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1 Introduction

With the large samples of proton-proton collision data available from the Large Hadron

Collider (LHC), the measurement of the production of a W boson in association with jets

allows precise tests of perturbative quantum chromodynamics (pQCD). In recent years,

numerous theoretical advances have been made including calculations for up to five ad-

ditional jets at next-to-leading-order (NLO) [1–3] and calculations for one additional jet

at next-to-next-to-leading-order (NNLO) [4, 5], as well as merging approaches for NLO

predictions of different jet multiplicities [6–8] and new parton shower approaches [9, 10].

The theoretical predictions have undergone rigorous scrutiny using data from the ATLAS,

CMS and LHCb experiments [11–16] with proton-proton collisions at the LHC and from

the CDF and DØ experiments with proton-antiproton collisions at the Tevatron [17–20].

These results comprise a wide range of measurements of differential cross sections of ob-

servables, which are reconstructed from jets and leptonic decay products of the W boson.

Detailed measurements of specific processes such as electroweak W boson production [21],

small-angle emission of a W boson radiating from an energetic jet [22] and production in

association with heavy-flavour quarks [23–28] complement these results. All of the studies

mentioned here focus on jet production over a range of energy scales and attempt to probe

pQCD to the statistical limits of the available data.

Using data corresponding to an integrated luminosity of 20.2 fb−1 at
√
s = 8 TeV, this

paper presents the results for W+ jets production in final states containing one electron

and missing transverse momentum, focusing on events with one or two additional jets.

The data are measured for W production as well as for W+ and W− production and the

cross-section ratio of W+/W− as a function of the number of jets (Njets). For events with

at least one jet, the differential cross sections are shown as a function of the scalar sum

of the transverse momenta of electron, neutrino and jets (HT), the transverse momentum

(pT) of the W boson, and the pT and rapidity of the most energetic jet (leading jet). These

observables are sensitive to higher-order terms in the prediction as well as the parton

distribution functions (PDFs). For events with at least two jets, the differential cross

sections are shown for W boson production and include distributions as a function of

the pT and rapidity of the second leading jet, the dijet angular separation, and the dijet

invariant mass. These observables are sensitive to hard parton radiation at large angles

and different matrix-element/parton-shower matching schemes.

The results for W+ jets production presented here are a useful test of jet production

with energetic jets as well as jets with large rapidities. As in a previous ATLAS mea-

surement using data at
√
s = 7 TeV [11], the systematic uncertainties are larger than the

statistical uncertainty of the data. The new measurements are based on an independent

dataset, at a higher centre-of-mass energy and with larger integrated luminosity. The anal-

ysis has improved event selections to reduce backgrounds from top quark production —

an important improvement since the increase in cross section with centre-of-mass energy

is greater for top quark production than for W boson production. Several new sets of pre-

dictions and new measurements of the pT of the W boson in addition to other observables

provide additional information about pQCD.
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In the ratio of W+ to W− production, many of the experimental and theoretical

uncertainties cancel out, making it a more precise test of the theoretical predictions. In

addition, differential cross section measurements of W+ and W− production and their

ratio are sensitive to the PDFs for up and down quarks. The measurement of separate

W+ and W− cross sections as well as the W+/W− cross section ratio is new compared to

the previous ATLAS measurement using data at 7 TeV [11]. In previous measurements of

W production for inclusive jet multiplicities [29], the W+ and W− asymmetry probes the

momentum fraction of the parton, x, in the range of 10−3 . x . 10−1. For events with

at least one jet, a charge ratio measurement is sensitive to higher values of x, potentially

accessing x ∼ 0.1–0.3 [30]. The valence quark PDFs in this range are currently best

constrained from fixed-target deep-inelastic scattering (DIS) experiments and the Tevatron

W± asymmetry measurements (see the discussion in ref. [31]). The DIS measurements

include effects from the nuclear target that require model-dependent corrections to obtain

nucleon PDFs and the Tevatron results show tension between the different experiments as

well as with the DIS results. It is therefore interesting to include new data, such as the

measurement of the W boson cross sections and W+ and W− cross-section ratios presented

here, in PDF fits to improve the precision of valence quark and gluon PDFs at high x.

2 ATLAS detector

The ATLAS experiment [32] at the LHC is a multi-purpose particle detector with a forward-

backward symmetric cylindrical geometry and a near 4π coverage in solid angle.1 It consists

of an inner tracking detector surrounded by a thin superconducting solenoid, providing a

2 T axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrom-

eter. The inner detector covers the pseudorapidity range |η| < 2.5. It consists of silicon

pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon

(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high

granularity. A hadron (steel/scintillator-tile) calorimeter covers the central pseudorapidity

range (|η| < 1.7). The endcap and forward regions are instrumented with LAr calorime-

ters for EM and hadronic energy measurements up to |η| = 4.9. The muon spectrometer

surrounds the calorimeters and includes a system of precision tracking chambers and fast

detectors for triggering. Three large air-core toroidal superconducting magnets, each with

eight coils, provide the magnetic field for the muon system. In 2012, a three-level trigger

system was used to select events. The first-level trigger was implemented in hardware and

used a subset of the detector information to reduce the accepted event rate to at most

75 kHz. This was followed by two software-based trigger levels that together reduced the

accepted event rate to 400 Hz on average depending on the data-taking conditions.

1ATLAS 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 upwards. Cylindrical coordinates (r, φ) are used in the transverse

plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar

angle θ as η = − ln tan(θ/2). The rapidity, y, is defined as 1
2

ln[(E + pz)/(E − pz)], where E denotes the

energy of the jet and pz the momentum component of the jet along the beam direction. Angular distance

is measured in units of ∆R ≡
√

(∆η)2 + (∆φ)2.
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3 Simulated event samples

Simulated event samples are used for most of the background estimates, for the correction

of the signal yield for detector effects and in comparison to the measured cross sections. The

ATLAS detector simulation [33] is performed using GEANT4 [34] and the simulated events

are reconstructed and analysed using the same analysis chains as for data. Additional

predictions that are only compared to the final measurements are described in section 7.

Samples of W → eν and Z → ee events with associated jets were generated with

Alpgen v2.14 [35] and with Sherpa v1.4.1 [36, 37]. The Alpgen event generator was

also used to simulate W → τν and Z → ττ production. For the Alpgen samples, events

were produced with up to five additional partons in the final state from the matrix element.

Pythia v6.426 [38] was used for the parton showering, hadronisation and underlying event,

based on the Perugia 2011C set of tuned parameters (tune) [39], where the parton shower

uses a dipole shower with a pT-ordered evolution variable. For electromagnetic final-state

radiation and the decay of τ -leptons, Photos [40] and Tauola [41] were used, respectively.

Double counting of parton emissions between the Alpgen matrix element and the Pythia

parton shower calculations was removed through the MLM matching scheme [35]. The

proton structure is described by the CTEQ6L1 PDF set [42]. The Alpgen samples

include a matrix element calculation of W boson production in association with massive

heavy-flavour partons, W + c, W + cc̄ and W + bb̄ in addition to the light-flavour jet

production. Overlap between heavy-flavour quarks originating from the matrix element

and those originating from the parton shower was removed. For the Sherpa samples,

events were produced with up to four additional partons in the final state from the matrix

element and include a model of the parton shower, the hadronisation and the underlying

event. The ME+PS@LO prescription [43] is used to combine different parton multiplicities

from the matrix element and the parton shower. The Sherpa event generator uses the

CKKW matching scheme [44] and its own model of electromagnetic final-state radiation

based on the Yennie-Frautschi-Suura method [45]. Massive c- and b-quarks are also included

and the PDF set used is CT10 [46].

The Alpgen+Pythia 6 samples for W+ jets production provide the best description

of data and are used as the main signal prediction throughout this measurement. The

Sherpa samples supply an alternative prediction and are used to estimate some of the

systematic uncertainties.

Top quark pair production (tt̄) was simulated with the Powheg-Box r2129 [47] event

generator (referred to here as Powheg) interfaced to Pythia v6.426 using the Perugia

2011C tune and the CT10 PDF set. The hdamp parameter, which effectively regulates

high-pT emission in Powheg was set to the top quark mass of 172.5 GeV. Single top quark

production in the s-, t- and Wt- channels was modelled by Powheg and showered with

Pythia v6.426 (v6.427 for the t-channel) using the Perugia 2011C tune. The PDF set is

CT10 (with a fixed 4-flavour scheme for t-channel production). Diboson processes (WW ,

WZ and ZZ) were simulated using Herwig v6.520.2 [48] with the AUET2 tune [49] and

the CTEQ6L1 PDF set.

All simulated samples are normalised using their respective inclusive cross sections at

higher orders in pQCD. The W and Z predictions are scaled to the NNLO calculation
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obtained with Dynnlo v1.5 [50, 51] and the MSTW2008 PDF set [52] (requiring m`` >

60 GeV in case of Z production). The production of top quarks is normalised using the

prediction at NNLO+NNLL precision from the Top++2.0 program for tt̄ [53–59], to the

calculations in refs. [60–62] for single top quarks, and for diboson production to the NLO

calculations in ref. [63].

The simulated events were overlaid with additional proton-proton interactions (pile-

up) in the same and neighbouring crossings of proton bunches. These were generated with

Pythia v8.160 [64] with the average number of interactions per bunch crossing matched

to that measured in data. To achieve better agreement with data, the efficiencies for the

electron triggering, reconstruction, identification, and isolation, as well as the efficiencies

for the tagging or mis-tagging of heavy- and light-flavour jets, and the simulated vertex

position were corrected in the simulated events.

