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We present a search for associated production of Higgs and W bosons in pp collisions at a
center of mass energy of /s = 1.96 TeV in 5.3 fb~! of integrated luminosity recorded by the
DO experiment. Multivariate analysis techniques are applied to events containing one lepton, an
imbalance in transverse energy, and one or two b-tagged jets to discriminate a potential W H signal
from standard model backgrounds. We observe good agreement between data and background, and
set an upper limit of 4.5 (at 95% confidence level and for mg = 115 GeV) on the ratio of the WH
cross section multiplied by the branching fraction of H — bb to its standard model prediction. A

limit of 4.8 is expected from simulation.

PACS numbers: 14.80.Bn, 13.85.Rm

The only unobserved particle of the standard model
(SM) is the Higgs boson (H) which emerges from the
spontaneous breaking of electroweak symmetry. Its ob-
servation would support the hypothesis that the Higgs
mechanism generates the masses of the weak gauge
bosons and accommodates finite masses of fermions
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through their Yukawa couplings to the Higgs field. The
mass of the Higgs boson (mpy) is not predicted by the
SM, but the combination of direct searches at the CERN
ete~ Collider (LEP) [1] and precision measurements of
other electroweak parameters constrain myg to 114.4 <
myg < 185 GeV at the 95% CL [2]. While the region
158 < mpy < 175 GeV has been excluded at the 95%
CL by a combination of searches at CDF and DO [3-6],
the remaining mass range continues to be probed at the
Fermilab Tevatron Collider. The associated production
of a Higgs boson and a leptonically-decaying W boson is
among the cleanest Higgs boson search channels at the
Tevatron, and provides the largest event yield for the



decay H — bb in the range my < 135 GeV. Several
searches for W H production at a pp center-of-mass en-
ergy of /s = 1.96 TeV have been published. Three of
these [7-9] use subsamples (0.17 fb=1, 0.44 fb=!, and 1.1
fb~1) of the data analyzed in this paper, while three from
the CDF collaboration are based on cumulative samples
(0.32 fb~1, 0.95 fb=! and 2.7 fb~!) of integrated lumi-
nosity [10-12].

We present a new search using an improved multi-
variate technique based on data collected with the DO
detector, corresponding to an integrated luminosity of
5.3 tb~!. The search selects events with one charged
lepton (¢ = electron, e, or muon, 4), an imbalance in
transverse energy (Er) that arises from the unobserved
neutrino in the W — fv decay, and either two or three
jets, with one or two of these selected as candidate b-
quark jets (b-tagged).

The channels are separated into independent categories
based on the number of b-tagged jets in an event (one
or two). Single b-tagged events contain three important
sources of backgrounds: (i) multijet events, where a jet is
misidentified as an isolated lepton, (ii) W boson produc-
tion in association with c-quark or light-quark jets, and
(iii) W boson production in association with two heavy-
flavor (bb, c€) jets. In events with two b-tagged jets, the
dominant backgrounds are from Whb, tf, and single top-
quark production.

The analysis relies on the following components of
the DO detector [13]: (i) a central-tracking system,
which consists of a silicon microstrip tracker (SMT) and
a central fiber tracker (CFT), both located within a
2 T superconducting solenoidal magnet; (ii) a liquid-
argon/uranium calorimeter containing electromagnetic,
fine hadronic, and coarse hadronic layers, segmented into
a central section (CC), covering pseudorapidity |n| < 1.1
relative to the center of the detector [14], and two end
calorimeters (EC) extending coverage to |n| = 4.0, all
housed in separate cryostats [15], with scintillators be-
tween the CC and EC cryostats providing sampling of
developing showers for 1.1 < |n| < 1.4; (ili) a muon
system located beyond the calorimetry consisting of lay-
ers of tracking detectors and scintillation trigger coun-
ters, one before and two after the 1.8 T iron toroids. A
2006 upgrade of the DO detector added an inner layer
of silicon [16] to the SMT and an improved calorime-
ter trigger [17]. The integrated luminosity is measured
using plastic scintillator arrays located in front of the
EC cryostats at 2.7 < || < 4.4. The trigger and data
acquisition systems are designed to accommodate high
instantaneous luminosities.

Events in the electron channel are triggered by a log-
ical OR of several triggers that require an electromag-
netic (EM) object or an EM object in conjunction with
a jet. Trigger efficiencies are taken into account in the
Monte Carlo (MC) simulation through a weighting of
events based on an efficiency derived from data, and

parametrized as a function of electron 1 and azimuth ¢,
and jet transverse momentum pr.

