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Study of jets produced in association with aW boson in pp collisions
at

ffiffiffi
s

p ¼ 7 TeV with the ATLAS detector

G. Aad et al.*

(ATLAS Collaboration)
(Received 5 January 2012; published 2 May 2012)

We report a study of final states containing a W boson and hadronic jets, produced in proton-proton

collisions at a center-of-mass energy of 7TeV.The datawere collectedwith theATLASdetector at theCERN

LHC and comprise the full 2010 data sample of 36 pb�1. Cross sections are determined using both the

electron and muon decay modes of theW boson and are presented as a function of inclusive jet multiplicity,

Njet, for up to five jets. At each multiplicity, cross sections are presented as a function of jet transverse

momentum, the scalar sum of the transversemomenta of the charged lepton, missing transversemomentum,

and all jets, the invariantmass spectra of jets, and the rapidity distributions of various combinations of leptons

and final-state jets. The results, corrected for all detector effects and for all backgrounds such as diboson and

top quark pair production, are compared with particle-level predictions from perturbative QCD. Leading-

order multiparton event generators, normalized to the next-to-next-to-leading-order total cross section for

inclusiveW-boson production, describe the data reasonablywell for allmeasured inclusive jetmultiplicities.

Next-to-leading-order calculations from MCFM, studied here for Njet � 2, and BLACKHAT-SHERPA, studied

here for Njet � 4, are found to be mostly in good agreement with the data.

DOI: 10.1103/PhysRevD.85.092002 PACS numbers: 12.38.Qk, 13.85.Hd, 13.85.Qk, 13.87.Ce

I. INTRODUCTION

The study of massive vector boson production in asso-
ciation with one or more jets is an important test of
quantum chromodynamics (QCD). These final states are
also a significant background to studies of standard model
processes such as t�t, diboson, and single-top production, as
well as to searches for the Higgs boson and for physics
beyond the standard model. Thus, measurements of the
cross section and kinematic properties, and comparisons
with theoretical predictions, are of significant interest.
Measurements ofW þ jets production in proton-antiproton
collisions at

ffiffiffi
s

p ¼ 1:96 TeV have been reported by the
CDF and D0 Collaborations [1,2] and for

ffiffiffi
s

p ¼ 7 TeV
proton-proton collisions by the CMS Collaboration [3].
Measurements of jets produced in association with a Z
boson were also performed using p �p collisions at

ffiffiffi
s

p ¼
1:96 TeV [4–6] and pp collisions at

ffiffiffi
s

p ¼ 7 TeV [3,7].
The study presented here is complementary to the mea-
surement of the transverse momentum distribution of W
bosons conducted by the ATLAS Collaboration [8].

This paper reports a measurement at the CERN Large
Hadron Collider (LHC) of the W þ jets cross section for
proton-proton (pp) collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 7 TeV, using the ATLAS detector. Themeasurement

is based on the full 2010 data sample, corresponding to an

integrated luminosity of approximately 36 pb�1. It is an
extension of an earlier ATLAS measurement of both the
electron and muon decay modes of the W boson based on
1:3 pb�1 [9]. Compared to the earlier result, uncertainties in
both the jet energy scale and luminosity are reduced, ac-
ceptance for the jets is expanded, and event reconstruction
and simulation are improved. The improved reconstruction
brings better alignment of the detector systems and reduc-
tion of backgrounds in the electron channel.
The results have been corrected for all known detector

effects and are quoted in a specific range of jet and
lepton kinematics, fully covered by the detector accep-
tance. This avoids model-dependent extrapolations and
facilitates comparisons with theoretical predictions.
Theoretical calculations at next-to-leading order (NLO)
in perturbative QCD (pQCD) have been computed inclu-
sively for up to four jets [10,11] and are compared with the
data.

II. THE ATLAS DETECTOR

ATLAS uses a right-handed coordinate system with its
origin at the nominal pp interaction point (IP) in the center
of the detector and the z-axis along the beam pipe. The
x-axis points from the IP to the center of the LHC ring, and
the y-axis points upward. Cylindrical coordinates ðr;�Þ are
used in the transverse plane, � being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in
terms of the polar angle � as � ¼ � ln½tanð�=2Þ� and the
rapidity is defined as y ¼ ln½ðEþ pzÞ=ðE� pzÞ�=2. The
separation between final-state particles is defined as �R ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið�yÞ2 þ ð��Þ2p

and is Lorentz invariant under boosts
along the z-axis.

*Full author list given at the end of the article.
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The ATLAS detector [12,13] consists of an inner track-
ing system (inner detector, or ID) surrounded by a thin
superconducting solenoid providing a 2T magnetic field,
electromagnetic and hadronic calorimeters, and a muon
spectrometer (MS). The ID consists of pixel and silicon
microstrip detectors, surrounded by a transition radiation
tracker. The electromagnetic calorimeter is a liquid-argon
and lead detector, split into barrel (j�j< 1:475) and end
cap (1:375< j�j< 3:2) regions. Hadron calorimetry is
based on two different detector technologies. The barrel
(j�j< 0:8) and extended barrel (0:8< j�j< 1:7) calorim-
eters are composed of scintillator and steel, while the
hadronic end cap calorimeters (1:5< j�j< 3:2) utilize
liquid-argon and copper. The forward calorimeters (3:1<
j�j< 4:9) are instrumented with liquid-argon/copper and
liquid-argon/tungsten, providing electromagnetic and had-
ronic energy measurements, respectively. The MS is based
on three large superconducting toroids arranged with an
eight-fold azimuthal coil symmetry around the calorime-
ters, and a system of three stations of chambers for trigger-
ing and for precise track measurements.

III. DATA AND ONLINE EVENT SELECTION

The data for this analysis were collected during LHC
operation in 2010 with proton-proton interactions at a
center-of-mass energy of 7 TeV. The collisions occurred
within pairs of bunches of up to �1:1� 1011 protons per
bunch. The bunches were configured in trains with a time
separation between bunches of 150 ns and a longer sepa-
ration between trains. Data were collected with up to 348
colliding bunch pairs per beam revolution. This configura-
tion led to a peak instantaneous luminosity of up to
2:1� 1032 cm�2 s�1 that corresponds to an average of
3.8 inelastic collisions per bunch crossing. Typical values
were lower as the luminosity degraded during the data-
taking fills which lasted up to 20 hours. On average, the
data contain 2.1 inelastic collisions per bunch crossing.

Application of beam, detector, and data-quality require-
ments resulted in a total integrated luminosity of 36 pb�1.
The uncertainty on the luminosity is 3.4% [14,15]. The
integrated luminosities for the data samples associated
with the electron and muon decay modes of the W boson
were calculated separately and differ by 1.7%.

Events were selected online if they satisfied either the
electron or muon criteria described below. Criteria for
electron and muon identification, as well as for event
selection, followed closely those of the previous 1:3 pb�1

W þ jets cross-section analysis [9].
For this analysis, the following kinematic requirements

were imposed on events in order to enter the selected
sample:

(i) p‘
T > 20 GeV (‘ ¼ electron or muon),

(ii) j�ej<2:47 (except 1:37<j�ej<1:52) or j��j<2:4,
(iii) Emiss

T > 25 GeV (missing transverse momentum),
(iv) mTðWÞ> 40 GeV,

(v) p
jet
T > 30 GeV,

(vi) jyjetj< 4:4 and �Rð‘; jetÞ> 0:5.

These selection criteria differ slightly from the fiducial
acceptance to which measured cross sections are finally
corrected, which is described in Sec. VF. The transverse
momenta of the leptons and neutrinos from W ! e� and
W ! �� decays are denoted asp‘

T andp
�
T, respectively. The

transversemomentum of the neutrino is determined asEmiss
T ,

the missing transverse momentum, from the requirement
that the total transversemomentumof all final-state particles
is a zero vector. The calculation of Emiss

T and the transverse
mass of theW, mTðWÞ, are discussed later in Sec. VB.
All measured cross sections are corrected for any detec-

tion losses within these regions. The lower bound p
jet
T >

30 GeV is chosen to facilitate comparisons with other
experiments and with next-to-leading-order QCD predic-

tions. The Appendix shows analogous results with pjet
T >

20 GeV in order to facilitate validation of the QCD de-
scription in Monte Carlo generators and future theoretical
developments in this area.