4 Data selection and event analysis

The data used in this analysis were recorded during the 2012 proton-proton collision run

at a centre-of-mass energy of 8 TeV. Crossings of proton bunches occurred every 50 ns and

the collisions achieved a peak instantaneous luminosity of 7.7× 1033 cm−2 s−1. The mean

number of simultaneous inelastic proton-proton interactions was 〈µ〉 = 20.7. After the

application of data-quality requirements, the total integrated luminosity is 20.2 fb−1 with

an uncertainty of 1.9% [65].

Events are selected for analysis by requiring that they satisfy a set of single-electron

trigger criteria for an isolated electron with a transverse momentum above 24 GeV or an

electron with transverse momentum greater than 60 GeV. Within this trigger algorithm

the isolation momentum is defined as the sum of the transverse momenta of reconstructed

charged-particle tracks with pT > 1 GeV in a cone of size ∆R < 0.2 around the electron

(excluding the track of the electron). An electron trigger candidate is considered to be

isolated if the isolation momentum is less than 10% of the electron’s transverse momen-

tum. The threshold of the lower-pT trigger is sufficiently low to ensure that electrons

reconstructed with pT > 25 GeV by the offline algorithms are selected with close to their

maximum efficiency of about 96% for central electrons. The higher-pT trigger compensates

for inefficiencies due to the isolation criteria applied.

Events must have at least one reconstructed vertex with at least three associated tracks,

each with a pT greater than 400 MeV. The vertex with the largest
∑
p2T of associated tracks

is considered to be the primary vertex.

4.1 Electron reconstruction and identification

Electrons are reconstructed from energy clusters in the EM calorimeter that are matched to

a track reconstructed in the inner detector. The electron is required to have pT > 25 GeV

and |η| < 2.47 (excluding the transition region between barrel and endcap calorimeters of

1.37 < |η| < 1.52) and match the online electron, which passed the trigger criteria. Each

electron must satisfy a set of identification criteria in order to suppress misidentification
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of photons or jets. Electrons must pass the tight selection, following the definition pro-

vided in ref. [66]. This includes requirements on the shower shape in the electromagnetic

calorimeter, the leakage of the shower into the hadronic calorimeter, the number of hits

measured along the track in the inner detector, the amount of transition radiation in the

transition radiation tracker, and the quality of cluster-track matching as well as criteria

to ensure that the reconstructed electron does not originate from a converted photon. A

gaussian sum filter track refitting algorithm is used to improve the estimated electron track

parameters. The electron is required to originate from the primary vertex by using the

following criteria related to the electron track. The transverse impact parameter, d0, must

be smaller than five times its uncertainty (|d0|/σd0 < 5) and |z0 · sin θ| must be less than

0.5 mm, where z0 is the longitudinal impact parameter and θ is the polar angle of the

electron with respect to the beam direction.

In order to further suppress background from misidentified objects such as jets, the

electron is required to be isolated using tracking-based and calorimeter-based criteria. The

sum of the transverse momenta of tracks with pT > 400 MeV, excluding the electron track,

in a radius of ∆R = 0.3 around the electron must be smaller than 7% of the electron’s

pT. Furthermore, the sum of transverse energies of topological clusters [67] lying within

a radius of ∆R < 0.3 around the electron centre and excluding the core area, must be

smaller than 14% of the electron’s pT. The calorimeter-based isolation is corrected for two

effects: soft energy deposits in the isolation cone due to pile-up, using an ambient energy

density approach [68], and for high-energy electrons, the energy leakage of the electron’s

energy from the core into the surrounding isolation cone.

4.2 Jet selection

Jets are reconstructed using the anti-kt algorithm [69, 70] with a radius parameter R = 0.4

and topological clusters of energy depositions in the calorimeter as input. The topolog-

ical clusters are calibrated with the local cluster weighting method [71] to account for

the hadronic and electromagnetic activity inside the clusters. Jets are then calibrated to

the hadronic jet energy scale (JES), by applying pT- and η-dependent factors that are

determined from a combination of simulated events and in situ methods [72–74]. These

factors include corrections for inactive material in the detector, out-of-cone effects, pile-up

contributions estimated using a jet-area-based approach [75], as well as a global sequen-

tial correction [76]. The latter corrects for differences between quark- and gluon-initiated

jets and the punch-through of a jet into the muon system. Events with jets arising from

detector noise or non-collision effects [77] are rejected.

Jets are required to have pT > 30 GeV and a rapidity of |y| < 4.4. Jets from additional

proton-proton interactions are suppressed by requiring that more than 50% of the total

summed scalar pT of the tracks associated with the jet must originate from tracks that are

associated with the primary vertex [78]. This requirement is applied to jets that are within

the acceptance of the tracking detectors, |η| < 2.4, and have a pT lower than 50 GeV. Less

than 5% of non-pile-up jets are misidentified by this criterion. To avoid double counting

with the selected electron, jets within ∆R = 0.2 of the electron are removed.
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Jets containing b-hadrons are identified using a neural-network-based algorithm

(MV1) [79], which exploits information from the track impact parameters, secondary ver-

tex location and decay topology. The operating point used for this analysis corresponds

to an overall 60% efficiency for heavy-flavour jets in tt̄ events and a less than 2% mis-tag

rate for light-flavour jets in dijet events. The b-tagged jets must have pT > 20 GeV and

|η| < 2.5.

4.3 Event selection

Events must contain one electron satisfying the selection criteria specified above. If the

event contains a second electron that satisfies the medium identification criteria and has

pT > 20 GeV and |η| < 2.47 (excluding 1.37 < |η| < 1.52), the event is rejected. This

reduces the contribution from Z boson production. To remove events where a jet is near

the electron, the selected electron must be separated from any jet by ∆R > 0.4, otherwise

the event is not considered. To suppress the background from tt̄ events, events with at

least one b-tagged jet are also rejected. The application of a b-tagged jet veto reduces the

tt̄ background for events with three or more associated jets by more than a factor of about

two compared to the previous ATLAS measurement [11].

Events are required to have a missing transverse momentum (Emiss
T ) and a transverse

mass (mT) consistent with the decay of a W boson. The missing transverse momen-

tum [80] is calculated as the negative vector sum of the transverse momenta of calibrated

electrons, photons [81], hadronically decaying τ -leptons [82], jets and muons [83], as well

as additional low-momentum tracks which are associated with the primary vertex but

are not associated with any other Emiss
T component. The transverse mass is defined as

mT =
√

2peTp
ν
T (1− cos (φe − φν)), where pνT and φν of the neutrino correspond to that

from the vector of the missing transverse energy (Emiss
T ). Events in this analysis must have

Emiss
T > 25 GeV and mT > 40 GeV. The set of selection criteria defines the signal region

for this measurement.

The transverse momentum of the W boson is defined as the absolute value of the

vectorial sum of the transverse momentum component of the selected electron and Emiss
T .

The measurement of W+ and W− production is performed by selecting events according

to the charge of the electron.

4.4 Background estimation

The major backgrounds to W boson production with decays into the electron plus neutrino

final state are W → τν, Z → ee, Z → ττ , tt̄ (mainly tt̄ → bb̄qq̄′eν), single-top-quark,

diboson (WW , WZ, ZZ), and multijet events. Most of these background events contain

an isolated, energetic electron in the final state. In the case of W → τν and Z → ττ ,

an electron can be present in the final state via τ → ντ ν̄ee. For the multijet background,

an electron can be identified in the final state via three main modes: a light-flavour jet is

misidentified as an electron, a bottom- or charm-hadron within a jet decays into an electron

or an electron from a photon conversion passes the selection. In all cases, the event must

also contain Emiss
T from either a mismeasurement of the deposited energy or from neutrinos

in heavy-flavour decays.
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Njets 0 1 2 3 4 5 6 7

W → eν 94 % 86 % 75 % 67 % 57 % 47 % 40 % 35 %

Multijet 3 % 8 % 15 % 16 % 16 % 16 % 14 % 14 %

tt̄ < 1 % < 1 % 1 % 6 % 16 % 27 % 36 % 43 %

Single t < 1 % < 1 % 1 % 1 % 2 % 2 % 2 % 1 %

W → τν 2 % 2 % 2 % 2 % 2 % 1 % 1 % 1 %

Diboson < 1 % < 1 % 1 % 1 % 1 % 1 % < 1 % < 1 %

Z → ee < 1 % 3 % 5 % 6 % 6 % 6 % 5 % 5 %

Z → ττ < 1 % < 1 % < 1 % < 1 % < 1 % < 1 % < 1 % < 1 %

Total predicted 54 310 000 7 611 700 2 038 000 478 640 120 190 30 450 7430 1735

±22 000 ±4000 ±1700 ±720 ±320 ±150 ±63 ±20

Data observed 56 342 232 7 735 501 2 070 776 486 158 120 943 29 901 7204 1641

Table 1. Signal and background contributions in the signal region for different jet multiplicities as

percentages of the total number of predicted events, as well as the total numbers of predicted and

observed events. The uncertainty in the total predicted number of events is statistical only.

For events with less than four jets, the largest background is multijet events, whereas

for five jets and above, tt̄ events dominate. An overview of the background contributions

is given in table 1. For events with one (two) jets, the multijet background constitutes 8%

(15%) of the total number of events and all other backgrounds are less than 6% (10%).

The use of tracks in the Emiss
T calculation to estimate the low-momentum contributions,

instead of using soft energy deposits in the calorimeter, substantially suppresses the multijet

background, in particular for one-jet events. At high jet multiplicities, the number of

W+ jets events is less than the sum of all backgrounds, and for seven or more jets, the

tt̄ background alone is larger than the signal. However, compared to previous ATLAS

W+ jets publications, which did not include a veto on b-tagged jets, the tt̄ background is

reduced from more than 60% of events with five jets to less than 30%.

