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Vector-boson pair production is of great phenomenologicalimportance at the LHC. These
processes will help to validate the Standard Model at highest energies, and they may also open
the door for the discovery of new physics potentially showing up in subtle modifications of the
non-abelian structure of weak interactions. In this letter, we present the first fullO(α3) analysis
of on-shell W±Z and Z-pair production at the LHC with all mass effects consistently included.
The resulting electroweak corrections are negative, strongly increase with increasing transverse
momenta, and lead to significant modifications of rapidity and angular distributions. In view of
the high energies accessible at the LHC, combined with considerable event rates, our results have
to be included in a proper analysis of experimental data.
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1. Introduction

A profound understanding of vector-boson pair production processes at the LHC is desirable
for various reasons. Such processes not only contribute an important irreducible background to
Standard-Model (SM) Higgs production at moderate energies, but will also provide deeper insight
into the physics of the weak interaction at the high-energy frontier, possibly even allowing for the
discovery of BSM physics. Consequently, great effort has been made during the last years to push
the theory predictions for this process class to a new level,where, besides the dominating QCD
corrections, also electroweak (EW) effects have been studied extensively (see, e.g., Ref. [1] and
references therein).

Extending our work on the EW effects in W-pair production at the LHC [1], we present corre-
sponding results for on-shell W±Z and ZZ pair production in the SM. We will restrict ourselvesto
pair production through quark–antiquark annihilation. Photon–photon collisions do not contribute
to WZ production (in contrast to the case of W pairs), are of higher order for Z-pair production
and will not be discussed further. Also gluon fusion is, evidently, irrelevant for WZ production.
For the case of W-pair production we have demonstrated that gluon fusion amounts to order of 5%
relative to the quark–antiquark annihilation with decreasing importance for increasing transverse
momenta. Gluon fusion, furthermore, does not lead to a strong modification of the angular and
rapidity distributions of the W bosons. A qualitatively similar behaviour is expected for ZZ pro-
duction through gluon fusion, which therefore will not be discussed further. Also QCD corrections
for WZ and ZZ production are expected to be similar to those for W pairs discussed in Ref. [1]
and will not be analyzed in the present paper, which, instead, will be entirely devoted to genuine
EW corrections. Earlier papers for gauge-boson pair production have emphasized the drastic influ-
ence of the EW corrections on cross sections and distributions in the high-energy region [2, 3, 4],
neglecting at the same time terms of orderM2

W/ŝ. In the present paper, the full mass dependence,
namely terms proportional to powers ofM2

V/ŝ, is consistently accounted for to obtain results valid
in the whole energy range probed by LHC experiments. Therefore, our results are complementary
to those presented in Ref. [3], where only logarithmic corrections were considered, but the leptonic
decays of the vector bosons and related off-shell effects were included in a double-pole approxima-
tion. Comparing both approaches, we try to estimate the remaining theoretical uncertainties related
to EW corrections in this important process class.

2. Details of the calculation

At the LHC, WW, W±Z and ZZ production is, at lowest orderO(α2), induced by the partonic
processes

q q̄ → W−W+ (q = u,d,s,c,b) , (2.1a)

ui d̄ j → W+Z , ūid j → W−Z (i = 1,2; j = 1,2,3) , (2.1b)

q q̄ → ZZ , (2.1c)

where the hadronic results are obtained by convoluting the partonic cross sections with appropri-
ately chosen PDFs and summing incoherently over all contributing channels. To allow for con-
sistent predictions with fullO(α3) accuracy, virtual EW corrections, as well as real corrections
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due to photon radiation have to be considered. The evaluation of the radiative corrections is based
on the well-establishedFeynArts/FormCalc/LoopTools setup [5, 6, 7, 8, 9], the WW pro-
cess has been independently cross-checked by a setup based on QGraf [10] andForm [11]. To
considerably reduce the computational effort, light quarkmasses are neglected whenever possible.
However, soft and collinear singularities occurring in intermediate steps of the calculation are reg-
ularized by small quark massesmq and an infinitesimal photon massλ , generating unphysical lnmq

and lnλ terms. To allow for a numerically-stable evaluation of those infrared-divergent parts of the
cross sections related to real radiation, the phase-space slicing method is adopted. Finally, adding
real and virtual contributions, the regulator-mass dependence drops out in any properly defined
physical result. The input parameters to be specified in Section 3 are renormalized in a modified
on-shell scheme [12], where the Fermi constantGµ is used instead ofα(0) to effectively account
for universal corrections induced by the running ofα(µ) to the weak scale [13].