A. Electron selection

In the electron channel, events were selected online
using two different triggers depending on the instantaneous
luminosity. The tighter trigger requirement corresponds to
99.1% of the data and is a subset of the looser one. It
required the presence of at least one electromagnetic clus-
ter in the calorimeter with transverse energy above 15 GeV
in the region of j�j< 2:5. The final selection requirements
were applied by the online event filter [12] and the kine-
matic variables correspond closely to those in the offline
analysis described in Sec. VC.
The impact of the trigger efficiency was small for elec-

trons with ET > 20 GeV, as required in this analysis. The
efficiency was measured using Z ! ee decays identified in
the experimental data. It was found to be 99:0� 0:5% and
constant over the full kinematic region of this measurement
[16,17].

B. Muon selection

In the muon channel, events were selected online using a
trigger that required the presence of a muon candidate
reconstructed in both the muon spectrometer and inner
detector, consistent with having originated from the inter-
action region. The candidate was required to have pT >
10 GeV or pT > 13 GeV (depending on the data-taking
period) and j�j< 2:4. The higher threshold was used to
collect most of the data. As in the electron case, these
requirements were imposed in the online event filter and
were less stringent than those applied offline. The offline
selection is documented later in Sec. VD. The average
trigger efficiency was measured to be �85% including the
reduced geometrical acceptance in the central region.
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IV. SIMULATED EVENT SAMPLES

Simulated event samples were used for most background
estimates, for the correction of the signal yield for detector
effects and for comparisons of results to theoretical expec-
tations. The detector simulation [18] was performed using
GEANT4 [19]. The simulated event samples are summarized

in Table I for signal simulations and Table II for the
background simulations. The ALPGEN and MC@NLO

samples were interfaced to HERWIG for parton shower and
fragmentation processes and to JIMMYv4.31 [37] for under-
lying event simulation. Similarly, JIMMY was used for
the underlying event simulation in the diboson samples
produced with HERWIG. The ACERMC t�t samples were
showered with PYTHIA where the default settings for
initial-state radiation (ISR) and final-state radiation (FSR)
were altered [38]. The parameterization of the factorization
scale used for the matrix-element (ME) calculation in the
ALPGEN samples was chosen to be Q2

0¼m2
Vþ

P
partonsðp2

TÞ,
where mV is the mass of a W or Z boson and the decay
products of the boson are not included in the sum [23]. The

parton-jet matching was performed at pjet
T ¼ 20 GeV with

the MLM matching scheme [39] using jets from the cone

clustering algorithm with R ¼ 0:7. The default renormal-

ization and factorization scales were used in the SHERPA

samples and the parton-jet matching was performed at

pjet
T ¼ 30 GeV using the Catani-Krauss-Kuhn-Webber

(CKKW) matching scheme [40,41]. Parton density func-

tions (PDFs) were: CTEQ6L1 [42] for the ALPGEN samples

and the parton showering and underlying event in the

POWHEG samples interfaced to PYTHIA; MRST2007LO*

[43] for PYTHIA, ACERMC, and the diboson samples; and

CTEQ6.6M [28] for MC@NLO, SHERPA, and the NLO

matrix-element calculations in POWHEG. The radiation of

photons from charged leptons was treated in HERWIG and

PYTHIA using PHOTOS v2.15.4 [44]. TAUOLAv1.0.2 [45] was

used for � lepton decays. The underlying event tunes were

the ATLAS MC10 tunes: ATLAS underlying event tune #1

(AUET1) [46] for the HERWIG, ALPGEN, and MC@NLO

samples; ATLAS minimum bias 1 (AMBT1) [47] for

PYTHIA, ACERMC, and POWHEG samples. These two tunes

were derived using pp collisions at
ffiffiffi
s

p ¼ 7 TeV produced

at the LHC. The samples generated with SHERPA used the

TABLE I. Samples of simulated signal events used in this analysis. The W samples are
normalized to the inclusive next-to-next-to-leading order (NNLO) cross section of 10.46 nb
calculated with FEWZ [20] using the MSTW2008 PDF set [21]. For PYTHIA, the inclusive W
sample is based on a 2 ! 1 matrix element merged with a 2 ! 2 matrix element and a leading-
logarithmic parton shower. Details of PDF sets, final-state photon radiation, and underlying
event tunes are given in the text.

Physics process Generator

W inclusive (W ! ‘�; ‘ ¼ e;�; �) PYTHIA 6.4.21 [22]

W þ jets (W ! ‘�; ‘ ¼ e; �; 0 � Nparton � 5) ALPGEN 2.13 [23]

W þ jets (W ! ‘�; ‘ ¼ e; �; 0 � Nparton � 5) SHERPA 1.3.1 [24]

TABLE II. Samples of simulated background events used in this analysis. The Zþ jets samples were normalized using the inclusive
cross sections from FEWZ [20] code that utilized MSTW2008 PDF set [21]. The t�t cross section is given at next-to-leading order (plus
next-to-next-to-leading-log). The dijet cross sections are given at leading order in pQCD. For these samples, the variable p̂T is the
average pT of the two outgoing partons from the hard-scattering process before modification by initial- and final-state radiation and the
underlying event. Details of PDF sets, final-state photon radiation, and underlying event tunes are given in the text.

Physics process Generator � � BR (nb)

Zþ jets (Z ! ‘‘; ‘ ¼ e;�; m‘‘ > 40 GeV; 0 � Nparton � 5) ALPGEN 2.13 [23] 1.07 NNLO [20]

Z ! �� (m‘‘ > 60 GeV) PYTHIA 6.4.21 [22] 0.989 NNLO [20]

t�t POWHEG-HVQ v1.01 patch 4 [25] 0.165 NLOþ NNLL [26]

t�t ACERMC 3.7 [31] 0.165 NLOþ NNLL [26]

Single-top t ! ‘�q (s-channel) MC@NLO 3.3.1 [32,33] 4:3� 10�4 NLO [34]

Single-top t ! ‘�q (t-channel) MC@NLO 3.3.1 [32,33] 6:34� 10�3 NLO [34]

Single-top (Wt) MC@NLO 3.3.1 [32,35] 13:1� 10�3 NLO [34]

WW HERWIG 6.510 [36] 44:9� 10�3 NLO [34]

WZ (mZ > 60 GeV) HERWIG 6.510 [36] 18:5� 10�3 NLO [34]

ZZ (mZ > 60 GeV) HERWIG 6.510 [36] 5:96� 10�3 NLO [34]

Dijet (� channel, p̂T > 8 GeV, p�
T > 8 GeV) PYTHIA 6.4.21 [22] 10:6� 106 LO [22]

STUDY OF JETS PRODUCED IN ASSOCIATION WITH A . . . PHYSICAL REVIEW D 85, 092002 (2012)
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default underlying event tune determined from lower

energy measurements and pp data from the LHC.
Samples were generated with minimum bias interactions

overlaid on the hard-scattering event to account for the
multiple pp interactions in the same beam crossing
(pileup). The minimum bias interactions were simulated
with PYTHIA with the AMBT1 tune. These samples were
then reweighted so the distribution of the number of pri-
mary vertices matched that of the data.

V. OFFLINE EVENTANALYSIS

Events were selected if they satisfied the criteria de-
scribed above and had at least one interaction vertex with
three or more associated charged particle tracks, located
within 200 mm in z from the center of the detector. For
these data the luminous region had a typical rms size of
�60 mm in z. The position resolution of reconstructed
vertices along z was �0:1 mm for a vertex with 10
tracks. For the sample of events passing the single-lepton
trigger the mean number of interaction vertices was 2.1
per event. The primary vertex was taken as the one
with the largest �p2

T of associated tracks. Events with
significant noise in the calorimeters, cosmic rays, and
beam-induced background were rejected [48].

A. Jet selection

Jets were reconstructed from energy observed in the
calorimeter cells using the anti-kt algorithm [49] with a
radius parameter R ¼ 0:4 [48]. Since the volume of indi-
vidual cells is small compared to the volume of the elec-
tromagnetic and hadronic energy showers, cells were
grouped into clusters depending on their signal size relative
to noise [50]. These clusters formed the input to the jet
reconstruction. Since a jet involves many clusters a mass
can be calculated and the jet rapidity rather than pseudor-
apidity was determined.