All backgrounds with the exception of the multijet background are estimated using

simulations and are normalised to the integrated luminosity of the data using the cross

sections as detailed in section 3. For the tt̄ simulation, an additional normalisation factor

of 1.086 is applied to account for an observed difference in the overall normalisation with

respect to the data; this offset is also observed in other tt̄ measurements [84].

The modeling of tt̄ production in the simulation is cross-checked using a tt̄-enriched

data sample, which is selected by requiring events with four or more jets, at least one

b-tagged jet, and all other signal region selection criteria, and has a purity for tt̄ events of

greater than 90%. The background contributions are estimated using the same procedure

as in the signal region. For the kinematic observables studied here, the tt̄ simulation agrees

well with the data. The additional normalisation factor applied to the tt̄ simulation was

determined with this data sample.

For the multijet background, a data-driven method is used to determine both the total

number of events in the signal region and the shape of the background for each differential

distribution. The number of multijet background events is estimated by fitting, for each jet

– 8 –
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multiplicity, the Emiss
T distribution in the data (without the Emiss

T requirement, but all other

signal region requirements applied) to a sum of two templates: one for the multijet back-

ground and another which includes the signal and all other backgrounds. The normalisation

of both templates is allowed to vary freely. The shape of the multijet template is obtained

from data, while the second template is obtained from simulation. The multijet-enriched

data sample used to extract the multijet template is acquired using a dedicated electron

trigger, an inverted electron identification criterion, and an inverted isolation criterion. The

electron trigger is equivalent to the one used for the signal region, but does not contain

an isolation requirement. The inverted identification requires that the electron passes the

medium criteria but fails the tight criteria, and the inverted isolation that the sum of the pT
of tracks in a cone of ∆R = 0.3 around the electron, excluding the electron track, is larger

than 7% of the electron’s pT. To increase the number of events in the multijet-enriched

sample the electron impact parameter criteria are not applied. The multijet-enriched data

sample is statistically independent from the signal region and any contribution from the

signal or other backgrounds to this sample is subtracted using simulation.

The Emiss
T fit is performed in the range of 15 GeV to 75 GeV for each jet multiplicity

and separately for the W , W+ and W− production selections. The fit results are used

to determine the number of multijet events in the signal region for each selection. For

events with six or more jets (five or more jets for the W− event selection) where the

statistical uncertainties in the multijet template are large, the multijet contribution is

extracted from a fit of the Emiss
T distribution with these multiplicities combined. For

the differential distributions, the shape of the multijet contribution is determined from

the multijet-enriched data sample and scaled to the total number of multijet events as

extracted from the fit.

In figure 1, the data are compared to the signal and background predictions as a

function of the exclusive jet multiplicity, the HT, and the transverse momentum and the

rapidity of the leading jet. The data, in general, agree with the predictions within the

experimental uncertainties.

5 Correction for detector effects

The yield of W+ jets events is determined by subtracting the estimated background contri-

butions from the event counts in data. Using simulated samples, the distributions are then

corrected for detector effects to the fiducial phase space that is defined in table 2. Here, the

electron definition is based on final-state electrons from the W boson decay and includes

the contributions from photons, which are radiated within a ∆R = 0.1 cone around the

electron direction (dressed electron). The Emiss
T is determined from the transverse mo-

mentum of the neutrino from the W boson decay and is also used in the calculation of

mT. Particle-level jets are obtained using an anti-kt algorithm with a radius parameter of

R = 0.4. The jets are clustered using final-state particles (except muons and neutrinos)

with a decay length of cτ > 10 mm as input and the dressed electron is excluded as a jet.

The jets are required to have pT > 30 GeV and |y| < 4.4. If a jet is within ∆R = 0.4 from

the selected electron, the event is not considered.
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Figure 1. Distribution of events passing the W+ jets signal selection as a function of the exclu-

sive jet multiplicity (upper left), the HT (upper right), the leading jet’s pT (lower left), and the

leading jet’s rapidity (lower right). The lower panels display the ratio of the predictions for signal

plus background to data using either Alpgen+Pythia 6 (blue) or Sherpa 1.4 (orange) as the

signal simulation. The statistical uncertainty of the data is shown as black error bars and the total

uncertainty in the prediction as the hatched band. The latter consists of the systematic uncer-

tainties, including the uncertainty due to the luminosity, and the statistical uncertainties from the

predictions and the data-driven multijet estimate.

The correction procedure uses the Alpgen+Pythia 6 simulation of W+ jets produc-

tion and corrects for selection efficiencies and resolution effects. Migrations between bins

that occur during the reconstruction of events are corrected for using an iterative Bayesian

unfolding method [85, 86] with two iterations. In addition corrections for events that are

outside the fiducial region but are reconstructed within the signal region or events that

are not reconstructed due to detector inefficiencies are included. The correction procedure

includes an extrapolation from the signal region, which has a veto on events with b-tagged
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Electron criteria

Electron pT pT > 25 GeV

Electron pseudorapidity |η| < 2.5

W criteria

Electron decay Exactly one electron

Missing transverse momentum Emiss
T > 25 GeV

Transverse mass mT > 40 GeV

Jet criteria

Jet pT pT > 30 GeV

Jet rapidity |y| < 4.4

Jet-electron distance ∆R(e, jet) ≥ 0.4 (otherwise event is removed)

Table 2. Kinematic criteria defining the fiducial phase space for the W → eν final state in

association with jets.

jets, to the fiducial region, which does not. W boson production in association with c-

and b-quarks is 18% of the combined fiducial cross section for Njets ≥ 1. This reduces by

only 2% in the signal region from the b-tagged jet veto because, in events with one jet,

contributions from W + c production are larger and these contributions are only slightly

affected by this veto. The extrapolation therefore has a small effect compared to other

corrections, such as the one accounting for the electron identification efficiency.

For differential distributions, the unfolding is performed in two dimensions, one of

which is always the jet multiplicity. In this way, migrations between jet multiplicity bins,

which can be large, are considered. Migrations in Emiss
T compose a large part of the correc-

tion in and out of the fiducial region, in particular for zero-jet events, and are accounted

for by the procedure. Other migrations, for example those in mT are also included but are

small. Differential cross sections for a given jet multiplicity, such as Njets ≥ 1, are obtained

by summing over the contributing jet multiplicities in the two-dimensional result.

The W+ and W− distributions are unfolded independently following the same proce-

dure. The ratio of W+ to W− cross sections is calculated from these unfolded distributions,

taking correlations into account. All uncertainties of a statistical nature, such as the sta-

tistical uncertainty of the data, the statistical uncertainty of simulated samples used in the

background estimate, or the uncertainty from limited sample size of the signal simulation

used in the unfolding are treated as uncorrelated between bins and between W+ and W−

production. All other systematic uncertainties are treated as fully correlated between bins

and between the production of W+ and W− bosons.

6 Systematic uncertainties

The dominant sources of systematic uncertainty in the cross-section measurement for events

with at least one jet are the jet energy scale (JES) and the jet energy resolution (JER).
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The systematic uncertainties as a function of the number of jets in the W cross section

and the W+/W− cross-section ratio measurements are summarised in tables 3–4.

The JES systematic uncertainties are determined by a combination of data-driven in

situ techniques and simulation-based approaches [72–74, 76]. They are propagated through

the analysis as 18 independent components and account for systematic uncertainties in the

in situ measurements, pile-up-corrections to the jet energies, jet punch-through to the

muon system, effects due to the light quark or gluon origin of the jets, b-tagged jet energy

calibration and other smaller effects. The uncertainty in the JES varies as a function of the

jet pT and η and is approximately 3.5% for central jets with pT > 30 GeV and decreases

to about 1% for central jets with pT > 100 GeV. For forward jets, the JES uncertainty

is almost twice as large as for central jets, mainly due to the uncertainties in the jet-η-

intercalibration [73]. In the analysis, jet energies are shifted in simulated events by the

size of the JES uncertainty component, and the event selection, including a recalculation

of Emiss
T and mT, is re-evaluated. The full analysis chain, which includes the background

estimates and the unfolding, is repeated and the change in the cross section with respect

to the nominal is taken as the systematic uncertainty. For a given source, the average of

the up and down variations is taken as the symmetric uncertainty. The impact of the JES

uncertainties on the cross section ranges from 8% to 55% for Njets ≥ 1 to Njets ≥ 7 but

decreases for the W+/W− cross-section ratio to below 1% and up to 17% for Njets ≥ 1

to Njets ≥ 6. This method of propagating the systematic uncertainties is used for all

other uncertainties except for uncertainties due the unfolding procedure itself. The total

systematic uncertainty is the sum in quadrature of the individual uncertainties.

The uncertainty of the JER is also determined through data-driven in situ techniques

and includes a dedicated estimate of effects from electronic noise in the calorimeter and

pile-up [72]. It is propagated through the analysis by smearing the energies of simulated

jets, thereby degrading the jet resolution. For central jets, the JER uncertainty is small

— about 2% for jets with a pT of 30 GeV — but increases for jets in the forward region.

In the W+ jets cross section, this translates to uncertainties of 9% to 20% for Njets ≥ 1 to

Njets ≥ 7. In the W+/W− cross-section ratio, the impact of the JER uncertainty decreases

to values of less than 1% to 5% for Njets ≥ 1 to Njets ≥ 6.

Additional experimental systematic uncertainties considered in this analysis include

uncertainties in the b-tagged jet identification efficiencies [79, 87, 88], uncertainties due to

the low-momentum tracks in the Emiss
T calculation [80], and uncertainties in the electron

energy scale, energy resolution and scale factors used to correct trigger, reconstruction,

identification, and isolation efficiencies in the simulation [66, 89]. For the W+ and W−

cross sections and their ratio, the charge misidentification for electrons in the simulation is

adjusted by randomly flipping the charge so that the overall misidentification rate matches

that in the data. The uncertainty due to this correction is small. An uncertainty of

1.9% [65] in the integrated luminosity is applied to the signal predictions and all background

estimates that are determined from simulation. The effect of the small relative uncertainty

of the LHC proton beam energy [90] is negligible and is not included here.

