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h 5, 2012)This report des
ribes a sear
h for asso
iated produ
tion of W and Higgs bosons based on data
orresponding to an integrated luminosity of L ≈ 5.3 fb−1 
olle
ted with the D0 dete
tor at theFermilab Tevatron pp̄ Collider. Events 
ontaining a W → ℓν 
andidate (with ℓ 
orresponding to eor µ) are sele
ted in asso
iation with two or three re
onstru
ted jets. One or two of the jets arerequired to be 
onsistent with having evolved from a b quark. A multivariate dis
riminant te
hniqueis used to improve the separation of signal and ba
kgrounds. Expe
ted and observed upper limitsare obtained for the produ
t of the WH produ
tion 
ross se
tion and bran
hing ratios and reportedin terms of ratios relative to the predi
tion of the standard model as a fun
tion of the mass of theHiggs boson (MH). The observed and expe
ted 95% C.L. upper limits obtained for an assumed
MH = 115 GeV are, respe
tively, fa
tors of 4.5 and 4.8 larger than the value predi
ted by thestandard model.PACS numbers: 14.80.Bn,13.85.RmI. INTRODUCTIONIn the standard model (SM) of parti
le physi
s, themasses of the weakly intera
ting W and Z gauge bosonsare a

ommodated through the pro
ess of ele
troweaksymmetry breaking, and the masses of fermions throughtheir Yukawa 
ouplings to the Higgs �eld. The sear
h forthe Higgs boson, whose mass MH is not predi
ted by the
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SM, is a test of this hypothesis and is a major 
ompo-nent of the experimental programs at parti
le 
olliders.At the Fermilab Tevatron pp̄ Collider, this sear
h is 
ar-ried out using multiple statisti
ally independent sear
hsamples, ea
h sensitive to di�erent Higgs boson produ
-tion pro
esses and de
ay 
hannels, providing in
reasedsensitivity in the sear
h for dire
t eviden
e for this SMme
hanism [1, 2℄.This paper presents an extended des
ription of the pre-viously reported sear
h [3℄ for SM Higgs boson produ
-tion through the pro
ess pp̄ → WH , in whi
h a Higgsboson is produ
ed in asso
iation with a W boson. Thesear
h is based on data 
orresponding to an integratedluminosity L ≈ 5.3 fb−1 
olle
ted with the D0 dete
torat the Fermilab Tevatron pp̄ Collider with a 
enter-of-mass energy √
s = 1.96 TeV. The events are requiredto 
ontain a W → eν or W → µν 
andidate, thereby



4suppressing ba
kground from in
lusive b-jet produ
tionpro
esses, and enhan
ing sensitivity to signal by severalorders of magnitude. The event sele
tion is also sensitiveto W → τν events with τ de
ay into ele
trons or muons.The events are required to 
ontain a H → bb̄ 
andidatebe
ause of large bran
hing fra
tion for this de
ay in the
MH region 
onsidered here (100 < MH < 150 GeV).The experimental signature is therefore a single isolatedlepton, an imbalan
e in the measured transverse energy(6ET ), and either two or three jets, at least one of whi
h is
onsistent with having been initiated by a b quark. Thethree-jet sample is in
luded to provide additional sen-sitivity for WH events 
ontaining gluon radiation fromthe initial or �nal state parti
les of the hard 
ollision.The data are examined in separate sear
h samples of dif-ferent sensitivity and a multivariate random forest te
h-nique [4, 5℄ is applied to ea
h sample, further enhan
ingsensitivity to signal.Dire
t sear
hes for the pro
ess e+e− → ZH at theCERN e+e− Collider (LEP) experiments set the SMHiggs mass to MH > 114.4 GeV [6℄. In addition, a �t toele
troweak pre
ision measurements of the masses of the
W boson and the top quark from both Tevatron and LEPexperiments leads to an upper limit of MH < 161 GeV forSM Higgs produ
tion at the 95% C.L. [7℄. Both the CDFand D0 Collaborations have extensively investigated the
WH asso
iated produ
tion me
hanism [8�13℄, and a re-gion at larger 156 < MH < 177 GeV has also been ex-
luded at 95% C.L. by dire
t sear
hes for H → W+W−de
ays [14℄. Results from the CERN Large Hadron Col-lider (LHC) Collaborations [15, 16℄ also ex
lude regionsat higher MH > 127 GeV and indi
ate that the mostinteresting region for the sear
h for the SM Higgs bosonis the one where the sensitivity of the sear
h dis
ussedin this arti
le is maximal. The analysis presented hereis expe
ted to be a highly sensitive 
hannel in the massrange 100 . MH . 135 GeV.II. THE D0 DETECTORThe main 
omponents of the D0 dete
tor used in thisinvestigation are the tra
king dete
tors, 
alorimeters,muon dete
tors, and the luminosity system. Protons andantiprotons intera
t 
lose to the origin of the D0 dete
tor
oordinate system whi
h is at the 
enter of the dete
tor.A right-handed Cartesian 
oordinate system is used withthe positive z-axis pointing along the nominal dire
tionof the in
oming proton beam (the positive y-axis pointstoward the top of the dete
tor) and the pseudorapidityvariable, de�ned as η = − ln tan θ

2
, where θ is the polarangle in the 
orresponding spheri
al polar 
oordinate sys-tem. The kinemati
 properties of parti
les and jets aremeasured with respe
t to the re
onstru
ted pp̄ 
ollisionvertex. More details on D0 
onstru
tion and 
omponentdesign are available in [17, 18℄. Upgrades to the tra
kingand trigger systems were installed during the Summerof 2006 and the data samples 
olle
ted prior to and af-

ter this upgrade are referred to as pre- and post-upgradesamples in the following.A. Tra
king Dete
torsThe D0 tra
king system surrounds the intera
tionpoint and 
onsists of an inner sili
on mi
rostrip tra
ker(SMT) followed by an outer 
entral s
intillating �bertra
ker (CFT). Both the SMT and CFT are situatedwithin a 2 T magneti
 �eld provided by a super
ondu
t-ing solenoidal 
oil surrounding the entire tra
king system.The sili
on mi
rostrip tra
ker is used for tra
king
harged parti
les and re
onstru
ting intera
tion and de-
ay verti
es. In the 
entral region there are six barrelse
tions ea
h 
omprising four dete
tor layers. The bar-rel se
tions are interspersed and 
apped with disks 
om-posed of 12 double-sided sili
on wedge dete
tors. The�rst and se
ond dete
tor layers of ea
h barrel 
ontain12 sili
on modules and 24 modules are installed in thethird and fourth dete
tor layers. An additional innerlayer was added to the sili
on tra
ker system in 2006[19℄. In the high |η| region on either side of the threedisk-barrel assemblies there are three further radial diskse
tions (F-disks), and in the far-forward region, large-diameter disks (H-disks) provide tra
king at larger |η|.The tra
ks of parti
les with |η| < 1.7 are measured usingthe CFT and the barrel and F-disk se
tions of the SMT,whereas tra
ks for parti
les at larger |η| are re
onstru
tedusing the the F- and H-disks.The CFT 
omprises s
intillating �bers (835 µm in di-ameter) mounted on eight 
on
entri
 support 
ylinders.The 
ylinders o

upy the radial spa
e from 20 to 52 
mfrom the 
enter of the beam pipe. The two innermost
ylinders are 1.66 m long whereas the outer six 
ylindersare 2.52 m long. The outer 
ylinder provides tra
king
overage extending to |η| = 1.7.B. CalorimetersThe D0 
alorimeter system is used to measure energiesas well as to identify ele
trons, photons, and jets. The
alorimeter also helps to identify muons and provides ameasure of the 6ET in events. The 
entral 
alorimeter(CC) and the two end 
alorimeters (EC) are 
ontainedwithin three individual 
ryostats lo
ated outside of thesuper
ondu
ting solenoid. The 
entral 
alorimeter 
oversdete
tor pseudorapidities |η| . 1.1 and the end 
alorime-ters extend the range to |η| = 4.2. The a
tive material inea
h 
alorimeter se
tion is liquid argon. Extending radi-ally outwards from the dete
tor 
enter, the 
alorimetersare sub-divided into ele
tromagneti
 (EM), �ne hadroni
(FH), and 
oarse hadroni
 (CH) se
tions. The absorbermaterial of the EM se
tions is uranium, whereas for theFH se
tions a uranium-niobium alloy is used. The CHabsorbers are made of 
opper in the CC region and stain-less steel in the EC region. To improve measurements in