3. Input and setup

For the computation presented here the same setup as specified in Ref. [1] is applied. We use
the following SM input parameters for the numerical analysis,

Gµ = 1.16637×10−5 GeV−2,

MW = 80.398 GeV, MZ = 91.1876 GeV,
MH = 125 GeV, mt = 173.4 GeV, (3.1)

which are taken from Ref. [14]. In the on-shell scheme applied in our computation, the weak
mixing angle cos2θw = M2

W/M2
Z is a derived quantity. For the computation of the processes (2.1)

and the corresponding EW radiative corrections, we use the MSTW2008LO PDF set [15] in the
LHAPDF setup [16]. In order to consistently includeO(α) corrections, in particular real radiation
with the resulting collinear singularities, PDFs in principle should take these QED effects into
account. Such a PDF analysis has been performed in Ref. [18],and theO(α) effects are known to
be small, as far as their effect on the quark distribution is concerned [17]. In addition, the currently
available PDFs incorporatingO(α) corrections [18] include QCD effects at NLO, whereas our EW
analysis is LO with respect to perturbative QCD only. For these reasons, the MSTW2008LO set is
used as our default choice for the quark-induced processes.The renormalization and factorization
scales are always identified, our default scale choice beingthe phase-space dependent average of
the vector-boson transverse masses

µR = µF = mT =
1
2

(√

M2
V1

+ p2
T,V1

+
√

M2
V2

+ p2
T,V2

)

. (3.2)

A similar scale choice was taken in Ref. [3] for the computation of the EW corrections to four-
lepton production at the LHC. In our default setup, we require a minimum transverse momentum
and a maximum rapidity for the final-state vector bosons,

pT,Vi > 15 GeV, |yVi | < 2.5, (3.3)

to exclude events where the bosons are emitted collinearly to the initial-state partons.
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Figure 1: Leading-order cross sections (left) and corresponding relative EW corrections (right) to WW,
W±Z and ZZ production at the LHC for different cuts on the vector-bosonpT.

4. Numerical results

In this section we present integrated cross sections for WW,W±Z and ZZ production at
the CERN LHC with center-of-mass (CM) energies of

√
s = 8 TeV (LHC8) and

√
s = 14 TeV

(LHC14), respectively. Results for the corresponding fullEW corrections to the processes pp→
W±Z+X and pp→ ZZ+X are shown for the first time, while the contributions for W-pair produc-
tion have already been presented in Ref. [1] and are listed only for comparison. In the following,
relative correctionsδ are defined throughσNLO = (1+ δ )×σLO.

Figure 1 shows integrated cross sections and the respectiveEW corrections for different cut
values on the boson transverse momenta at LHC8 and LHC14, respectively, where the plot range
has been adapted to the CM energy available. ThepT-dependent relative EW corrections are largest
for ZZ production and similar to those in WW production, for WZ production they are significantly
smaller. At LHC8, for ZZ production corrections of−30% are observed forpcut

T = 400 GeV, rising
to−50% atpcut

T = 800 GeV for
√

s= 14 TeV. As expected, the relative corrections to W+Z produc-
tion coincide with those to W−Z production at the percent level as a consequence of the identical
corresponding unpolarized partonic cross sections.
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Figure 2: Leading-order cross sections (left) and corresponding relative EW corrections (right) to WW,
W±Z and ZZ production at the LHC for different cuts on the vector-boson invariant mass.

In Figure 2, integrated cross sections are presented for different values of the minimal invari-
ant masses of the final-state boson pair at LHC8 and LHC14, respectively. Again, one observes
negative EW corrections rising with the energy. However, the relative corrections are smaller than
in the pcut

T scenario, since vector-boson pair production at high invariant masses is dominated by
collinear emission at lowpT (corresponding to small̂t) which is not affected by large negative
Sudakov logarithms.

Finally, we compare our results (δ ZZ
EW) to those given in Table 3 of Ref. [3] (δ ZZ,ADK

EW ), which
were obtained in the high-energy limit. We observe very goodagreement in the whole energy range
considered if we employ the additional constraint|∆yZZ|< 3 on the rapidity gap of the Z bosons to
explicitly enforce Sudakov kinematics (i.e. ˆs, t̂, û≫ M2

Z). For instance, we findδ ZZ
EW = −28.5%, to

be compared withδ ZZ,ADK
EW = −28.1% for MZZ > 1000 GeV. As expected, EW corrections to ZZ

production in the Sudakov regime are exhaustively described by logarithmic weak corrections, and
mass effects do not play a significant role. Surprisingly, also off-shell effects and final-state photon
radiation, both included in Ref. [3], as well as LHC acceptance cuts, do not seem to noticeably
affect the relative EW corrections after the Z reconstruction has been performed.
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5. Conclusions

Extending our work on W-pair production at hadron colliders, we have computed the full
EW corrections to on-shell W±Z and ZZ production at the LHC. At high transverse momenta, the
relative corrections are found to be largest in the ZZ case and moderate for WZ production. in
case of ZZ production at the LHC we find perfect agreement witholder results obtained in the
high-energy approximation. In the future, a more detailed discussion of the presented results will
follow [19], including predictions for differential crosssections.
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