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The production of W boson pairs in association with one jet in pp collisions at Js = 8 TeV is studied 
using data corresponding to an integrated luminosity of 20.3 fb-1 collected by the ATLAS detector during 
2012 at the CERN Large Hadron Collider. The cross section is measured in a fiducial phase-space region 
defined by the presence of exactly one electron and one muon, missing transverse momentum and 
exactly one jet with a transverse momentum above 25 GeV and a pseudorapidity of |nl < 4.5. The leptons 
are required to have opposite electric charge and to pass transverse momentum and pseudorapidity 
requirements. The fiducial cross section is found to be »Ww??' = 136 ± 6 (stat) ± 14 (syst) ± 3 (lumi) fb. 
In combination with a previous measurement restricted to leptonic final states with no associated jets, 
the fiducial cross section of WW production with zero or one jet is measured to be »Ww =
511 ± 9 (stat) ± 26 (syst) ± 10 (lumi) fb. The ratio of fiducial cross sections in final states with one and 
zero jets is determined to be 0.36 ± 0.05. Finally, a total cross section extrapolated from the fiducial 
measurement of WW production with zero or one associated jet is reported. The measurements are 
compared to theoretical predictions and found in good agreement.

© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. IntroductionThe measurement of the production of two W bosons is a cru­cial test of the non-Abelian gauge structure of the electroweak theory of the Standard Model (SM). The increasing precision of the experimental measurements at the LHC has elicited im­proved theoretical descriptions of the process. Progress has been made to extend the next-to-leading-order (NLO) [1] calculation of pp W+ W- production to include next-to-next-to-leading- order (NNLO) effects [2] in perturbative quantum chromodynamics (QCD). A separate calculation of the loop-induced, non-resonant 
gg W+W- production process has been made available at or­der O(aS) [3] in the strong coupling constant aS. Resonant WW* production via the exchange of a Higgs boson has been calcu­lated to order O(a3) [4] and O(«4) [5]. These predictions can be summed to give an updated prediction for the total cross sec­tion of 65.0+1'2 pb as further detailed in Section 7. In addition to these new calculations, fully differential NNLO predictions [6] have become available, as have dedicated NLO predictions for jet- associated WW production [7,8] with up to three jets [9]. The resummation of logarithms arising from a selection on the num­

