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Vector-boson pair production is of great phenomenologicgiortance at the LHC. These
processes will help to validate the Standard Model at higbesrgies, and they may also open
the door for the discovery of new physics potentially shayimp in subtle modifications of the
non-abelian structure of weak interactions. In this letter present the first ful’(a®) analysis

of on-shell W-Z and Z-pair production at the LHC with all mass effects cstesitly included.
The resulting electroweak corrections are negative, gtyoincrease with increasing transverse
momenta, and lead to significant modifications of rapiditgl angular distributions. In view of
the high energies accessible at the LHC, combined with denable 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 producticocpsses at the LHC is desirable
for various reasons. Such processes not only contributenportant irreducible background to
Standard-Model (SM) Higgs production at moderate energigtswill also provide deeper insight
into the physics of the weak interaction at the high-energwtfer, possibly even allowing for the
discovery of BSM physics. Consequently, great effort hanbwaade during the last years to push
the theory predictions for this process class to a new levieére, besides the dominating QCD
corrections, also electroweak (EW) effects have beenefuektensively (see, e.g., Ref. [1] and
references therein).

Extending our work on the EW effects in W-pair productionta t HC [1], we present cor-
responding results for on-shell V€ and ZZ pair production in the SM. We will restrict ourselves
to pair production through quark—antiquark annihilati®ince Photon—photon collisions do not
contribute to WZ production (in contrast to the case of Wg)aénd are of higher order for Z-pair
production, they will not be discussed further. Also gluosibn is, evidently, irrelevant for WZ
production. For the case of W-pair production we have detnates that gluon fusion amounts to
order of 5% relative to the quark—antiquark annihilatiothwecreasing importance for increasing
transverse momenta. Gluon fusion, furthermore, does adttlea strong modification of the angu-
lar and rapidity distributions of the W bosons. A qualitativsimilar behaviour is expected for ZZ
production through gluon fusion, which therefore will ne tiscussed further. Also QCD correc-
tions for WZ and ZZ production are expected to be similar tséhfor W pairs discussed in Ref. [1]
and will not be analyzed in the present paper, which, instedltibe entirely devoted to genuine
EW corrections. Earlier papers for gauge-boson pair priiciutave emphasized the drastic influ-
ence of the EW corrections on cross sections and distritgiiio the high-energy region [2, 3, 4],
neglecting at the same time terms of ord; /S. In the present paper, the full mass dependence,
namely terms proportional to powers g /$, is consistently accounted for to obtain results valid
in the whole energy range probed by LHC experiments. Thezetmur results are complementary
to those presented in Ref. [3], where only logarithmic octioms were considered, but the leptonic
decays of the vector bosons and related off-shell effecte imeluded in a double-pole approxima-
tion. Comparing both approaches, we try to estimate theirenggtheoretical uncertainties related
to EW corrections in this important process class.

2. Detailsof the calculation

At the LHC, WW, W*Z and ZZ production is, at the lowest ord@(az), induced by the
partonic processes

qq — W W' (gq=u,d,sc,b), (2.1a)
ud; — Wz, Gdj—-W"Z (i=1,2;j=123), (2.1b)
aq — ZZ, (2.1c)

where the hadronic results are obtained by convoluting #ropic cross sections with appropri-
ately chosen PDFs and summing incoherently over all cantrip channels. To allow for con-
sistent predictions with full?(a®) accuracy, virtual EW corrections, as well as real correstio
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due to photon radiation have to be considered. The evafuafithe radiative corrections is based
on the well-establisheBeynAr t s/ For nCal ¢/ LoopTool s setup [5, 6, 7, 8, 9], the WW pro-
cess has been independently cross-checked by a setup a€@&d &f [10] andFor m[11]. To
considerably reduce the computational effort, light quadsses are neglected whenever possible.
However, soft and collinear singularities occurring ireimbediate steps of the calculation are reg-
ularized by small quark masseg and an infinitesimal photon maas generating unphysical ing
and InA terms. To allow for a numerically-stable evaluation of ¢no¥rared-divergent parts of the
cross sections related to real radiation, the phase-sgiateysnethod is adopted. Finally, adding
real and virtual contributions, the regulator-mass depeod drops out in any properly defined
physical result. The input parameters to be specified ini@e8tare renormalized in a modified
on-shell scheme [12], where the Fermi constaptis used instead af (0) to effectively account
for universal corrections induced by the runningodfi) to the weak scale [13].

