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Figure 1: Representative Feynman diagrams for the three differading-order contributiongqq channel
(left), bb channel (middle), angy channel (right).

1. Introduction

The comparison of measured W-boson pair production cross sectidmelated observables
atthe CERN Large Hadron Collider (LHC) to precise theoretical predistidlows us to probe the
non-abelian structure of the electroweak sector within the Standard Ni®iBl Due to the sen-
sitivity of this process to triple weak-gauge-boson vertices, exclusion limign@mmalous gauge
couplings can be extractef] [, 2]. In the light of the Higgs decay chahre WW*, four-lepton
production is an irreducible background whose impact on the Higgs digisalo be well under-
stood. In order to avoid that unknown higher-order corrections anataipreted as traces of “new
physics” the calculation of these corrections has to be refined and ext@rftenever possible.

To this end, next-to-leading order (NLO) QCD corrections have bekmlated many years
ago [B]. On the QCD side various improvements beyond NLO exist (seRefg@] and references
therein), and currently a lot of effort is put into the calculation of nextéat-to-leading order
(NNLO) QCD corrections where so far only partial results in the highggnkmit are known [b].

For the energy domain accessible at the LHC it is well known that electio{#&) correc-
tions can become important as they are enhanced by large logarithms at&ligh )Recently, the
EW corrections to on-shell production of weak-gauge boson pairs been calculated][§] 7] and
found to be sizable. Our calculation refines the existing theoretical prawaiioEW corrections to
W-boson pair production as we considefa ) corrections to the four-lepton final statgu™ e~ ve
in the so-calledlouble pole approximatio(DPA) following the Racoon\Wn\approach[[8], which
was developed to describe W-pair production e annihilation at LEP2.

2. Four-lepton production at theLHC

Before going into a detailed discussion of the impact of individual contribatio the NLO
EW corrections this section gives a brief overview of the various coritoibs included in our
calculation. For technical issues we refer to Ridf. [9] where all aspédtse involved calculation
are presented in detalil.

2.1 Leading-order contributions

At leading order (LO) we encounter three different production cenleading to the final
statev, e ve at the LHC. The dominant production channel consists of antiquarkkaquaihi-
lation,

qq— VuH e Ve,
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Figure 2: Representative Feynman diagrams for the real-emissiadmilsotion yo — vy, 1" e™ veq.

with g=u,d,c,s. If the incoming quark pair consists of bottom quarks, a top quark appsaan
intermediate state. For this reason we separate this case from the prewous o

bb— vyute ve.
The third contribution consists of the photon—photon induced subprocess
yy — vppte ve.

Figure[l shows one representative Feynman diagram for each céingitu® processes. In all
three cases our predictions at LO are based on full 2 matrix elements, so that off-shell ef-
fects are fully taken into account. As the contributions ofﬁbeandyy-induced subprocesses are
expected to be small due to the small distribution functions of their incoming [ga@an calcula-
tion of EW corrections is restricted to the antiquark—quark induced subpso For the discussion
of our numerical results we always use the LO prediction ofgtignduced subprocess as nor-
malization and all other contributions as well as EW corrections are ofteseipied in terms of
relative corrections to this contribution. In this sense we introduce for thetlditional tree-level
contributions discussed here the relative correctiggsnddy,, respectively.

2.2 NLO EW corrections

As mentioned above, the calculation of NLO EW corrections is relevant onthé antiquark—
quark induced subprocess. Regarding virtual electroweak comedtqq— v, u' e Ve a system-
atic expansion around the resonance poles of the two W bosons leadsalbestfactorizableand
non-factorizablecorrections in DPA. The calculation of these corrections is much simpler com-
pared to the evaluation of the full electroweak corrections and resultsdffieient computer code
that allows for fast numerical computation. Fdres annihilation, results obtained in DPA have
been compared to the full calculation of EW correctionstee— 4 fermions [1p]. The correc-
tions beyond DPA are found to be belovb® for moderate scattering energies and reaet2%
for a centre-of-mass energy in the TeV range. This result confirmsailie arror estimate that the
terms neglected in DPA are suppressed by a faztor x 'y /Mw with respect to the LO results,
at least in energy domains where both gauge bosons are near theitmlass s

However, this approximation is valid only for partonic centre-of-massgesisufficiently
above the threshold for on-shell W-pair production, i.e. for energiggetahan twice the W-
boson mass. Thus for energies below this threshold we use a so-cajies’ed Born approxi-
mation(IBA), which is based on leading universal corrections.
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[ olOT] | ogql%] &y (%] Oy [%] %] |

LHC14 | 4125(1) [ —270(2) 0566(5) 0.72154) 1.6851)

LHC8 | 236.83(5)| —2.76(1) 0.470(3) 0.84733) 0.89433)

ATLAS cuts | 163.84(4)| —2.96(1) —0.264(5) 1.0221(5) 0.95194)

Tablel: Cross-section contributions to pp v, e~ ve at the LHC with centre-of-mass energies of 14 TeV
(firstline) and 8 TeV (second line), respectively. The thiiné shows the corresponding results for a collider
energy of 8 TeV with the ATLAS setup. The numbers in brackepgesent the numerical error on the last
given digit. (Taken from Ref[]9].)

