the factorised approach can be justiÞed by a clear separation of scalesÑsuch as
where QCD corrections are dominated by soft interactions well below the EW scaleÑthe factorised

1 LO mix and NLO EW contributions are shown separately in the Þxed-order analysis of Section 4, while in the
merging framework of Section 5 they are systematically combined.
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QCD Znn/Wen ratio 

¥Znn/Wen ratio extremely stable !
with respect to higher-order QCD

1. # QCD=|NLO QCD - LO|
2. # PS=|NLOPS QCD - NLO QCD |
3. # mix = |NLO QCD+EW !
             - NLO QCDxEW| 

¥Resulting uncertainties !
at the few percent level!

Sherpa
+

O
penL

oops

QCD LO
QCD NLO QCD
QCD NLOPS QCD
QCD NLO QCD ! EW

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
pp " ! ø! + 2 jets / pp " ! ± ! ! + 2 jets at13 TeV

R
Z

/
W

,Q
C

D

0.8

0.9

1

1.1

1.2

1.3

QCD NLO QCD ! EW
QCD NLO EW
QCD NLOPS QCD! EW

R
/

R
N

LO
Q

C
D

!
E

W

1000 2000 3000 4000 5000

0.8

0.9

1

1.1

1.2
QCD NLO QCDxEW
QCD NLO QCD
QCD NLO QCD+EW

mj1j2
[GeV]

R
/

R
N

LO
Q

C
D

!
E

W

w/ jet veto

Sherpa
+

O
penL

oops

QCD LO
QCD NLO QCD
QCD NLOPS QCD
QCD NLO QCD ! EW

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
pp " ! ø! + 2 jets / pp " ! ± ! ! + 2 jets at13 TeV

R
Z

/
W

,Q
C

D
0.8

0.9

1

1.1

1.2

1.3

QCD NLO QCD ! EW
QCD NLO EW
QCD NLOPS QCD! EW

R
/

R
N

LO
Q

C
D

!
E

W

1000 2000 3000 4000 5000

0.8

0.9

1

1.1

1.2
QCD NLO QCD ! EW
QCD NLO QCD

mj1j2
[GeV]

R
/

R
N

LO
Q

C
D

!
E

W

Figure 12 : Ratios of the QCD pp ! Z (! ! ø! ! )+2 jets and QCD pp ! W ± ("± ! ! )+2 jets distributions
in mj 1 j 2 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 wrt the nominal NLO QCD " EW prediction
(red) when switching on the parton shower (NLOPS QCD" EW , purple) or switching o! QCD
corrections (NLO EW, orange). Similarly, the lowest panel shows the relative e! ect of switching o!
EW corrections (NLO QCD, green) or replacing the multiplicative by the additive combination of
QCD and EW corrections (NLO QCD+EW, black).

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 Figs.14Ð16. The left and right plots of Fig. 14 show the ratio of mj 1 j 2 -distributions
with inclusive selection cuts and in the presence of the additional jet veto. The EWZ/W ratio is
around 0.15 and remains rather stable whenmj 1 j 2 grows from 500 GeV to 5 TeV.

In the absence of the jet veto, as expected from the Þndings of Sect.4.2.3, the ratio is quite stable
with respect to higher-order corrections. In particular, for mj 1 j 2 > 1TeV, 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 signiÞcant reaching+10% at mj 1 j 2 = 500 GeV.
The impact of EW corrections on the inclusive ratio does not exceed1% in the plotted mj 1 j 2 range,
and the mixed QCDÐEW 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 QCDÐEW uncertainties are
somewhat enhanced. This non-universal behaviour of the QCD corrections leads to an enhancement
of the QCD uncertainty, as deÞned in Eq. (4.9). However, we note that the non-universality of the
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¥Znn/Wen ratio at large mjj !
extremely stable with respect to higher-order QCD

1. # QCD=NLO QCD - LO ~ few percent in multi TeV mjj
2. # mix <~ 1% throughout 

¥decorrelation of QCD corrections at small mjj: 
-s-channel (semi-leptonic VV) (and interference)
-single-top