ber of jets has been presented at next-to-next-to-leading-logarithm (NNLL) accuracy in Refs. [10,11]. It is therefore interesting to study 
WW production in association with jets to confront these calcula­tions with experimental data from the LHC.A measurement of the jet multiplicity in WW events at the CDF experiment was published in Ref. [12]. At the LHC, the CMS Collaboration has included WW production in association with one jet in their measurement of the total WW production cross section at ^/s = 8 TeV [13], but has not published dedicated fidu­cial cross sections of jet-associated WW production.This letter presents a measurement of the fiducial cross section of WW production using the decay chain W+W- e±vein final states with one associated hadronic jet, further referred to as 1-jet final state. The fiducial region is defined using stable parti­cles at the generator level and is chosen to match the experimental selection as closely as possible.Only events with exactly one reconstructed jet are selected for the analysis, while events with a larger number of jets suffer from a large background from top-quark production and are not con­sidered. The selected WW candidate event sample is corrected for background processes, detection efficiencies and resolution ef­fects, and the cross section of WW + 1-jet production is extracted for the fiducial phase-space region. The results are combined with a previous measurement reported in Ref. [14] restricted to final 
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states without any reconstructed jets, referred to as 0-jet final state. The fiducial WW+ < 1-jet cross section and the ratio R1 of the fiducial WW + 1-jet and fiducial WW + 0-jet cross sections are determined and compared to different theoretical predictions. The measurement therefore extends the fiducial phase space of the previous measurement of the WW production cross section.
2. Data and Monte Carlo samplesThe ATLAS detector [15] is a general-purpose detector measur­ing collisions at the Large Hadron Collider (LHC) with coverage over the full azimuthal angle 0. It consists of an inner detector surrounded by a 2 T solenoid to measure tracks with pseudora­pidities of |nl < 2.5,1 electromagnetic and hadronic calorimeters to provide energy measurements for |nl < 4.9, and a muon spectrom­eter with a toroidal magnetic field to detect muons with |nl = 2.7. A three-level trigger system selects events to be read out.The measurement uses data collected with the ATLAS experi­ment during the 2012 data-taking period. Only runs with stable proton beams colliding at y/s = 8 TeV are used in which all rele­vant detector components were functional. This data sample corre­sponds to an integrated luminosity of 20.3 fb-1 determined with an uncertainty of ±1.9% and derived from beam-separation scans performed in November 2012 [16].The analysis relies on event simulation to correct the mea­sured event yields for experimental effects and for the study of background processes. Different simulated event samples are used to model the signal from the individual production mecha­nisms: qq W+ W- events are simulated using the Powheg 1.0 generator [17-21], which is interfaced to Pythia 8.170 [22]; for the non-resonant gg-induced WW signal the gg2ww pro­gram (version 3.1.3) [23] is employed and interfaced to Her­wig 6.5/Jimmy 4.31 [24,25]; resonant WW* production via a Higgs boson with a mass of mH = 125 GeV is modelled using Powheg+Pythia 8.170. The three event samples are simulated using the CT10 NLO [26] parton distribution function (PDF). Pho­ton radiation is modelled using Photos [27]. The parameter tune used for the underlying event is AU2 [28]. The event samples are normalised to a cross section times branching ratio of 5.58 pb 
(qq W+ W- [1]), 0.153 pb (non-resonant gg W+W- [23]) and 0.435 pb (gg H W+W- [4]). The sum of these contri­butions corresponds to a total WW cross-section of 58.7+3 g pb where the uncertainties are due to scale and PDF uncertainties in the cross section calculations. For additional studies a sample of simulated qq W+W- events produced with MC@NLO [18] and Jimmy [24,25] using the AUET2 tune [29] and the CT10 PDF is used.

^(An)2 + (A«2.

Production of pairs of top quarks, s-channel single top-quark production and W-associated top-quark production are modelled with the Powheg+Pythia 6 generator with the AU2 [28] tune. Single top-quark production in the t-channel is described by the Acer 3.7 [30] MC generator interfaced to Pythia 6 [31] with the AUET2B tune [32]. These events samples are normalised to the respective NNLO+NNLL calculations [33-36] to obtain the relative contribution to the total top-quark background, whose overall nor­malisation is determined from data as detailed in Section 4.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal 

interaction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upward. Cylindrical coordinates (r, are used in the transverse plane,
being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms 
of the polar angle 6 as n = — lntan(6/2). The transverse energy is computed as 
Et = E • sin6, while the radial distance between two objects is defined as AR =

