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We review the computations of the next-to-next-to-leading order (NNLO) QCD corrections to
vector-boson pair production processes in proton-proton collisions. Our calculations include
the leptonic decays of W and Z bosons, consistently taking into account all spin correlations,
off-shell effects and non-resonant contributions. For massive vector-boson pairs we show in-
clusive cross sections, applying the respective mass windows chosen by ATLAS and CMS to
define Z bosons from their leptonic decay products, as well as total cross sections for stable
bosons. Moreover, we provide samples of differential distributions in fiducial phase-space re-
gions inspired by typical selection cuts used by the LHC experiments. For the wide majority
of measurements, the inclusion of NNLO corrections significantly improves the agreement of
the Standard Model predictions with data.

1 Introduction

Vector-boson pair production at the Large Hadron Collider (LHC) provides an important test of
the electroweak (EW) sector of the Standard Model (SM) at the TeV scale. As these processes
are sensitive to the gauge-boson self-interactions, any small deviation in the observed rates or in
the kinematical distributions could give a hint towards new physics, which could be modelled on
the basis of higher-dimensional operators in the form of anomalous couplings. Vector-boson pair
production processes also constitute backgrounds in many direct new-physics searches, and in
Higgs-boson studies the neutral final states represent irreducible backgrounds in the respective
decay channels H — ZZ/W+W ™~ /Z~.
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2 Results

All calculations reviewed here have been carried out with MATRIX®, a new tool that is based
on the Monte Carlo program MUNICH?, interfaced with the OPENLOOPS® generator of one-
loop scattering amplitudes !, and includes an automated implementation of the gp-subtraction
and -resummation ® formalisms. This widely automated framework has already been used, in
combination with the two-loop scattering amplitudes of Refs. *?, for the calculations of Zv %7,
WErT, 72789 WHWw— 101 and W+Z12 production at NNLO QCD as well as in the resummed
computations of the ZZ and WFW ™~ transverse-momentum spectra ' at NNLL4+NNLO.

In Figure 1 we provide predictions for the inclusive ZZ, W+W = and W*Z cross sections at
different orders in QCD perturbation theory for the relevant centre-of-mass energies. All these
results are calculated with NNPDF3.0 parton distribution functions (PDFs) ', and compared
to the cross sections determined by ATLAS and CMS from their respective measurements. Our
findings are briefly discussed in Sections 2.2-2.4. The histograms in Figures 2-4 are taken from
the original publications and thus use the respective input parameters as specified therein.
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Figure 1 — Total cross sections at LO, NLO, NLO' + gg (NLO plus loop-induced gg contribution, evaluated
with NNLO PDFs) and NNLO for ZZ (left), W+ W™ (center) and W*Z (right) production, with uncertainties
from conventional 7-point scale variations, are shown and compared to experimental results from ATLAS and
CMS, where available. For each collider energy, the left column refers to cross sections evaluated with on-shell
W and/or Z bosons, while the second (third) column gives fully inclusive off-shell results for four-lepton final
states, corrected for their branching ratios, with only mass-window cuts corresponding to the respective ATLAS
(CMS) analyses applied. In case of W W™ production, the H — WW* production cross section predicted in
NNLO QCD (from Ref. ') is added to the ATLAS predictions for /s = 8, 13 and 14 TeV, but not to the CMS
predictions, in line with the published experimental setups. At /s = 7TeV results both with (left) and without
(right) the Higgs-mediated contribution are shown.

2.1 Fiducial cross sections and differential distributions for Z~ and W=*~ production

Measurements of V'~ final states have been carried out by ATLAS and CMS using the data
sets at centre-of-mass energies of 7 TeV 151617 and 8§ TeV 1819 Due to the massless photon in
the final state, a total cross section cannot be defined. Instead, we investigate cross sections
in the fiducial phase-space regions chosen by the experiments (see Refs.%7). The higher-order
corrections for W+~ are significantly larger than those for Zv: This can be traced back to a
suppression of the 7W*+ Born contributions due to a radiation zero, which is broken only beyond
leading order (LO). The loop-induced gluon—gluon contribution to Z+ production amounts to

“MATRIX is the abbreviation of “MUNICH Automates T subtraction and Resummation to Integrate X-
sections”, by M. Grazzini, S. Kallweit, D. Rathlev, and M. Wiesemann. In preparation.