The multijet background estimate is affected by uncertainties due to the choice of tem-

plate and fit procedure. The uncertainty in the shape of the multijet template is estimated
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by varying separately both the inverted isolation criteria and the inverted identification of

the electron used to select the multijet-enriched data sample. The influence of the signal

template in the Emiss
T fit is determined by using the Sherpa simulation instead of Alp-

gen+Pythia 6 for the modelling of W+ jets production. The impact due to statistical

uncertainties in the templates is evaluated by creating a thousand pseudo-data samples

drawn from the templates and refitting the data with each. Uncertainties due to the fit

procedure are estimated by varying the lower and upper bound of the fit range separately,

as well as changing the binning used in the fit. The statistical uncertainty in the fit param-

eters is also included. The uncertainty in the W cross section from these sources ranges

from less than 1% to about 12% for Njets ≥ 0 to Njets ≥ 7; the largest contributions to

the uncertainty are due to the fit range variation, the modification of the inverted elec-

tron identification, the choice of W+ jets generator, and, at higher jet multiplicities, the

statistical uncertainties. The uncertainty in the W+/W− cross-section ratio ranges from

less than 1% to 27% for Njets ≥ 0 to Njets ≥ 6 and is larger than that of the W boson

measurement due to statistical uncertainties from the fit as well as the inverted electron

identification and the fit range uncertainties that do not fully cancel out in the ratio.

Uncertainties from the background estimates that are derived using simulation include

theoretical uncertainties in the cross section and the statistical uncertainty of the sim-

ulated samples. The theoretical uncertainties are evaluated for tt̄ and single top quark

production by simultaneously varying the cross section by ±6.8% [53–62], for diboson pro-

duction (WW , WZ, ZZ) by simultaneously varying the cross section by ±7% [91] and for

Z production by varying the cross section by ±5% [92]. For the tt̄ estimate, the normal-

isation factor, as discussed in section 4, is also removed and the difference is taken as an

uncertainty. Additional uncertainties in the modelling of the shape of the distributions are

not considered. Backgrounds from single top quark, diboson and Z boson production are

small, and the impact of the cross-section uncertainties is minimal, therefore any modelling

uncertainties are negligible. For the tt̄ background, the theoretical uncertainties only have

a noticeable effect in the Njets distribution for events with 5–7 jets where tt̄ production is

a significant contribution. The impact of tt̄ background modelling uncertainties is cross-

checked by comparing to an alternative tt̄ prediction from MC@NLO+Herwig [93]. The

results from this prediction are well covered by other uncertainties, except for in events

with Njets ≥ 7 where this prediction is known to have large differences from the data in the

tt̄-enriched data sample. The combined impact of the non-multijet background uncertainty

sources ranges from less than 1% to 22% for Njets ≥ 0 to Njets ≥ 7 for the W cross section,

and from � 1% to 12% for Njets ≥ 0 to Njets ≥ 6 in the W+/W− cross-section ratio. The

dominant sources of uncertainty are those related to the tt̄ normalisation.

In addition to the experimental uncertainties in the b-tagged jet identification efficien-

cies, a theoretical uncertainty in the cross section of W production in association with c-

and b-quark jets is considered. This accounts for any mismodelling in the extrapolation

from the signal region, which includes a veto of events with b-tagged jets, to the fiducial

region, which has no such veto. The uncertainty in these cross sections is applied by scaling

the W + c contribution by a factor of 1.8 and the sum of the W + cc̄ and W + bb̄ contri-

butions by a factor of 0.5. These factors are obtained by comparing the data to the signal
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Inclusive ≥ 1 jet ≥ 2 jets ≥ 3 jets ≥ 4 jets ≥ 5 jets ≥ 6 jets ≥ 7 jets

Jet energy scale 0.1 7.5 10 14 18 27 38 55

Jet energy resolution 0.5 8.8 9.9 12 14 15 18 20

b-tagging 0.1 0.5 1.5 3.8 8.3 15 23 33

Electron 1.1 1.4 1.4 1.5 1.8 2.1 2.1 2.1

Emiss
T 1.1 2.6 4.2 5.5 7.1 8.8 12 14

Multijet background 0.5 1.3 2.1 2.6 2.5 4.7 8.8 12

Top quark background <0.1 0.2 0.8 2.5 5.7 10 16 22

Other backgrounds <0.1 0.1 0.2 0.3 0.5 1.0 1.7 2.6

Unfolding 4.7 4.1 4.9 4.4 4.0 4.7 6.9 7.2

Other 0.3 0.8 1.0 2.1 4.6 8.7 14 21

Luminosity 0.1 0.2 0.4 0.7 1.2 2.0 2.9 4.2

Total systematic uncert. 5.0 13 16 20 27 38 55 76

Table 3. Relative systematic uncertainties in the measured W+ jets cross sections in percent as a

function of the inclusive jet multiplicity. The uncertainty from b-tagging includes the uncertainties

in the b-tagged jet identification and misidentification efficiencies as well as the impact of W+c, cc̄, bb̄

cross sections in the extrapolation from the signal region to the fiducial region. Other backgrounds

summarises the impact of Z and diboson cross sections as well as the statistical uncertainty in the

background estimates. Other combines uncertainties in the pile-up modelling and the impact of

matching jets to the primary vertex.

Inclusive ≥ 1 jet ≥ 2 jets ≥ 3 jets ≥ 4 jets ≥ 5 jets ≥ 6 jets

Jet energy scale <0.1 0.3 1.2 2.3 3.9 9.2 17

Jet energy resolution 0.1 0.7 1.6 2.5 2.6 3.0 4.6

b-tagging <0.1 0.2 0.5 1.5 4.2 9.4 17

Electron 0.1 0.1 0.1 0.1 0.5 0.5 0.5

Emiss
T 0.1 0.8 1.9 2.8 3.8 5.5 6.1

Multijet background 0.3 1.2 2.9 3.2 5.9 15 27

Top quark background <0.1 0.1 0.3 1.2 3.3 7.0 12

Other backgrounds <0.1 0.1 0.2 0.3 0.7 1.7 2.8

Unfolding 0.6 0.5 0.6 0.7 1.3 1.8 2.7

Other <0.1 0.1 0.3 0.9 2.4 6.4 13

Luminosity <0.1 <0.1 0.1 0.2 0.5 1.1 1.8

Total systematic uncert. 0.7 1.8 4.1 5.9 10 23 41

Table 4. Relative systematic uncertainties in the measured (W+ + jets)/(W− + jets) cross-section

ratio in percent as a function of the inclusive jet multiplicity. The uncertainty from b-tagging

includes the uncertainties in the b-tagged jet identification and misidentification efficiencies as well

as the impact of W+c, cc̄, bb̄ cross sections in the extrapolation from the signal region to the fiducial

region. Other backgrounds summarises the impact of Z and diboson cross sections as well as the

statistical uncertainty in the background estimates. Other combines uncertainties in the pile-up

modelling and the impact of matching jets to the primary vertex.
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and background predictions using a heavy flavour-enriched W+ jets data sample, which

requires events with at least one b-tagged jet and one or two additional jets. The impact

on the measured cross section is below 2% for all jet multiplicities and in both the W cross

section and the W+/W− cross-section ratio.

The uncertainties due to the unfolding result from imperfections in the modelling of

W+ jets predictions as well as the size of the simulated sample used. The impact of the

former is evaluated by repeating the unfolding using input from the Sherpa generator in-

stead of the Alpgen+Pythia 6 generator and also by using input from Alpgen+Pythia

6 where the true distribution in the unfolding matrix is reweighted to provide a better de-

scription of the data at reconstructed level. The dependence due to the size of the simulated

sample is derived using pseudo-experiments and the spread of the results is taken as an

uncertainty. The impact on the measured cross section ranges from 0.5% to 3%.

7 Theoretical predictions

The measured cross sections for W+ jets production are compared to a number of theo-

retical predictions at NNLO, NLO, and leading order (LO) in perturbative QCD, which

are summarised in table 5. These predictions, with the exception of the NNLO results,

are computed in the same phase space as the measurement, defined in table 2. In general,

the NNLO and NLO predictions include theoretical uncertainties due to the choice of scale

and the PDFs, while the LO predictions include only statistical uncertainties.

7.1 NNLO predictions

The W+ jets predictions at NNLO are calculated using the Njetti program [4, 5], which

uses the so-called N-jettiness subtraction technique to control the infrared singularities

of the final-state partons. This calculation uses a renormalisation and factorisation scale

choice of µo =
√
m2
W + Σ(pjT)2 and CT14 NNLO PDFs. All the kinematic selections listed

in table 2 are applied except for the jet rapidity requirement, which is |y| < 2.5 for the

leading jet for this calculation. In order to compare the Njetti results to the data, the

ratio of events selected using a leading jet rapidity criterion of |y| < 4.4 to events using a

criterion of |y| < 2.5 is estimated with the Alpgen+Pythia 6 simulation as a function

of each differential observable and applied as a correction to the Njetti results. The size

of this correction is around 10% to 15% at low pT of the W boson and of the jets as well

as at low HT and decreases to zero at around 200 GeV to 250 GeV in pT (and at around

500 GeV for HT). For the differential cross section as function of the second leading jet’s

rapidity, the correction is approximately constant at 10%. Uncertainties in this correction

factor include statistical uncertainties from the Alpgen+Pythia 6 sample and the change

in the correction when using the Sherpa 1.4.1 generator. The theoretical uncertainties in

the NNLO prediction are obtained by multiplying and dividing µo by a factor of two.