Background from W and Z boson production is modelled using Alpgen 2.14 [37] interfaced to Pythia 6 and normalised to NNLO calculations [38] where needed. The AUET2 tune is used for the underlying event. The diboson background processes WZ and ZZ are generated using the same settings as employed for the simu­lated qq W+W- event samples. The production of a W boson and a virtual photon (y *) is generated using the Sherpa generator (version 1.4.2) [39]. For Wy production Alpgen+Herwig+Jimmy is employed.In all simulated event samples, additional pp collisions ac­companying the hard-scatter interactions (pile-up) are modelled by overlaying minimum-bias events generated using Pythia 8. To simulate the detector response, the generated events are passed through a detailed simulation of the ATLAS detector [40] based on Geant4 [41] or Geant4 combined with a parameterised calorime­ter simulation [42].
3. Object reconstruction and event selectionEvents are selected using reconstructed jets, electrons, muons and missing transverse momentum. The selection follows closely the one in Ref. [14] to facilitate the combination with the WW + 0-jet final state. Electrons and muons are identified based on tracks in the inner detector matched either to energy deposits in the electromagnetic calorimeter or combined with tracks in the muon spectrometer, respectively. Electrons are reconstructed within |nl < 2.47 excluding the transition region between barrel and endcap calorimeters of 1.37 < |n| < 1 .52. Muons are required to lie within |n| < 2.4. The same reconstruction and identification requirements as in Ref. [14] are used, resulting in an event sam­ple with minimal contributions from backgrounds due to particles misidentified as leptons, particularly from W + jets, multijet and 
Wy events. For the selection of WW candidate events, the pres­ence of exactly two isolated, oppositely charged leptons (£, £') with transverse momenta of pT > 25 GeV and pT > 20 GeV is required. Only final states with one electron and one muon are used. Events with additional leptons with pT > 7 GeV are rejected, which helps to suppress other diboson processes with more than two leptons. It is required that at least one of the leptons has met an online single-lepton selection or both have passed a dilepton trigger with reduced thresholds and less stringent object identification criteria. This setup has an efficiency of 99%-100% with respect to the of­fline lepton selection.Jets are formed using calibrated topological clusters of en­ergy [43] reconstructed in the calorimeters using the anti-kt al­gorithm [44] with radius parameter R = 0.4. Further corrections to the jet energy are applied based on simulation [45] and are followed by a pile-up suppression [46]. Jets are required to have 
pT > 25 GeV and |n| < 4.5. More than 50% of the scalar sum of the pT of all tracks contained within AR = 0.4 of the jet axis is required to be from tracks associated with the primary ver­tex to suppress contributions from additional pp interactions in the event [47] if the jet satisfies pT < 50 GeV and |n| < 2.4. Only events with exactly one jet meeting the above criteria are selected. Jets containing b-hadrons (so-called b-jets) are identified within the central region of the detector, |n| < 2.5, using a multivariate approach [48,49] with an efficiency of 85%. To reduce the back­ground from top-quark production, events containing b-jets with 
pT > 20 GeV and within |n| < 2.5 are rejected.Selection requirements on the missing transverse momentum in the candidate events are used to reduce the contribution of events from Z/y * tt (Drell-Yan) production where both t-leptons de­cay leptonically. Missing transverse momentum is reconstructed from the vector sum of the transverse momenta of identified parti­cles [50] to which either reconstructed jets and calorimetric depo-
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(a)
Fig. 1. (a) Distributions of the transverse momentum of the selected jet in the control region enriched in events from top-quark production. The sum in quadrature of 
statistical, experimental and theoretical uncertainties in the MC prediction are shown as a hatched band. (b) Distributions of the transverse momentum of the selected jet 
after final event selection. Data are shown together with the yields from WW signal as estimated from simulated event samples which are scaled to a total cross section 
of 58.7+3'| pb, and the estimated background contributions. The sum in quadrature of statistical, experimental and theoretical uncertainties is shown as a hatched band. 
In both figures the last bin of the distribution is an overflow bin.

(b)

sitions not associated with any particle are added. Missing trans­verse momentum induced by mismeasurements of the energy of leptons is further reduced in the calorimeter-based measurement by projecting the missing transverse momentum ETllss onto nearby leptons, to calculate the so-called relative missing transverse mo­mentum E ™sRsep A lepton is considered nearby if the azimuthal separation to the E™ss direction is small, A0(E™ss, £) < n/l, and only in this case, E™ss is modified to yield E™sRsel = E™ss x sin(A0(ETmiss, £)), otherwise E™sRsel = E™ss. The relative missing transverse momentum is required to be EmisRel > 15 GeV. An ad­ditional track-based measure of the missing transverse momentum 
(pTmiss) is constructed by adding the momenta of tracks associated with the primary vertex to the vector sum of the transverse mo­menta of identified electrons and muons. By construction, p™ss is less sensitive to energy deposits from additional interactions and it is required to be p™ss > 10 GeV. To further reduce the sensitiv­ity to fluctuations in either of the missing transverse momentum variables used, the azimuthal separation between E™ss and p™ss must satisfy A0(E™ss, p™ss) < l.0.The invariant mass of the two selected leptons, mu, is required to be greater than 10 GeV to suppress contributions from misiden­tified leptons produced in multijet and W + jets events. Apart from the requirements on the jets and A0(E™ss, p™ss), this event selec­tion is identical to the one employed in Ref. [14].
4. Determination of backgroundsThe experimental signature of exactly one electron and one muon with opposite electric charge, and missing transverse mo­mentum can be produced by a variety of SM processes which are treated as backgrounds. Top quarks decay almost exclusively to a b-quark and a W boson. This makes tt and single top-quark production the dominant background to WW production, in par­ticular for events with jets in the final state. The background yield from top-quark production is determined using a method proposed in Ref. [51]. The event yield is extrapolated from a control sam­ple enriched in events from top-quark production. It is defined by the nominal selection requirements but must contain exactly one identified b-jet with pT > 15 GeV and within |n| < l.5, instead of requiring the absence of identified b-jets. The distribution of the transverse momentum of the b-jet in the control sample is shown 

