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1. Introduction

With the discovery of the Higgs boson at the LHC the last miggarticle of the Standard
Model (SM) has been found. On the other hand, with the exaepif neutrino oscillations, no
convincing evidence for physics beyond the standard magkekeimerged so far in particle-physics
experiments. Lacking signals for new physics we are bourstudy SM processes precisely in
order to reveal possible small deviations from the SM. Te énid higher-order perturbative correc-
tions have to be taken into account in the theoretical ptiedis. The inclusion of QCD corrections,
which are typically of the order of several ten per cent orenbas become more or less standard
by now. However, also electroweak (EW) corrections mushickitded in an adequate theoretical
description of phenomenologically interesting procesdeke LHC. While they are often (but not
always) small for inclusive observables, they are typjcattongly enhanced in high-energy tails
of distributions or near resonances and usually reach aletesr per cent for energy scales in the
TeV region.

By now, the automation of the calculation of next-to-legdaorder (NLO) QCD corrections is
more or less completed. Different groups have developddacé packages [1, 2, 3, 4,5, 6, 7, 8, 9]
and applied them to the evaluation of complicated hadronicgsses. Electroweak corrections
on the other hand have only been considered by few groups. ae ¢onstructed RCOLA, a
generator of one-loop (and tree) amplitudes in the full SK, [11] including in particular EW
corrections. In this approach, the coefficients of the temsegrals are calculated numerically
from recursion relations [12]. The tensor integrals on ttheeohand are evaluated withoCLIER,

a Complex One-Loop Llbrary with Extended Regularisatidi® [L4, 15, 16], which provides one-
loop scalar and tensor integrals for arbitrary scatterirmg@sses.

We have used RCOLA to calculate the EW corrections to the process—pR + 2jets—
¢t~ +2jets. This process has a large cross section and providdarssignatures as Higgs-boson
production in vector-boson fusion. Thus, it can be usedtfimgent tests of the SM and the study
of the systematics for the H 2jets final state. The NLO QCD corrections to the QCD produncti
of Z+ 2jets have been investigated in Ref. [17], while NLO QCD ections to the EW 2-2jets
production have been studied in Ref. [18]. EW correctionghin Sudakov approximation have
been considered in Ref. [19]. Here we summarise the cailonlaf the complete EW corrections
of 0(aZad).

2. Z+2jetsproduction at theLHC

We study the production of a lepton pdir/~ in association with 2 hard jets in proton—proton
collisions, including diagrams with a resonant Z boson al ageall irreducible background dia-
grams.

2.1 Leading-order contributions
At leading order (LO), we get contributions from the partosubprocesses
Gg—agl (2.1)
GG — ajail ¢, 6,05 =ucdsb, (2.2)
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Figure 1. From left to right: Sample tree diagrams for the QCD contidms tog g — gig¢t ¢~ and
Qi G — gjq; ¢+ ¢, and the EW contributions g i — q; g £ ¢~ andqiqj — o qj £ (.

and all processes that result from these via crossing. iliglenixed quark—gluon (gluonic) chan-
nels (2.1) contribute to the cross section exclusively den¢’(a2a?), the four-quark channels
(2.2) involve LO diagrams of strong as well as of EW naturalileg to contributions of order
o(aza?), 0(asa®), ando(a*). Representative Feynman diagrams are shown in Fig. 1. ®hoto
induced contributions are belond%% and have been omitted.

2.2 Setup of NL O calculation

A full NLO calculation of the cross section would contain tidmutions of ordersy(ada?),
o(aza®), 0(asa%), and@(a®). We aim for the most important EW corrections and consider th
contributions of¢’(a2a®) which involve NLO EW corrections to the dominant LO conttioas
of ¢(aZa?) and NLO QCD corrections to the LO interference contributiofic (asa®).