3. Input and setup

For the computation presented here the same setup as gpatiRef. [1] is applied. We use
the following SM input parameters for the numerical analysi

G, = 116637x 10°°GeV 2,
Mw = 80.398 GeV, Mz = 911876 GeV
My = 125 GeV, m = 1734 GeV, (3.1)

which are taken from Ref. [14]. In the on-shell scheme appiieour computation, the weak
mixing angle co$8,, = MZ,/M2 is a derived quantity. For the computation of the proces2dy (
and the corresponding EW radiative corrections, we use t8@\W2008LO PDF set [15] in the
LHAPDF setup [16]. In order to consistently includg o) corrections, in particular real radiation
with the resulting collinear singularities, PDFs in priplei should take these QED effects into
account. Such a PDF analysis has been performed in Ref.g8lthed (o) effects are known to
be small, as far as their effect on the quark distributioroiscerned [17]. In addition, the currently
available PDFs incorporating(a) corrections [18] include QCD effects at NLO, whereas our EW
analysis is LO with respect to perturbative QCD only. Fostheeasons, the MSTW2008LO set is
used as our default choice for the quark-induced proce3s$esrenormalization and factorization
scales are always identified, our default scale choice bieghase-space dependent average of
the vector-boson transverse masses

HR = i =TT = % (\/ME+ By, + MG+ B2y, (3.2)

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

prv, > 15GeV, || <25, (3.3)

to exclude events where the bosons are emitted collineathetinitial-state partons.
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Figure 1: Leading-order cross sections (left) and correspondiragivel EW corrections (right) to WW,
W=*Z and ZZ production at the LHC for different cuts on the vediosonpr.

4. Numerical results

In this section we present integrated cross sections for WWZ and ZZ production at
the CERN LHC with center-of-mass (CM) energiesg§ = 8 TeV (LHC8) and,/s = 14 TeV
(LHC14), respectively. Results for the corresponding BV corrections to the processes $p
W*Z +X and pp— ZZ + X are shown for the first time, while the contributions for Wegaoduc-
tion have already been presented in Ref. [1] and are listgdfoncomparison. In the following,
relative correction® are defined througbn o = (1+ d) X 0o.

Figure 1 shows integrated cross sections and the respé&dfiveorrections for different cut
values on the boson transverse momenta at LHC8 and LHC jgkatdely, where the plot range
has been adapted to the CM energy available. gfhdependent relative EW corrections are largest
for ZZ production and similar to those in WW production, fodgroduction they are significantly
smaller. At LHCS8, for ZZ production corrections ef30% are observed quf“t =400 GeV, rising
to —50% atp$“'= 800 GeV for,/s= 14 TeV. As expected, the relative corrections to ¥\produc-
tion coincide with those to WZ production at the percent level as a consequence of théidekn
corresponding unpolarized partonic cross sections.
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Figure 2: Leading-order cross sections (left) and correspondiragivel EW corrections (right) to WW,
W=Z and ZZ production at the LHC for different cuts on the vedioson invariant mass.

In Figure 2, integrated cross sections are presented fierelift values of the minimal invari-
ant masses of the final-state boson pair at LHC8 and LHC1gec#gely. Again, one observes
negative EW corrections rising with the energy. Howeveg, rédative corrections are smaller than
in the p$“t scenario, since vector-boson pair production at high iamamasses is dominated by
collinear emission at lowr (corresponding to smafl) which is not affected by large negative
Sudakov logarithms.

Finally, we compare our result§%) to those given in Table 3 of Ref. [3B£5"""), which
were obtained in the high-energy limit. We observe very gagritement in the whole energy range
considered if we employ the additional constradifyzz| < 3 on the rapidity gap of the Z bosons to
explicitly enforce Sudakov kinematics (if,0 > M2). For instance, we findz%, = —28.5%, to
be compared withZa""F = —28.1% for Mzz > 1000 GeV. As expected, EW corrections to ZZ
production in the Sudakov regime are exhaustively desgtilydogarithmic weak corrections, and
mass effects do not play a significant role. Surprisinglsp alff-shell effects and final-state photon
radiation, both included in Ref. [3], as well as LHC acceptaguts, do not seem to noticeably
affect the relative EW corrections after the Z reconstnrctias been performed.
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5. Conclusions

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