7.2 NLO predictions

The BlackHat+Sherpa predictions (abbreviated to BH+S in the figures) include NLO

calculations for W+ jets production with up to five additional jets [1–3]. The BlackHat
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Program Order Nmax
partons PDF set NPC PS Comments

in αS at highest order

Njetti NNLO 1 CT14 X Not shown for Njets,

∆Rjet1,jet2 and mjet1,jet2

BlackHat+Sherpa NLO 1, 2 or 3 CT10 X
MCFM 6.8 NLO 1 CT10

+ 3 more

X Figure 7 only

Powheg+Pythia 8 NLO 1 CT14 X Figure 7 only

Sherpa 2.2.1 NLO 2 CT10 X Including NLO EW cor-

rections in figure 7

Sherpa 2.2.1 LO 2 (3) NNPDF 3.0 X
Alpgen+Pythia 6 LO 5 CTEQ6L1 (LO) X
Alpgen+Herwig LO 5 CTEQ6L1 (LO) X
Sherpa 1.4.1 LO 4 CT10 X

Table 5. Summary of theoretical predictions, including the maximum number of partons at the

highest order in αS used in this analysis, the PDF set used, if non-perturbative corrections (NPC)

are applied and if a modelling of the parton shower (PS) is included and additional comments.

The maximum number of partons in between parentheses is only used in the estimate of systematic

uncertainties in the NPC. NLO electroweak (EW) corrections are applied to the prediction at NLO

in αS only.

program provides the NLO virtual matrix element corrections while Sherpa calculates the

tree-level diagrams and provides the phase-space integration. Focusing on events with one

or two jets, only calculations at NLO for W + 1-jet, W + 2-jets, and W + 3-jets production

are used for the corresponding measured jet multiplicity. These predictions use the CT10

NLO PDF set and the choice of renormalisation and factorisation scale is H ′T/2, where H ′T
is the scalar sum of the transverse momenta of the W boson and the jets. The theoretical

uncertainties considered include uncertainties due to the PDF error set and uncertainties

due to the choice of scale, which are evaluated by independently varying the renormalisation

and factorisation scales up and down by a factor of two. For W + 1-jet production, the

BlackHat+Sherpa matrix elements are also used in the exclusive sums approach [94],

in which NLO information from W + 2-jet production is utilised. Through this approach,

additional contributions from higher multiplicity final states can be included in contrast

to the standard fixed-order prediction. This is useful for observables that are sensitive to

higher parton multiplicities.

The MCFM calculation in this paper predicts W+ jets production with one jet at

NLO [95, 96], with a second jet, if present, at LO accuracy as the real emission correction

in the NLO calculation. Renormalisation and factorisation scales are set to HT/2. Four

choices of PDF sets are shown: CT10, HERAPDF 1.5 [97], MSTW 2008 and NNPDF

2.3 [98], which are all at NLO. These predictions include uncertainties due to the PDF

error set, the value of αS and the choice of scales, which are evaluated in the same way

as above.

The Sherpa 2.2.1 generator is used to calculate W+ jets production at NLO for up

to two associated jets and at LO for a third jet. This calculation includes matching with

a parton shower, hadronisation, and modelling of the underlying event. The PDF set
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used is CT10 and the scale is set to H ′T/2. These predictions include uncertainties due

to the PDF error set and the choice of scale, which are evaluated in the same way as

above. The corresponding LO prediction from the same Sherpa version is given in addition

for comparison. In the figures, the LO prediction is shown without any uncertainties.

Sizeable NLO corrections to the cross section from electroweak (EW) emissions are expected

especially at large transverse momentum of the produced W bosons in association with one

or two jets [99]. The NLO EW corrections are determined with the same set-up as the

NLO QCD-only Sherpa 2.2.1 predictions.

The Powheg r2129 results (abbreviated to PWHG+PY8 in the figures) are calculated

at NLO for W production in association with one jet [47]. This is interfaced to the parton

shower of Pythia 8 [100] and combined using the MiNLO technique [6]. The CT14 PDF

set [31] is used for the Powheg calculation, and the PDF set CTEQ6L1 together with the

tune AZNLO [101] for the parton shower. The Powheg predictions of the overall cross

section are corrected by a factor of 1.1 for events with Njets ≥ 1, as indicated in the figures,

to match the total integrated number of events in the data. Only statistical uncertainties

are included.

7.3 LO predictions

Predictions from the multi-leg LO generators Alpgen and Sherpa (version 1.4.1) are com-

pared to the data. The details of these predictions are described in section 3. In addition

to the Alpgen predictions showered with Pythia 6 (abbreviated to ALPGEN+PY6 in

the figures), a prediction using an alternative parton shower model from Herwig [48] with

Jimmy [102] for the underlying event is shown. This prediction uses the same PDF as

Alpgen+Pythia 6, but a different tune: AUET2 [49]. Only statistical uncertainties are

shown. Theoretical uncertainties are large for LO calculations.

7.4 Non-perturbative corrections

The Njetti, BlackHat+Sherpa, and MCFM results do not include non-perturbative ef-

fects from hadronisation and the underlying event. These corrections are computed for

each bin with Sherpa 2.2.1 [37] combining matrix element calculations with up to two

parton emissions at LO in pQCD. The calculation uses the NNPDF 3.0 PDF set and

dynamic renormalisation and factorisation scales determined by the CKKW scale-setting

procedure. The corrections are typically around 2–3% and are applied to the predictions for

all measured distributions. Statistical uncertainties in these corrections and the systematic

uncertainty, defined by the envelope of variations of the starting scale of the parton shower,

the recoil scheme, the mode of shower evolution and the number of emitted partons from

the matrix element, are included in the respective theory uncertainties. For the W+/W−

predictions, no non-perturbative corrections are required as these effects cancel out in the

ratio. The impact of QED radiation, which is considered as part of the dressed-electron

definition in the measured cross sections, on the parton-level theoretical predictions is

investigated using Sherpa 2.2.1 with the same set-up as the NLO Sherpa predictions

described above and found to be very small. No correction for this effect is applied.
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8 Cross-section results

The measured cross sections for W → eν production and the cross-section ratios of

W+/W−, obtained from separate measurement of W+ and W− production, are shown

for the jet multiplicity distributions as well as for distributions with Njets ≥ 1. For dis-

tributions with Njets ≥ 2, only the cross sections for W → eν production are shown. All

results are compared to the set of predictions discussed in section 7.

8.1 Jet multiplicity distribution

The cross section for W production and the ratio of W+/W− for different inclusive jet

multiplicities are shown in figure 2. Overall the data agree with the predictions within

the experimental uncertainties. At higher multiplicities, the LO Sherpa predictions start

to diverge from the data, while the NLO Sherpa predictions provide a much better de-

scription of the data. The Alpgen predictions are shown for two different parton shower

models, both of which are consistent with the data within the experimental uncertain-

ties. The trends for all predictions are the same for the distributions of the W+ and W−

cross sections as well as the exclusive jet multiplicities (see appendix A). For the ratio of

W+/W−, agreement between the data and the predictions is much improved, indicating

that theoretical mismodelling related to jet emission cancels out in the ratio. The Alpgen

predictions, which perform very well for the cross-section measurement have an offset in the

W+/W− cross-section ratio for events with one jet, which is outside of the experimental

uncertainties. This is present for both parton shower models, thereby indicating a problem

in the matrix element calculation or an incorrect u/d ratio in the LO PDF.

8.2 Distributions for Njets ≥ 1

The differential cross section for W production and the ratio of W+/W− as a function of HT

are shown in figure 3 for Njets ≥ 1. The HT distribution is a very important test of pQCD as

the higher values are sensitive to higher jet multiplicities and topologies such as qq → qq′W

(dijet production with a W boson emitted from one of the initial or final state quarks). The

LO predictions of Sherpa and Alpgen, which both include multiple jets in the matrix

element calculation describe the data best, although these predictions have large theoretical

uncertainties. The BlackHat+Sherpa predictions underestimate the data at large values

of HT. This is expected since, at these large values of HT, contributions from additional jets

are important, which are only partially present in this calculation. The predictions from

the BlackHat+Sherpa exclusive sums method and from the NNLO Njetti calculation,

which include an additional jet emission at NLO, provide better agreement with the data.

These effects cancel out to a large extent in the ratio of W+/W−. At the largest measured

values of HT, where the measured cross section is small, the total experimental uncertainty

in the W+/W− cross-section ratio increases due to larger statistical uncertainties in the

data and some systematic uncertainties that do not fully cancel out in the ratio.

The distribution of the pT of the W boson is potentially sensitive to the parton dis-

tributions in the proton. For Njets ≥ 1, figure 4 shows the differential cross section as a

function of the pT of the W boson for W production and the cross-section ratio of W+/W−.
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Figure 2. Cross section for the production of W bosons (left) and the W+/W− ratio (right)

for different inclusive jet multiplicities. For the data, the statistical uncertainties are indicated as

vertical bars, and the combined statistical and systematic uncertainties are shown by the hatched

bands. The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 3. Differential cross sections for the production of W bosons (left) and the W+/W− ratio

(right) as a function of HT for events with Njets ≥ 1. The last bin in the left figure includes values

beyond the shown range. For the data, the statistical uncertainties are indicated as vertical bars,

and the combined statistical and systematic uncertainties are shown by the hatched bands. The

uppermost panel in each plot shows the differential cross sections, while the lower panels show the

ratios of the predictions to the data. The theoretical uncertainties on the predictions are described

in the text. The arrows on the lower panels indicate points that are outside the displayed range.
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Figure 4. Differential cross sections for the production of W bosons (left) and the W+/W− ratio

(right) as a function of the W pT for events with Njets ≥ 1. The last bin in the left figure includes

values beyond the shown range. For the data, the statistical uncertainties are indicated as vertical

bars, and the combined statistical and systematic uncertainties are shown by the hatched bands.