We accept events for the muon channel from a mixture
of single high-pr muon, jet, and muon plus jet triggers,
and expect this inclusive trigger to be fully efficient for
our selection criteria. We verify this by comparing events
that pass a well-modeled subset of high-p7 muon triggers
to those that are selected by the inclusive set of triggers.
Good agreement is observed between data and MC for
this high-p7 muon subset of triggers. Events not selected
by a high-pr muon trigger tend to be selected by a jet
trigger. The efficiency of this complementary set of trig-
gers is modeled as a function of the scalar sum of jet pr in
an event (Hr). This model provides a gain in efficiency
relative to the high-pr muon triggers, and produces good
agreement between data and MC for the combination of
all triggers following its application to the simulation.

The PYTHIA [18] MC generator is used to simulate pro-
duction of dibosons with inclusive decays (WW, WZ,
and ZZ), WH — lvbb and ZH — Ilbb (I = e, p,
or 7). The contribution from ZH events in which one
lepton is not identified to the total signal yield is ap-
proximately 5%. Background from W/Z (V)+jets and
tt events is generated with ALPGEN [19] interfaced to
PYTHIA for parton showering and hadronization. The
ALPGEN samples are produced using the MLM parton-
jet matching prescription [19]. The V+jets samples are
divided into V+light jets and V+heavy-flavor jets. The
V+light jets samples include Vjj, Vbj, and V¢j pro-
cesses, where j is a light-flavor (u,d,s quarks or glu-
ons) jet, while the V +heavy-flavor samples for Vbb and
Vee are generated separately. Production of single top-
quark events is generated using COMPHEP [20, 21], with
PYTHIA used for parton evolution and hadronization.
Simulation of both background and signal processes re-
lies on the CTEQ6L1 [22] leading-order parton distri-
bution functions for all MC events. These events are
processed through a full DO detector simulation based
on GEANT [23] using the same reconstruction software as
used for DO data. Events from randomly chosen beam
crossings are overlaid on the simulated events to repro-
duce the effect of multiple pp interactions and detector
noise.

The simulated background processes are normalized
to their predicted SM cross sections, except for W+jets
events, which are normalized to data before applying b-
tagging, where contamination from the WH signal is
expected to be negligible. The signal cross sections
and branching fractions are calculated at next-to-next-
to-leading order (NNLO) and are taken from Refs. [24—
28], while the t¢ single ¢, and diboson cross sections are
at next-to-leading order (NLO), and taken from Ref. [29],
Ref. [30], and the MCFM program [31], respectively. As a
cross check, we compare data with NLO predictions for
W+jets based on MCFM, and find a relative data/MC
normalization factor of 1.0 &= 0.1, where the normaliza-



tion for data is obtained after subtracting all other ex-
pected background processes. The normalizations of the
Vbb and Ve yields in MC relative to data are consis-
tent with the ratio of LO/NLO cross sections predicted
by MCFM. Therefore we apply these MCFM ratios to the
corresponding W+heavy-flavor and Z+heavy-flavor jet
processes.

This analysis is based on a preselection of events
with an electron of pr > 15 GeV, with || < 1.1 or
1.5 < || < 2.5, or a muon of pr > 15 GeV, with
[n] < 1.6. Preselected events are also required to have
Fr> 20 GeV, either two or three jets with pp > 20 GeV
(after correction of the jet energy [32]) and |n| < 2.5,
and Hy > 60 GeV for 2-jet events, or Hp > 80 GeV
for 3-jet events. The Er is calculated from the individ-
ual calorimeter cells in the EM and fine hadronic layers
of the calorimeter, and is corrected for the presence of
muons. All energy corrections to electrons and jets (in-
cluding energy from the coarse hadronic layers associated
with jets) are propagated into the Fr. To suppress mul-
tijet background, events with M{, <40 — 0.5 B GeV
are removed, where M;*FV is the transverse mass of the
W boson candidate. Events with additional charged lep-
tons isolated from jets that pass the flavor-dependent pr
thresholds p$. > 15 GeV, pf. > 10 GeV, and p7}. > 10 or
15 GeV, depending on 7 decay channel [33], are rejected
to decrease dilepton background from Z boson and tt
events. Events must have a reconstructed pp interaction
vertex (containing at least three associated tracks) that
is located within 440 cm of the center of the detector in
the longitudinal direction.