5the inter-
ryostat regions (ICR), plasti
-s
intillator de-te
tors and �massless gap� dete
tors are used to sampleshowers between 
ryostats, enhan
ing 
alorimeter 
over-age in the region 0.8 < |η| < 1.4.C. Muon Dete
torsThe muon dete
tor system [20℄ 
onsists of a 
entralmuon dete
tor system 
overing the range |η| < 1 and aforward muon system that 
overs the region 1 < |η| < 2.The 
entral muon system 
omprises aluminum propor-tional drift 
hambers whereas aluminum mini drift tubesare used in the forward system. S
intillation 
ountersare in
luded for triggering purposes, and 1.8 T toroidalmagnets make it possible to determine muon momentaand perform tra
king measurements based on the muonsystem alone.The proportional drift 
hambers are arranged in threelayers, one of whi
h (A layer) is lo
ated within the toroid,with the remaining two (B and C) layers lo
ated beyondthe toroid, with the C layer radially furthest from theintera
tion point. In the 
entral muon system, the B andC layers have three planes of drift 
ells. The A layer hasfour planes, ex
ept at the support stru
ture at the bot-tom of the dete
tor, where the A layer has three planesof 
ells. In the forward region, mini drift tubes are ar-ranged in eight o
tants with four planes in the A layerwhile the B and C layers ea
h have three planes.D. Luminosity SystemThe D0 luminosity system is used to determine the in-stantaneous luminosity and also to measure beam-halorates. The system is 
omposed of two disks of s
intil-lating tile dete
tors that are positioned in front of theECs on both sides of the D0 dete
tor at z = ±140 cm.Ea
h of the disks 
onsists of 24 plasti
 s
intillation 
oun-ters that 
over pseudorapidity regions 2.7 < |η| < 4.4.The total integrated luminosity (L) is determined via theaverage instantaneous number of observed inelasti
 
ol-lisions (Ninel), a

ording to fNinel/σinel, where f is thefrequen
y of pp̄ Tevatron bun
h 
rossings, and σinel is thee�e
tive inelasti
 produ
tion 
ross se
tion [21℄ within theluminosity system a

eptan
e, after taking into a

ountbeam-halo events and multiple 
ollisions within a singlebeam 
rossing. In pra
ti
e, Ninel is 
al
ulated by invert-ing the Poisson probability of observing no hits in eitherof the two disks [22℄.III. TRIGGERINGThe D0 trigger system has three levels referred to asL1, L2, and L3. Ea
h 
onse
utive level re
eives a lowerrate of events for further examination. The L2 software-based algorithms re�ne the L1 information they re
eive

and the L3 software-based algorithms then run simpli�edversions of o�ine identi�
ation algorithms based on thefull dete
tor readout.The W → eν 
andidates of this sear
h are 
olle
ted us-ing the logi
al OR of di�erent triggers requiring a 
andi-date ele
tromagneti
 obje
t. The L1 ele
tron triggers re-quire 
alorimeter energy signatures 
onsistent with thoseof an ele
tron. The logi
al OR also in
ludes trigger algo-rithms requiring an ele
tromagneti
 obje
t together withat least one jet, for whi
h the L1 requirement in
ludes a
alorimeter energy deposition expe
ted for jets at largetransverse momenta pT . The triggers have di�erent min-imum ele
tron and jet pT thresholds, and ea
h has a typ-i
al e�
ien
y of (90�100)% for the signal events satisfy-ing the sele
tion requirements dis
ussed below, depend-ing on the trigger type and sampled region of the dete
-tor. The trigger e�
ien
ies are determined using samplesof Z/γ∗ → e+e− events and are modeled as fun
tions ofthe pT and η of the leading (largest pT ) ele
tromagneti
obje
t in the event. Event weights are used to apply themeasured trigger e�
ien
ies to the simulated signal andba
kground samples. Sin
e the triggers undergo periodi

hanges, these e�
ien
ies depend on spe
i�
 running pe-riods. In parti
ular, an improved 
alorimeter trigger wasadded during the 2006 dete
tor upgrade [23℄.
W → µν 
andidates are triggered using the logi
al ORof the full set of available triggers and expe
ted to be fullye�
ient for the sele
tion 
riteria used. For muons, the se-le
ted pseudorapidity range of this analysis is |η| < 1.6,where the majority of the events are 
olle
ted by triggerswhi
h require a large-pT muon at L1 (single-muon trig-gers). The e�
ien
y of the single-muon triggered 
om-ponent of the data is determined using Z/γ∗ → µ+µ−events, again separately for spe
i�
 running periods. Itis typi
ally ≈ 70% and is well modeled in simulation.The remainder of the events are 
olle
ted primarily us-ing jet triggers. The e�
ien
y for these triggers is deter-mined separately by taking the ratio of this 
omponentof the triggered dataset to Monte Carlo (MC) simulationwith triggering probabilities set to unity (after 
orre
tingthe data for multijet (MJ) ba
kground as des
ribed sepa-rately in Se
. VII). The ratio is parameterized as a fun
-tion of the s
alar sum (HT ) of the transverse momenta ofthe jets in the event, and 
ompared to the well-modeledsingle-muon triggered dataset. The simulated probabilityfor events to pass at least one of the single high-pT muontriggers is then s
aled to the e�
ien
y of the 
omplete setof triggers used. The most re
ently 
olle
ted data 
or-respond to the highest instantaneous luminosities, andbe
ause di�erent proportions of multijet, 6ET+jet, andmuon+jet triggered events are observed as a fun
tion ofluminosity, the additional probability fa
tor is 
omputedseparately for events 
olle
ted before and after the 2006D0 upgrade. The remaining triggers provide a gain inprobability of ≈ 0.23 before the 2006 upgrade and rangefrom 0.23�0.33 following the upgrade.After additional dete
tor status quality requirements,applied to ensure subdete
tor systems are operational,



6the total integrated luminosity is L = 5.32 fb−1 for theele
tron 
hannel and L = 5.36 fb−1 for the muon 
han-nel. The 
ontribution to the total integrated luminosityfrom the pre-2006 upgrade part of the dataset is about
1 fb−1 in ea
h 
ase. The un
ertainty on the experimen-tally measured integrated luminosity is 6.1% [22℄ and isdominated by the un
ertainity in the e�e
tive inelasti
produ
tion 
ross se
tion [21℄.IV. IDENTIFICATION OF LEPTONS, 6ET ,AND JETSCandidate events with W bosons are sele
ted by re-quiring a single re
onstru
ted lepton together with large
6ET and the sele
ted W → ℓν samples are also requiredto 
ontain either two or three re
onstru
ted jets.Ele
trons of pT > 15 GeV are re
onstru
ted in theCC or EC 
alorimeters in the pseudorapidity regions
|η| < 1.1 and 1.5 < |η| < 2.5, respe
tively. In theCC (EC), a shower is required to deposit 97%(90%)of its total energy (as measured in a 
one of radius
∆R =

√

(∆η)2 + (∆φ)2 = 0.4) within a 
one of radius
∆R = 0.2 in the ele
tromagneti
 layers. The showersmust have transverse and longitudinal distributions thatare 
onsistent with those expe
ted from ele
trons. Inthe CC region, a re
onstru
ted tra
k, isolated from othertra
ks, is required to have a traje
tory that extrapolatesto the EM shower. The isolation 
riteria restri
ts the sumof the s
alar pT of tra
ks of pT > 0.5 GeV within a hol-low 
one of radius ∆R =

√

(∆η)2 + (∆φ)2 = [0.05− 0.4]surrounding the ele
tron 
andidate to < 2.5 GeV. Ad-ditional information on the number and s
alar pT sumof tra
ks in 
one of radius ∆R = 0.4 surrounding the
andidate 
luster, tra
k to 
luster mat
hing probability,the ratio of the transverse energy of the 
luster and thetransverse momentum of the tra
k asso
iated with theshower, the EM fra
tion, and lateral and longitudinalshower shape 
hara
teristi
s are used to 
onstru
t CCand EC ele
tron likelihood dis
riminants. The dis
rim-inants are trained using Z/γ∗ → e+e− events and areapplied to ensure that the observed parti
le 
hara
teris-ti
s are 
onsistent with ele
trons [24℄.Muons of pT > 15 GeV are sele
ted in the region
|η| < 1.6. Muons are required to have tra
k segmentsin both the A and B or C layers of the muon dete
-tors, with a spatial mat
h to a 
orresponding tra
k inthe 
entral tra
ker. The s
alar sum of the pT of tra
kswith ∆R < 0.5 around the muon 
andidate is requiredto be less than 2.5 GeV. Furthermore, transverse en-ergy deposits in the 
alorimeter in a hollow 
one of
∆R = [0.1 − 0.4] around the muon must be less than
2.5 GeV. To suppress MJ ba
kground events whi
h orig-inate from semileptoni
 de
ays of hadrons, muon 
andi-date tra
ks are required to be spatially separated fromjets by ∆R(µ, j) > 0.5. To suppress 
osmi
-ray muonss
intillator timing information is used to require the hitsto 
oin
ide with a beam 
rossing.

