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The study of vector-boson pair production in association with jets is an important signature for
the analysis of the electroweak symmetry breaking mechanism. While the vector bosons are tags
of electroweak dynamics, the associated jets give a handle to suppress backgrounds and probe the
kinematic dependence of the interactions. At large jet multiplicity the di-vector boson signature
plays a particularly important role as background to Higgs transverse momentum distribution,
vector boson scattering, top-quark physics as well as background for searches of new physics.
Despite its small cross section, this process class will we accessible by measurements in the on-
going physics run at the LHC with more data and center-of-mass energy available. In this talk we
present for the first time next-to-leading order QCD corrections to the Standard Model produc-
tion of oppositely charged W-bosons in association with up to three jets. The results are obtained
by using modern on-shell and unitarity methods, which have been implemented in the BlackHat
program. Predictions for total and differential cross sections at the LHC will be presented.
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1. Introduction

The expected data sets from present and future LHC runs do not only improve the precision of
measurements but also open opportunities to study rare processes. Here we discuss new theory pre-
dictions for di-vector boson production in association with multiple jets. In particular, we focus on
the production of oppositely charged W bosons including QCD corrections. This signature appears
as background to top-quark pair production and measurements of (anomalous) gauge couplings in
the weak vector-boson-fusion (VBF) topology. Moreover, this type of signature plays a role in
new physics searches including lepton and missing energy final states. Finally, such precise theory
predictions are useful per se for improving our understanding of Standard Model (SM) physics.

We consider next-to-leading order (NLO) QCD corrections to the production of oppositely
charged vector boson pairs in association with jets. The results for di-vector boson production in
association with three jets have not appeared in the literature before. For comparison we discuss
as well W+W−+ n-jet production with n = 0,1 and 2. We focus on the QCD corrections and do
not include sub leading electroweak contributions. In this sense we include contributions from
couplings of the vector bosons to light quarks (omitting small third-family-quark loops) as well
as tri-linear vector couplings. A first phenomenological study at 8 TeV is presented to assess the
impact of NLO QCD corrections on total and differential cross sections at the LHC. We postpone
predictions of higher center-of-mass energy to a future publication. In summary we observe that
the scale dependence of the theory predictions is improved at NLO in QCD with sensitivity reduced
for W+W−+3-jet total cross sections from about 38% at leading order (LO) to 5% at NLO.

Measurements of the WW + n-jet production cross section have played an important role at
hadron colliders. Inclusive WW cross sections were first measured by CDF [1] and D0 [2] at
the Tevatron, and recently by ATLAS [3, 4] and CMS [5, 6] at the LHC. Only in 2015 a first
dedicated measurement of cross sections for W+W− production in association with 0, 1 and 2 jets
has been published [7] (by CDF). For the exploration of the electroweak sector direct WW + n-jet
signals have been studied. To give a famous example, W+W−+n-jet production has been explored
in order to reduce this background to Higgs-boson studies with W+W− decays [8, 9, 10, 11].
Furthermore, last year both ATLAS [12] and CMS [13] published first results for the production
of same charge vector-boson scattering in association with two jets. Further dedicated studies of
W+W−+jets production are expected in the near future. It is the aim of this work to provide reliable
SM predictions for such a task.

Over the years, the importance of W -pair production has stimulated many theory develop-
ments. Early LO results were given in [14] and later NLO QCD corrections added in refs. [15].
Very recently, the first next-to-next-to-leading (NNLO) order QCD prediction [16] was published.
Similarly, QCD corrections to W+W− production in association with jets are well known by now.
The NLO QCD predictions for one jet [17] and two jets [18, 19, 20] are available. In addition, the
same sign processes were published in ref. [21]. NLO QCD corrections are particularly large at
low jet multiplicity due to the opening of partonic channels. In general, the QCD corrections are
moderate and provide reliable predictions for total and many differential cross sections as will be
shown below.
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Figure 1: Example diagrams contributing to loop amplitudes of qg→W+W− q(′)gg, followed by the decays
W− → eν̄e and W+ → µ̄νµ . Analogous diagrams are considered for the 4-quark processes. Sub-leading
color contributions are small and we omit them here.

2. Setup

Predictions at next-to-leading order require the computation of born, real and virtual matrix
elements. Given that automated approaches for born and real emissions are available (e.g. [22])
we focus our discussion on the virtual matrix elements. The virtual corrections to W+W−+ 3-
jet production involve up to five final-state objects and include, in addition, the leptonic decay
products of the weak vector bosons. Such amplitudes are comparable in complexity to state-of-the-
art processes with five or more objects in the final state [23, 24, 25, 26].

We use the framework of the BLACKHAT library [27] to compute the one-loop matrix el-
ements. This library uses on-shell methods [28, 29, 30, 31, 32] which construct loop and tree
amplitudes from their unitarity and factorization properties. Such methods are important for our
computation since their performance scales well as the number of external legs increases. The
approach has contributed to NLO QCD predictions to vector-boson production in association with
up to five jets [33, 34, 24, 23, 35, 25, 36], pure 4-jet production [37] and di-photon production in
association with 2 jets [38].