To account for the difference in calorimeter response
between electrons and hadrons of the same energy, and
to correct for other experimental effects, a pT and
�-dependent factor, derived from simulated events, was
applied to each jet to provide an average energy-scale
correction [48]. Jets were required to have a rapidity jyj<
4:4 and pT > 30 GeV. To ensure a reliable energy mea-
surement all jets within �R< 0:5 of an electron or muon
(that passed the lepton identification requirements) were
explicitly not considered, regardless of the jet pT or
rapidity, but the event itself was retained. Jets consistent
with detector noise, cosmic rays, or beam halo were
rejected [48]. The jet rejection requirement was more
stringent than that applied to events.

To suppress jets arising from additional pp interactions
a parameter called the jet-vertex fraction (JVF) was calcu-
lated for each jet in the event. After associating tracks to
jets by requiring �R< 0:4 between tracks and a jet, the

JVF was computed for each jet as the scalar sum of pT of
all associated tracks from the primary vertex divided by the
total pT associated with that jet from all vertices. The JVF
could not be calculated for jets which fell outside the
fiducial tracking region (j�j< 2:5) or which had no match-
ing tracks so these were assigned a value of �1 for ac-
counting purposes. Only jets with the absolute value of the
JVF smaller than 0.75 were rejected so that jets with a JVF
of �1 were kept. Figure 1 shows the distribution of this
parameter for all jets in theW ! e� data and Monte Carlo
event samples. The requirement on the JVF is most im-
portant for low pT jets and for the data with high instan-
taneous luminosity.
The pileup collisions also add a uniform background of

particles to the events and slightly increase the measured
jet energies. The jet energy calibration factor described
above contains a correction for this effect.
No minimum separation�Rwas required between final-

state jets, but the measured jet response changed for sep-
arations less than�R< 0:5. This distortion in the response
was corrected by the event reconstruction efficiency cal-
culation and residual effects enter the estimated systematic
uncertainties.
After the application of all jet requirements, the effi-

ciency for reconstructing jets was determined from simu-
lation to be �97% for jets with pT ¼ 30 GeV, rising to
close to 100% for jets above 80 GeV. The uncertainties in
the jet energy scale and jet energy resolution were deter-
mined in separate studies [48]. The uncertainties in the jet
energy scale were 2.5–14%, and depended on the � and pT

of the jet. The uncertainty on the jet energy resolution was
�10% for each jet, relative to the nominal resolution which
also varied with � and pT.

JVF
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FIG. 1 (color online). Jet-vertex fraction distribution for all jets
in theW ! e� sample. The events at�1 correspond to jets where
the JVF could not be calculated, while the peak near 0 corresponds
to jets from a secondary vertex. For the data 99.1% of the jets pass
the requirement that the absolute value of the JVF be greater than
0.75, while for the Monte Carlo sample this rate is 98.8%.
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B. Missing transverse momentum and mTðWÞ
The calculation of missing transverse momentum (Emiss

T )
and transverse mass of W bosons (mTðWÞ) followed the
prescription in Refs. [16,51]. mTðWÞ was defined by the

lepton and neutrino pT and direction as mTðWÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p‘

Tp
�
Tð1� cosð�‘ ���ÞÞ

q
, where the ðx; yÞ components

of the neutrino momentum were taken to be the same as the
corresponding Emiss

T components. Emiss
T was calculated

from the energy deposits in calorimeter cells inside three-
dimensional clusters [50]. These clusters were then cor-
rected to account for the different response to hadrons
compared to electrons or photons, as well as dead material
and out-of-cluster energy losses [52]. Only clusters within
j�j< 4:5 were used. In the muon channel, Emiss

T was
corrected for the muon momentum and its energy deposit
in the calorimeters. Events were required to have Emiss

T >
25 GeV and mTðWÞ> 40 GeV.

C. W ! e� þ jets final state

Electrons were required to pass the standard ‘‘tight’’
electron selection criteria [16,17] with ET > 20 GeV and
j�j< 2:47. Electrons in the transition region between the
barrel and end-cap calorimeter (1:37< j�j< 1:52) were
rejected.

To suppress multijet events containing nonisolated elec-
trons such as those from semileptonic decays of hadrons
containing charm and bottom quarks, a calorimeter-based
isolation requirement was applied. The transverse energy
within a cone of radius R ¼ 0:2 around the electron, cor-
rected for contributions from the electron, was required to
be less than 4 GeV. This isolation requirement is more than
96% efficient over all jet multiplicities for prompt elec-
trons originating from decays ofW bosons and reduces the
nonisolated electron background by a factor of 2.

To remove backgrounds from Z ! ee decays, events
were also rejected if there was a second electron passing
the ‘‘medium’’ electron selection criteria [16,17] and the
same kinematic selections and isolation requirements as
above.

1. Electron channel background estimates

The principal backgrounds in the electron channel arise
from multijet QCD events, other leptonic decays of gauge
bosons, and, at higher jet multiplicities, t�t production. The
background from gauge bosons includes W ! ��, where
the � lepton decays to an electron and Z ! ee, where one
electron is not identified and hadronic energy in the event
is mismeasured. Leptonic t�t decays (t�t ! b �bqq0e�),
single-top events, and diboson ðWW;WZ; ZZÞ processes
were also evaluated. The number of leptonic background
events surviving the above selection requirements was
estimated with simulated event samples that were intro-
duced earlier in Sec. IV. Specifically, PYTHIA was used for

W ! �� and Z ! �� and ALPGEN for the other vector
boson samples. The simulated leptonic background
samples were normalized to the integrated luminosity of
the data using the predicted cross sections shown in
Table II. The t�t background is discussed in more detail
later in Sec. VE.
The multijet background in the electron channel has two

components, one where a light flavor jet passes the electron
selection and additional energy mismeasurement results in
large Emiss

T , and the other where a bottom or charm hadron

decays to an electron. The number of multijet background
events was estimated by fitting, for each exclusive jet
multiplicity, the Emiss

T distribution in the data (without the

Emiss
T selection requirement) to a sum of two templates: one

for the multijet background and another which included
signal and the leptonic backgrounds. The fits determined
the relative normalizations of the two templates for each
exclusive jet multiplicity. The shapes for the second tem-
plate were obtained from simulation and their relative
normalization was fixed to the ratio of their predicted cross
sections.
The template for the multijet background was obtained

from the data because the mechanisms by which a jet fakes
an electron are difficult to simulate reliably. The template
was derived by loosening some of the electron identifica-
tion requirements. Two approaches were taken so their
results could be compared.
In the first, the requirements on shower shape in the

calorimeter were relaxed. The ‘‘loose’’ electron identifica-
tion criteria of Refs. [16,17] were applied to the shower
shapes. The track-cluster matching requirements applied
in the standard ‘‘tight’’ electron selection were still applied
but the remaining ‘‘tight’’ requirements with respect to the
‘‘medium’’ requirements were required to fail [16,17]; the
selection favors electron candidates from conversions or
from charged hadrons overlapping electromagnetic showers.
In the second method, the requirement that a track

matched the energy deposition in the calorimeter was
relaxed and loose photon identification requirements
were used instead of those of an electron.
To suppress any residual signal contribution, the isola-

tion requirement was also reversed in both methods. A
large simulated dijet sample was used to verify that these
requirements do not bias the Emiss

T shape of the background

templates.
The results of the two methods were compared for each

jet multiplicity and agreed within their statistical uncer-
tainties. For the zero-jet bin they agreed to better than 17%
with respect to the total number of candidate background
events. Residual differences are included in the estimates
of systematic uncertainty described below. The range of
Emiss
T used to fit the templates was also varied to estimate

systematic effects. The first method was used to calculate
the central values of the multijet backgrounds for the
various jet multiplicities.
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The comparisons of the template fits to the Emiss
T

distributions are shown in Fig. 2 for the first type of
multijet template. Figure 3 shows the final mTðWÞ distri-
butions in the various bins of inclusive jet multiplicity.

2. Electron channel systematic uncertainties

The systematic uncertainties for the electron channel are
summarized in Table III. The calculation of uncertainty on
the number of multijet background events was introduced
in Sec. VC1.

The electron trigger efficiency was measured using
Z ! ee events triggered by an object other than the elec-
tron under study (tag-and-probe method). A scale factor of
99:5� 0:5% relative to the value predicted by the
Monte Carlo simulation was determined. The same event
samples were used to determine the electron reconstruction
and identification efficiencies relative to the Monte Carlo
prediction. The reconstruction efficiencies were consistent
with the Monte Carlo values within a systematic uncer-
tainty of 1.5%. Data-driven corrections to the simulated
identification efficiencies were characterized by a two-
dimensional matrix in � and ET. The Z ! ee events

were also used to test the electron identification efficiency
for any dependence on accompanying jet activity and none
was found.
The measured electron energy scale and resolution were

also studied with Z ! ee events. In the data, electron
energies were adjusted with an �-dependent correction
with typical values of about 2% [17]. The electron energy
resolution was similarly tested and adjusted in simulated
events. The residual systematic uncertainties are shown in
Table III.