Lepton candidates are identified in two steps. In the
first step, each candidate must pass “loose” identification
criteria. For electrons, we require 95% of the energy in a
shower to be deposited in the EM section of the calorime-
ter, isolation from other calorimeter energy deposits, spa-
tial distributions of calorimeter energies consistent with
those expected for EM showers, and a reconstructed track
matched to the EM shower that is isolated from other
tracks. For the “loose” muon, we require hits in each
layer of the muon system, scintillator hits in time with
a beam crossing (to veto cosmic rays), a spatial match
with a track in the central tracker, and isolation from
jets within AR < 0.5 [14] to reject semileptonic decays
of hadrons. In the second step, the loose leptons are sub-
jected to a more restrictive “tight” selection. Tight elec-
trons must satisfy more restrictive calorimeter isolation
fractions and EM energy-fraction criteria, and satisfy a
likelihood test developed on Z — ee data based on eight
quantities characterizing the EM nature of the particle
interactions [34]. Tight muons must satisfy stricter isola-
tion criteria on energy in the calorimeter and momenta of
tracks near the trajectory of the muon candidate. Ineffi-
ciencies introduced by lepton-identification and isolation
criteria are determined from Z — ¢¢ data. The final
selections rely only on events with tight leptons, with

events containing only loose leptons used to determine
the multijet background.

Jets are reconstructed using a midpoint cone algo-
rithm [35] with radius 0.5. Identification requirements for
jets are based on longitudinal and transverse shower pro-
files, and minimize the possibility that the jets are caused
by noise or spurious depositions of energy. For data taken
after 2006, and in the corresponding simulation, jets must
have at least two associated tracks emanating from the
reconstructed pp interaction vertex. Any difference in ef-
ficiency for jet identification between data and simulation
is corrected by adjusting the jet energy and resolution in
simulation to match those measured in data. Compari-
son of ALPGEN with other generators and with data shows
small discrepancies in distributions of jet pseudorapidity
and dijet angular separations [36]. The data are there-
fore used to correct the ALPGEN W+jets and Z+jets MC
events through polynomial reweighting functions param-
eterized by the leading and second-leading jet 7, and AR
between the two leading jets, that bring these distribu-
tions for the total simulated background and the high
statistics sample of events prior to b-tagging into agree-
ment.

Instrumental background and that from semileptonic
decays of hadrons, referred to jointly as the multijet back-
ground, are estimated from data. The instrumental back-
ground is significant in the electron channel, where a jet
with a high EM fraction can pass electron-identification
criteria, or a photon can be misidentified as an electron.
In the muon channel, the multijet background is less im-
portant and arises mainly from semi-leptonic decay of
heavy-flavor quarks, where the muon passes isolation cri-
teria.

To estimate the number of events that contain a jet
that passes the “tight” lepton selection, we determine the
probability fr|z, for a “loose” lepton candidate, originat-
ing from a jet, to also pass tight identification. This is
done in events that pass preselection requirements with-
out applying the selection on M;*FV, i.e., events that con-
tain one loose lepton and two jets, but small Zp (5 — 15
GeV). The total non-multijet background is estimated
from MC and subtracted from the data before estimat-
ing the contribution from multijet events. For electrons,
Jr|r is determined as a function of electron pr in three
regions of |n| and four of A¢(Er,e), while for muons it
is taken as a function of |n| for two regions of A¢(Er, p).
The efficiency for a loose lepton to pass the tight identi-
fication (er)z) is measured in Z — £¢ events in data,
and is modeled as a function of pp for electrons and
muons. The estimation of multijet background described
in Ref. [34] is used to determine the multijet background
directly from data, where each event is assigned a weight
that contributes to the multijet estimation based on frr,
and 7| as a function of event kinematics. Since fr|r
depends on F, the scale of this estimate of the multijet
background must be adjusted when comparing to data



with Fp> 20 GeV. Before applying b-tagging, we per-
form a fit to the M, distribution to set the scales for
the multijet and W+jets backgrounds simultaneously.

Efficient identification of b jets is central to the search
for WH production. The DO neural network (NN) b-
tagging algorithm [37] for identifying heavy-flavored jets
is based on a combination of seven variables sensitive to
the presence of tracks or secondary vertices displaced sig-
nificantly from the primary vertex. All tagging efficien-
cies are determined separately for data and for simulated
events. We first use a low threshold on the NN out-
put that corresponds to a misidentification rate of 2.7%
for light-flavor jets of pr > 50 GeV that are mistakenly
tagged as heavy-flavored jets. If two jets in an event
pass this b-tagging requirement, the event is classified
as double-b-tagged (DT). Events that are not classified
as DT are considered for placement in an independent
single-b-tag (ST) sample, which requires exactly one jet
to satisfy a more restrictive NN operating point corre-
sponding to a misidentification rate of 0.9%. The effi-
ciencies for identifying a jet that contains a b hadron for
the two NN operating points are (63+1)% and (563+1)%,
respectively, for a jet with a pp of 50 GeV. These efficien-
cies are determined for “taggable” jets, i.e., jets with at
least two tracks, each with at least one hit in the SMT.
Simulated events are corrected to have the same fraction
of jets satisfying the taggability and b-tagging require-
ments as found in preselected data.