The functionality of the BLACKHAT library has been extended to provide the virtual matrix el-
ements for QCD corrections to two massive vector bosons. For the unitarity approach this amounts
to providing additional tree-level amplitudes and extending the infrastructure of the program to
handle them. In order to check our results two approaches are implemented. On the one hand on-
shell recursion relations [30] for tree amplitudes of quarks, gluons and massive vector bosons [39]
(including decay products) have been provided. On the other hand we checked our results using
off-shell recursions [40] for tree amplitudes. Once primitive tree and loop amplitudes are available
they are assembled into the virtual, squared matrix elements following the algorithm of ref. [41].
The infrastructure in BLACKHAT to perform this step has been extended.

In QCD color degrees of freedom can be used to organise computations into smaller more
tractable pieces. The minimal gauge invariant objects that can be isolated in this way are called
primitive color ordered amplitudes [42]. In BLACKHAT we first compute these building blocks
and assemble them to the full answer in the end. The primitive loop amplitudes can be specified
by representative Feynman diagrams which are often referred to as the parent diagrams. The set
of all incorporated diagrams is generated from these ’parent diagrams’ by collapsing propagators,
moving colored legs and pulling trees out of the loops. Parent diagrams for the 2-quark 3-gluon
amplitudes are given in Fig. 1. In addition to structuring computations, color degrees of freedom
allow to setup an expansion in 1/Nc-factors assuming a large number of colors Nc. Although the
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W+W−+n jet (8 TeV) Rn (8 TeV)
n LO NLO LO NLO

0 141.7(4)+3.7
−5.3 207.9(7)+5.4

−3.5 — —
1 61.1(2)+9.8

−8.0 76.4(4)+3.6
−4.0 0.431(2) 0.367(2)

2 29.44(7)+9.99
−6.92 28.8(2)+0.4

−1.9 0.482(2) 0.377(3)
3 11.12(2)+5.74

−3.51 9.22(16)+0.17
−1.05 0.378(1) 0.320(6)

4 3.59(2)+2.50
−1.37 — 0.323(2) —

Table 1: Total cross sections in femtobarns (fb) for W+W−+ n-jet production at the LHC with
√

s = 8
TeV. We show parton-level LO and NLO QCD results, as well as the corresponding jet cross section ratios,
Rn =(W+W−+ n jet) / (W+W−+(n−1) jet). The NLO result for W+W−+ 3 jets uses the leading-color
approximation discussed in the text. In parentheses we show the numerical integration error, and the depen-
dence on the unphysical renormalization and factorization scales is quoted in super and subscripts.

value of Nc is set to three in actual computations and 1/Nc (or 1/N2
c ) is not particularly small, the

color expansion typically gives excellent estimates of the full result. One reason for this is that all
logarithms appear already in the leading color expressions, thus giving a complete representation
of the functional form of the amplitudes. Our numerical results are given in the leading-color
approximation where the 1/Nc-terms are omitted in virtual contributions; all 2-quark as well as
4-quark channels are considered but for each subprocess the approximation is applied. We follow
the conventions of ref. [41]; we include virtual quark loops, but omit sub-leading color terms in
the partial loop amplitudes. The approximation has been tested for the present process class for
W+W−+1,2-jet production, where the total cross section is shifted by 1% when sub-leading color
terms are included. The sub-leading color corrections to W+W−+3-jet are expected to be similarly
small.

The description of the vector-boson final states is adjusted to the di-vector boson production
measurement. We consider the double resonant contributions [15] and include the full Breit-Wigner
distribution for all intermediate Z and W bosons. The complex mass scheme [43] is used to obtain
gauge invariant results. The decays to leptons have all spin correlations included. For simplicity
we consider a diagonal Cabibbo-Kobayashi-Maskawa (CKM) matrix. We consider five light quark
flavors; n f = 5. Except for canceling infrared collinear poles, we do not include contribution from
external bottom quarks; bottom final states are vetoed. Such final states may be attributed to top
production which we do not consider here. Furthermore, we omit initial state bottom quarks due to
the sub leading nature of the parton-distribution functions (PDFs). As mentioned above we do not
consider the resonant top contributions, which can overwhelm the PDF suppression.

Phase space integration as well as the remaining NLO ingredients, the real-emission and
dipole-subtraction terms [44], are computed by COMIX [45] which is part of the SHERPA pack-
age [22]. For convenience of the analysis we store intermediate results in public root-format [46]
Ntuple files [47], recording the key data of events. The effects of varying scale and input param-
eters as well as tightening of phase-space cuts are obtained directly from the Ntuple files without
recomputing matrix elements.