D. W ! �� þ jets final state

The muons were required to be reconstructed in both
the ID and MS subsystems and to have pT > 20 GeV and
j�j< 2:4. The ID track requirements were those of
Ref. [16]. An ID-based muon isolation was applied which
required a relative isolation of �pID

T =p�
T < 0:1, using a

cone size of �R< 0:2, where �pID
T included all ID tracks

in the cone except the muon track. To help ensure that
the muon is prompt it was required that the transverse
impact parameter of the track d0 and its uncertainty �ðd0Þ
satisfied jd0=�ðd0Þj< 3. Also the longitudinal impact
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FIG. 2 (color online). Result of the Emiss
T template fits used to obtain an estimate of the multijet background for W ! e� events, in

bins of exclusive jet multiplicity. The data are shown with the statistical uncertainties only. In this case the multijet template was
obtained with relaxed shower shape requirements, as described in the text. The data with � 5 jets are not used for measurements

because of low event multiplicity and a poor signal-to-background ratio. The event multiplicity and the ratio were better for p
jet
T >

20 GeV. W candidate events were required to have Emiss
T > 25 GeV.
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parameter �z was required to satisfy j�zj< 10 mm to
reduce contributions from in-time pileup and cosmic ray
muons. These impact parameters were measured with
respect to the primary vertex. Events were rejected if
there was a second muon passing the same kinematic
selections and isolation requirements as above. These
muon selection criteria are similar to those applied in
Ref. [9].

1. Muon channel background estimates

For the muon channel, the main backgrounds arise from
semileptonic decays of heavy flavor hadrons in multijet
events, other leptonic decays of heavy gauge bosons, and t�t
production. The backgrounds from gauge bosons include
W ! ��, where the tau decays to a muon, Z ! �� where
one muon is not identified, Z ! ��, and diboson produc-
tion. For low jet multiplicities the largest backgrounds are
W ! �� and Z ! ��, while for higher multiplicities t�t
production dominates (t�t ! b �bqq0��). Similarly to the
electron channel, the number of leptonic background
events surviving the selection criteria was estimated with
simulated event samples described in Sec. IV. PYTHIA was
used only for inclusive production ofW ! �� and Z ! ��
and ALPGEN for the other vector boson samples. The simu-
lated leptonic background samples were normalized to the
integrated luminosity of the data using the predicted
NNLO, NLOþNNLL (next-to-next-to-leading logarithm)
or NLO cross sections. Discussion of the t�t background
follows in Sec. VE.
The multijet QCD background in the muon channel is

dominated by leptonic decays of bottom or charm hadrons
in jets where the hadron decay involves a muon and
neutrino. The number of background events was estimated
by fitting, for each exclusive jet multiplicity, the Emiss

T
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FIG. 3 (color online). Transverse mass distributions mTðWÞ for selected W ! e� events in bins of inclusive jet multiplicity. MC
predictions for the signal and leptonic backgrounds are normalized to luminosity using (N)NLO cross sections and the multijet
background is estimated from data (method I).

TABLE III. Summary of relative systematic uncertainties as-
sociated with the electron channel.

Quantity Uncertainty

Trigger efficiency �0:5%
Electron reconstruction �1:5%
Electron identification 2–8%a

Electron energy scale 0:3–1:6%a

Electron energy resolution <0:6% of the energy

Multijet QCD background 17–100%b; difference between

the two methods, see Sec. VC 1

a�� pT dependent.
bIncreased with jet multiplicity.
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distribution in the data (with relaxed selection require-
ments on Emiss

T andmTðWÞ: Emiss
T > 15 GeV andmTðWÞ>

35 GeV) to a sum of two templates: one for the multijet
background and another which included signal and the
leptonic backgrounds. The fit determined the relative nor-
malization of the two templates. The shapes for the second
template were obtained from simulation and their relative
normalization was fixed to the predicted cross sections.
The full kinematic selection, Emiss

T > 25 GeV and

mTðWÞ> 40 GeV, was imposed on the multijet back-
ground samples to convert their normalization coefficients
from the relaxed to full selection.

The template for the multijet background was obtained
from data by applying all the standard muon selection
requirements, except that the requirement on the signifi-
cance of the transverse impact parameter was reversed
to jd0=�ðd0Þj> 3. In addition, the impact parameter was
required to be within 0:1< jd0j< 0:4 mm. The lower cut
on the impact parameter reduces signal W ! �� events
leaking into the background sample. The upper cut on
jd0j was placed to minimize bias from multijet events
where an isolated muon is accompanied by a nearby ener-
getic jet; the isolated muons from decays of heavy hadrons
tend to have large impact parameters. The background

events with a muon and an energetic jet do not survive
the standard muon selection due to the stringent require-
ment on the impact parameter, in conjunction with the
isolation cut.
The comparisons of the template fits to the Emiss

T distri-
butions are presented in Fig. 4 forW ! �� events with the
relaxed selection requirements on Emiss

T and mTðWÞ.
Figure 5 shows the final mTðWÞ distributions in the various
bins of inclusive jet multiplicity for events passing the
normal selection requirements.
Another set of templates for the multijet background

was obtained using a simulated dijet sample from PYTHIA

where the event record was required to contain at least one
muon with pT > 8 GeV. The second set of templates
was fitted to data in the same manner as the first in order
to estimate a systematic uncertainty in the number of
multijet background events. The uncertainty increased
with the jet multiplicity from 15% for the inclusive
W-boson sample up to 76% for events with a W boson
and four or more jets.

1. Muon channel systematic uncertainties

The muon trigger efficiencies were measured using a
Z ! �� sample triggered by a muon candidate other than
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FIG. 4 (color online). Result of the Emiss
T template fits used to obtain an estimate of the multijet background forW ! �� events with

relaxed kinematic requirements, mTðWÞ> 25 GeV and Emiss
T > 15 GeV. Results are shown in bins of exclusive jet multiplicity. In this
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jets are not used for measurements because of the low event count and a poor signal-to-background ratio.
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the muon under study [16]. Scale factors close to unity,
relative to the value predicted by the Monte Carlo simula-
tion, were obtained for the muon triggers. The scale factors
were calculated as a function of muon � and pT. The
same sample of events was used to determine the muon
reconstruction and identification efficiencies as a two-
dimensional matrix in � and � [53,54]. The measured
efficiencies were used to correct the simulated samples.

The average efficiency correction is consistent with unity
within a systematic uncertainty of 1.1%.
The measured momentum scale and resolution for

the muons were studied with Z ! �� events [55].
The muon transverse momentum and its resolution were
calibrated as a function of � and pT. The systematic
uncertainties for the muon channel are summarized in
Table IV.

E. Detector-level comparisons between final states
of W ! e�þ jets and W ! �� þ jets

Observed and expected distributions for several varia-
bles have been compared for the electron and muon
channels. The observed distributions are shown with sta-
tistical uncertainties. The expected distributions are pre-
sented with experimental uncertainties that include those
described later in Sec. VG in addition to the uncertainties
specific to the two channels from Secs. VC2 and VD2.
Distributions of the inclusive jet multiplicity are shown in
Fig. 6. Figures 7–10 show distributions in pT of the first
four (highest pT) jets. The rapidity of the first jet is shown
in Fig. 11. The difference and sum of the rapidities of the
lepton and the first jet are shown in Figs. 12 and 13,
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FIG. 5 (color online). Comparison of transverse mass distributions mTðWÞ for W ! �� events. Results are shown in bins
of inclusive jet multiplicity for events passing the normal selection requirements. MC predictions for the W ! �� signal
and leptonic backgrounds are normalized to luminosity using (N)NLO cross sections and the multijet background is estimated
from data.

TABLE IV. Summary of relative systematic uncertainties as-
sociated with the muon channel.