The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.

For W production, there is good agreement between the data and most LO predictions as

well as the Njetti NNLO calculation. Both the NLO and LO Sherpa 2.2.1 predictions

perform worse than LO Sherpa 1.4.1. The Alpgen predictions vary slightly for different

parton shower models, with Pythia providing a better description of the data. In the ratio

of W+/W−, where the experimental precision is greatly improved, neither of these pre-

dictions describe the data well. Most predictions (except Njetti NNLO and Sherpa 1.4.1)

overestimate the data between one to almost four times the experimental uncertainties.

This effect is largest for Alpgen and consistent with the offset seen for Alpgen in figure 2

(right) for events with one jet.

Figure 5 shows the differential cross section as a function of the leading jet pT for events

with Njets ≥ 1 for W production and the ratio of W+/W−. The Njetti, Alpgen and LO

Sherpa 1.4.1 predictions show fair agreement with the data for both distributions. The

Sherpa 2.2.1 calculations for both NLO and LO as well as BlackHat+Sherpa tend to

predict a softer pT distribution. These differences contrast with those observed in W+dijet

production [21] in the leading jet pT for events with at least two jets. In that paper, the

event selection requires a larger leading jet pT and a dijet invariant mass greater than 500

GeV. With this selection, the predictions tend to overestimate the cross section. This

highlights how a given prediction can yield very different results in different phase spaces.

The differential cross sections as a function of the leading jet rapidity for events with

Njets ≥ 1 for W production and the ratio of W+/W− are shown in figure 6. In the for-

ward region, the data turn down more sharply at |y| ≈ 3.6 compared to a smoothly falling
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Figure 5. Differential cross sections for the production of W bosons (left) and the W+/W−

ratio (right) as a function of the leading jet pT for events with Njets ≥ 1. The last bin in the

left figure includes values beyond the shown range. For the data, the statistical uncertainties are

indicated as vertical bars, and the combined statistical and systematic uncertainties are shown by

the hatched bands. The uppermost panel in each plot shows the differential cross sections, while

the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on

the predictions are described in the text. The arrows on the lower panels indicate points that are

outside the displayed range.

distribution. The experimental uncertainties, which in this region are dominated by the

difference between Alpgen and Sherpa in the unfolding and the jet energy scale and

resolution uncertainties, cover this effect. Most theory calculations predict a larger cross

section for forward jets than that observed in the data and lie within 1–2 times the exper-

imental uncertainties. The parton shower model strongly influences the calculated cross

section in the high rapidity region, as seen through the comparison of Alpgen+Pythia

6 and Alpgen+Herwig. In addition, different PDF sets can affect the predicted cross

section at high jet rapidities, but to a smaller extent (as can be seen by comparing with

figure 24 in appendix A). The mismodelling in the forward region, however, largely cancels

out in the ratio of W+/W−, resulting in good agreement with data. It can be noticed

that Sherpa underpredicts the ratio at high rapidities, and Alpgen overpredicts the data

around |y| ≈ 2.4.

The W+/W− cross-section ratios for the above four observables (HT, W boson pT,

leading jet pT and leading jet rapidity) are compared in figure 7 to NLO MCFM predictions

with four different PDF sets: CT10, HERAPDF 1.5, MSTW 2008, and NNPDF 2.3. The

theoretical uncertainties for the MCFM prediction are displayed only for the CT10 PDF

set. As seen in the figure, the MCFM predictions vary depending on the PDF set used.

These variations are largest for the pT of the W boson and at forward jet rapidities. In

the region of 200 GeV to 400 GeV in the distribution of the pT of the W boson, where

experimental uncertainties in the ratio are small (around 2% to 6%), the predictions from

the four PDF sets differ by about 2% to 5% and are, in some cases, up to 2–3 times
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Figure 6. Differential cross sections for the production of W bosons (left) and the W+/W− ratio

(right) as a function of the leading jet rapidity for events with Njets ≥ 1. For the data, the statistical

uncertainties are indicated as vertical bars, and the combined statistical and systematic uncertain-

ties are shown by the hatched bands. The uppermost panel in each plot shows the differential cross

sections, while the lower panels show the ratios of the predictions to the data. The theoretical

uncertainties on the predictions are described in the text. The arrows on the lower panels indicate

points that are outside the displayed range.

the experimental uncertainty away from the data. Similar trends are visible in the HT

distribution and the distribution of the leading jet pT. These results should prove useful

in global PDF fits as a counterpart to measurements of Z boson production as a function

of the Z boson pT [103–105].

Additional predictions from Powheg +Pythia 8 and Sherpa 2.2.1, the latter in-

cluding NLO electroweak corrections to the W+ and W− cross sections, are also shown in

figure 7 for the W+/W− cross-section ratios. The description of the ratio by the Powheg

+Pythia 8 predictions is similar to that from the BlackHat+Sherpa exclusive sums

method. The impact of the emission of a second jet calculated at NLO in αS in the latter

is balanced by the Pythia 8 parton shower in the former. Corrections to the differential

cross section from electroweak radiation calculated at NLO in αQED grow for increasing

values of HT, leading jet pT and the pT of the W boson, resulting in a reduction of the

predicted cross section of up to 30% to 80% depending on the distribution (the distri-

butions are shown in figures 21–23 in appendix A). The inclusion of these corrections to

Sherpa 2.2.1 leads to a larger disagreement with the data. In the W+/W− cross-section

ratio, differences due to these higher-order effects, both in αS and αQED, cancel out to a

large extent.

8.3 Distributions for Njets ≥ 2

For events with at least two jets, the differential cross sections as a function of the second

leading jet pT and rapidity are shown for W production in figure 8. Both fixed-order

predictions, Njetti (W + 1 jet at NNLO) and BlackHat+Sherpa (W + 2 jets at NLO),
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Figure 7. W+ to W− cross-section ratio as a function of HT (top left), W pT (top right), leading

jet pT (bottom left) and leading jet rapidity (bottom right) for events with Njets ≥ 1. For the

data, the statistical uncertainties are indicated as vertical bars, and the combined statistical and

systematic uncertainties are shown by the hatched bands. The uppermost panel in each plot shows

the differential cross sections, while the lower panels show the ratios of the predictions to the data.

The theoretical uncertainties on the predictions are described in the text. The arrows on the lower

panels indicate points that are outside the displayed range.

predict the second jet at NLO. Both have a similar level of agreement with respect to

the data for the second leading jet’s pT distribution. The second leading jet’s rapidity

distribution is modelled well by most predictions up to a rapidity of |y| ≈ 2.5, similar to

the modelling of the rapidity for the leading jet. At large jet rapidities, with the exception

of Alpgen, all other calculations tend to predict larger cross sections.

The cross sections as a function of the dijet angular separation (∆Rjet1,jet2) and of the

dijet invariant mass (mjet1,jet2) are shown in figure 9 for W production. These observables

test hard parton radiation at large angles and matrix-element/parton-shower matching
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Figure 8. Differential cross sections for the production of W+ jets as a function of second leading

jet pT (left) and rapidity (right) for events with Njets ≥ 2. The last bin in the left figure includes

values beyond the shown range. For the data, the statistical uncertainties are indicated as vertical

bars, and the combined statistical and systematic uncertainties are shown by the hatched bands.

The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.

schemes. Jet production in the forward region can also be very sensitive to the tuning

of the underlying event’s contribution. BlackHat+Sherpa describes the data well for

both distributions even at large dijet invariant masses, with a cross section slightly higher

than in the data at low invariant mass. This leads to the small observed offset in the

∆Rjet1,jet2 distribution, which is dominated by this low mjet1,jet2 region. The Sherpa 1.4.1

generator predicts too many events at large angular separations and high dijet invariant

masses. As a result, this prediction greatly overestimates the data in the highest bin of

the ∆Rjet1,jet2 distribution, which includes all higher values beyond the shown ∆Rjet1,jet2

range. Both LO and NLO Sherpa 2.2.1 describe the data better, in particular, the dijet

invariant mass distribution. In Sherpa 1.4.1, considerable improvement in the description

of this observable is found when requiring a larger pT of the leading jet. The Alpgen

predictions describe large invariant masses well, but deteriorate for small and large angular

separations between the leading two jets. Differences between the Alpgen predictions

with two different parton shower models are small for both distributions. For electroweak

production of the W boson, which becomes larger for dijet invariant masses above 1 TeV,

a dedicated measurement with an optimised selection has been performed using data at√
s = 7 TeV and

√
s = 8 TeV [21].

The cross sections for all distributions shown in this paper are available in Hep-

Data [106]. The additional jet multiplicities for the displayed observables, the cross section

and W+/W− cross-section ratio as a function of the pseudorapidity of the electron, and

the separate W+ and W− cross section distributions are given in appendix A.
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Figure 9. Differential cross sections for the production of W+ jets as a function of ∆Rjet1,jet2 (left)

and dijet invariant mass (right) for events with Njets ≥ 2. The last bin in both figures includes values

beyond the shown range. For the data, the statistical uncertainties are indicated as vertical bars,

and the combined statistical and systematic uncertainties are shown by the hatched bands. The

uppermost panel in each plot shows the differential cross sections, while the lower panels show the

ratios of the predictions to the data. The theoretical uncertainties on the predictions are described

in the text. The arrows on the lower panels indicate points that are outside the displayed range.