The results have been checked in a number of ways including the explicit cancellation of
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Figure 2: Transverse momentum pT distributions of the jets in W+W−+3-jet production for
√

s = 8 TeV.
In the upper panels the NLO distribution is the solid (orange) histogram and the LO predictions are shown
as dashed (blue) lines. The lower panels show the LO distribution and LO and NLO scale-dependence bands
normalized to the central NLO prediction. The bands are dark shaded (orange) for NLO and light shaded
(cyan) for LO.

infrared poles and comparison of one-loop matrix elements when available [48]. The SHERPA
implementation of the real-emission and dipole-subtraction terms has a dependence on an arbitrary
parameter αdipole [49], and we have made dedicated studies to show that our results are independent
of it.

3. Results

The inclusive processes pp→ W+W−+ 1,2,3 jets (also inclusive W+W− production) are
studied for the LHC setup with proton center-of-mass energy of

√
s = 8 TeV. Results for other

center-of-mass energies are available as well and will be made available in a future publication. We
also show LO results for W+W−+4-jet production. The W bosons are decayed into charged light
lepton-neutrino pairs; we require an electron as well as an anti-muon to suppress ZZ production
backgrounds.

We consider the following phase-space cuts,

pe,µ
T > 20 GeV , |ηe,µ |< 2.4 , /ET > 30 GeV ,

peµ

T > 30 GeV and meµ > 10 GeV ,

with the anti-kt jets [50],

R = 0.4 and pjet
T > 30 GeV, |η jet|< 4.5 .
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The standard notation for kinematic variables is used; pT are transverse momenta; η , pseudo rapidi-
ties; meµ , and peµ

T the mass and transverse momentum of the electron-muon system, respectively.
The total missing energy /ET is given by the sum of the momenta of the neutrinos pointing into the
transverse plane.
At NLO we use the MSTW2008nlo [51] PDFs and the MSTW2008lo set at LO, and we set αs

consistently as provided by the PDFs. The W and Z boson mass and width are given respectively
by ΓW = 2.085 GeV, MW = 80.399 GeV and ΓZ = 2.4952 GeV, MW = 91.188 GeV. These values,
along with αQED(MZ) = 1/128.802 are kept fixed for all events.

Compared to LO predictions the NLO cross sections generally have much milder spurious
dependence on the setting of the renormalization and factorization scale. Nevertheless, here renor-
malization and factorization scales are set on an event-by-event basis; we use the total partonic
transverse energy which appears representative for the energy transfer of the QCD subprocesses.
Explicitly we have µ = µr = µ f = ĤT/2, where ĤT = ∑ j p j

T and the sum runs over all final-state
partons and leptons j. The scale-setting dependence is probed by the standard procedure of varying
the chosen central scale up and down by a factor of two. The scale variation bands are presented in
the bottom panel of fig. 2

In table 1, we present LO and NLO parton-level cross sections at
√

s = 8 TeV and include as
well LO results for W+W−+4 jets. The scale-variation for the NLO cross sections amount to 5%
for our setup as opposed to the LO values which vary from 7% to 50% for zero up to four jets at
8 TeV.
A further interesting quantity are the “jet-production” ratios of W+W−+n-jet to W+W−+(n−1)-
jet production. These ratios are less sensitive to experimental and theoretical systematics than
the absolute cross sections. Despite a significant dependence of the ratios on the phase-space
cuts imposed [52] universal behavior of these ratios can be expected for large jet multiplicities in
sufficiently hard regions of phase space. Further studies about these ratios will be performed in the
future.
In Fig. 2, we show the pT spectra of the leading three jets in W+W−+ 3-jet production at LO
and NLO at

√
s = 8 TeV; in the lower panels we normalize (bin-by-bin) to the NLO prediction

and show scale-dependence bands. We observe a noticeable shape difference between the LO and
NLO distributions for the first two leading jets, while the shapes for the third-jet distribution is very
similar at LO and NLO. Similar behavior has been observed in W production in association with
jets [23]. We show the NLO and LO predictions, along with their scale-dependence bands. In the
pT distributions the NLO band is reduced in size giving an estimate of the theoretical uncertainty
below the ten per cent level.

4. Conclusion

The presented scattering process is the first in a new class of predictions, that is di-vector bo-
son production in association with three jets.
Already with the present results a number of immediate phenomenological questions can be ad-
dressed. It will be interesting to increase the collision energy and, furthermore, to study the effect
of QCD corrections when requiring two forward tagging jets which emphasize weak vector-boson-
fusion event topologies. Moreover, it will be interesting to compute corresponding corrections in
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scenarios relevant for new-physics searches.
Extending the WW + n-jet processes, additional combinations of vector-boson pairs VV ′ (with V
and V ′ either W±, Z or a photon) as well as interference effects with electroweak processes can be
considered. This class of processes plays an important role for exploring the electroweak symmetry
breaking mechanism. These processes are well within reach of the current BLACKHAT library and
we expect to provide new theory prediction for this process class in the near future.
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