Quantity Uncertainty

Trigger efficiency 0.6–0.7%a

Muon reconstruction

and identification

�1:1%b

Muon pT scale �0:4%a

Muon pT resolution <6%c

Multijet QCD background 15–76%d; difference between

the two templates, see Sec. VD1

a�� pT dependent.
b��� dependent.
c�� pT dependent relative to the measured resolution.
dVaries with jet multiplicity.
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respectively. Variables dependent on the azimuthal and
rapidity separations between the first two jets are featured
in Figs. 14–16. Overall, a good agreement is seen between
measured and predicted distributions. Minor discrepancies

appear for jet pairs with large rapidity separation in
Figs. 14 and 16. Figure 12 illustrates discrepancies for
events with the first jet separated in rapidity from the
lepton. Predictions in Figs. 11–13 are found to be sensitive
to the choice of PDF.
Top quark pair production is a substantial background to

W þ jets in events with four or more jets as can be seen in
Fig. 6. The predicted t�t cross section of 165þ11

�16 pb [26] is
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FIG. 6 (color online). The uncorrected inclusive jet multiplic-
ity distribution. The following remarks apply to this and sub-
sequent figures. Top: electron channel. Bottom: muon channel.
The signal and leptonic backgrounds are shown using simula-
tions, whereas the multijet background uses the method de-
scribed in the text. The signal and leptonic backgrounds are
normalized to the predicted cross sections. The black-hashed
regions illustrate the experimental uncertainties on the predicted
distributions.
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FIG. 7 (color online). The uncorrected distribution in pT

of the jet with the highest pT, in events with one or more
jets.
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fully consistent with the measured value of 171�
20ðstatÞ � 14ðsystÞ þ 8� 6ðlumÞ pb, obtained with the
same 2010 data sample [56]. Here the predicted one was
used to obtain the cross-section results.

Several kinematic distributions were used to check the
normalization of the t�t component in the channels with aW
boson plus four or more jets. These included the rapidity of
the charged lepton and the mass of the W-jet system. The
normalizations obtained were consistent with the expected

value but had a statistical uncertainty too large to usefully
constrain the t�t cross section.

F. Unfolding of efficiency and resolution effects

The yield of signal events was corrected back to the
particle level separately for the two lepton channels, taking
into account detector acceptance and reconstruction effi-
ciency. The correction was made using an iterative
Bayesian method of unfolding [57]. Bin sizes in each
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of the jet with the second highest pT, in events with two or
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histogram were chosen to be a few times larger than the
resolution of the corresponding variable. Migration matri-
ces were computed using the ALPGEN W þ jets event gen-
erator plus full detector simulation, restricting the events to
the common phase space:

(i) p‘
T > 20 GeV (‘ ¼ electron or muon),

(ii) j�‘j< 2:5,
(iii) p�

T > 25 GeV,
(iv) mTðWÞ> 40 GeV,

(v) pjet
T > 30 GeV,

(vi) jyjetj< 4:4 and �Rð‘; jetÞ> 0:5.

The common phase space requirements were applied to
generated objects before the detector simulation. In this
analysis, particle-level jets were constructed in simulated
events by applying the anti-kt jet finder to all final-state
particles with a lifetime longer than 10 ps, whether pro-
duced directly in the pp collision or from the decay of
particles with shorter lifetimes. Neutrinos, electrons, and
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FIG. 10 (color online). The uncorrected distribution in pT of
the jet with the fourth highest pT, in events with four or more
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muons from decays of the massiveW bosons were not used
for the jet finding. Final-state QED radiation differs for
electrons and muons, and its effects were corrected in the
combined cross sections. Fiducial cross sections for each
channel were defined using final-state leptons for which
collinear radiation in a cone of R ¼ 0:1 is added to the
lepton four-momentum [58]. This accounts for the most
significant effects of collinear QED radiation. A residual
correction for large-angle radiation outside this cone is
then applied to bring both electrons and muons to the

Born level for the combined cross sections. These correc-
tion factors range from 0.985 to 0.995 and are similar for
both electrons and muons.
Instead of inverting the migration matrix, the unfolded

distributions were determined using Bayes’ theorem to
recalculate the particle-level distributions from the
detector-level distributions. The unfolded values were cal-
culated using different numbers of iterations for different
bins of a distribution. The standard Bayesian approach
treats all bins using the same number of iterations. Fewer
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iterations were performed for bins with few events than
for bins with large numbers of events to avoid large statis-
tical fluctuations in the tails of the distributions. The num-
ber of iterations was limited for a bin once the statistical
uncertainty becomes substantially larger than the change
due to the last application of the unfolding matrix
[59]. Tests with simulated data showed that the iterative
Bayesian method was sufficient to recover particle-level
distributions. The dominant detector to particle-level

corrections in the electron channel come from electron
reconstruction efficiency (	 30% correction). In the
muon channel, the dominant corrections come from trigger
and reconstruction efficiency (corrections of 	 10–20%
and 	 10% respectively). The statistical uncertainty on
the unfolding was estimated using toy simulations. The
systematic uncertainties on the unfolding included the
uncertainty on the migration matrix which was estimated
by using the alternative SHERPA simulation for W þ jets
production (see Table I).
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FIG. 14 (color online). The uncorrected distribution as a func-
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jets, for events with two or more jets.
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G. Overall systematic uncertainties

In addition to the systematic uncertainties specific to the
electron and muon channels documented earlier in
Secs. VC 2 and VD2, respectively, there are a number
of common sources of uncertainty. As a brief reminder, the
uncertainty on the identification efficiency for electrons
results in þ4:0� 4:3% variation of the Njet � 1 cross

section, giving the largest variation among the electron-
specific uncertainties. Similarly, the uncertainty on

reconstruction and identification efficiency of muons cor-
responds to a variation of �1:1% in the Njet � 1 cross

section and represents the single largest muon-specific
uncertainty.
The dominant source of systematic uncertainty in the

cross-section measurement for both electron and muon
channels is the uncertainty in the jet energy scale [48]. For
Njet � 4, uncertainties on the predicted t�t cross section and

t�t shape also become significant and can be as high as 10%
and 21%, respectively. The luminosity uncertainty enters
primarily through the signal normalization but also has a
small effect on the estimation of the leptonic backgrounds.
Uncertainties in the jet energy scale (JES) and jet energy

resolution (JER) were determined from data and simula-
tion [48]. The JER uncertainty was 10% of the jet energy
resolution [48]. The JES uncertainty varies as a function of
jet pT and �, and ranges from �2:5% at 60 GeV in the
central region to �14% below 30 GeV in the forward
regions; the uncertainty increases monotonically with the
absolute value of jet pseudorapidity. The uncertainty on
the correction of the JES for pileup pp interactions is less
than 1.5% per additional interaction for jets with pT >
50 GeV. To take into account the differences in calorime-
ter response to quark- and gluon-initiated jets, the uncer-
tainty on the fraction of gluon-initiated jets, the flavor
composition [48] was estimated by comparing the fractions
in SHERPA and ALPGEN simulations for W þ jets produc-
tion. For jets accompanied by a second jet within �R<
0:7, an additional uncertainty is added to the JES uncer-
tainty; the additional uncertainty is less than 2.8%. To
estimate the impact of the JES uncertainty, jet energies in
the simulated events were coherently shifted by the JES
uncertainty, and the Emiss

T vector was recomputed. In addi-
tion, simulated energy clusters in the calorimeters not
associated with a jet or electron, such as those coming
from the underlying event and pileup interactions, were
scaled using a pT and j�j dependent uncertainty [16],
ranging from �5:5% for central clusters at pT ’
500 MeV to �3% at high pT. Similarly the simulated jet
energies were smeared by the JER uncertainty and the
Emiss
T vector was recomputed. The full analysis was re-

peated with these variations, and the cross sections were
recomputed; the change in the cross section was taken as
the systematic uncertainty. The uncertainty on the mea-
sured cross sections caused by the uncertainties on the JES
and cluster energy scale increases with jet multiplicity
from 9% for Njet � 1 to 37% for Njet � 4. The impact of

the JES uncertainty is amplified for events with high jet
multiplicities due to the large subtraction of t�t events,
corresponding to �54% of these events. The simulated
jet multiplicity of the top background is sensitive to
the JES. The magnification is somewhat smaller when

jets are selected with p
jet
T > 20 GeV instead of 30 GeV;

the JES-related uncertainty on the Njet � 4 cross section is

up to 29%.
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FIG. 16 (color online). The uncorrected distribution as a func-
tion of yðfirst jetÞ � yðsecond jetÞ, rapidity separation between
the first two jets, for events with two or more jets.
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The uncertainty due to jets originating from pileup
interactions and the influence of the JVF selection require-
ment includes the efficiency of the requirement and
how well the rate of pileup jets is modeled in the simula-
tion. As a conservative estimate, the percentage of jets in
the data removed by the JVF requirement is applied as the
uncertainty. This results in a 1.5% uncertainty for jets with
pT < 40 GeV with a resulting uncertainty on the cross
section of 1% for Njet � 1.