Resonant Z-boson propagators are treated by using the egmyass scheme [20, 21, 22], i.e.
we employ the complex masses

e =MZ—iMzlz,  pg =M§—iMwlw (2.3)

for the Z and W bosons throughout. Renormalisation is pevéar within the complex-mass
scheme as described in Ref. [21].
We define the electromagnetic coupling constantithin the G, scheme, i.e. we use

V2G, M3 M3

m
Thus, higher-order effects of the renormalisation-grauming from 0 toviZ, are included in lead-
ing order. The counterterm correspondingatg, inherits a correction termir from the weak cor-
rections to muon decay and the renormalisatiorr tecomes independent of light quark masses.

2.3 Virtual corrections

The virtual corrections contributing @t(a2a®) involve (1200 diagrams for a single glu-
onic channel, including 18 hexagons and 85 pentagons, aath@st comparable number of di-
agrams for a single typical four-quark channel. The mostplmated topologies involve 6-point
functions up to rank 4 (see Fig. 2 for sample diagrams). Tiealiamplitude is calculated using
the 't Hooft—-Feynman gauge.

Since channels involving external bottom quarks contelmurtly at the per-cent level at leading
order, they are neglected at NLO. In closed fermion loop#éitiite top-quark mass is fully included.
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Figure 2: From left to right: Sample one-loop diagrams for the EW cctioms togig — g g¢+ ¢, the
QCD corrections ta@ji g — q; qj ¢* ¢, and the EW corrections @ q; — giq; ¢+ (.

2.4 Real corrections

The real EW corrections af (a2a®) consist of real photon emission from the LO QCD dia-
grams in all subprocesses (2.1), i.e. the processes

Gg— gl iy, (2.5)

GG — aiqil Ly, (2.6)
and from real gluon emission contributions in the intenfiees between LO QCD and EW dia-
grams, i.e. the processes

qd—aql e g. (2.7)
The amplitudes can be constructed exactly as for LO, but Wetake into account contributions
of 0(a2a?®). Crossing of a the gluon in (2.7) leads to the additionalgractchannels

ag—aq;t g (2.8)

We use dimensional regularisation for the IR divergencesafif or collinear photons and
gluons and the Catani—Seymour dipole subtraction formal&3] as formulated in Refs. [24, 25,
26], which we adapted to the case of dimensionally reg@drighoton emission.

The presence of gluons in the final state of the LO proces$ i(arbduces additional IR sin-
gularities at NLO. In IR-safe observables quarks, and tH§3@D partons, have to be recombined
with collinear photons. As a consequence, a soft gluon pabkgseselection cuts once it is recom-
bined with a hard collinear photon, giving rise to a softegliudivergence. This kinematical situ-
ation corresponds to soft-gluon correctiongtd~ + 1jet+ y production and would be cancelled
by the virtual QCD corrections to this process. Employing strategy of Ref. [27] we eliminate
this singularity by discarding events containing a jet ¢stitgy of a hard photon and a soft partan
(a=0;,0q,9) where the photon—jet energy fractinn= E,/(E, + E,) is above a threshold. Finally,
we absorb the left-over singularities into contributiongolving the quark—photon fragmentation
function [28].

2.5 Implementation

All tree-level, one-loop and bremsstrahlung amplitudegeHaeen generated with the ampli-
tude generator RCOLA [10, 11]. The one-loop tensor integrals are obtained froentémsor-
integral library @LLIER [16], that provides a fast and numerically stable calcatati For the
phase-space integration we employ an in-house multi-aidviante-Carlo generator [29].

Various cross-checks of the calculation have been perfdtmased on conventional methods.
For the checks we have use@¥NARTS 3.2 [30, 31], ORMCALC 3.1 [32] and ®LE [33] for
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process class| o-° [fb] | '©/akP (%] | odiP [fb] “;Nif —1 (%]
q9—qgl £*
a0 — gl 0" 34584(8) 67.5 33751(9) -2.41
gq— g9l ¢t | 2713(1) 5.3 2626(1) -3.21
gg—qgl ¢t | 3612(1) 7.1 3556(1) -1.55
gluonic | 40910(8) 79.9 39932(9) -2.39
four-quark | 10299(1) 20.1 10033(1) -2.58
sum 51209(8) 100.0 49965(9) -2.43
bottom quarks 4376(3) 8.54