9 Conclusion

This paper presents measurements of W boson production cross sections and the W+/W−

cross-section ratios, using data corresponding to an integrated luminosity of 20.2 fb−1 of

proton-proton collisions at
√
s = 8 TeV recorded by the ATLAS detector at the LHC. The

selected differential distributions focus on W production in association with one or two jets

and are sensitive tests of perturbative QCD, the modelling of the parton shower and the

parton structure of the proton. The W+/W− cross-section ratio can be measured to high

precision as many of the experimental and theoretical uncertainties cancel out.

Overall, the measured distributions show that NNLO and NLO predictions are able

to describe the data. However, at high transverse momenta, large jet rapidities, or large

dijet angular separations, many of these predictions underestimate or overestimate the

cross sections. In many places, multi-leg LO generators, such as Alpgen and Sherpa,

which consider a larger number of parton emissions from the matrix element calculation,

model the data best, although with large theoretical uncertainties. There is, however, no

single prediction that is able to describe all distributions well. The HT, jet rapidity, and

dijet invariant mass distributions are in general the least well described, suggesting that

better modelling of events with energetic jets as well as jets with large rapidities is needed.

In the W+/W− cross-section ratios, additional features in the description of the data by

the predictions emerge; agreement for Alpgen worsens, but in many places improves for

others. The choice of parton distribution functions can, in some cases, modify the predicted

W+/W− cross-section ratio by about the experimental uncertainty.

The presented measurements will allow a better understanding of perturbative QCD

and the parton distribution functions of the proton.
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A Additional cross-section distributions

This appendix includes cross-section results for additional jet multiplicities, the differential

cross section and the W+/W− cross-section ratio as a function of the pseudorapidity of the

measured electron in the presence of any jet and of at least one jet, as well as the separate

W+ and W− cross sections for all W+/W− cross-section ratios, where they have not been

shown earlier.

A.1 Jet multiplicity and distributions for events with Njets ≥ 2

The following additional multiplicities are measured:

• The exclusive jet multiplicity distribution for W production (figure 10), and

• the W cross section and the W+/W− ratio as a function of HT (figure 11), W pT
(figure 12), and the leading jet pT (figure 13) for events with Njets ≥ 2.

A.2 Pseudorapidity of the electron

The W , W+ and W− cross sections and the W+/W− cross-section ratio as a function of

the electron η for events with Njets ≥ 0 and Njets ≥ 1 are presented in figures 14–15.

A.3 W+ and W− cross sections

The W+ and W− cross sections, which have been used to calculate the W+/W− cross-

section ratio distributions shown before, are given for the following jet multiplicities:

• In the presence of at least one jet, the default set of predictions (figures 16–20) and

the MCFM predictions with different PDF sets (figures 21–24), corresponding to the

figures shown in sections 8.1–8.2, and

• in the presence of at least two jets, the default set of predictions (figures 25–27),

corresponding to figures 11–13 shown in appendix A.1.
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Figure 10. Cross section for the production of W+ jets as a function of exclusive jet multiplicity.

For the data, the statistical uncertainties are indicated as vertical bars, and the combined statistical

and systematic uncertainties are shown by the hatched bands. The uppermost panel in each plot

shows the differential cross sections, while the lower panels show the ratios of the predictions to the

data. The theoretical uncertainties on the predictions are described in the text. The arrows on the

lower panels indicate points that are outside the displayed range.
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Figure 11. Differential cross sections for the production of W bosons (left) and the W+/W− ratio

(right) as a function of the HT for events with Njets ≥ 2. The last bin in the left figure includes values

beyond the shown range. For the data, the statistical uncertainties are indicated as vertical bars,

and the combined statistical and systematic uncertainties are shown by the hatched bands. The

uppermost panel in each plot shows the differential cross sections, while the lower panels show the

ratios of the predictions to the data. The theoretical uncertainties on the predictions are described

in the text. The arrows on the lower panels indicate points that are outside the displayed range.
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Figure 12. Differential cross sections for the production of W bosons (left) and the W+/W− ratio

(right) as a function of the W pT for events with Njets ≥ 2. The last bin in the left figure includes

values beyond the shown range. For the data, the statistical uncertainties are indicated as vertical

bars, and the combined statistical and systematic uncertainties are shown by the hatched bands.

The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 13. Differential cross sections for the production of W bosons (left) and the W+/W−

ratio (right) as a function of the leading jet pT for events with Njets ≥ 2. The last bin in the

left figure includes values beyond the shown range. For the data, the statistical uncertainties are

indicated as vertical bars, and the combined statistical and systematic uncertainties are shown by

the hatched bands. The uppermost panel in each plot shows the differential cross sections, while

the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on

the predictions are described in the text. The arrows on the lower panels indicate points that are

outside the displayed range.
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Figure 14. Differential cross sections for the production of W bosons (top left), W+ (bottom left),

W− (bottom right) and the W+/W− ratio (top right) as a function of the electron η for events

with Njets ≥ 0. For the data, the statistical uncertainties are indicated as vertical bars, and the

combined statistical and systematic uncertainties are shown by the hatched bands. The uppermost

panel in each plot shows the differential cross sections, while the lower panels show the ratios of the

predictions to the data. The theoretical uncertainties on the predictions are described in the text.

The arrows on the lower panels indicate points that are outside the displayed range.
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Figure 15. Differential cross sections for the production of W bosons (top left), W+ (bottom left),

W− (bottom right) and the W+/W− ratio (top right) as a function of the electron η for events

with Njets ≥ 1. For the data, the statistical uncertainties are indicated as vertical bars, and the

combined statistical and systematic uncertainties are shown by the hatched bands. The uppermost

panel in each plot shows the differential cross sections, while the lower panels show the ratios of the

predictions to the data. The theoretical uncertainties on the predictions are described in the text.

The arrows on the lower panels indicate points that are outside the displayed range.
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Figure 16. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the inclusive jet multiplicity. For the data, the statistical uncertainties are indicated as vertical

bars, and the combined statistical and systematic uncertainties are shown by the hatched bands.

The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 17. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the HT for events with Njets ≥ 1. For the data, the statistical uncertainties are indicated as

vertical bars, and the combined statistical and systematic uncertainties are shown by the hatched

bands. The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 18. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the W pT for events with Njets ≥ 1. For the data, the statistical uncertainties are indicated as

vertical bars, and the combined statistical and systematic uncertainties are shown by the hatched

bands. The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 19. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the leading jet pT for events with Njets ≥ 1. For the data, the statistical uncertainties are

indicated as vertical bars, and the combined statistical and systematic uncertainties are shown by

the hatched bands. The uppermost panel in each plot shows the differential cross sections, while

the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on

the predictions are described in the text. The arrows on the lower panels indicate points that are

outside the displayed range.
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Figure 20. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the leading jet rapidity for events with Njets ≥ 1. For the data, the statistical uncertainties are

indicated as vertical bars, and the combined statistical and systematic uncertainties are shown by

the hatched bands. The uppermost panel in each plot shows the differential cross sections, while

the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on

the predictions are described in the text. The arrows on the lower panels indicate points that are

outside the displayed range.
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Figure 21. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the HT for events with Njets ≥ 1. For the data, the statistical uncertainties are indicated as

vertical bars, and the combined statistical and systematic uncertainties are shown by the hatched

bands. The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 22. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the W pT for events with Njets ≥ 1. For the data, the statistical uncertainties are indicated as

vertical bars, and the combined statistical and systematic uncertainties are shown by the hatched

bands. The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 23. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the leading jet pT for events with Njets ≥ 1. For the data, the statistical uncertainties are

indicated as vertical bars, and the combined statistical and systematic uncertainties are shown by

the hatched bands. The uppermost panel in each plot shows the differential cross sections, while

the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on

the predictions are described in the text. The arrows on the lower panels indicate points that are

outside the displayed range.
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Figure 24. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the leading jet rapidity for events with Njets ≥ 1. For the data, the statistical uncertainties are

indicated as vertical bars, and the combined statistical and systematic uncertainties are shown by

the hatched bands. The uppermost panel in each plot shows the differential cross sections, while

the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on

the predictions are described in the text. The arrows on the lower panels indicate points that are

outside the displayed range.
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Figure 25. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the HT for events with Njets ≥ 2. For the data, the statistical uncertainties are indicated as

vertical bars, and the combined statistical and systematic uncertainties are shown by the hatched

bands. The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 26. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the W pT for events with Njets ≥ 2. For the data, the statistical uncertainties are indicated as

vertical bars, and the combined statistical and systematic uncertainties are shown by the hatched

bands. The uppermost panel in each plot shows the differential cross sections, while the lower panels

show the ratios of the predictions to the data. The theoretical uncertainties on the predictions

are described in the text. The arrows on the lower panels indicate points that are outside the

displayed range.
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Figure 27. Differential cross sections for the production of W+ (left) and W− (right) as a function

of the leading jet pT for events with Njets ≥ 2. For the data, the statistical uncertainties are

indicated as vertical bars, and the combined statistical and systematic uncertainties are shown by

the hatched bands. The uppermost panel in each plot shows the differential cross sections, while

the lower panels show the ratios of the predictions to the data. The theoretical uncertainties on

the predictions are described in the text. The arrows on the lower panels indicate points that are