Other uncertainties which were considered include the
jet reconstruction efficiency and biases in the procedure for
correcting for detector effects (by comparing correction
factors obtained with ALPGEN to those obtained with
SHERPA). Their effect on the cross section was found to

be smaller than the uncertainties described before. All of
these systematic uncertainties were also applied to the

estimates of the multijet and leptonic backgrounds in
both electron and muon channels. In addition, for the
leptonic backgrounds the uncertainty in the NNLO cross
sections was taken to be 5% for W=Z production as in
Ref. [16]. The t�t cross-section uncertainty was taken to be
þ7
�10% [26]. The uncertainty on the shapes of the t�t distri-

butions was estimated using ACERMC simulations where
rates of ISR and FSR were altered with respect to the
default settings. Samples with altered ISR were used to
estimate the shape uncertainty since their impact on mea-
sured cross sections was the largest among these samples.
The procedure has been used for ATLAS measurements
involving top pair production [56].
The systematic uncertainties in the cross-section

measurement are summarized in Table V for Njet � 1

and Njet � 4; most of the uncertainties are approximately

TABLE V. Summary of systematic uncertainties on the cross sections. The uncertainties are shown for Njet � 1 and Njet � 4. The
sign convention for the JES and lepton energy scale uncertainties is such that a positive change in the energy scale results in an increase
in the jet or lepton energy observed in the data.

W ! e� channel

Cross-section uncertainty (%)

Effect Range Njet � 1 Njet � 4

Jet and cluster energy scales 2.5–14% (dependent on jet � and pT) þ9:0, �6:6 þ37, �35
Jet energy resolution �10% on each jet (dependent on jet � and pT) �1:6 �6
Electron trigger �0:5% þ0:6, �0:5 �1
Electron reconstruction �1:5% þ1:7, �1:6 �4
Electron identification �2–8% (dependent on electron � and pT) þ4:3, �4:0 þ10, �9
Electron energy scale �0:3–1:6% (dependent on � and pT) �0:6 þ1, �3
Electron energy resolution <0:6% of the energy �0:0 <1
Pileup removal requirement �1:5% in lowest jet pT bin �1:1 �3
Multijet QCD background shape from template variation �0:7 �11
Unfolding ALPGEN vs SHERPA �1:5 �6
Luminosity �3:4% þ3:8, �3:6 þ9, �8
NNLO cross section for W=Z �5% �0:2 <1
NLO cross section for t�t þ7� 10% �0:3 �10
Simulated t�t shape from samples with more or less ISR �0:1 þ12, �21

W ! �� channel

Cross-section uncertainty (%)

Effect Range Njet � 1 Njet � 4

Jet and cluster energy scales 2.5–14% (dependent on jet � and pT) þ8:2, �6:2 þ33, �26
Jet energy resolution 10% on each jet (dependent on jet � and pT) �1:5 �5
Muon trigger �0:7% (� 0:6%) in barrel (end cap) �0:6 �1
Muon reconstruction and identification �1:1% �1:1 �2
Muon momentum scale �0:4% þ0:2, �0:3 <1
Muon momentum resolution �6% �0:1 <1
Pileup removal requirement �1:5% in lowest jet pT bin �1:0 �3
Multijet QCD background shape from template variation þ0:8 �20
Unfolding ALPGEN vs SHERPA �0:2 <1
Luminosity �3:4% þ3:7, �3:5 �7
NNLO cross section for W=Z �5% �0:4 <1
NLO cross section for t�t þ7� 10% þ0:4, �0:3 þ10, �7
Simulated t�t shape from samples with more or less ISR <0:1 þ13, �15
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independent of the jet multiplicity, except for the uncer-
tainty due to the jet energy scale and resolution, multijet
background shape, t�t production, and pileup jet removal.
The uncertainty due to the jet energy scale dominates for
events with at least one jet as illustrated in Fig. 17.

In the cross-section ratio measurement, �ðWþ � NjetÞ=
�ðWþ � Njet � 1Þ, the uncertainty due to the jet energy

scale uncertainty remains the dominant effect, amounting
to approximately 5–20% on the ratio. The luminosity
uncertainty does not completely cancel in the ratio because
the background estimates are affected by the luminosity
uncertainty and the background levels vary as a function of
jet multiplicity.

VI. NEXT-TO-LEADING-ORDER
QCD PREDICTIONS

The MCFM v5.8 [34] and BLACKHAT-SHERPA [11] predic-
tions were obtained with the same jet algorithm and same
kinematic selection requirements applied to the data. In
both cases, renormalization and factorization scales were
set toHT=2, whereHT is the scalar sum of the pT of all the
partons and of the lepton and neutrino from the W-decay.
The PDFs used for MCFM were CTEQ6L1 [42] and
CTEQ6.6M [28] for the LO and NLO calculations, respec-
tively. For BLACKHAT-SHERPA CTEQ6.6M was used for
both LO and NLO calculations.

The systematic uncertainty in the MCFM and BLACKHAT-

SHERPA cross section due to renormalization and factoriza-

tion scales were estimated by varying the scales by factors
of two, up and down, in all combinations. The ratio of one
scale to the other was kept within the range 0.5 to 2.0 to

avoid the effects of large logarithms of the scale ratios in
some kinematic regions. The cross-section ratio, �ðWþ �
NjetÞ=�ðWþ � Njet � 1Þ, was recalculated for each varia-

tion of the scales and the resulting uncertainty was deter-
mined using the recalculated values. Overall, the
asynchronous variations of scales resulted in bigger devia-
tions from the nominal values than the synchronous varia-
tions. The upper and lower uncertainties were taken as the
maximum deviations from the nominal value.
Following the PDF4LHC recommendations [60], PDF

uncertainties were computed by summing in quadrature the
dependence on each of the 22 eigenvectors characterizing
the CTEQ6.6 PDF set; the uncertainty in �s was also taken
into account. The uncertainties were scaled to a confidence
level (C.L.) of 68%. Two alternative PDF sets, MSTW2008
[21], with its set of 68% C.L. eigenvectors, and NNPDF2.0
[61], were also examined. The error envelope of CTEQ6.6
was found to contain nearly all variations due to the two
alternative PDF sets. The uncertainties due to the scale
variations were substantially larger than those due to PDFs.
As a cross-check, cross sections from BLACKHAT-SHERPA

and MCFM were compared for events with up to two jets,
and found to be nearly identical. Therefore, only distribu-
tions from BLACKHAT-SHERPA were compared to the mea-
sured cross sections.
Bin-by-bin corrections for non-pQCD effects, hadroni-

zation and underlying event, were computed using simu-
lated W þ jets samples for each predicted distribution for
the NLO cross sections. The corrections were taken to be
the ratios of the distributions for particle-level jets to the
distributions for parton-level jets, where the sample for
parton-level jets was produced with the underlying event
turned off. To calculate the central values, samples from
ALPGEN v2.13 were showered with HERWIG v6.510 and

JIMMY v4.31 set to the AUET2 tune [62]. The systematic

uncertainty on the non-pQCD corrections was evaluated by
comparing the central values to corrections from samples
where ALPGEN was showered with PYTHIAv6.4.21 set to the
AMBT1 [47] event generator tune. The corrections and
their uncertainties were applied to all the NLO predictions
presented in the paper.

VII. CROSS-SECTION RESULTS

The measured W þ jets cross sections were calculated
in the limited kinematic region defined in Sec. V F. All
cross sections were multiplied by the leptonic branching
ratio, BrðW ! ‘�Þ.
The cross sections for the W ! e� and W ! �� chan-

nels were calculated separately and then compared. The two
sets of cross sections were found in good agreement within
their uncorrelated uncertainties. The systematic uncertain-
ties specific to the individual channels were considered fully
uncorrelated and the common systematic uncertainties fully
correlated. Results for the electron andmuon channels were
combined using three passes of the best linear unbiased
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FIG. 17. Systematic uncertainties on the cross section as a
function of the inclusive jet multiplicity. The uncertainty due
to the jet energy scale is bounded by the two black lines. The
quadratic sum of the other systematic uncertainties is presented
as the shaded area. The uncertainties are for the sum of the
electron and muon cross sections.
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estimator (BLUE) technique [63–65]. Three iterations
were required to compute the upper systematic uncertainty,
the central value, and the lower systematic uncertainty. The
combination improved uncertainties and fluctuations in the
tails of the measured distributions.