In addition to the sele
tion 
riteria listed above, ele
-trons and muon samples are also sele
ted using mu
hlooser re
onstru
tion 
riteria. For the ele
tron 
hannel,less restri
tive 
alorimeter isolation and EM energy fra
-tion 
riteria are used and the likelihood dis
riminants arenot applied. For the muon 
hannel, less restri
tive energyisolation and tra
k-momentum 
riteria are used. Thesesamples are used only for the determination of the MJba
kground 
ontributions to the �nal sele
ted samples asdes
ribed in Se
. VII.The 6ET is 
al
ulated from individual 
alorimeter 
ellenergies in the ele
tromagneti
 and �ne hadroni
 partsof the 
alorimeter and is required to be 6ET > 20 GeVfor both the ele
tron and muon 
hannels. It is 
orre
tedfor the presen
e of any muons. All energy 
orre
tionsto leptons and to jets (in
luding energy from the 
oarsehadroni
 layers asso
iated with jets) are propagated tothe 6ET .Jets are re
onstru
ted in the 
alorimeters in the re-gion |η| < 2.5 using the D0 Run II iterative midpoint
one algorithm, from energy deposits within 
ones of size
∆R = 0.5 [25℄. To minimize the possibility that jets are
aused by noise or spurious energy deposits the fra
tionof the total jet energy 
ontained in the EM layers of the
alorimeter is required to be between 5% and 95%, andthe energy fra
tion in the CH se
tions is required to beless than 40%. To suppress noise, di�erent 
ell energythresholds are also applied to 
lustered and to isolated
ells. The energy of the jets is s
aled by applying a 
or-re
tion determined from γ+jet events using the same jet�nding algorithm. This s
ale 
orre
tion a

ounts for ad-ditional energy (e.g., residual energy from previous bun
h
rossings and energy from multiple pp̄ intera
tions) thatis sampled within the �nite 
one size, the 
alorimeterresponse to parti
les produ
ed within the jet 
one, andenergy �owing outside the 
one or moving into the 
onevia dete
tor e�e
ts (e.g the de�e
tion of parti
les by themagneti
 �eld). Details of the D0 jet energy s
ale 
or-re
tion 
an be found in [26℄.In addition to the previously mentioned jet energys
ale 
orre
tion, derived using γ+jet events, residual 
al-ibration di�eren
es between simulated and data-sele
tedjets are also studied using Z(→ e+e−)+jet events. Anadditional energy re
alibration and an energy smearingare then determined to adjust the pT imbalan
e betweenthe Z boson and the re
oiling jet in simulation to thatobserved in data. The 
orre
tion is applied in simulationto gluon-dominated jet produ
tion pro
esses. Di�eren
esin re
onstru
tion thresholds in simulation and data arealso taken into a

ount.The jet identi�
ation e�
ien
y and jet resolution areadjusted in the simulation to mat
h those measured indata. Following the 2006 upgrade of the D0 dete
torto handle higher instantaneous luminosity, all jets arealso required to satisfy additional 
riteria for originatingfrom the primary pp̄ vertex (�vertex 
on�rmation�). The
riteria are that the jets have at least two tra
ks, ea
h ofwhi
h have pT > 0.5 GeV, at least one hit in the SMT



7dete
tor, and distan
es of 
losest approa
h (DCA) of <
0.5 and < 1.0 cm from the primary pp̄ intera
tion vertexin the transverse plane and along the z-axis, respe
tively.V. TAGGING OF b QUARK JETSThe �nal sample of WH 
andidate events is sele
tedby requiring that at least one of the jets produ
ed inasso
iation with the W boson is 
onsistent with havingbeen initiated by a b quark, using the neural network(NN) b tagging algorithm des
ribed in detail in [27℄.Jets 
onsidered by the b-tagging algorithm are requiredto pass a �taggability� requirement that utilizes 
harged-parti
le tra
king and vertexing information. The e�-
ien
y of this requirement a

ounts for variations in de-te
tor a

eptan
e and tra
k re
onstru
tion e�
ien
ies atdi�erent z-position values of the primary vertex (PV)through the intera
tion region, prior to the appli
ationof the b-tagging algorithm, and depends on the z-positionof the PV and the η of the jet. More details on the re
on-stru
tion and sele
tion of the primary intera
tion vertexare available in [27℄. The taggability requirement is that a
alorimeter jet be mat
hed to a tra
k-jet within an angu-lar separation of ∆R < 0.5. Tra
k-jets are formed start-ing from seed tra
ks of pT > 1 GeV with at least one hitin the SMT dete
tor and DCA requirements of < 0.15 cmand < 0.4 cm to the primary vertex in the transverseplane and along the z-axis, respe
tively. The other tra
ksused to form tra
k-jets must have pT > 0.5 GeV. To re-du
e the probability of misidenti�ed se
ondary verti
es,tra
ks 
onsistent with the de
ay of a long lived parti-
le (e.g. Ks, Λ) or a 
onverted photon are also removed,before appli
ation of the b-tagging algorithm.The e�
ien
y of the taggability requirement in the se-le
ted samples is studied in data and in simulation, infour z-vertex intervals, as a fun
tion of jet η and pT .Corre
tion fa
tors are determined and applied to the MCseparately for the pre- and post-upgrade parts of the sim-ulated samples. The 
orre
tions, whi
h are of order 1%,are applied as a fun
tion of jet η (post-upgrade) and jet
pT (pre-upgrade). More details on jet taggability 
an befound in [27℄.The NN b-tagging algorithm uses seven input variables,�ve of whi
h make use of se
ondary de
ay vertex infor-mation. These are the invariant masses (
al
ulated fromall 
ontributing tra
ks assuming the pion mass) of se
-ondary verti
es, the number of tra
ks used to re
onstru
tthe se
ondary vertex, the χ2 of the se
ondary vertex �t,the de
ay length signi�
an
e of the se
ondary vertex withrespe
t to the primary vertex in the transverse plane,and the number of se
ondary verti
es re
onstru
ted inthe jet. Two further impa
t-parameter-based variablesare also used. The �rst is a dis
rete signed impa
t pa-rameter signi�
an
e variable, whi
h is a 
ombination offour quantities related to the number and the quality oftra
ks within a 
one of radius ∆R = 0.5 
entered on the
alorimeter jet. The se
ond is a 
ontinuous jet-lifetime

variable, whi
h is used to assign a total probability thattra
ks within a jet are 
onsistent with the primary vertexposition. The variable is 
al
ulated using the produ
t ofindividual tra
k probabilities, whi
h indi
ate the likeli-hood that ea
h tra
k is 
onsistent with the primary ver-tex position. The individual probabilities are based onthe impa
t parameter resolution of the tra
ks. The tra
kimpa
t parameters are given the same sign as the s
alarprodu
t of the tra
k DCA in the transverse plane and thejet pT . The negative signed region is used to 
alibrate theimpa
t parameter resolution whereas tra
ks with positivevalues are used to 
al
ulate the total lifetime probability.VI. MONTE CARLO SIMULATIONAt ea
h step of the sele
tion, the data are 
omparedto predi
tions obtained by 
ombining the MC simulationof SM ba
kgrounds with a data-based estimation of theinstrumental ba
kground from MJ events 
ontainingmisidenti�ed leptons (dis
ussed separately in Se
. VII).All generated samples are passed through a detailed,geant-based simulation [28℄ of the D0 dete
tor and thesame re
onstru
tion algorithms used for data. Separatesimulations are applied for 
onditions prior to and afterthe 2006 dete
tor upgrade. The SM predi
tions are usedto set the relative normalizations for all of the generatedsamples, and additional reweighting fa
tors are thenapplied to normalize samples generated using the leadingorder (LO) alpgen [29℄ MC event generator to data.These fa
tors are determined prior to the appli
ationof b-tagging (see Se
. V), where the signal 
ontributionis expe
ted to be negligible, and these are determinedsimultaneously with the MJ ba
kground, whi
h is alsoobtained from data. The impa
t of multiple pp̄ inter-a
tions and dete
tor noise is a

ounted for by addingdata events re
orded during random beam 
rossingsto the simulated events before they are re
onstru
ted.The instantaneous luminosity pro�le of these events ismat
hed, prior to the appli
ation of b-tagging, to thatobserved in the sele
ted data samples. For all the MCsamples the e�e
ts of beam remnants and of multiplepartoni
 intera
tions (underlying event) are modeledusing the pythia parameters obtained from data in [30℄.
• WH produ
tion: The WH asso
iated produ
tionpro
ess, with subsequent de
ay of the Higgs boson to a

bb̄ quark-antiquark pair, is modeled using the pythia[31℄ MC event generator, a

ording to the pres
ription of[32�36℄ and the LH2003 Working Group [37℄. The eventsare generated using the CTEQ6L LO parton distributionfun
tions [38℄ with the renormalization and fa
torizations
ales set to the Higgs boson mass MH .Eleven samples in total are generated, for MH valuesspanning the range MH = 100 − 150 GeV in intervalsof 5 GeV. Similarly, a set of eleven qq̄ → ZH signalsamples is also generated with pythia to model thesmall 
ontribution of signal events from ZH asso
iated



8produ
tion that passes all sele
tions. These events aresele
ted if one of the leptons from the de
ay Z → ℓ+ℓ−is either not re
onstru
ted or is produ
ed outside of thedete
tor a

eptan
e. The WH and ZH samples arereferred to 
olle
tively as WH in the �gures and theremainder of the text.
• W+light partons: The SM ba
kground pro
esses

W (→ ℓν)qq̄, where q represents light quarks (u, d, s)and gluons, are generated using the LO MC matrixelement event generator alpgen a

ording to theparton-level 
ross se
tion 
al
ulations of [39℄. Separatesamples are generated for light-parton multipli
ities
0, 1, 2, 3, 4, and ≥ 5 with ea
h 
ase generated for ea
h ofthe �nal-state de
ay lepton �avors ℓ = e, µ, and τ . Thepythia generator is used to a

ount for the subsequenthadronization and development of partoni
 showers.The MLM fa
torization (�mat
hing�) s
heme [29℄ is usedto avoid the possibility of overestimating the probabilityof further partoni
 emissions produ
ed in pythia. Thesamples are then normalized to data as des
ribed inSe
. VI A. To avoid double 
ounting of heavy quarks,
Wbb̄ and Wcc̄ events, whi
h are generated separately asdes
ribed below, are removed.
• Z/γ∗+light partons: A 
orresponding set of