The expected event yields following these selection cri-
teria for specific backgrounds and for mg = 115 GeV are
compared to the observed number of events in Table I.
Distributions in dijet invariant mass for the two jets of
highest pr, in 2-jet and 3-jet events are shown for the
ST and DT samples in Fig. 1(a—d). The data are well-
described by the sum of the simulated SM processes and
multijet background. The contributions expected from a
Higgs boson with my = 115 GeV, multiplied by a factor
of ten, are also shown for comparison.

We use a random forest (RF) multivariate tech-
nique [38, 39] to separate the SM background from sig-
nal, and search for an excess, which is expected primar-
ily at large values of RF discriminant. A separate RF
discriminant is used for each combination of jet multi-
plicity (two or three), lepton flavor (e or u), and number
of b-tagged jets (one or two). The 2-jet events are di-
vided into data-taking periods, before and after the 2006
detector upgrade, for a total of twelve separately trained
RF's for each chosen Higgs boson mass. Each RF consists
of a collection of individual decision trees, with each tree
considering a random subset of the twenty kinematic and
topological input variables listed in Table II. The final
RF output is the average over the individual trees. The
input variables v/3 and AR(dijet,/+v) each have two so-
lutions arising from the two possibilities for the neutrino
D2, assuming the lepton and Fr (v) constitute the decay
products of an on-shell W boson. The angles 6* and x

TABLE I: Summary of event yields for the ¢ + b-tagged jets
+ Fr final state. Event yields in data are compared with
the expected number of ST and DT events in the samples
with W boson candidates plus two or three jets, comprised
of contributions from simulated diboson pairs (labeled “W Z”
in the table), W/Z+bb or c¢ (“Wbb”), W/Z+light-quark jets
(“W+1f”), and top-quark (“¢¢” and “Single t”) production, as
well as data-derived multijet background (“MJ”). The quoted
uncertainties include both statistical and systematic contri-
butions, including correlations between background sources
and channels. The expectation for W H signal is given for
mpyg = 115 GeV.

W4+2jet  WH2jet WH3jet WH3 jet
ST DT ST DT

wZz 153 £ 18 225 £33 339 +£48 26 £ 1.1
Wbb 1601 + 383 346 £+ 93 358 4+ 90 48 + 13
W+1f 1290 £ 201 57.5 + 9.2 210 + 35 12.1 + 1.8
tt 417 £ 54 177 £ 35 633 £ 96 176 £+ 35
Single t 203 £+ 33 58 + 11 53.6 £ 9.1 13.0 + 2.7
MJ 663 + 43 56.5 £ 4.2 186 £ 13 12.7 £ 1.0
All Bkg. 4326 4+ 501 718 + 120 1474 + 160 264 + 44
WH 97 £ 09 65 +£10 21 +£03 08 +£0.2
Data 4316 709 1463 301

are described in Ref. [40], and exploit kinematic differ-
ences arising from the scalar nature of the Higgs and the
spins of objects in the Wbb background. The RF outputs
from 2-jet ST and DT events are shown in Fig. 1(e,f).

TABLE II: List of RF input variables, where ji (j2) refers to
the jet with the highest (second highest) pr.

Variable Definition
pr(j1) Leading jet pr
pr(j2) Sub-leading jet pr
E(j2) Sub-leading jet energy
AR(j1,52) AR between jets
Ap(j1,72) A¢ between jets
Ap(j1, £) A¢ between lepton and leading jet
pr(dijet system) pr of dijet system
mjj Dijet invariant mass
pr(¢-Er system) pr of W candidate
Yr Missing transverse energy
aplanarity See Ref. [41]
V3 Invariant mass of the v+{¢+dijet system
AR(dijet,6 + ) AR between the

dijet system and ¢ 4 v system
ML Lepton-Fr transverse mass
Scalar sum of the transverse momenta

Hr of all jets in the event
Scalar sum of the longitudinal momenta
Hz of all jets in the event
N Cosine of angle between W candidate
cos f and beam direction in zero-momentum frame
cos X See Ref. [42]

The dijet mass distribution is especially sensitive to
W H production, and was used previously to set limits
on o(pp — WH) x B(H — bb) in Ref. [8]. However,
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FIG. 1: (Color online) Dijet mass distributions for candidate W-boson ST (1 b-tag) events with (a) 2 jets and (b) 3 jets and for
DT (2 b-tag) events in (c) and (d), respectively. The distributions in RF discriminant for 2-jet ST and DT events, combined
for lepton flavors, are shown in (e,f), respectively. The expectation from o(pp — WH) x B(H — bb) for mpg = 115 GeV is

overlaid, multiplied by a factor of 10.

the gain in sensitivity using the RF output as the final
discriminant is about 20% for a Higgs mass of 115 GeV,
which, in terms of the expected limit on the W H cross
section, is equivalent to a gain of about 40% in integrated
luminosity.