outside the displayed range.
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M.I. Alstaty88, B. Alvarez Gonzalez32, D. Álvarez Piqueras170, M.G. Alviggi106a,106b,
B.T. Amadio16, Y. Amaral Coutinho26a, C. Amelung25, D. Amidei92,
S.P. Amor Dos Santos128a,128c, S. Amoroso32, C. Anastopoulos141, L.S. Ancu52, N. Andari19,
T. Andeen11, C.F. Anders60b, J.K. Anders77, K.J. Anderson33, A. Andreazza94a,94b, V. Andrei60a,
S. Angelidakis37, I. Angelozzi109, A. Angerami38, A.V. Anisenkov111,c, N. Anjos13,
A. Annovi126a,126b, C. Antel60a, M. Antonelli50, A. Antonov100,∗, D.J. Antrim166, F. Anulli134a,
M. Aoki69, L. Aperio Bella32, G. Arabidze93, Y. Arai69, J.P. Araque128a, V. Araujo Ferraz26a,
A.T.H. Arce48, R.E. Ardell80, F.A. Arduh74, J-F. Arguin97, S. Argyropoulos66, M. Arik20a,
A.J. Armbruster32, L.J. Armitage79, O. Arnaez161, H. Arnold51, M. Arratia30, O. Arslan23,
A. Artamonov99,∗, G. Artoni122, S. Artz86, S. Asai157, N. Asbah45, A. Ashkenazi155,
L. Asquith151, K. Assamagan27, R. Astalos146a, M. Atkinson169, N.B. Atlay143, K. Augsten130,
G. Avolio32, B. Axen16, M.K. Ayoub35a, G. Azuelos97,d, A.E. Baas60a, M.J. Baca19,
H. Bachacou138, K. Bachas76a,76b, M. Backes122, P. Bagnaia134a,134b, M. Bahmani42,
H. Bahrasemani144, J.T. Baines133, M. Bajic39, O.K. Baker179, P.J. Bakker109, E.M. Baldin111,c,
P. Balek175, F. Balli138, W.K. Balunas124, E. Banas42, A. Bandyopadhyay23, Sw. Banerjee176,e,
A.A.E. Bannoura178, L. Barak155, E.L. Barberio91, D. Barberis53a,53b, M. Barbero88,
T. Barillari103, M-S Barisits65, J.T. Barkeloo118, T. Barklow145, N. Barlow30, S.L. Barnes36c,
B.M. Barnett133, R.M. Barnett16, Z. Barnovska-Blenessy36a, A. Baroncelli136a, G. Barone25,
A.J. Barr122, L. Barranco Navarro170, F. Barreiro85, J. Barreiro Guimarães da Costa35a,
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A. Valero170, L. Valéry13, A. Vallier5, J.A. Valls Ferrer170, W. Van Den Wollenberg109,
H. van der Graaf109, P. van Gemmeren6, J. Van Nieuwkoop144, I. van Vulpen109,
M.C. van Woerden109, M. Vanadia135a,135b, W. Vandelli32, A. Vaniachine160, P. Vankov109,
G. Vardanyan180, R. Vari134a, E.W. Varnes7, C. Varni53a,53b, T. Varol43, D. Varouchas119,
A. Vartapetian8, K.E. Varvell152, J.G. Vasquez179, G.A. Vasquez34b, F. Vazeille37,
D. Vazquez Furelos13, T. Vazquez Schroeder90, J. Veatch57, V. Veeraraghavan7, L.M. Veloce161,
F. Veloso128a,128c, S. Veneziano134a, A. Ventura76a,76b, M. Venturi172, N. Venturi32, V. Vercesi123a,
M. Verducci136a,136b, W. Verkerke109, A.T. Vermeulen109, J.C. Vermeulen109, M.C. Vetterli144,d,
N. Viaux Maira34b, O. Viazlo84, I. Vichou169,∗, T. Vickey141, O.E. Vickey Boeriu141,
G.H.A. Viehhauser122, S. Viel16, L. Vigani122, M. Villa22a,22b, M. Villaplana Perez94a,94b,
E. Vilucchi50, M.G. Vincter31, V.B. Vinogradov68, A. Vishwakarma45, C. Vittori22a,22b,
I. Vivarelli151, S. Vlachos10, M. Vogel178, P. Vokac130, G. Volpi13, H. von der Schmitt103,
E. von Toerne23, V. Vorobel131, K. Vorobev100, M. Vos170, R. Voss32, J.H. Vossebeld77,
N. Vranjes14, M. Vranjes Milosavljevic14, V. Vrba130, M. Vreeswijk109, R. Vuillermet32,

– 52 –



J
H
E
P
0
5
(
2
0
1
8
)
0
7
7

I. Vukotic33, P. Wagner23, W. Wagner178, J. Wagner-Kuhr102, H. Wahlberg74, S. Wahrmund47,
K. Wakamiya70, J. Walder75, R. Walker102, W. Walkowiak143, V. Wallangen148a,148b, C. Wang35b,
C. Wang36b,au, F. Wang176, H. Wang16, H. Wang3, J. Wang45, J. Wang152, Q. Wang115,
R.-J. Wang83, R. Wang6, S.M. Wang153, T. Wang38, W. Wang153,av, W. Wang36a,aw, Z. Wang36c,
C. Wanotayaroj45, A. Warburton90, C.P. Ward30, D.R. Wardrope81, A. Washbrook49,
P.M. Watkins19, A.T. Watson19, M.F. Watson19, G. Watts140, S. Watts87, B.M. Waugh81,
A.F. Webb11, S. Webb86, M.S. Weber18, S.M. Weber60a, S.W. Weber177, S.A. Weber31,
J.S. Webster6, A.R. Weidberg122, B. Weinert64, J. Weingarten57, M. Weirich86, C. Weiser51,
P.S. Wells32, T. Wenaus27, T. Wengler32, S. Wenig32, N. Wermes23, M.D. Werner67, P. Werner32,
M. Wessels60a, T.D. Weston18, K. Whalen118, N.L. Whallon140, A.M. Wharton75, A.S. White92,
A. White8, M.J. White1, R. White34b, D. Whiteson166, B.W. Whitmore75, F.J. Wickens133,
W. Wiedenmann176, M. Wielers133, C. Wiglesworth39, L.A.M. Wiik-Fuchs51, A. Wildauer103,
F. Wilk87, H.G. Wilkens32, H.H. Williams124, S. Williams109, C. Willis93, S. Willocq89,
J.A. Wilson19, I. Wingerter-Seez5, E. Winkels151, F. Winklmeier118, O.J. Winston151,
B.T. Winter23, M. Wittgen145, M. Wobisch82,u, A. Wolf86, T.M.H. Wolf109, R. Wolff88,
M.W. Wolter42, H. Wolters128a,128c, V.W.S. Wong171, N.L. Woods139, S.D. Worm19,
B.K. Wosiek42, J. Wotschack32, K.W. Wozniak42, M. Wu33, S.L. Wu176, X. Wu52, Y. Wu92,
T.R. Wyatt87, B.M. Wynne49, S. Xella39, Z. Xi92, L. Xia35c, D. Xu35a, L. Xu27, T. Xu138,
W. Xu92, B. Yabsley152, S. Yacoob147a, D. Yamaguchi159, Y. Yamaguchi159, A. Yamamoto69,
S. Yamamoto157, T. Yamanaka157, F. Yamane70, M. Yamatani157, T. Yamazaki157,
Y. Yamazaki70, Z. Yan24, H. Yang36c, H. Yang16, Y. Yang153, Z. Yang15, W-M. Yao16,
Y.C. Yap45, Y. Yasu69, E. Yatsenko5, K.H. Yau Wong23, J. Ye43, S. Ye27, I. Yeletskikh68,
E. Yigitbasi24, E. Yildirim86, K. Yorita174, K. Yoshihara124, C. Young145, C.J.S. Young32, J. Yu8,
J. Yu67, S.P.Y. Yuen23, I. Yusuff30,ax, B. Zabinski42, G. Zacharis10, R. Zaidan13,
A.M. Zaitsev132,ak, N. Zakharchuk45, J. Zalieckas15, A. Zaman150, S. Zambito59, D. Zanzi91,
C. Zeitnitz178, G. Zemaityte122, A. Zemla41a, J.C. Zeng169, Q. Zeng145, O. Zenin132, T. Ženǐs146a,
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128 (a) Laboratório de Instrumentação e F́ısica Experimental de Part́ıculas - LIP, Lisboa; (b) Faculdade

– 56 –



J
H
E
P
0
5
(
2
0
1
8
)
0
7
7

de Ciências, Universidade de Lisboa, Lisboa; (c) Department of Physics, University of Coimbra,

Coimbra; (d) Centro de F́ısica Nuclear da Universidade de Lisboa, Lisboa; (e) Departamento de

Fisica, Universidade do Minho, Braga; (f) Departamento de Fisica Teorica y del Cosmos,

Universidad de Granada, Granada; (g) Dep Fisica and CEFITEC of Faculdade de Ciencias e

Tecnologia, Universidade Nova de Lisboa, Caparica, Portugal
129 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic
130 Czech Technical University in Prague, Praha, Czech Republic
131 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
132 State Research Center Institute for High Energy Physics (Protvino), NRC KI, Russia
133 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
134 (a) INFN Sezione di Roma; (b) Dipartimento di Fisica, Sapienza Università di Roma, Roma, Italy
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y Also at Graduate School of Science, Osaka University, Osaka, Japan
z Also at Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany

aa Also at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University

Nijmegen/Nikhef, Nijmegen, Netherlands
ab Also at Department of Physics, The University of Texas at Austin, Austin TX, United States of

America
ac Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia
ad Also at CERN, Geneva, Switzerland
ae Also at Georgian Technical University (GTU),Tbilisi, Georgia
af Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan
ag Also at Manhattan College, New York NY, United States of America
ah Also at The City College of New York, New York NY, United States of America
ai Also at Departamento de Fisica Teorica y del Cosmos, Universidad de Granada, Granada, Portugal
aj Also at Department of Physics, California State University, Sacramento CA, United States of

America
ak Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
al Also at Departement de Physique Nucleaire et Corpusculaire, Université de Genève, Geneva,
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