Z/γ∗(→ ℓℓ)qq̄ samples are generated for light-partonmultipli
ities 0, 1, 2, and ≥ 3. These samples alsoin
lude ea
h of the lepton �avors ℓ = e, µ, and τ .The Z/γ∗ 
ontributions are generated over the Z/γ∗mass region Mℓℓ = 15 − 250 GeV for ℓ = e, µ, and
Mℓℓ = 75 − 250 GeV for τ de
ays. The 
ombined
W (→ ℓν)qq̄ and Z/γ∗(→ ℓℓ)qq̄ samples are referred toas W+light in the �gures and the remainder of the text.
• Wbb̄, Wcc̄: The 
hannel W (→ ℓν)bb̄ and alsothe 
hannel W (→ ℓν)cc̄ (referred to 
olle
tively as

Wbb̄) are generated using alpgen also a

ording tothe initial pres
ription of [39℄. The pythia generatoris again used to a

ount for subsequent shower devel-opment and the MLM mat
hing s
heme is again usedfor the treatment of further partoni
 emissions. Fourseparate samples are generated for 0, 1, 2, and ≥ 3additional light partons. To avoid double 
ounting,
Wcc̄ states are removed from the W (→ ℓν)bb̄ samples,and no events are removed from the W (→ ℓν)cc̄ samples.
• Z/γ∗bb̄, Z/γ∗cc̄: Corresponding samples of

Z/γ∗(→ ℓℓ)bb̄ and Z/γ∗(→ ℓℓ)cc̄ events are generatedfor ea
h lepton �avor ℓ = e, µ, τ and for 0, 1, and
≥ 2 additional light parton multipli
ities. The 
om-bined W (→ ℓν)bb̄, W (→ ℓν)cc̄, Z/γ∗(→ ℓℓ)bb̄, and
Z/γ∗(→ ℓℓ)cc̄ samples are referred to as Wbb̄ in the�gures and the remainder of the text.
• tt̄: The ba
kground from tt̄ intera
tions is generatedusing alpgen, again interfa
ed with pythia, andusing the MLM mat
hing s
heme. The 
ross se
tion

predi
tions 
ontain the most important terms of thenext-to-NLO 
orre
tions [40℄. The tt̄ → bb̄ + ℓ+νℓ
′−ν̄ℓ

′and tt̄ → bb̄+2j+ℓν �nal states are 
onsidered, in
luding
0, 1, and 2 additional light parton multipli
ities, and allde
ay lepton �avors ℓ = e, µ, τ .
• Single top quarks: Ba
kground pro
esses ini-tiated by single top quark produ
tion are generatedusing CompHep [41, 42℄. The 
ross se
tions [43℄ are
al
ulated at NLO and pythia is again used for subse-quent hadronization and partoni
-shower development,along with the MLM mat
hing s
heme. The s-
hannel(tb̄ → ℓνbb̄) pro
esses and t-
hannel (tqb̄ → ℓνbqb̄)pro
esses are generated for the three lepton �avors

ℓ = e, µ, and τ . The single top samples are referred to
olle
tively as s − top in the �gures and the remainderof the text.
• Diboson: Ba
kgrounds from the hadroni
 produ
-tion of diboson pairs ( pp̄ → V1V2, where V1, V2 = W±or Z/γ∗) are simulated using pythia. The 
ross se
tionsare 
al
ulated at NLO a

ording to the pres
ription of[44℄, obtained using the m
fm program, and in
orporat-ing spin 
orrelations in partoni
 matrix elements. Thediboson samples are generated in
lusively for all bosonde
ay leptoni
 �avors ℓ = e, µ, τ and are referred to 
ol-le
tively as WZ in the �gures and remainder of the text.A. MC ReweightingDistributions of the summed W+light and Wbb̄ sim-ulated samples are 
ompared to data, prior to the ap-pli
ation of b-tagging, and 
orre
tions are developed toreweight shape dis
repan
ies. The 
orre
tion fa
tors areapplied, prior to the determination of the alpgen nor-malization fa
tors. These 
orre
tions are motivated byprevious 
omparisons of alpgen with data [45℄ and withother event generators [46℄. The overall event yields arepreserved in the reweighting, and the same weight fun
-tions are applied to all the W+jets alpgen ba
kgrounds,at re
onstru
tion level in the MC.The reweighting fun
tions are determined from the ra-tio of the total W+light and Wbb̄ distributions to the 
or-responding distributions obtained from the high statis-ti
s sele
ted Ndata

W+jets 
omponent of the data. Ndata
W+jets isobtained after 
orre
ting the total sele
ted data sample

Ndata for MJ ba
kground (NMJ) and the total expe
ted
ontributions from other SM ba
kground sour
es (NMCSM):
Ndata

W+jets = Ndata − NMJ − NMCSM . (1)Prior to determining the alpgen reweightings, 
ali-bration di�eren
es in data and MC for overlaid eventsin the post-2006 upgrade samples are 
orre
ted for. Tworeweighting 
onstants are applied whi
h s
ale down theMC, for the leading and sub-leading jet |η| distribu-tions, thereby improving dete
tor modeling in the inter-
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ryostat pseudorapidity region 0.8 < |η| < 1.4. Separate
onstants are used for the positive and negative pseudo-rapidity intervals, for ea
h of the two leading jets. Thereweighting 
onstants redu
e the simulated 
ontributionby 1%�10%.The overall des
ription of the Ndata
W+jets lepton η dis-tribution as well as the 
orresponding leading and sub-leading jet η distributions are then adjusted by applyinga �rst-order polynomial reweighting fun
tion in η2 of thesimulated lepton η and se
ond-order reweighting fun
-tions in η2 to the η of the leading and sub-leading jets.Only the two leading jets are reweighted in the W+3 jetsele
tions. These reweighting fun
tions have the primarye�e
t of improving the alpgen des
ription of the η dis-tributions by in
reasing the MC 
omponent for |η| ≥ 1.5.Dis
repan
ies observed in the 
orrelation between thejet dire
tions ∆R(j1,j2) and the W boson pT are 
or-re
ted through two reweighting fun
tions in the two-dimensional ∆R−pW

T plane. The fun
tional form is athird-order polynomial in ∆R(j1,j2), in
reasing the alp-gen simulation by ≈ 20% at large ∆R, times a 
on-stant plus Gaussian error fun
tion reweighting in W bo-son pT , applied to the W boson alpgen samples only,and whi
h primarily in
reases the simulation by ≈ 20%for pW
T < 20 GeV. The pT distribution for Z/γ∗ produ
-tion is also adjusted to agree with the observed distribu-tion. The systemati
 un
ertainties asso
iated with thesereweightings are dis
ussed in Se
. X.B. alpgen Normalization Fa
torsTwo multipli
ative s
aling fa
tors are used to normal-ize and to in
orporate the e�e
ts of higher-order termsin the alpgen MC samples. The �rst fa
tor, KW+jets, isapplied to both the W + light parton and Wbb̄ generatedevents, whereas the se
ond multipli
ative fa
tor, SWbb̄, isapplied only to the Wbb̄ samples.To determine KW+jets, the number of sele
ted W +light parton and Wbb̄ events in alpgen (NMC

W+jets) iss
aled to mat
h the data (Ndata
W+jets) 
ontribution:

KW+jets =
Ndata

W+jets
NMC

W+jets (2)The fa
tors KW+jets are 
al
ulated separately for theele
tron and muon 
hannel samples and separately forboth the W+2 jet and W+3 jet sele
tions. The obtainedfa
tors are found to be 
onsistent within their statisti-
al and systemati
 un
ertainties and are shown, after a
-
ounting for NLO 
orre
tions to the 
ross se
tion [44℄(already in
luded in the generated samples), in Table I.The values are in the range KW+jets ≈ 1.0− 1.16 for the
W+2 jet and KW+jets ≈ 1.12 − 1.35 for the W+3 jetsele
ted samples. The assigned systemati
 un
ertaintiesare des
ribed in Se
. X.

TABLE I: The experimental KW+ jets fa
tors (applied aftertaking into a

ount the theoreti
al fa
tor of 1.3) and the
SWbb̄ heavy �avor fa
tors in zero b-tagged sample (aftera

ounting for the theoreti
al heavy �avor K-fa
tor of 1.47for W+ jet). The errors shown are data statisti
al errors only.