Sherpa
+

O
penL

oops

EW LO
EW NLO QCD
EW NLO QCD ! EW

0

0.1

0.2

0.3

0.4

0.5
pp " ! ø! + 2 jets / pp " ! ± ! ! + 2 jets at13 TeV

R
Z

/
W

,E
W

0.8

0.9

1

1.1

1.2

1.3

EW NLO QCD ! EW
EW NLO EW

R
/

R
N

LO
Q

C
D

!
E

W

1000 2000 3000 4000 5000

0.8

0.9

1

1.1

1.2

1.3

EW NLO QCD ! EW
EW NLO QCD
EW NLO QCD+EW

mj1j2
[GeV]

R
/

R
N

LO
Q

C
D

xE
W

w/ jet veto

Sherpa
+

O
penL

oops

EW LO
EW NLO QCD
EW NLO QCD ! EW

0

0.1

0.2

0.3

0.4

0.5
pp " ! ø! + 2 jets / pp " `

±! ` + 2 jets at13 TeV

R
Z

/
W

,E
W

0.7

0.8

0.9

1

1.1

1.2

1.3

EW NLO QCD ! EW
EW NLO EW

R
/

R
N

LO
Q

C
D

!
E

W

1000 2000 3000 4000 5000

0.8

0.9

1

1.1

1.2

1.3

EW NLO QCD ! EW
EW NLO QCD
EW NLO QCD+EW

mj1j2 [GeV]

R
/

R
N

LO
Q

C
D

!
E

W

Figure 14 : Ratios of the EW pp ! Z (! ! ø! ! ) + 2 jets and EW pp ! W ± ("± ! ! ) + 2 jets distributions
in mj 1 j 2 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 Fig.12, but without matching to the
parton shower.

! #j 1 j 2 dependence, the high-order QCD uncertainty for the inclusivemj 1 j 2 distribution, deÞned 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 di ! erent ! #j 1 j 2 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 processespp ! Z (! ! ø! ! ) + 2 jets and pp ! W ± ("± ! ! ) + 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 (! ! ø! ! ) + 2 jets background can
be constrained by means of accurate data forpp ! W ± ("± ! ! ) + 2 jets with a visible lepton, in
combination with precise theoretical predictions for the correlation betweenZ + 2 jet and W + 2 jet
production.

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 Þrst time we have consistently computed all four perturbative contributions to Z + 2 jet and
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Figure 14 : Ratios of the EW pp ! Z (! ! ø! ! ) + 2 jets and EW pp ! W ± ("± ! ! ) + 2 jets distributions
in mj 1 j 2 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 Fig.12, but without matching to the
parton shower.

! #j 1 j 2 dependence, the high-order QCD uncertainty for the inclusivemj 1 j 2 distribution, deÞned 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 di ! erent ! #j 1 j 2 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 processespp ! Z (! ! ø! ! ) + 2 jets and pp ! W ± ("± ! ! ) + 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 (! ! ø! ! ) + 2 jets background can
be constrained by means of accurate data forpp ! W ± ("± ! ! ) + 2 jets with a visible lepton, in
combination with precise theoretical predictions for the correlation betweenZ + 2 jet and W + 2 jet
production.

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 Þrst time we have consistently computed all four perturbative contributions to Z + 2 jet and
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in mj 1 j 2 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 Fig.12, but without matching to the
parton shower.

! #j 1 j 2 dependence, the high-order QCD uncertainty for the inclusivemj 1 j 2 distribution, deÞned 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 di ! erent ! #j 1 j 2 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 processespp ! Z (! ! ø! ! ) + 2 jets and pp ! W ± ("± ! ! ) + 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 (! ! ø! ! ) + 2 jets background can
be constrained by means of accurate data forpp ! W ± ("± ! ! ) + 2 jets with a visible lepton, in
combination with precise theoretical predictions for the correlation betweenZ + 2 jet and W + 2 jet
production.