Particle-level expectations from ALPGEN and SHERPA

simulations as well as a calculation using BLACKHAT-

SHERPA were compared to the measured cross sections.

PYTHIA is shown only for selected distributions that are

given as a function of corrected jet multiplicity. As PYTHIA
features LO matrix-element accuracy for events with up to
one jet, it does not provide a good description of the data
for jet multiplicities greater than one. The ALPGEN, PYTHIA,
and SHERPA predictions were normalized to the NNLO
inclusive W-boson production cross section. The version
of BLACKHAT-SHERPA used here provides NLO predictions
at parton level for W-boson production with Njet � 4. No

additional normalization was applied to the BLACKHAT-

SHERPA predictions.

The measured W þ jets cross sections and the cross-
section ratios are shown as a function of the corrected jet
multiplicity in Figs. 18 and 19. The cross section is shown

as a function of the pT of the first jet for Njet � 1 to Njet �
4 events separately in Fig. 20, the second jet for Njet � 2

to Njet � 4 events separately in Fig. 21, the third jet for

Njet � 3 and Njet � 4 events separately in Fig. 22, and the
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FIG. 19 (color online). W þ jets cross-section ratio results as a
function of corrected jet multiplicity.
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FIG. 20 (color online). W þ jets cross section as a function of
the pT of the first jet in the event. The pT of the first jet is shown
separately for events with � 1 jet to � 4 jet. The � 2 jet, � 3
jet, and� 4 jet distributions have been scaled down by factors of
10, 100, and 1000, respectively. Shown are predictions from
ALPGEN, SHERPA, and BLACKHAT-SHERPA, and the ratio of theo-

retical predictions to data for � 1 jet and � 2 jet events.
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fourth jet for Njet � 4 events in Fig. 23. The jets are

ordered from the highest to lowest pT. The differential
cross section as a function of HT is shown for Njet � 1

to Njet � 4 in Fig. 24. Here HT is defined as a scalar sum

over pT of the lepton, neutrino (Emiss
T ), and all jets in the

event. HT is often used to set the renormalization and
factorization scales in fixed-order calculations and is
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therefore an interesting variable to compare between data
and predictions.

The measured HT distribution for events with one or
more jets is not well described by the BLACKHAT-SHERPA

prediction. The prediction is calculated inclusively, at
NLO, for events with a W boson and one or more jets:
because of the limited order of the calculation, matrix
elements with three or more real emissions of final-state
partons are not included in the calculation. In contrast,
ALPGEN, where LO matrix-element terms with up to five

final-state partons are utilized, describes the data well. The
data themselves are, as stated above, inclusive of all higher
jet multiplicities. A modified treatment of BLACKHAT-

SHERPA prediction was introduced, where higher-order

NLO terms with two, three, and four real emissions were
also added to the Njet � 1 distribution: this is shown in

Fig. 25. The higher-order terms were combined by match-
ing them exclusively in jet multiplicity by counting parton
jets with pT > 30 GeV. The matching scheme is required
to reduce double-counting of cross sections. This case
illustrates the challenges of comparing NLO calculations
to complex inclusive jet variables like HT. In Fig. 26 the
cross sections are shown as a function of the invariant
mass,mðjetsÞ, of the first two, three, and four jets for events
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with Njet � 2, Njet � 3, and Njet � 4, respectively.

The invariant mass of the multijet system is also
considered for the renormalization and factorization
scales in fixed-order pQCD calculations. Overall, these

distributions constitute a set of tests for factorization and
renormalization scales used in calculations of �s; the
ALPGEN samples demonstrate a better agreement with

data than SHERPA due to differences in the scales and
PDFs described in Sec. IV.
Distributions dependent on rapidities of the leptons

and the first jet are shown in Figs. 27–29 for yðfirst jetÞ,
yð‘Þ � yðfirst jetÞ, and yð‘Þ þ yðfirst jetÞ, respectively.
These distributions are sensitive to PDFs used for calcu-
lations of LO and NLO matrix elements. Predictions from
BLACKHAT-SHERPA and SHERPA were produced with

CTEQ6.6M, a NLO PDF, while ALPGEN used CTEQ6L1,
a LO PDF. The shape of the distributions from SHERPA

were found to be similar to BLACKHAT-SHERPA. ALPGEN

gave a different description of the yð‘Þ � yðfirst jetÞ distri-
bution. The deviations observed between the data and
BLACKHAT-SHERPA at high jet rapidities in Fig. 27 may be

caused by insufficient knowledge of the gluon PDFs at
high x.
Lastly, distances between the first two jets are

explored in Figs. 30–32 by defining the distance as
�Rðfirstjet; secondjetÞ, yðfirst jetÞ � yðsecond jetÞ, and
��ðfirst jet; second jetÞ, respectively. This set of measure-
ments offers a test of hard parton radiation at large angles
and of matrix element to parton shower matching schemes.
The majority of jets are modeled via the ME calculation
for the jet pairs with large angular separation, when
�R and �� are close to 	. Collinear radiation at small
angular separation, when �R is small, is produced
mainly via the parton shower. Overall, ALPGEN and
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BLACKHAT-SHERPA demonstrate good agreement with the

data while SHERPA deviates due to the differences in PDFs,
�s, and factorization scales.

All distributions were also produced with the selection

requirement on pjet
T reduced from 30 GeV to 20 GeV. The

results for the softer threshold are given in the Appendix.
The softer threshold makes the cross sections more sensi-
tive to the non-pQCD and experimental effects, especially
for forward jets.
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All these cross sections accompanied by the non-pQCD
and QED corrections are available in HEPDATA.

VIII. CONCLUSIONS

This paper presents a measurement of theW þ jets cross
section as a function of jet multiplicity in pp collisions atffiffiffi
s

p ¼ 7 TeV in both electron and muon decay modes of
the W boson, based on an integrated luminosity of
36 pb�1. The ratios of cross sections �ðWþ �
NjetÞ=�ðWþ � Njet � 1Þ have been calculated for inclu-

sive jet multiplicities, Njet, that range between 1–4 for the

pjet
T > 30 GeV jet threshold and between 1–5 for the pjet

T >
20 GeV threshold. Measurements are also presented of the
pT distribution of the first through fourth jets in the event,
of the invariant masses of two or more jets, of the distances
between the lepton and the first jet, of the distances be-
tween the first two jets, and of the HT distribution. The
results have been corrected for all detector effects and are
quoted in an ATLAS-specific range of jet and lepton kine-
matics. This range is almost fully covered by the detector
acceptance, so as to avoid model-dependent extrapolations
and to facilitate the comparison with theoretical predic-
tions. Good agreement is observed between the predictions
from the multiparton matrix-element generator ALPGEN

and the measured distributions. At the same time, SHERPA
demonstrates a slightly worse agreement with the experi-
mental results than ALPGEN. The paper features the first
comparison between the NLO predictions and the LHC
data for events with a W boson and four jets. Calculations
based on NLO matrix elements in MCFM (available for jet
multiplicities Njet � 2) and in BLACKHAT-SHERPA (avail-

able for jet multiplicities Njet � 4) are generally in good

agreement with the data; deviations are observed in the
d�ðWþ � jetÞ=dHT distribution at large HT and in the
tails of d�=dyðjetÞ and d�=dðyð‘Þ � yðjetÞÞ distributions.
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APPENDIX: RESULTS FOR A JET THRESHOLD
OF pT > 20 GeV