KW+2 jets KW+3 jets SWbb̄pre-2006 e 1.10 ± 0.01 1.21 ± 0.03 0.78 ± 0.09
µ 1.16 ± 0.01 1.35 ± 0.03 0.99 ± 0.11post-2006 e 1.05 ± 0.01 1.12 ± 0.01 1.14 ± 0.06
µ 1.10 ± 0.01 1.21 ± 0.01 1.02 ± 0.06As indi
ated above, the fa
tor SWbb̄ is applied addi-tionally only to the Wbb̄ heavy parton events:

NMC
W+jets = NMC

W+light + SWbb̄N
MC
Wbb̄

(3)(the same fa
tor is used for the W (→ lν)bb̄ and W (→
lν)cc̄ generated samples and for the 
orresponding Z/γ∗heavy �avor samples). The heavy �avor fa
tor SWbb̄ isextra
ted by requiring either zero, one, or two b-tags (seeSe
. V) to obtain samples 
ontaining N tag,data

W+jets events.The number of predi
ted W+jet events, N tag,MC
W+jets, in thetagged samples, after appli
ation of the s
aling fa
tor

KW+jets, is given by N tag,data
W+jets = KW+jetsN tag,MC

W+jets, andthe heavy �avor 
ontribution 
an therefore be extra
tedfrom
N tag,data

W+jets =
Ndata − NMJ − NMCSM

NMC
W+light + SWbb̄N

MC
Wbb̄

N tag,MC
W+jet . (4)The heavy �avor s
ale fa
tors, determined using sam-ples requiring zero b-tagged jets are also shown in TableI. The fa
tors are applied separately for the ele
tron andmuon 
hannel samples and also for data before and afterthe D0 upgrade. The luminosity weighted average of thefa
tors is found to be 
onsistent with the theoreti
allyexpe
ted value [44℄.VII. MULTIJET BACKGROUNDThe total MJ ba
kground 
ontribution entering ea
h ofthe �nal sele
ted signal samples is determined from thedata, prior to the appli
ation of b-tagging, using the pre-s
ription of [24℄. The MJ 
ontributions are determined in
onjun
tion with the previously des
ribed alpgen nor-malization fa
tors. Multijet templates are obtained from
ontrol samples in the data and normalized through a χ2�t to the W boson transverse mass distribution. For thedetermination of the MJ 
ontribution, the alpgen nor-malization fa
tors des
ribed in Se
s. VI A and VI B arevaried in 
onjun
tion with the MJ normalization, su
hthat the total number of predi
ted MC and MJ eventsagrees with the total number of data events prior to theappli
ation of b-tagging.
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FIG. 1: [
olor online℄ The probability for MJ ba
kgroundevents to enter the �nal e+2 jet (post-2006 upgrade) sample.The solid, dashed, and dotted 
urves represent the result of�tted parameterizations in ea
h interval.For both the ele
tron and muon sele
ted events, addi-tional data samples sele
ted with the mu
h looser lepton-identi�
ation 
riteria (see Se
. IV) are used. Events en-tering the looser samples (L) are a 
ombination of trueleptoni
 events and MJ ba
kground in whi
h a jet ismisidenti�ed as a lepton. Upon appli
ation of the tighter(T) �nal sele
tion 
riteria the remaining 
ontributions oftrue leptoni
 and ba
kground events depend upon the(relative) e�
ien
y ǫℓLT for true leptons to subsequentlypass the �nal sele
tion 
riteria, and the probability PMJLTthat MJ ba
kground events in the looser sample subse-quently enter the tighter, �nal signal samples. A weight
wi is assigned to ea
h event i in the looser sele
ted sam-ples a

ording to

wi =
PMJLT,i

ǫℓLT,i − PMJLT,i

[ǫℓLT,i − Θi] (5)where Θi = 1 if the event i in the loose sample passesthe tight sele
tion requirements and is zero otherwise.The total MJ ba
kground 
ontributions in the �nal sig-nal samples are given by the sum of the event weights
wi in the 
orresponding loose samples. The e�
ien
ies
ǫℓLT,i are fun
tions of lepton pT and are determined from
Z/γ∗ → l+l− events. The probabilities PMJLT,i are deter-mined from the measured ratio of the number of eventsin the �nal to loosely-sele
ted samples after 
orre
tingea
h sample for the expe
ted MC 
ontribution from theleptons in the spe
i�
 kinemati
 interval. For both the�nal ele
tron and muon samples, the probability for MJevents to enter the �nal sele
ted samples is extra
ted inthe region 5 < 6ET < 15 GeV (and without applying theadditional requirement on 6ET in Eq. 7 of Se
. VIII).
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FIG. 2: [
olor online℄ The probability for MJ ba
kgroundevents to enter the �nal µ+2 jet (post-2006 upgrade) sample.The solid and dashed 
urves represent the result of the �ttedparameterizations in ea
h interval.A. Parameterization of the Misidenti�ed JetProbabilityThe measured probability for MJ events to enter the�nal ele
tron plus two-jet sele
tion sample is shown asa fun
tion of ele
tron pT in Fig. 1. The MJ 
ontri-bution in the ele
tron 
hannel arises from jets with ahigh enough fra
tion of energy deposited within the EMse
tion of the 
alorimeter that they satisfy the ele
tronidenti�
ation 
riteria. Additional MJ ba
kgrounds in theele
tron 
hannel originate from the semileptoni
 de
aysof hadrons and from photons that are misidenti�ed asele
trons. The probability is measured separately in twoCC regions (|η| < 0.7 and 0.7 < |η| < 1.1) and sepa-rately in the EC region (1.5 < |η| < 2.5). In ea
h rangeof |η|, the misidenti�ed jet probability is parameterizedas a fun
tion of ele
tron pT in four intervals of the az-imuthal separation ∆φ(6ET , e) of the ele
tron and the 6ETve
tor (the four regions are shown 
ombined for ea
h |η|interval in Fig. 1). In the CC region, the probabilitiesare parameterized as sums of exponentials and �rst or-der polynomials in ele
tron pT , whereas only a �rst-orderpolynomial in ele
tron pT is used in the smaller statisti
sEC region. For the smaller statisti
s ele
tron W+3 jetsample, the probabilities are determined on
e for ea
h |η|region, and are applied to ea
h ∆φ(6ET , e) interval sepa-rately after s
aling to the average 
ontribution obtainedin that interval.The measured probability for MJ ba
kground eventsto enter the �nal µ + 2jet sample is shown as a fun
tionof muon |η| in Fig. 2. The primary sour
e of MJ ba
k-ground in the muon 
hannel is from semileptoni
 de
aysof heavy quarks in whi
h the de
ay muon satis�es themuon isolation 
riteria. The 
ontribution of MJ events
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FIG. 3: [
olor online℄ Comparison of simulated events, in
luding data-determined MJ ba
kground, to the W+2 jet sele
teddata (bla
k points) for (a) isolated lepton pT , (b) missing event transverse energy ET , (
) transverse mass of the (l, 6ET ) system,(d) pT of W boson 
andidates, (e) leading jet pT , (f) pT of the se
ond leading jet, (g) s
alar sum of the pT of jets in the event(HT ), (h) transverse momentum of the dijet system, (i) separation ∆R and (j) azimuthal separation ∆φ for the two jets. Theexpe
tation for a WH signal at MH = 115 GeV has been s
aled up by a fa
tor of 300. The ele
tron and muon sele
ted samplesare 
ombined in the �gures.
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FIG. 4: [
olor online℄ Dijet invariant mass distribution for the W+2 jet sele
ted samples on linear and logarithmi
 s
ales for(a), (d) no b-tagging, (b), (e) events that 
ontain two b-tagged jets, and (
), (f) events that fail the two-tagged requirement,but 
ontain a single NN b-tagged jet. The expe
tation for a WH signal at MH = 115 GeV has been s
aled up by a fa
tor of ten.entering the loose sample is smaller in the muon 
hannelthan in the ele
tron 
hannel. Consequently, the misiden-ti�ed jet probability is parameterized in only two regions(|∆φ(6ET , µ)| < π/2 and π/2 < |∆φ(6ET , µ)| < π) of az-imuthal separation ∆φ(6ET , µ) between the muon pT andthe 6ET ve
tors. In both pre-2006 and post-2006 upgradedata, the misidenti�
ation probability is parameterizedusing a third-order polynomial in muon |η|2. The samefun
tions are applied to both the muon W+2 jet and
W+3 jet sele
ted samples.VIII. EVENT SELECTIONThis se
tion des
ribes the sele
tion of data samples
ontaining events with a single re
onstru
ted lepton, 6ET ,and either two or three jets of transverse momentum
pT > 20 GeV, at least one of whi
h is required to be
onsistent with having evolved from a b quark. The sam-ples are from data 
olle
ted between 2002 and June 2009at √

s = 1.96 TeV. Candidate W bosons are sele
tedby requiring an ele
tron or a muon with transverse mo-

menta pT > 15 GeV and 6ET > 20 GeV. Ele
trons arerequired to be in the pseudorapidity region |η| < 1.1 or
1.5 ≤ |η| ≤ 2.5 and muons in the region |η| < 1.6. Thesele
ted W → eν and W → µν 
andidate events aredivided into samples 
ontaining exa
tly two or exa
tlythree re
onstru
ted jets. Jets are required to be in the re-gion |η| < 2.5. A sele
tion on the HT of the jets, HT > 60and > 80 GeV, is also applied to the W+2 jet and W+3jet samples, respe
tively, and the event PV is required tobe re
onstru
ted within zPV = ±40 cm of the 
enter ofthe dete
tor. At least three 
harged tra
ks are requiredto be asso
iated to that vertex.Distributions of lepton pT and 6ET are 
ompared tothe sum of the expe
ted SM ba
kground 
ontributionsand data-determined MJ ba
kground for the W+2 jetsele
ted sample, whi
h has the largest statisti
s of allsele
ted samples, in Figs. 3(a) and (b). The ele
tron andmuon de
ay 
hannel samples are 
ombined in the �gures,and all 
orre
tions to the ba
kground simulations havebeen applied. Details of the ba
kground estimates aregiven in Se
. VI and Se
. VII.To suppress Z/γ∗ → ℓ+ℓ− and tt̄ ba
kground events
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FIG. 5: [
olor online℄ Dijet invariant mass distribution for the W+3 jet sele
ted samples on linear and logarithmi
 s
ales for(a), (d) no b-tagging, (b), (e) events that 
ontain two b-tagged jets, and (
), (f) events that fail the two-tagged requirement,but 
ontain a single NN b-tagged jet (the two leading jets in the W+3 jet samples are used to form the dijet invariant mass).The expe
tation for a WH signal at MH = 115 GeV has been s
aled up by a fa
tor of ten.and to avoid double-
ounting events in Higgs sear
hesbased on dilepton �nal states, events with additional ele
-trons or muons isolated from jets that pass p e
T > 20 GeVand pµ