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 Þrst time we have consistently computed all four perturbative contributions to Z + 2 jet and

Ð 24 Ð

mjj

¥large decorrelation at small mjj!
when jet veto is applied

¥still large correlation large mjj!
even with jet veto 



21

Proposal: direct reweighing of M=EW,QCD samples

one-dimensional reweighting of data samples in x=mjj 

Advantages: 
¥ Reduced dependence on differing setups in TH and MC 
¥ Can directly be validated in CR  

!" TH = ( !" QCD , "PS, "EW , "PDF )

! S !

LO

NLO

Mode QCD EW

! 2
S! ! S ! 2 ! 3

! 4! S ! 3! 3
S ! ! 2

S ! 2

Figure 1: QCD and EW production modes as tower of LO and NLO contributions.

For practical purposes the reweighting has to be performed based on a one-dimensional distribution in37

a certain observablex. To be precise, the relevant higher-order theory (TH) predictions for the observable38

at hand are deÞned as39

d
dx

! V,M
TH

!
"# V,M

TH

"
=

#
dy $V

cuts ("y)
d

dx
d
d"y

! V,M
TH

!
"# V,M

TH

"
, (1)40

where V indicates the speciÞc VBF process (see Section2),41

V =

$
%&

%'

Z ! for pp ! Z (! %ø%) + jj
Z " for pp ! Z (! &+ &! ) + jj
W for pp ! W ± (! &± %) + jj

(2)42

and M = { QCD, EW} identiÞes the corresponding production mode. As reweighting observable for the43

case at hand, i.e.V+ multijet production in the VBF phase-space, we choose the dijet invariant mass,44

x = mj 1 j 2 , (3)45

which is deÞned in more detail in Sect.3.3. The integration on the rhs of (1) involves all degrees of46
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Based on the single-inclusive distributions (1) di ! erential process ratios betweenZ and W can be62

deÞned63

RZ/W,M
TH (x, "# Z,M

TH , "# W,M
TH ) =
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for both processesV = Z, W . Our theory predictions are provided directly at the level of the ratio ( 5)70

and the corresponding uncertainties are parametrised in terms of the nuisance parameters!" Z/W,M
TH .71

The process ratios (5) can be exploited to deÞne a one-dimensional reweighting of MC samples for72

Z + multijet production73
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d
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This proposal has already been applied by ATLAS
[EXOT-2020-11]

! For SM Higgs: BRinv < 0.145 @ 95% CL



% NLO QCD to VBF-V so far only known in VBF approximation

% Here Þrst complete NLO QCD+EW computation to QCD and EW modes of V+2jets

% EW corrections to VBF-V modes up to -20% at large mjj

% small QCD corrections and uncertainties to VBF-V mode at large mjj 

% correlation of QCD and EW corrections at the percent level at large mjj 

% SigniÞcant sensitivity improvements in H-" invsible searches!

 thanks to these theory predictions

% Outlook: 

! dedicated predictions in phase-space of latest ATLAS VBF-Z analysis !

 (to be included in YR)

! detailed comparison between VBF-approximation and complete NLO

Conclusions
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QCD corrections to QCD mode ratio: #$ jj
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Figure 13 : Ratios of the QCD pp ! Z (! ! ø! ! )+2 jets and QCD pp ! W ± ("± ! ! )+2 jets distributions
in ! #j 1 j 2 . The same higher-order predictions and conventions as in Fig.12 are used.

EW production modes at mj 1 j 2 < 1TeV tends to be washed out by the dominance of the QCD
production modes, where all correction e! ects 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 mj 1 j 2 < 1TeV, the QCD corrections to the EW
Z/W ratio feature also a nontrivial dependence on! #j 1 j 2 . This is illustrated in Fig. 15, where
we plot the ratio of the ! #j 1 j 2 distributions for EW Z + 2 jet and EW W + 2 jet production. The
! #j 1 j 2 dependence of this ratio features variations at the level of20% at LO and 15% at NLO
QCD" EW . The EW corrections are very small, and their dependence on! #j 1 j 2 does not exceed
1%. In contrast, the impact of QCD corrections on the ratio ranges from # 10% at small ! #j 1 j 2 to
+10% around ! #j 1 j 2 = 2 .5.