in Fig. 1(a). The data is used to constrain the large experimental and theoretical uncertainties shown by the error bands. The fac­tor to extrapolate from this control sample to the signal sample is determined as the ratio of jets passing or failing the b-jet re­quirement in additional control samples, defined by the presence of two jets, at least one of which passes the b-tag requirement. Systematic effects resulting from the choice of the control sample are corrected for by an additional factor estimated from simulated event samples. The correction introduces experimental systematic uncertainties of ±3.1%, mainly from the uncertainty in the jet en­ergy scale. Theoretical uncertainties are found to amount to ±l.5% and are dominated by differences in simulated tt event samples produced with Powheg and MC@NLO, and uncertainties in the Wt production cross section. Statistical uncertainties from the limited size of the control samples in data and simulation introduce an uncertainty of ±3.5%, resulting in an overall precision in the esti­mated top-quark background yield of ±5.l%.The estimation of the remaining background processes closely follows the methodology described in Ref. [14]. Data-driven esti­mates of the yields of W + jets and multijet production are de­termined in an event sample in data that is selected with relaxed identification and isolation criteria for the leptons. The composi­tion of this event sample with genuine and misidentified leptons can be inferred using the probabilities of genuine and misidentified leptons selected with the relaxed criteria to satisfy the nominal lepton selection criteria. The yield of background from Drell-Yan production is obtained from a simultaneous fit of the distribution of simulated event samples to the A0(E™ss, p™ss) distribution of the data in the signal region and in a control sample, defined by a selection of 5 GeV < p™ss < l0 GeV and no selection on 
A0(ETmiss, pTmiss). The yields of the diboson processes, WZ, ZZ and W y production, are determined using simulation and are nor­malised to NLO predictions [1]. The uncertainties assigned to the NLO predictions are inflated to cover differences from the calcula­tions in Refs. [5l,53]. For Wy production a K-factor is calculated from Ref. [54] and applied to the NLO prediction.The observed data and the estimated signal and background yields are summarised in Table 1. Half of the events selected in data are estimated to originate from background processes, where top-quark production represents the largest contribution. The transverse momentum distribution of the selected jet after the final event selection is shown in Fig. 1(b), where data is shown to-
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Table 1
Summary of the event yields in the selected WW + 1-jet events observed in data 
and estimated from signal and background contributions. The estimated event yields 
for the WW signal are determined from simulated event samples which are scaled 
to a total cross section of 58.7+4'| pb. The estimated yields from diboson produc­
tion are determined from simulated event samples whereas the yields of all other 
backgrounds are estimated using data-driven methods. The statistical and system­
atic uncertainties are shown separately. For reference, the numbers of observed, 
expected signal and background events for the WW + 0-jet measurement [14] are 
also given.