T > 15 GeV are reje
ted. Events 
ontaining iso-lated high-pT τ leptons that de
ay hadroni
ally are alsoreje
ted by requiring pτ
T < 10 GeV or pτ

T < 15 GeV,depending on the τ de
ay 
hannel [47℄.The transverse mass of the W boson 
andidates (MW
T )is re
onstru
ted from the (ℓ, 6ET ) system using the leptontransverse energy (Eℓ

T ), 6ET , and the azimuthal separa-tion ∆φ(ℓ, 6ET ) between the isolated lepton and the 6ETve
tor:
MW

T = [2Eℓ
T 6ET [1 − cos∆φ(ℓ, 6ET )]]

1

2 . (6)The distribution of MW
T for sele
ted W boson 
andidatesis shown in Fig. 3(
). In addition to the dominant 
on-tribution from events with real W boson de
ays, thereis a signi�
ant 
omponent from MJ events whi
h 
on-tribute mainly at small values of MT . Consequently thelower signal-to-ba
kground region at low 6ET is reje
ted

by requiring
MW

T > 40(GeV) − 0.5 6ET . (7)The pW
T distribution for the W boson 
andidates is
ompared to the sum of the expe
ted SM and MJ ba
k-ground 
ontributions, prior to the requirement in Eq. 7,in Fig. 3(d).Kinemati
 jet properties for the sele
ted W+2 jet sam-ple are also 
ompared to the sum of the expe
ted SMba
kground 
ontributions, in
luding MJ ba
kground, inFig. 3. The 
orre
ted ele
tron and muon 
hannel samplesare 
ombined in the �gure. The ba
kground predi
tionprovides an adequate des
ription of the data for all thedistributions.To in
rease the �nal sensitivity, both the W+2 jetand W+3 jet samples are subdivided into statisti
allyindependent samples based on whether one or two ofthe leading jets in the event are 
onsistent with havingbeen initiated by a b quark, as dis
ussed in Se
. V. The�rst sample requires two jets, both with NN output val-ues larger than a �loose� requirement (�loose-tag�). These
ond sample, sele
ted from events that fail the two-
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FIG. 6: [
olor online℄ Comparison of the expe
ted ba
kgrounds to the two-b-tagged jet data sample in W+2 jet sele
ted events.The expe
tation for a WH signal at MH = 115 GeV has been s
aled up by a fa
tor of ten.



15tag requirement, requires a single jet with a NN outputabove a larger �tight� value requirement (�tight-tag�). Intwo-b-tagged jet events, the typi
al e�
ien
y for iden-tifying a pT = 50 GeV jet that 
ontains a b hadron is
(59 ± 1)% with a misidenti�
ation probability of 1.5%for light parton (u, d, s, g) initiated jets. In the single-b-tagged jet event sample, the typi
al e�
ien
y for iden-tifying a pT = 50 GeV jet that 
ontains a b hadron is
(48 ± 1)%, with a lower misidenti�
ation probability of0.5% for light parton (u, d, s, g) initiated jets. Eventsthat do not satisfy either of these tagging requirementsare not 
onsidered further in the analysis.The tagging e�
ien
ies for jets that have passed thetaggability requirements are studied in data and the e�-
ien
ies are applied to the simulation via event weights.These weights depend on the pT , η, and partoni
 �avorof ea
h tagged jet. In two b-tagged events, the eventweights are given by the produ
t of the weights of thetwo b-tagged jets. In single-b-tagged jet events, the �nalevent weight also a

ounts for the simulated 
ontributionof two-b-tagged jet events whi
h �migrate� to the simu-lated single-b-tagged jet samples.Distributions of dijet invariant mass, prior to b-tagging, after requiring two b-tags, and for single-b-tagged events, are shown for the W+2 jet and W+3 jetsele
tions in Figs. 4 and 5, respe
tively. The sums ofthe expe
ted ba
kgrounds are 
ompared to the data, andthe ele
tron and muon 
hannel samples are again shown
ombined in ea
h �gure. Comparisons of kinemati
 prop-erties in W+2 jet events are shown in Figs. 6 and 7 forthe two- and single-b-tagged samples, respe
tively. Theexpe
ted signal 
ontribution at MH = 115 GeV is showns
aled by a fa
tor of ten in ea
h �gure.The total event yields for ea
h of the b-tagged samples,in data and in simulation, are summarized in Table II.In two-b-tagged jet events, the dominant ba
kgrounds arefrom Wbb̄ and tt̄ pro
esses. In single-b-tagged jet events,the dominant ba
kgrounds are W boson produ
tion inasso
iation with light or c-quark jets as well as tt̄ pro-du
tion and MJ events. The expe
ted number of signalevents in ea
h sample is listed for an assumed Higgs mass
MH = 115 GeV. The un
ertainties quoted are the 
om-bined statisti
al and systemati
 un
ertainties, and thesystemati
 un
ertainties are those prior to the appli
a-tion of the �tting pro
edure applied when determining
ross se
tion upper limits des
ribed in Se
. XI.IX. MULTIVARIATE DISCRIMINANTTo separate the remaining ba
kground from the sig-nal, a multivariate random forest (RF) dis
riminant te
h-nique [4, 5℄ is applied independently to ea
h of the 16 sub-samples, de�ned by 
ategorizing events by lepton �avor(ele
tron or muon), jet multipli
ity (2 jets or 3 jets), b-tag multipli
ity (single- or two-b-tagged), and pre- andpost-upgrade data. The RF te
hnique employs a setof de
ision trees, ea
h of whi
h applies a series of 
on-

TABLE II: Event yields for the W+2 jet and W+3 jetsamples after requiring two b-tagged jets or a single b-taggedjet in the events. The expe
ted 
ontributions to the totalba
kground from the simulated W+light, data-derived mul-tijet (MJ), and simulated Wbb̄, tt̄, single top quark, and WZdiboson samples are also listed. The un
ertainties quotedare the 
ombined statisti
al and systemati
 un
ertainties(prior to the appli
ation of the �tting pro
edure appliedwhen determining 
ross se
tion upper limits). The expe
tedsignal 
ontribution is shown for an assumed Higgs mass
MH = 115 GeV.

W+2 jet W+2 jet W+3 jet W+3 jet2 b-tag 1 b-tag 2 b-tag 1 b-tag
W+light 57.5 ± 9.2 1290 ± 201 12.1 ± 1.8 210 ± 35MJ 56.5 ± 4.2 663 ± 43 12.7 ± 1.0 186 ± 13
Wbb̄ 346 ± 93 1601 ± 383 47.8 ± 12.9 358 ± 90
tt̄ 177 ± 35 417 ± 54 176 ± 35 633 ± 96s-top 58.3 ± 11.4 203 ± 33 13.0 ± 2.7 53.6 ± 9.1
WZ 22.5 ± 3.3 152.6 ± 17.6 2.6 ± 1.1 33.9 ± 4.8Total 718 ± 120 4326 ± 501 264 ± 44 1474 ± 160Data 709 4316 301 1463
WH 6.5 ± 1.0 9.7 ± 0.9 0.8 ± 0.2 2.1 ± 0.3se
utive binary de
isions trained on simulated events ofknown origin until a prede�ned stopping 
on�guration isrea
hed. Half of the simulated events are used for train-ing and validation, and the remaining half are used toestimate the relative 
ontributions of signal and ba
k-ground in the data.Ea
h individual de
ision tree examines an initial inputevent training sample and applies sele
tion 
riteria on alist of potentially dis
riminating variables to subdividethe training sample into smaller signal or ba
kgroundregions referred to as nodes. At ea
h step, the sele
tion
riterion is 
hosen to maximize the positive 
ross entropy��gure of merit� value

Q = −p ln p − q ln q, (8)where p (q) is the fra
tion of 
orre
tly (in
orre
tly) 
las-si�ed events at ea
h stage. The pro
ess is 
ontinued un-til a pure signal or pure ba
kground node is obtained,and the remaining node regions 
an no longer be furthermaximized and split without leaving fewer than a pre-spe
i�ed minimum number of events in the other daugh-ter samples. The resulting output nodes are referred toas leaves.For ea
h of the subsamples, the de
ision tree algorithmis run multiple times to 
reate the forest and variants ofthe default training sample are used for ea
h de
ision treewithin ea
h RF. The outputs of the de
ision trees withinea
h RF are 
ombined to yield �nal RF output distri-butions. The de
ision tree samples are obtained usingbootstrap aggregation (�bagging�), and a random subsetof thirteen of the twenty input dis
riminating variabledistributions are assigned within ea
h de
ision tree to
reate the forest. Varying the number of input variables
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FIG. 7: [
olor online℄ Comparison of the expe
ted ba
kgrounds to the single-b-tagged jet data sample in W+2 jet sele
tedevents. The expe
tation for a WH signal at MH = 115 GeV has been s
aled up by a fa
tor of ten.