Table 1. LO cross section for pps ¢4~ + 2jets at the 13 TeV LHC split into different contributionsh&
second column provides the LO cross section with integnagioor on the last digit in parentheses, the third
column contains the relative contribution to the total eresction in per cent, the fourth column the NLO
EW cross section, and the last column the relative EW caoest

the generation, simplification and calculation of the Fegnramplitudes. The tensor integrals are
evaluated by OLLIER, which includes a second independent implementation atsabbuilding
blocks. The phase-space integration is performed with thidHchannel generator USIFER[34].

2.6 Numerical results

We show some results for the LHC at 13TeV using the input patars of Ref. [10]. We
employ the MSTW?2008LO PDF set [35] and chogge= Lr = Mz for the QCD factorisation and
renormalisation scales.

Jets are formed with the arki- algorithm [36] with separation parameter= 0.4. Photons
and leptons are included in the jet clustering in the senakealso photons and quark/gluons as
well as leptons and photons are recombined according taitivadescription withR= 0.4. The
photon energy fractiom, in a jet must be less than? We require two hard jets with

prjet > 30GeV, |Vjet| < 4.5. (2.9)
We then apply to the resulting two or three jets and the twaeggthleptons the cuts

pre > 20GeV, lye| < 2.5,
ARy > 0.2, AR@jet > 0.5,
66GeV< My < 116 GeV (2.10)

for the transverse momengs, rapiditiesy, rapidity—azimuthal angle separatidiR, and invariant
massM,, of the lepton pair.

Results for the cross section in the set-up (2.9) and (2.®)isted in Table 1. The total
cross section is dominated by processes with external glushich amount to 80%, the largest
contributions arising from thgg initial state. The relative EW corrections are roughl®.5% in
this set-up and similar for all channels.

In Fig. 3 we show results for the differential cross sectienaafunction of the transverse
momentum of the lepton pair and the azimuthal angle betweetwo leptons for the cuts (2.9) and
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Figure 3: Distributions of the transverse momentum of the lepton pair (left) and the azimuthal angle
between the two leptons (right) at the 13TeV LHC. The uppeefsashow the LO and the central panels
the relative contributions of gluonic (red), four-quarku@) and bottom (magenta, dashed) channels at LO.
In the lower panels we show the total relative correctiotesof) from & (aZa?) contributions, the included
real photonic (red) and real gluonic (blue) correctionstbgr with the statistical error (green, dashed) for
300fbt.

(2.10). Both distributions are dominated by the gluon cledsiover the full considered kinematic
range. Thisis in contrast to the transverse momentumldligion of the jets, which is dominated by
the four-quark channels at high transverse momenta (se¢3R§f The contributions with external
bottom quarks are always below 10% and become less impddafdrge transverse momenta.
The electroweak corrections to tpe ,+,- distribution reach about25% forpr ;+,- ~ 1TeV. The
(subtracted) real corrections from photon and gluon emnissiay below 2% also for higpr /+/-.
This indicates that the large negative EW corrections tésarh Sudakov logarithms in the virtual
contributions. The relevance of the electroweak corrastican be seen by comparing with the
statistical uncertainty depicted for an integrated lursityoof 300fb~2. The ¢+, distribution is
distorted at the level of 3% by the electroweak correctidiso this effect results mainly from the
virtual corrections.

3. Conclusions

We have calculated the NLO corrections of ord&a2a®) to the production of ¢~ + 2jets
at the LHC. These involve electroweak corrections to the L&DQliagrams and QCD corrections
to the interferences between LO QCD and EW diagrams. Thétsdsave been obtained with the
amplitude generator COLA and the tensor-integral libraryd@@LIER. The electroweak correc-
tions turn out to be at the level e¥3% for inclusive cross sections at 13TeV. In the high-energy
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tails of transverse-momentum distributions large EW atio@s appear which can be attributed to
EW Sudakov logarithms.
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