In Figs. 33–46, we present results for jets selected with a
20 GeV threshold in pT. The distributions are the same
variables as for jets with the 30 GeV threshold shown in
Sec. VII except that the data with Njet � 5 were used for

physics conclusions; the 20 GeV threshold improved the
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FIG. 35 (color online). W þ jets cross section as a function of
the pT of the first jet in the event. The pT of the first jet is shown
separately for events with � 1 jet to � 4 jet. The � 2 jet, � 3
jet, and� 4 jet distributions have been scaled down by factors of
10, 100, and 1000, respectively. Shown are predictions from
ALPGEN, SHERPA, and BLACKHAT-SHERPA, and the ratio of theo-

retical predictions to data for � 1 jet and � 2 jet events.
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signal-to-background ratio and event count. The softer
threshold makes the cross sections more sensitive to the
non-pQCD and experimental effects such as the underlying
event model, multiple parton interactions, parton fragmen-
tation, hadronization, and pileup pp interactions. The

corrections accounting for the non-pQCD effects, that
were applied to BLACKHAT-SHERPA calculations, increased
monotonically with the absolute value of jet rapidity from
�1:0 up to �2:4. The uncertainties on the corrections are
also larger in the forward region.
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R. Asfandiyarov,171 S. Ask,27 B. Åsman,145a,145b L. Asquith,5 K. Assamagan,24 A. Astbury,168 A. Astvatsatourov,51

B. Aubert,4 E. Auge,114 K. Augsten,126 M. Aurousseau,144a G. Avolio,162 R. Avramidou,9 D. Axen,167 C. Ay,53

G. Azuelos,92,e Y. Azuma,154 M.A. Baak,29 G. Baccaglioni,88a C. Bacci,133a,133b A.M. Bach,14 H. Bachacou,135

K. Bachas,29 G. Bachy,29 M. Backes,48 M. Backhaus,20 E. Badescu,25a P. Bagnaia,131a,131b S. Bahinipati,2 Y. Bai,32a

D. C. Bailey,157 T. Bain,157 J. T. Baines,128 O. K. Baker,174 M.D. Baker,24 S. Baker,76 E. Banas,38 P. Banerjee,92

Sw. Banerjee,171 D. Banfi,29 A. Bangert,149 V. Bansal,168 H. S. Bansil,17 L. Barak,170 S. P. Baranov,93 A. Barashkou,64

A. Barbaro Galtieri,14 T. Barber,47 E. L. Barberio,85 D. Barberis,49a,49b M. Barbero,20 D. Y. Bardin,64 T. Barillari,98

M. Barisonzi,173 T. Barklow,142 N. Barlow,27 B.M. Barnett,128 R.M. Barnett,14 A. Baroncelli,133a G. Barone,48
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P. Morettini,49a M. Morii,56 J. Morin,74 A. K. Morley,29 G. Mornacchi,29 S. V. Morozov,95 J. D. Morris,74

L. Morvaj,100 H.G. Moser,98 M. Mosidze,50b J. Moss,108 R. Mount,142 E. Mountricha,9,w S. V. Mouraviev,93

E. J.W. Moyse,83 M. Mudrinic,12b F. Mueller,57a J. Mueller,122 K. Mueller,20 T.A. Müller,97 T. Mueller,80

D. Muenstermann,29 A. Muir,167 Y. Munwes,152W. J. Murray,128 I. Mussche,104 E. Musto,101a,101b A. G. Myagkov,127

M. Myska,124 J. Nadal,11 K. Nagai,159 K. Nagano,65 Y. Nagasaka,59 M. Nagel,98 A.M. Nairz,29 Y. Nakahama,29

G. AAD et al. PHYSICAL REVIEW D 85, 092002 (2012)

092002-32



K. Nakamura,154 T. Nakamura,154 I. Nakano,109 G. Nanava,20 A. Napier,160 M. Nash,76,d N. R. Nation,21

T. Nattermann,20 T. Naumann,41 G. Navarro,161 H.A. Neal,86 E. Nebot,79 P. Yu. Nechaeva,93 A. Negri,118a,118b

G. Negri,29 S. Nektarijevic,48 A. Nelson,162 S. Nelson,142 T.K. Nelson,142 S. Nemecek,124 P. Nemethy,107

A.A. Nepomuceno,23a M. Nessi,29,x M. S. Neubauer,164 A. Neusiedl,80 R.M. Neves,107 P. Nevski,24 P. R. Newman,17

V. Nguyen Thi Hong,135 R. B. Nickerson,117 R. Nicolaidou,135 L. Nicolas,138 B. Nicquevert,29 F. Niedercorn,114

J. Nielsen,136 T. Niinikoski,29 N. Nikiforou,34 A. Nikiforov,15 V. Nikolaenko,127 K. Nikolaev,64 I. Nikolic-Audit,77

K. Nikolics,48 K. Nikolopoulos,24 H. Nilsen,47 P. Nilsson,7 Y. Ninomiya,154 A. Nisati,131a T. Nishiyama,66

R. Nisius,98 L. Nodulman,5 M. Nomachi,115 I. Nomidis,153 M. Nordberg,29 B. Nordkvist,145a,145b P. R. Norton,128

J. Novakova,125 M. Nozaki,65 L. Nozka,112 I.M. Nugent,158a A.-E. Nuncio-Quiroz,20 G. Nunes Hanninger,85

T. Nunnemann,97 E. Nurse,76 T. Nyman,29 B. J. O’Brien,45 S.W. O’Neale,17,a D. C. O’Neil,141 V. O’Shea,52

L. B. Oakes,97 F. G. Oakham,28,e H. Oberlack,98 J. Ocariz,77 A. Ochi,66 S. Oda,154 S. Odaka,65 J. Odier,82 H. Ogren,60

A. Oh,81 S. H. Oh,44 C. C. Ohm,145a,145b T. Ohshima,100 H. Ohshita,139 T. Ohsugi,58 S. Okada,66 H. Okawa,162

Y. Okumura,100 T. Okuyama,154 A. Olariu,25a M. Olcese,49a A.G. Olchevski,64 M. Oliveira,123a,i

D. Oliveira Damazio,24 E. Oliver Garcia,166 D. Olivito,119 A. Olszewski,38 J. Olszowska,38 C. Omachi,66

A. Onofre,123a,y P. U. E. Onyisi,30 C. J. Oram,158a M. J. Oreglia,30 Y. Oren,152 D. Orestano,133a,133b I. Orlov,106

C. Oropeza Barrera,52 R. S. Orr,157 B. Osculati,49a,49b R. Ospanov,119 C. Osuna,11 G. Otero y Garzon,26

J. P. Ottersbach,104 M. Ouchrif,134d F. Ould-Saada,116 A. Ouraou,135 Q. Ouyang,32a A. Ovcharova,14 M. Owen,81

S. Owen,138 V. E. Ozcan,18a N. Ozturk,7 A. Pacheco Pages,11 C. Padilla Aranda,11 S. Pagan Griso,14 E. Paganis,138

F. Paige,24 P. Pais,83 K. Pajchel,116 G. Palacino,158b C. P. Paleari,6 S. Palestini,29 D. Pallin,33 A. Palma,123a

J. D. Palmer,17 Y. B. Pan,171 E. Panagiotopoulou,9 B. Panes,31a N. Panikashvili,86 S. Panitkin,24 D. Pantea,25a

M. Panuskova,124 V. Paolone,122 A. Papadelis,145a Th. D. Papadopoulou,9 A. Paramonov,5 W. Park,24,z

M.A. Parker,27 F. Parodi,49a,49b J. A. Parsons,34 U. Parzefall,47 E. Pasqualucci,131a S. Passaggio,49a A. Passeri,133a

F. Pastore,133a,133b Fr. Pastore,75 G. Pásztor,48,aa S. Pataraia,173 N. Patel,149 J. R. Pater,81 S. Patricelli,101a,101b

T. Pauly,29 M. Pecsy,143a M. I. Pedraza Morales,171 S. V. Peleganchuk,106 H. Peng,32b R. Pengo,29 A. Penson,34

J. Penwell,60 M. Perantoni,23a K. Perez,34,bb T. Perez Cavalcanti,41 E. Perez Codina,11 M. T. Pérez Garcı́a-Estañ,166
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36bDipartimento di Fisica, Università della Calabria, Arcavata di Rende, Italy
37Faculty of Physics and Applied Computer Science, AGH-University of Science and Technology,

Krakow, Poland
38The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Krakow, Poland

39Physics Department, Southern Methodist University, Dallas, Texas, USA
40Physics Department, University of Texas at Dallas, Richardson, Texas, USA

41DESY, Hamburg and Zeuthen, Germany
42Institut für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany

43Institut für Kern-und Teilchenphysik, Technical University Dresden, Dresden, Germany
44Department of Physics, Duke University, Durham, North Carolina, USA

45SUPA-School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
46INFN Laboratori Nazionali di Frascati, Frascati, Italy

47Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg i.Br., Germany
48Section de Physique, Université de Genève, Geneva, Switzerland
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