17TABLE III: Des
ription of the twenty kinemati
 inputquantities provided to ea
h random forest dis
riminant.RF Input Variable Des
ription
6ET Missing transverse energy
MT

W Lepton-6ET transverse mass
pT (ℓ-6ET system) pT of W boson 
andidate
pT (j1) Leading jet pT

pT (j2) Sub-leading jet pT

mjj Dijet invariant mass
pT (dijet system) pT of dijet system
∆R(j1,j2) ∆R between the two leading jets
∆φ(j1,j2) ∆φ between the two leading jets
HT S
alar sum of the transversemomenta of all jets in the event
HZ S
alar sum of the longitudinalmomenta of all jets in the event
∆φ(j1, ℓ) ∆φ between the leading jetand the lepton
E(j2) 2nd leading jet energy√

ŝ1 = ΣE(ν1 + ℓ + jets) Center-of-mass energy of the
ν+ℓ+dijet system with largersolution for the longitudinalmomentum of the ν 
andidate√

ŝ2 = ΣE(ν2 + ℓ + jets) Center-of-mass energy of the�§ ν+ℓ+dijet system with smallersolution for the longitudinalmomentum of the ν 
andidate
∆R(dijet,ℓ + ν1) ∆R between the dijet systemand the ℓ + ν system with largersolution for the longitudinalmomentum of the ν 
andidate
∆R(dijet,ℓ + ν2) ∆R between the dijet systemand the ℓ + ν system with smallersolution for the longitudinalmomentum of the ν 
andidateAplanarity 3

2
λ3, where λ3 is the smallesteigenvalue of the normalizedmomentum tensor:

Mij =
(Σµp

µ

i
p

µ

j
)

Σµ|p̄
µ

i
|2where µ runs over jets andthe 
harged lepton and pµ

i isthe i-th 3-momentum 
omponentof the µ-th physi
s obje
t.
cos(θ∗) Cosine of angle between the W
andidate and nominal protonbeam dire
tion in the zeromomentum frame (see Ref. [48℄)
cos(χ) Cosine of angle between leptonand rotated 3-momentum ve
torof the dijet system in the produ
tionplane of the W boson rest frame [48℄used by ±1 is found to have a negligible e�e
t on the RFoutput.The twenty input variables used to build the RF de
i-sion are optimized in dedi
ated studies of their dis
rim-inating power and are listed, together with their de�-nitions, in Table III. Agreement between the data and

the total MC and data-determined ba
kground estimatesare obtained for ea
h input variable distribution for boththe two-b-tagged and single-b-tagged samples as well asfor the full sample prior to the appli
ation of b-tagging.The same set of input variables is used for the W+2 jetand W+3 jet samples. In addition to the ten variablesalready dis
ussed in Se
. VIII, and displayed in Figs. 6and 7, a further ten dis
riminating variables are providedto ea
h RF and these are shown for the W+2 jet sample,after the appli
ation of two and one b-tag requirementsto the events, in Figs. 8 and 9, respe
tively. Two inputdistributions are provided for √
ŝ and ∆R(dijet,ℓ + ν)
orresponding to ea
h of the two solutions for the lon-gitudinal momentum 
omponent of the missing energyve
tor (assuming the lepton and 6ET are de
ay produ
tsof an on-shell W boson). The angles θ∗ and χ are in-
luded to exploit kinemati
 di�eren
es arising from theexpe
ted spin-0 nature of the Higgs and non-spin-0 na-ture of the Wbb̄ ba
kground. The angle θ∗ is the anglebetween the W boson 
andidate and the nominal protonbeam dire
tion in the zero momentum frame, and χ isthe angle between the 
harged de
ay lepton and rotated(produ
tion plane) three-momentum ve
tor of the dijetsystem after boosting to the W boson rest frame [48℄.Ea
h RF is trained simultaneously using all simulatedba
kgrounds sour
es (the MJ 
ontribution is ex
luded)for ea
h simulated Higgs mass point, and the pro
ess isrepeated for ea
h of the 16 subsamples. The minimumnumber of events in a leaf is tuned in separate studies andthe number whi
h maximizes the sensitivity is sele
ted.The number of de
ision trees used within ea
h forest isalso studied and tuned using the pro
edure of [49℄.The resulting RF output distributions are shown inFigs. 10 and 11 for the two- and single-b-tagged jet re-quirements in the �nal W+2 jet and W+3 jet samples,respe
tively. The ele
tron and muon 
hannel sampleshave been 
ombined in the �gures, and the pre-upgradeand post-upgrade samples are also 
ombined in the �g-ures. The �gures show the results obtained using the

MH = 115 GeV signal samples. An improved separa-tion of simulated signal and ba
kground 
ontributions, isobtained in all 
ases.X. SYSTEMATIC UNCERTAINTIESThe impa
t of ea
h possible sour
e of systemati
 un-
ertainty is assessed separately for the signal and for allba
kgrounds, for ea
h of the sixteen statisti
ally indepen-dent samples, and 
ategorized a

ording to whether it af-fe
ts the normalization and the shape (shape systemati
)of the RF dis
riminant output distributions or whether itonly a�e
ts the normalization of signal and ba
kgrounds.A full analysis is repeated after individually varying ea
hsour
e by ±1 standard deviation (s.d.) in the simula-tion, ex
ept where noted otherwise (the un
ertainty inthe MJ ba
kground modeling is determined separatelyfrom data). After ea
h variation, the simulated and MJ
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FIG. 8: Comparison of the total ba
kgrounds to data for the additional variables provided as inputs to the Random Forests.The distributions are 
ompared after requiring two-b-tagged jets in W+2 jet events. Ea
h variable is de�ned in Table III. Theexpe
tation for a WH signal at MH = 115 GeV has been s
aled up by a fa
tor of ten.



19ba
kground yields are normalized to the sele
ted datasamples prior to the appli
ation of b-tagging.The systemati
 un
ertainty assigned to the data-determined e�
ien
y of the triggers used in the ele
tron
hannel is (3�5)%. In the muon 
hannel, where the fulllist of available triggers is used, a 
omparable un
ertaintyof (3�4)% is assigned. In the muon 
hannel, this un
er-tainty arises from a normalization un
ertainty of 2%, ob-tained after 
omparing results using the single high-pTmuon and the full list of triggers, and a shape systemati
of (1�3)% as a fun
tion of jet pT , applied to the non-single-muon trigger e�
ien
y. The shape systemati
 isobtained by 
omparison of the single high-pT muon andnon-single-muon triggered 
omponents of the dataset.The un
ertainty on the identi�
ation and re
onstru
-tion of isolated ele
trons, as well as their energies, af-fe
ts the shapes of the ele
tron 
hannel RF distributionsand is (5�6)%. In the muon 
hannel, the un
ertainty
omprises three 
ontributing sour
es: an un
ertainty of0.8% applied to the pre-upgrade muon identi�
ation e�-
ien
y (a 1.2% un
ertainty is applied to the post-upgradesamples, whi
h is in
reased for muon pT < 20 GeV byadding 2% in quadrature), an un
ertainty in the 
orre-sponding tra
k re
onstru
tion of 2.3% (pre-upgrade) and1.4% (post-upgrade), and an un
ertainty of 3.8% (pre-upgrade) and 0.9% (post-upgrade) on the s
ale fa
torsused to 
orre
t the e�
ien
ies for muons to pass isola-tion 
riteria in the MC to those measured in the data.Sour
es of systemati
 un
ertainty on the sele
tion andre
onstru
tion of jets are the jet resolution and jet energys
ale, as well as the jet identi�
ation e�
ien
y and vertex
on�rmation requirement (applied to the post-upgradepart of the dataset). Shape un
ertainties for jet reso-lution and jet energy s
ale are determined by varyingparameters in the jet resolution fun
tion and the energys
ale 
orre
tion and repeating the analysis using the kine-mati
s of the modi�ed jets. The size of this e�e
t on theRF distribution depends on the sample and pro
ess andis in the range 15% to 30%. The jet identi�
ation andvertex 
on�rmation un
ertainties are ea
h determined byrandomly redu
ing the number of jets that remain in sim-ulation (the +1 s.d. result is then obtained by invertingthe −1 s.d. result). The resulting RF shape system-ati
 un
ertainty is about 5%. Due to low statisti
s after
b-tagging for the W+light and WZ samples, the jet sys-temati
 un
ertainties applied for these ba
kgrounds aredetermined prior to b-tagging.The un
ertainty on the jet taggability requirement isdetermined by varying the jet taggability 
orre
tion fa
-tors. The taggability un
ertainty a�e
ts the shapes of theRF output distributions and is about 3%. The RF shapeun
ertainty for the response of the b-tagging algorithm isapplied separately for light and heavy �avored jets andis typi
ally (2.5�3.0)% for single-tagged heavy �avor jetsand in the range (1�4)% for single-tagged light jets (thelight-quark jet mistag probability un
ertainty is of order10%). The RF un
ertainty is approximately doubled inthe samples requiring two b-tagged jets.