Process WW + 1-jet WW + 0-jet

Observed events 3458 5067

Total expected events 
(Signal + background)

3310 ± 50 ± 340 4420 ± 30 ± 320

WW signal 1490 ± 10 ± 330 3240 ± 10 ± 280

Top quark 1236 ± 43 ± 49 609 ± 18 ± 52
W + jets 121 ± 15 ± 50 250 ± 20 ± 140
Drell-Yan 267 ± 12 ± 49 175 ± 3 ± 18
Other diboson 195 ± 5 ± 53 150 ± 4 ± 30

Total background 1820 ± 50 ± 100 1180 ± 30 ± 150

gether with the simulated WW signal events and the estimated background yields. Good agreement between the data and the es­timated yields is observed for the selected WW + 1-jet candidate sample.
5. Cross-section measurement

Table 2
Numerical values of the correction matrix Rywhich accounts for the full detector 
efficiency migrations between jet bins, and the factor 4WW which accounts for the 
extrapolation from the WW+ < 1-jet final state to the total phase space. For both 
variables the total uncertainties are shown.

reco gen x
KV (i = njets • j = njets) R00 R01 R10 R11 Aww

qq ■ W+ W - 0.501 0.036 0.050 0.458 0.327
gg W + W - 0.502 0.061 0.067 0.450 0.447
gg H W+W - 0.410 0.035 0.055 0.423 0.169

Total WW 0.499 0.037 0.051 0.456 0.319
Uncertainty 4% 45% 24% 6% 4.9%

Electrons and muons from non-prompt t-lepton decays are ac­counted for in the numerator of Eq. (1) but not in the denominator, which effectively removes the contribution of W tv decays. This allows a definition of the fiducial region for prompt decays of W bosons into electrons and muons only. While the calculation of the total pp W+W— cross section at NNLO does not include 
b-quarks, such events can occur in the simulated event samples from gluon splitting, g bb. The veto on identified b-jets affects these contributions in the calculation of the correction matrix Rij. The effect on the measured cross section is less than 1%. The val­ues of the matrix Rij are given in Table | together with their total uncertainties. Events reconstructed with the wrong jet multiplicity cause non-zero values for Rij with i = j.The fiducial WW cross section in jet-bin j is given by the mea­sured signal yields in jet-bins i = 0" 1: The cross section for WW production in the final state with exactly one jet is measured. The definition of the fiducial phase space is derived from the selection applied to reconstructed events. Leptons are recombined with any final-state photons from QED radiation within a surrounding cone of size A R = 0.1, to form so-called ‘dressed leptons'. Furthermore, electrons and muons are required to be oppositely charged and to originate directly from W decays. The same selection requirements on transverse momentum and pseudorapidity as at reconstruction level are applied to the dressed leptons. Stable particles with a lifetime t > 30 ps, exclud­ing muons and neutrinos, are used to form particle-level jets using the anti-kt algorithm with a radius parameter of R = 0.4. They are selected if pT > 15 GeV and |nl < 4.5. To remove jets originating from electrons, jets which are a distance AR < 0.3 from any elec­tron from W decays selected as detailed above are ignored. The four-momentum sum of the neutrinos originating from the W bo­son decays is used for the calculation of both p™ss and ST"11 Rel at generator level.The number of selected WW candidate events with exactly one associated jet may receive contributions from events with different jet multiplicities due to the detector resolution. After subtracting the background contributions, Nb, from the number of observed events, Nobs, the observed signal yield, Ns = Nobs — Nb, is corrected for detector inefficiencies, resolution and jet migration effects us­ing a correction matrix Rij. The correction matrix also accounts for jets originating from pileup which increase the expected signal yield by 5%. It is evaluated using simulated WW event samples as the ratio of the number of events reconstructed in jet-bin i and generated in jet-bin j, Ng^^1, to the number of events generated in the fiducial volume with j associated jets, Nfidgen j

fid,j _ 1 -1 i
aWW — Rij Ns,

L i—0
(2)

where L is the integrated luminosity and Ni. the background- subtracted events yield in jet bin i. The cross sections for WW production with zero and one associated jet are extracted simul­taneously using a profile likelihood fit [55,56] to data observed in 0-jet and 1-jet final states. Information from both the 0-jet final states from Ref. [14] and 1-jet final states are used, where system­atic uncertainties are added to the likelihood function as nuisance parameters and treated as correlated between 0-jet and 1-jet final states.The sum of the fiducial 0-jet and 1-jet cross sections is extrap­olated to the total phase space by correcting for the acceptance 
AWW and the branching fraction B of W Tv decays:

tot _ 
WW =

_ fid,0 aWW

Aww • B2 (3)Here, the acceptance AWW is defined as the ratio of events gen­erated in the < 1-jet fiducial volume to all generated events. The acceptance correction factor is AWW = 0.319, which is roughly 40% larger than for pure WW + 0-jet final states [14]. The W Tv, 
T = e, // or t, branching fraction is B = 0.1083 [57].
6. Systematic uncertainties

Rii =
N reco i
Ngen j

Nfid .gen j
(1)

where all jet multiplicities j > 1 are contained in Nge“] in the jet-bin corresponding to j = 1 to account for migrations into the event sample.