Our evaluation of real photonic corrections is based on fult 3 matrix elements as in the
RacoonWn\approach. Photon—(anti-)quark induced subprocesses, as depiEigure[p, are also
taken into account.

The relative electroweak corrections to the main production chammet v, e ve with
respect to its LO prediction is denoted By in the discussion of numerical results. As tyeg
or qy-induced subprocesses were often neglected in previous studies obE®¢tions to related
processes due to the small size of the photon distribution function, whichditicadis plagued by
large uncertainties, we study the impact of their contribution, denotel bgeparately.

Finally, we summarize our predictions in the relative correction fagtargiven by

%ew = Oqq+ Ogy + Opp + Oy -

2.3 Building blocks of the Monte Carlo program

All matrix elements required in the calculation are covered by inhouse roufihegree-level
matrix elements are calculated in the Weyl-van-der-Waerden spinor formeksting to compact
results. The loop amplitudes are generated uSiegnAr t s [[L7] and inhousevat henat i ca
routines resulting irFor t r an code. This code is evaluated with the help of the loop library
Col | i er whose implementation relies on the results presented in Ref§. ]12,]13,Hethumer-
ical integration is performed by an adapted version of the multi-channskpé@ace generator in
the Monte Carlo prograr@of f er yy [[[5].

3. Numerical results

The numerical results presented in the following are obtained using thenpdidivibution
functions (PDFs) of th&NPDF2. 3QED [[L] set which provides also a photon distribution func-
tion. Furthermore, we recombine final-state leptons and nearly collinetomEhim order to obtain
IR-safe observables. The recombination procedure and all releyaritparameters are described
in Ref. [9].

In Table[] we present the integrated LO cross section ofjthimifiated processa(q%?, and
the respective relative correction factors for three different LH€hados. While in the scenarios
“LHC14” and “LHC8” only standard cutsgr , > 20 GeV andy,| < 2.5) on the charged final-state
leptons are applied, the selection criterion in the scenario “ATLAS cutgesponds to realistic
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Figure 3: Transverse-momentum distribution of the electron inpp/,ute ve at NLO EW accuracy
(upper panels) for our default setup at the LHC14 with a jéo wd 100GeV (left) and without a jet veto
(right), together with the relative impact of individualrdaibutions in each case (lower panels). (Taken from

Ref. [9].)

acceptance cuts (see R¢f. [9]). The cross section at LO accurdesnisated by contributions ini-
tiated by light quarksa(%(?. Subprocesses with bottom quarks in the initial state yield an additional
contribution of less than 2% for the three setups under investigation. Oalyt 4b6 of the full LO
cross section stems from the photon-initiated contributions. This resultesdifiosteriori the ne-
glect of orderd (o) corrections to subprocesses of the tﬁbe» vuute veandyy — vyute ve.

Apparently, the sum of all considered corrections is very small as the aggdktive EW cor-
rections to the quark-initiated processes are widely compensated by @asitiections of the
separately considered LO contributions. However, the EW correctigngisantly distort distri-
butions, since they are not uniformly distributed in phase space, but témet¢éase at scales above
the weak-boson mass.

The transverse-momentum distribution of the electron receives largéveeg8V corrections
at high transverse momentum (black curve in Fidlire 3). We note that a mocigstrincrease of
the quark—photon induced contributions at lage is found in the absence of a jet veto. This
feature is illustrated by Figufg 3 (right) that shows the quark—photonibatitm as a function of
pr e for the same setup as in Figdie 3 (left), apart from the jet peto< 100GeV . Normalization
and shape of all contributions that do not contain a QCD parton in the firtel stad therefore
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Figure 4: Rapidity difference (left) and transverse-momentum itigtion of the electron—-muon system
(right) in pp— v, e Ve at NLO EW accuracy (upper panels) with realistic selectiots @t a collider
energy of 8 TeV, together with the relative impact of indivédl contributions in each case (lower panels).
(Taken from Ref.[[0].)

cannot give rise to a jet, are identical to the case where a jet veto is impdsegtver, a signif-
icant increase in the relative size of the quark—photon contributionseabgerved in the tail of
the transverse-momentum distribution, giving rise to a relative contribdjpof about 30% for
pre = 0.9TeV. This effect is due to the special enhancement in the amplitudes with Btetel-
photons coupled to W bosonstirchannels, amplified by some recoil against a hard jet in the fi-
nal state. Naturally, QCD radiative corrections are enhanced by simdait effects and increase
dramatically in the investigated kinematic region. We conclude that a pure Né€fgtion is not
adequate to describe the tail of the transverse-momentum distributionss anégwveto is applied.

As an example for results on angular distributions in Figlre 4 (left) we pteke charged
lepton rapidity differencély =y, —Ye. The corrections slightly increase for back-to-back con-
figurations of the two charged leptons and the photon—photon inducédbchion dominates the
forward—backward emission of the charged leptons. Neverthelessuth@ver all contributions
remains small, leading to total corrections of less than 5%.