Un
ertainties in the predi
ted tt̄, single top quark, anddiboson 
ross se
tions are taken from [40, 43, 44℄ anda�e
t the normalizations of the ba
kgrounds. The un-
ertainty on the CTEQ6L parton density fun
tion is es-timated following the pres
ription of [38℄. The alpgen-generated samples in
lude additional normalization fa
-tors that 
hange their visible 
ross se
tions, and their un-
ertainties are determined separately. The un
ertaintyin the reweighting pro
edure applied to the alpgen-generated event samples a�e
ts the shape of the alpgenRF output distributions and are typi
ally of the order2%. The un
ertainty on the alpgen s
ale fa
tor KW+jetsis 6% and the un
ertainty on SWbb̄ is 20%. The renor-malization and fa
torization s
ales used in alpgen arevaried by adjusting ea
h s
ale simultaneously, by fa
torsof 0.5 and 2.0. This a�e
ts the shapes of the alpgenRF output distributions, and the resulting un
ertainty isof the order 2%, as is the un
ertainty arising from the
hoi
e of value for the strong 
oupling 
onstant αS . Theun
ertainty on the MLM fa
torization s
heme used tomat
h alpgen partons to 
one jets is propagated to theRF distribution and results in a systemati
 un
ertaintyof about 2%.The un
ertainty in the MJ ba
kground modeling is ob-tained from the data. It is determined by varying theparameterization of the e�
ien
y for loosely sele
ted lep-tons to enter the �nal sele
ted sample and by also vary-ing the misidenti�ed jet probabilities. The MJ un
er-tainties are anti
orrelated with the normalization of thealpgen samples, and this is taken into a

ount in thelimit setting pro
edure. The overall experimental sys-temati
 un
ertainty assigned to the WH distributions isabout 6%. The un
ertainty of the experimentally mea-sured integrated luminosity is treated separately. Theun
ertainty is 6.1% [22℄ and is fully 
orrelated betweenall of the simulated ba
kground samples.XI. UPPER LIMITS ON THE W H CROSSSECTIONNo ex
ess of events is observed with respe
t to theba
kground estimation and upper limits are therefore de-rived for the WH produ
tion 
ross se
tion multiplied bythe 
orresponding H → bb̄ bran
hing ratio (BR) in unitsof the SM predi
tion. The limits are 
al
ulated usingthe modi�ed frequentist CLs approa
h [50, 51℄, and thepro
edure is repeated for ea
h assumed value of MH .Two hypotheses are 
onsidered: the ba
kground-onlyhypothesis (B), in whi
h only ba
kground 
ontributionsare present, and the signal-plus-ba
kground (S+B) hy-pothesis in whi
h both signal and ba
kground 
ontribu-tions are present.The limits are determined using the RF output distri-butions, together with their asso
iated un
ertainties, asinputs to the limit setting pro
edure. To preserve thestability of the limit derivation pro
edure in regions ofsmall ba
kground, the width of the bin at the largest
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FIG. 9: Comparison of the total ba
kgrounds to data for the additional variables provided as inputs to the Random Forests.The distributions are 
ompared after requiring a single-b-tagged jet in W+2 jet events. Ea
h variable is de�ned in Table III.The expe
tation for a WH signal at MH = 115 GeV has been s
aled up by a fa
tor of ten.
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FIG. 10: [
olor online℄ Output RF distributions on linear and logarithmi
 s
ales for (a), (
) single (1b-tag) and (b), (d)two-b-tagged W+2 jet events. The expe
tation for signal at MH = 115 GeV (solid bla
k line) is s
aled by a fa
tor of ten.RF output value is adjusted by 
omparing the total Band S+B expe
tations until the statisti
al signi�
an
efor B and S+B is, respe
tively, greater than ≈ 3.6 and5.0 standard deviations from zero. The remaining part ofthe distribution is then divided into 23 equally-sized bins.The rebinning pro
edure is 
he
ked for potential biasesin the determination of the �nal limits, and no su
h biasis found.The result for ea
h hypothesis is obtained by test-ing the out
ome of a large number of simulated pseudo-experiments. For ea
h pseudo-experiment, pseudo-dataare drawn from the RF distributions, by randomly gener-ating the pseudo-data a

ording to a Poisson statisti
alparent distribution for whi
h the mean is either takenfrom the ba
kground-only or signal-plus-ba
kground hy-pothesis. A negative Poisson log likelihood ratio (LLR)test statisti
 is used to evaluate the statisti
al signi�-
an
e of ea
h experiment, with the out
omes ordered interms of their statisti
al signi�
an
e. The frequen
y ofea
h out
ome de�nes the shapes of the resulting LLRdistribution, for both the ba
kground-only and signal-plus-ba
kground hypotheses, at ea
h mass point.Systemati
 un
ertainties are de�ned through nuisan
eparameters that are assigned Gaussian probability dis-tributions (priors). The signal and ba
kground predi
-

tions are taken to be fun
tions of the nuisan
e parametersand ea
h nuisan
e parameter is sampled from a Gaussianprobability distribution in ea
h pseudo-experiment. The
orrelated systemati
 un
ertainties a
ross 
hannels (su
has the un
ertainties on predi
ted SM 
ross se
tions, iden-ti�
ation e�
ien
ies, and energy 
alibration, as des
ribedin Se
. X) are also taken into a

ount in the limit settingpro
edure [52℄.The in
lusion of systemati
 un
ertainties in the gener-ation of pseudo-experiments has the e�e
t of broadeningthe LLR distributions and, thus, redu
ing the ability toresolve signal-like ex
esses. This degradation 
an be par-tially redu
ed by performing a maximum likelihood �tto ea
h pseudo-experiment (and data), on
e ea
h for theS+B and the ba
kground-only hypotheses. The maxi-mization is performed over the systemati
 un
ertainties.The LLR is evaluated for ea
h out
ome using the ratioof maximum likelihoods for the �t to ea
h hypothesis.The medians of the obtained ba
kground-only LLRdistributions for ea
h tested mass point are summa-rized in Fig. 12. The resulting medians of the signal-plus-ba
kground hypothesis LLR distributions are alsoshown. The 
orresponding ±1σ and ±2σ values for theba
kground-only hypothesis at ea
h mass point are rep-resented by the shaded regions in the �gure. The LLR
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FIG. 11: [
olor online℄ Output RF distributions on linear and logarithmi
 s
ales for (a), (
) single (1b-tag) and (b), (d)two-b-tagged W+3 jet events. The expe
tation for signal at MH = 115 GeV (solid bla
k line) is s
aled by a fa
tor of ten.values obtained from the data are also summarized in the�gure.The RF dis
riminant distributions after theba
kground-only pro�le �t are shown in Fig. 13 af-ter subtra
ting the total ba
kground expe
tation, forthe Higgs boson mass points MH = 100, 115, 130, and
140 GeV. The signal expe
tations are shown s
aledto the �nal observed upper limits (rounded to thenearest integer) in ea
h 
ase, and the un
ertainties inthe ba
kground before and after the 
onstrained �t areshown by the shaded bands and solid lines, respe
tively.Upper limits are 
al
ulated at 11 dis
rete values of theHiggs boson mass, spanning the range 100�150 GeV andspa
ed in units of 5 GeV, by s
aling the expe
ted signal
ontribution to the value at whi
h it 
an be ex
luded atthe 95% C.L.. The expe
ted limits are 
al
ulated fromthe ba
kground-only LLR distribution whereas the ob-served limits are quoted with respe
t to the LLR valuesmeasured in data. The expe
ted and observed 95% C.L.upper limits results for the WH 
ross se
tion multipliedby the bran
hing ratio H → bb̄ are shown, as a fun
tionof the Higgs boson mass MH , in units of the SM predi
-tion in Fig. 14. The values obtained for the expe
ted andobserved limit to SM ratios at ea
h mass point are listedin Table IV (the un
ertainty in the predi
ted WH 
ross

se
tion is available in [37℄).TABLE IV: The expe
ted and observed 95% C.L. limitsfrom the likelihood �t, maximized over systemati
s, as afun
tion of the hypotheti
al Higgs mass MH . The limits arepr esented as ratios of σ(pp̄ → WH) × BR(H → bb̄) to theexpe
ted SM predi
tion.Combined 95% C.L. Limit /σSMHiggs Mass [GeV℄ Expe
ted Observed100 3.3 2.7105 3.6 4.0110 4.2 4.3115 4.8 4.5120 5.6 5.8125 6.8 6.6130 8.5 7.0135 11.5 7.6140 16.5 12.2145 23.6 15.0150 36.8 30.4
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FIG. 12: [
olor online℄ The observed log-likelihood ratio (LLR) as a fun
tion of hypotheti
al Higgs boson mass. Also shownare the medians of the resulting LLR distributions for the ba
kground-only hypothesis (dashed line), along with the ±1σand ±2σ values (shaded bands), after generating multiple pseudo-experiments at ea
h test mass point. The medians of thesignal-plus-ba
kground hypothesis are shown by the dash-dotted line.XII. SUMMARYA sear
h for the SM asso
iated WH produ
tionin data 
orresponding to an integrated luminosity of
L ≈ 5.3 fb−1 
olle
ted with the D0 dete
tor at theFermilab Tevatron pp̄ Collider shows no ex
ess beyondthe expe
ted 
ontributions from SM ba
kgrounds. Sta-tisti
ally independent data samples 
ontaining W → eνand W → µν 
andidates with either two or threere
onstru
ted jets in the event and subdivided into two
b-tagged jets or a single b-tagged jet are analyzed usinga multivariate te
hnique to provide separation of signaland ba
kground. Upper limits are 
al
ulated at the 95%C.L. for the WH 
ross se
tion multiplied by the bran
h-ing ratio H → bb̄ for the region 100 < MH < 150 GeV.The observed (expe
ted) upper limits at 95% C.L. area fa
tor 4.5 (4.8) larger than the SM expe
tation for aHiggs mass MH = 115 GeV.
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