Systematic uncertainties arising from the limited knowledge of the event reconstruction efficiency and the determination of the particle four-momenta are propagated to the measurement by varying the corresponding parameters in the calculation of the cor­rection matrix Rij. Uncertainties in the efficiency of the trigger and the selection of the leptons result in an uncertainty of ±1.8% in the fiducial cross section [58-61]. An uncertainty of ±1.9% [49] is attributed to the identification and rejection of jets containing 
b-hadrons.Uncertainties in the jet energy scale and the jet energy resolu­tion affect the matrix elements Rij especially for events with jets

a
, _ fid,1 + aWW
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near the transverse momentum threshold of pT = 25 GeV, result­ing in uncertainties that can be as large as ±40% for Rij with i = j. The effect on the WW + 1-jet cross section is found to be ±4.2% and ±1.0% from the jet energy scale and resolution [45,63], respec­tively. The uncertainty due to E™ss scale and resolution as well as pTmlss scale and resolution account for ±0.4% in total [64]. The uncertainty from the modelling of additional pp interactions oc­curring in the same or nearby bunch crossings is less than ±0.6%.Uncertainties in the fiducial cross section due to the theoretical modelling of the correction matrix Rij are evaluated using alter­native simulated qq W+ W— event samples. The uncertainty due to the choice of generator and parton shower model is es­timated by comparing simulated event samples generated with Powheg+Pythia 8 and with MC@NLO+Jimmy. The resulting un­certainty in the measured cross section is ±2.4%. The effect of higher-order corrections is estimated by varying the renormalisa­tion and factorisation scales simultaneously by factors of 0.5 and 2 and comparing the resulting correction matrices. The associated uncertainty in the measured 1-jet cross section amounts to ±0.5%. The uncertainty due to the choice of PDF is calculated accord­ing to Ref. [65] and amounts to less than ±0.1%. Accounting for migrations from higher jet multiplicities introduces uncertainties of ±2.1%. The uncertainty in the correction matrix due the rela­tive normalisations of the different signal samples, qq W+W—, non-resonant gg and resonant gg H production, is found to be negligible in comparison to other uncertainties.The extrapolation from the fiducial to the total phase space introduces additional uncertainties. These are assessed separately for the qq W+ W—, non-resonant gg W+W— and resonant 
gg H W+W— processes and amount to ±1.9% for the MC generator and parton shower uncertainty evaluated as described above. The PDF-induced uncertainty is estimated to be ±0.8%. The uncertainties due to potential contributions from higher-order ef­fects are determined to be ±4.0% originating from the restriction to specific jet multiplicities. They are computed in the total phase space by considering the scale dependence of successive inclusive jet-binned cross sections to be uncorrelated [66]. The scale de­pendence of the remaining selection criteria is assessed without applying any jet requirements and is found to be ±0.2%.
7. ResultsThe cross section for WW + 1-jet production in the fiducial region is measured to be:

= 136 ± 6 (stat) ± 14 (syst) ± 3 (lumi) fb. (4)The total relative uncertainty of the measured value is ±15% and correlated with the uncertainty of the fiducial WW + 0-jet cross section of »Ww^' = 374 ± 7 (stat)t|| (syst)—7 (lumi) fb pre­sented in Ref. [14]. The correlation coefficient between the total uncertainties of the 0- and the 1-jet fiducial measurements is found to be p = —0.051. The measured cross sections and un­certainties can be used to compute a cross section defined in the fiducial WW+ < 1-jet region:
»wvv 1-jet = 511 ± 9 (stat) ± 26 (syst) ± 10 (lumi) fb. (5)Uncertainties causing migrations of events between jet bins are significantly reduced when comparing the fiducial WW + 0-jet cross section and the WW+ < 1-jet cross section. The previously dominant experimental uncertainty in the jet energy scale is re­duced by a factor of 2.5 by extending the measurement to include 1-jet final states.