In order to account for this ! #j 1 j 2 dependence in the reweighting of the one-dimensionalmj 1 j 2

distribution we split the phase space into the three! #j 1 j 2 bins deÞned in Eq. (3.13). The ratios of
mj 1 j 2 distributions for EW Z + 2 jet and EW W + 2 jet production in these three ! #j 1 j 2 bins are
shown in Fig. 16. For mj 1 j 2 > 2TeV, in all three ! #j 1 j 2 -bins we observe very small QCD corrections
at the one-percent level, consistently with the behaviour of the inclusivemj 1 j 2 distribution in Fig. 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 Fig.8) and to their strong correlation. In constrast, for 500GeV <
mj 1 j 2 < 2TeV the size of the QCD corrections and their dependence on! #j 1 j 2 are quite signiÞcant.
With decreasing mj 1 j 2 the impact of the QCD corrections can grow up the level of+10% or # 20%,
depending on! #j 1 j 2 . Also the nominal NLO QCD" EW ratio features a non-negligible dependence
on ! #j 1 j 2 . In order to account for the uncertainties associated with this nontrivial mj 1 j 2 and
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EW corrections to QCD mode: #$ jj
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QCD corrections to EW mode: #$ jj
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Figure 15 : Ratios of the EW pp ! Z (! ! ø! ! ) + 2 jets and EW pp ! W ± ("± ! ! ) + 2 jets distributions
in ! #j 1 j 2 without jet veto. Same higher-order predictions and conventions as in Fig.12.
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Figure 16 : Ratios of the EW pp ! Z (! ! ø! ! ) + 2 jets and EW pp ! W ± ("± ! ! ) + 2 jets distributions
in mj 1 j 2 without jet veto in the regions ! #j 1 j 2 < 1 (left), 1 < ! #j 1 j 2 < 2 (middle), and ! #j 1 j 2 > 2
(right). Same higher-order predictions and conventions as in Fig.12, but without matching to the
parton shower.
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QCD corrections to EW mode: mjj ratio in #$ jj bins

¥At small mjj signiÞcant compensation between negative corrections from small dphijj and positive !
 corrections from large dphijj

¥At large mjj small corrections in all dphijj slices
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Figure 15 : Ratios of the EW pp ! Z (! `ø! `) + 2 jets and EW pp ! W ± ("± ! `) + 2 jets distributions
in ! #j 1 j 2 without jet veto. Same higher-order predictions and conventions as in Fig.12.
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Figure 16 : Ratios of the EW pp ! Z (! `ø! `) + 2 jets and EW pp ! W ± ("± ! `) + 2 jets distributions
in mj 1 j 2 without jet veto in the regions ! #j 1 j 2 < 1 (left), 1 < ! #j 1 j 2 < 2 (middle), and ! #j 1 j 2 > 2
(right). Same higher-order predictions and conventions as in Fig.12, but without matching to the
parton shower.
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Determine V+2 jets backgrounds in global fit

 global fit of Z(→ll )̅+2 jets, W(→lν)̅+2 jets

•to determine Z(→νν̅)+2 jets 

•and the visible channels at high-mjj

•theory systematics (scales, etc.) via nuisance 

• hardly any systematics (just QED dressing)
• very precise at low mjj
• but: limited statistics at large mjj

• fairly large data samples at large mjj
• systematics from transfer factors: differential Z/W ratio

mjj

Z(→ll )̅+2 jets

Z(!" #" )+2 jet

W(→lν)̅+2jets

dσ
/d

pm
jj

1 TeV

!49

potential for significant 
improvements in H→inv searches!



This proposal has already been applied by ATLAS
[EXOT-2020-11]

! Complementarily with direct detection !
  experiments: 