The NLO EW corrections to the transverse momentum of the charged letamsyr.h.s of
Figure[}#) show a completely different behaviour. For this observablaebative EW corrections
to the ggrinduced channels are compensated by the large impact of the proces3\ppWV—y



NLO EW corrections to ppWW- 4 leptons in double-pole approximation at the LHC Marina Billoni

with real radiation of a hard photon, since a large photon recoil allowsifgirer values of the
transverse momentum of the W pair which is effectively transferred to tteydeptons due to the
strong boost of the decaying W bosons. It turns out that in the cusetap the photon—photon
induced contribution dominates our predictions for the total correction htgigy, .

4. Conclusion

We have presented results on next-to-leading-order electroweadctions to the process
pp— vy e veintheRacoonVWhapproach where the virtual corrections are calculated in double-
pole approximation while no approximation or simplification is made in the real-emigsign
Individual contributions have been discussed in detail for total andréffitial cross sections. The
photon—photon and quark—photon induced contributions amount-tb(8%6. The latter contribu-
tion is suppressed by applying a jet veto that is necessary to avoid huge@tections. The large
negative electroweak corrections to quark—antiquark scattering asbédgs are partially compen-
sated by these two contributions. Nevertheless, the total electroweaktions can reach several
tens of percent in kinematic regions of high momentum transfer where “hgaigs” might be
expected, and therefore the inclusion of electroweak corrections inntigsés of experimental
data will be mandatory in the future.

References

[1] G. Aadet al.[ATLAS Collaboration], Phys. Rev. B7 (2013) 112001 [arXiv:1210.2979 [hep-eX]].

[2] S. Chatrchyaret al.[CMS Collaboration], Phys. Lett. B21 (2013) 190 [arXiv:1301.4698 [hep-ex]]
and arXiv:1306.1126 [hep-ex].

[3] J. Ohnemus, Phys. Rev.41 (1991) 1403; S. Frixione, Nucl. Phys.A0 (1993) 280;
U. Baur, T. Han and J. Ohnemus, Phys. Re%x3}1996) 1098 [hep-ph/9507336];
L. J. Dixon, Z. Kunszt and A. Signer, Nucl. Phys581 (1998) 3 [hep-ph/9803250];
J. M. Campbell and R. K. Ellis, Phys. Rev.dD (1999) 113006 [hep-ph/9905386].

[4] F. Campanario, M. Rauch and S. Sapeta, arXiv:1309.786B-ph].

[5] G. Chachamis, M. Czakon and D. Eiras, JHEE22 (2008) 003 [arXiv:0802.4028 [hep-ph]] and
arXiv:0806.3043 [hep-ph].

[6] A. Bierweiler, T. Kasprzik, H. Kiihn and S. Uccirati, JHER11 (2012) 093 [arXiv:1208.3147

[hep-ph]];
A. Bierweiler, T. Kasprzik and J. H. Kuhn, arXiv:1305.540%p-ph].

[7] J. Baglio, L. D. Ninh and M. M. Weber, arXiv:1307.4331 fieh].

[8] A.Denner, S. Dittmaier, M. Roth and D. Wackeroth, NudhyB. B560 (1999) 33 [hep-ph/9904472],
Phys. Lett. B475 (2000) 127 [hep-ph/9912261], Nucl. Phys587 (2000) 67 [hep-ph/0006307] and
Comput. Phys. Commun53 (2003) 462 [hep-ph/0209330].

[9] M. Billoni, S. Dittmaier, B. Jager and C. Speckner, ardi810.1564 [hep-ph], to appear in JHEP.

[10] A. Denner, S. Dittmaier, M. Roth and L. H. Wieders, Phystt. B 612 (2005) 223 [Erratum-ibid. B
704 (2011) 667] [hep-ph/0502063] and Nucl. Phys72! (2005) 247 [Erratum-ibid. B854 (2012)
504] [hep-ph/0505042].



NLO EW corrections to ppWW- 4 leptons in double-pole approximation at the LHC Marina Billoni

[11] J. Kublbeck, M. B6hm and A. Denner, Comput. Phys. Comng0r{1990) 165;
T. Hahn, Comput. Phys. Commui¥0 (2001) 418 [hep-ph/0012260].

[12] G. Passarino and M. Veltman, Nucl. Phys1®& (1979) 151;
A. Denner and S. Dittmaier, Nucl. Phys.@38 (2003) 175 [hep-ph/0212259] and Nucl. Phys/®!
(2006) 62 [hep-ph/0509141].

[13] G. 't Hooft and M. Veltman, Nucl. Phys. B53 (1979) 365;
W. Beenakker and A. Denner, Nucl. Phys388 (1990) 349.

[14] S. Dittmaier, Nucl. Phys. B75 (2003) 447 [hep-ph/0308246];
A. Denner and S. Dittmaier, Nucl. Phys.884 (2011) 199 [arXiv:1005.2076 [hep-ph]].

[15] A. Bredenstein, S. Dittmaier and M. Roth, Eur. Phys. 34G2005) 27 [hep-ph/0506005].

[16] R. D. Ballet al.[The NNPDF Collaboration], Nucl. Phys. &7 (2013) 2, 290 [arXiv:1308.0598
[hep-ph]].