Additional uncertainties introduced by the rejection of b-jets and increased uncertainties in the estimation of background con­tributions cause the overall experimental uncertainty to be lower by only 18%.The ratio of jet-binned fiducial cross sections R1 is measured to be:
R1 = = °-36 ± 0.05 (6)and allows a test of theoretical calculations without knowing the total cross section.Theoretical predictions of the fiducial cross sections are ob­tained by combining three separate theoretical calculations of the total cross sections with their respective acceptance correction fac­tors Aww. These factors are calculated using the simulated event samples generated at lower order in the perturbative expansion for the three separate processes contributing to WW production.The theoretical calculation of pp W+W- to order O(a— [2] is used, which formally includes the loop-induced gg contribution at order O(«2)- This gg contribution is subtracted and replaced by a calculation of the gg loop-process to order O(«3) [3] in­stead. To this non-resonant WW prediction, the prediction for resonant WW* production via a Higgs boson with a subsequent decay into two W bosons at order O(«4) [67] is added to yield the total cross-section prediction of 65.0—1'1 pb,2 where the contribu­tions from resonant and non-resonant gg W+W- production amount to 6.4% and 4.2% of the total cross section, respectively. Theoretical uncertainties in the acceptance are assigned as de­scribed in Section 6. The approximate theoretical fiducial cross sections are found to be:

2 The prediction for the total cross section is slightly larger than the one cited in 
Ref. [14] due to the inclusion of the higher-order calculation of the loop-induced 
gg processes and the use of an alternative scale choice in the calculation of the 
qq W+ W — process.

W* = 141 ± 30 fb (7)