PMUNICH is the abbreviation of “MUlti-chaNnel Integrator at Swiss (CH) precision”—an automated parton
level NLO generator by S. Kallweit. In preparation.

°The OPENLOOPS one-loop generator, by F. Cascioli, J. Lindert, P. Maierhofer, and S. Pozzorini, is publicly
available at http://openloops.hepforge.org.
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only about 10% of the O(a2) corrections. We find significantly larger corrections if the applied
selection cuts suppress resonant configurations with the photon emitted from the final-state
leptons in Born kinematics. As expected, a jet veto results in a serious reduction of the higher-
order effects. The agreement with experimental data is significantly improved, in particular
for inclusive Wy production. Figure 2 illustrates these findings by means of the transverse-
momentum distribution of the photon in Zv and W=~ production.
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Figure 2 — Distributions in the transverse momentum of the photon in Z~v production (left), and in Wiﬁ/ produc-
tion without (center) and with (right) a jet veto applied are shown, and compared to ATLAS data '°.

2.2 Inclusive cross sections and normalized differential distributions for ZZ production

Various measurements of ZZ hadroproduction have been carried out at the LHC by both ATLAS
and CMS at 7TeV 2021 8 TeV 2223 and 13 TeV 24?5 which are in good agreement with NNLO
QCD predictions. With typical definitions of fiducial phase-space regions, the higher-order
corrections within fiducial cuts ? mimick those ones found for the fully inclusive results® (see
Figure 1). The loop-induced gluon—gluon contribution amounts to about 60% of the full O(a?2)
corrections. In Figure 3 we show normalized distributions in the four-lepton invariant mass, the
leading-lepton pr and the azimuthal angle between the two reconstructed Z bosons. Due to the
large experimental uncertainties, a slightly improved shape agreement can be found only for the
last one, which is non-trivial only beyond LO, and thus more affected by the NNLO corrections.
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Figure 3 — Normalized distributions in the four-lepton invariant mass (left), the leading-lepton pr (center) and
the azimuthal angle between the two reconstructed Z bosons (right) are shown, and compared to CMS data 3.

2.8 Inclusive cross sections and differential distributions for WTW ™ production

The WTW ™ cross section has been measured at the LHC by both ATLAS and CMS at 7 TeV 26:27
and 8 TeV 2829 agreeing well with the respective SM predictions in NNLO QCD. In order to
suppress the enormous background from top-quark pairs, typical fiducial cuts imply a jet veto.
Consequently, higher-order effects are quite different for inclusive results ! (see Figure 1) and
predictions within fiducial phase-space regions™': Whereas the loop-induced gluon-gluon contri-
bution amounts to only about one third of the O@(a2) effects in the inclusive case, it dominates
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if a jet veto is applied, and the genuine corrections to the ¢g channel become even negative. In
Figure 4 we show distributions in the dilepton invariant mass, the pp of the dilepton system
and the azimuthal angle between the two leptons. By and large the NLO’ + gg approximation,
which was considered the best prediction before full NNLO results were known, reproduces the
NNLO result quite well. However, we find shape distortions of up to about 10% throughout. In
phase-space regions that imply the presence of QCD radiation, NLO’ + gg cannot approximate
the shapes of full NNLO corrections.
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Figure 4 — Distributions in the dilepton invariant mass (left), the pr of the dilepton system (center) and the
azimuthal angle between the two leptons (right) are shown. The applied phase-space cuts are inspired by the
ATLAS analysis **, but we do not apply any lepton-isolation criteria with respect to hadronic activity.

2.4 Inclusive cross sections for WEZ production

The inclusive W*Z cross section has been measured with good precision at the LHC by ATLAS
and CMS at centre-of-mass energies of 7 TeV 3031 and 8 TeV 3231, Also an early measurement
at 13 TeV 33 by CMS is already available. The agreement with theory predictions is significantly
improved by including the recently calculated NNLO corrections '? (see Figure 1), in particular
for LHC Run 1 data. As for W*~ production, the large corrections are explained by a radiation
zero, here in the leading helicity amplitudes at Born level, which is overcome only beyond LO.
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