-WW'"" = 487 ± 22 fb. (8)A comparison of the measured and predicted fiducial cross sections is given in Fig. 2(a). While the fiducial WW — 0-jet cross section was measured slightly higher than the theoretical prediction, the fiducial WW — 1-jet and WW— < 1-jet cross-section measure­ments agree well with the theoretical prediction.The ratio of the jet-binned fiducial cross sections R1 measured in data is compared to several theoretical predictions in Fig. 2(b). All theoretical values agree well with the measurement within un­certainties. The first two theoretical predictions are taken from either the Powheg+Pythia 8 or the MC@NLO+Jimmy qq W+W- samples. The theoretical uncertainty in these predictions is as­sessed by varying the renormalisation and factorisation scales in­dependently by factors of 0.5 and 2 with the constraint 0.5 < p.F/p.R < 2. The contributions from resonant and non-resonant 
gg W—W- production are taken in both cases from the respec­tive Powheg+Pythia 8 and gg2ww samples, which increase the prediction for R1 due to more initial-state radiation from gluons than quarks. The full effect of omitting the gg W— W- contri­butions is assigned as further theoretical uncertainty. To investi­gate resummation effects, a third prediction is obtained from the 
qq W— W- and gg W— W- samples as discussed above, but with the Powheg+Pythia 8 qq W + W- sample reweighted to reproduce the pT,WW distribution as predicted by the NLO+NNLL calculation in Ref. [10]. In addition to renormalisation and factori­sation scales, the resummation scale is varied here. Finally, predic­tions for R1 are obtained by using recent fixed-order calculations
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Ratio of measurement to prediction, oJ^meas7oJJJhe0, (b)(a)
Fig. 2. (a) Comparison of the measured cross sections in the 0-jet, 1-jet and < 1-jet fiducial regions. The ratio of the measured cross sections to their respective theoretical 
prediction is shown. The theoretical predictions were obtained by multiplying the total cross section of 65.01^2 pb with the total acceptance obtained by combining the 
acceptance correction factors AWW for the WW processes according to their contribution. (b) Jet-binned fiducial cross-section ratio R1 measured in data and compared to 
theoretical predictions. The values are obtained for two different qq W+ W- generators and by reweighting Powheg+Pythia 8 to a resummation calculation at NLO+NNLL. 
Contributions from resonant and non-resonant gg W+ W- production are added to all three theoretical values. Fixed-order calculations at NNLO using Matrix [6] and at 
NLO using MCFM [1,8] are also shown, where contributions from gg H W+W- production are added using simulated Powheg+Pythia 8 samples. For the measured 
cross sections in (a) and (b) the combined statistical and systematic uncertainties are shown as a blue band. When statistical uncertainties are given they are indicated as 
horizontal error bars. The uncertainties in theoretical cross sections are shown as a grey band. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)for the qq W+ W- and non-resonant gg W+ W- processes from Matrix at NNLO [6] and MCFM at NLO, where the latter uses the implementations of inclusive WW production [1] and 
WW + 1-jet production [8]. These programs allow the application of the fiducial lepton and missing transverse momentum selections avoiding the use of acceptance factors derived from lower-order programs. Jets are clustered from the final state partons using the anti-/ct algorithm with the radius parameter R = 0.4. A correction for non-perturbative effects from hadronisation and the underlying event is derived by comparing samples of Madgraph [68] using the CT10 PDF interfaced with Pythia 8 and the AU2 tune with these effects enabled or disabled. A systematic uncertainty is de­rived by interfacing the Madgraph samples with Herwig++ [69] and the AUET2 tune. The renormalisation and factorisation scales for the Matrix and MCFM predictions are set to ^R = ^F = mW and an uncertainty is obtained by varying those independently by factors of 0.5 and 2 with the constraint 0.5 < ^F/^R < 2. In both of these calculations, the non-resonant gg W+ W- production only contributes in the denominator of R1 . Contributions from res­onant gg H W+ W- production are included using event samples simulated with Powheg+Pythia 8.The total WW cross section is extrapolated from the fiducial 
WW+ < 1-jet cross section using Eq. (3) and found to be:
Oww = 68.2 ± 1.2(stat) ± 3.4(syst) ± 2.8(theo) ± 1.4(lumi) pb.

(9)The result presented here is 12% more precise than the previ­ous ATLAS measurement based on WW + 0-jet candidate events only [14] due to smaller experimental uncertainties in the fidu­cial WW+ < 1-jet cross-section measurement. The measured cross section is compatible with the theoretical prediction of 65.0-1.2 pb.
8. ConclusionThe production of W boson pairs in association with a hadronic jet was studied in pp collisions at a centre-of-mass energy of 
yi = 8 TeV using data with an integrated luminosity of 20.3 fb-1 

collected by the ATLAS detector at the LHC. The analysis extends a previous analysis to final states with one jet. The fiducial WW + 1-jet cross section is measured to be 136± 16 fb within the fiducial volume defined by the kinematic requirements placed in the anal­ysis. It is found to be in very good agreement with the theoretical prediction obtained by combining the total cross-section calcu­lations of qq W+ W- at O (aS), non-resonant gg W+ W- at O (a^), and resonant gg W+W- at O (a^) and multiply­ing them with their respective acceptance factor AWW. Similarly, the measured fiducial WW+ < 1-jet cross section of 511 ± 29 fb agrees within the uncertainty with the prediction. The fiducial 
WW+ < 1-jet cross section is extrapolated to the total phase space, yielding a measurement of the total pp W+W- cross section of 68.2 ± 4.7 pb. This result is compared to the highest- order theory calculation available of 65.0 ± 1.2 pb.The total cross section extrapolated from the < 1-jet fiducial volume is in better agreement with the theory calculation than the total cross section extrapolated from the 0-jet fiducial volume. The uncertainty is improved by 12%.To investigate further how well current predictions are able to describe the relative contributions of these exclusive jet cross sections, the ratio of the fiducial WW + 1-jet to the fiducial 
WW + 0-jet cross section, R1, is determined to be 0.36 ±0.05 and compared to various theoretical predictions, which are all found to agree with the measurement within the uncertainties.
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