The systematic uncertainties that affect the signal and
SM backgrounds can be categorized by the nature of their
source, i.e., theoretical (e.g., uncertainty on a cross sec-
tion), MC modeling (e.g., reweighting of ALPGEN sam-
ples), or experimental (e.g., uncertainty on integrated
luminosity). Some of these uncertainties affect only the
normalization of the signal or backgrounds, while others
also affect the differential distribution of the RF output.

Theoretical uncertainties include uncertainties on the
tt and single top-quark production cross sections (10%
and 12%, respectively [29, 30]), an uncertainty on the di-
boson production cross section (6% [31]), and an uncer-
tainty on W+heavy-flavor production (20%, estimated
from MCFM). These uncertainties affect only the normal-
ization of the backgrounds.

Uncertainties from modeling that affect the distribu-
tion in the RF output include uncertainties on trigger
efficiency as derived from data (3-5%), lepton identifica-

tion and reconstruction efficiency (5-6%), reweighting of
ALPGEN MC samples (2%), the MLM matching applied
to W/Z+light-jet events (< 0.5%), and the systematic
uncertainties associated with choice of renormalization
and factorization scales in ALPGEN as well as the un-
certainty on the strong coupling constant (2%). Uncer-
tainties on the ALPGEN renormalization and factorization
scales are evaluated by adjusting the nominal scale for
each, simultaneously, by a factor of 0.5 and 2.0.

Experimental uncertainties that affect only the nor-
malization of the signal and SM backgrounds arise from
the uncertainty on integrated luminosity (6.1%) [43].
Those that also affect the distribution in RF output in-
clude jet taggability (3%), b-tagging efficiency (2.5-3%
per heavy quark-jet), the light-quark jet misidentifica-
tion rate (10%), acceptance for jet identification (5%);
jet-energy calibration and resolution (varies between 15%
and 30%, depending on the process and channel). The
background-subtracted data points for the RF discrimi-
nant for my = 115 GeV, with all channels combined, are
shown with their systematic uncertainties in Fig. 2.

We observe no excess relative to expectation from SM
background, and we set upper limits on the production
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FIG. 2: (Color online) Distribution in the output of the RF
discriminant for my = 115 GeV, for the difference between
data and background expectation, for all channels (both e
and p, ST and DT, and 2-jet and 3-jet), shown with statisti-
cal uncertainties. The lightly-shaded region represents the to-
tal systematic uncertainty before using constraints from data
(referred to as “Pre-Fit” in the legend), while the solid lines
represent the total systematic uncertainty after constraining
with data (“Post-Fit” in the legend.) The darker shaded re-
gion represents the SM Higgs signal expectation scaled up by
a factor of 5.

cross section o (W H) using the RF outputs for the differ-
ent channels. The binning of the RF output is adjusted to
assure adequate population of background events in each
bin. We calculate all limits at the 95% CL using a modi-
fied frequentist approach and a Poisson log-likelihood ra-
tio as test statistic [44, 45]. The likelihood ratio is stud-
ied using pseudoexperiments based on randomly drawn
Poisson trials of signal and background events. We treat
systematic uncertainties as “nuisance parameters” con-
strained by their priors, and the best fits of these pa-
rameters to data are determined at each value of my
by maximizing the likelihood ratio [46]. Independent fits
are performed to the background-only and signal-plus-
background hypotheses. All appropriate correlations of
systematic uncertainties are maintained among channels
and between signal and background. The systematic un-
certainties before and after fitting are indicated in Fig. 2.
The log-likelihood ratios for the background-only model
and the signal-plus-background model as a function of
my are shown in Fig. 3(a).

The upper limit on the cross section for o(pp — W H) x
B(H — bb) at the 95% CL is a factor of 4.5 larger than the
SM expectation for my = 115 GeV. The corresponding
upper limit expected from simulation is 4.8. The analysis
is repeated for ten other my values from 100 to 150 GeV;
the corresponding observed and expected 95% CL limits
relative to their SM expectations are given in Table III
and in Fig. 3(b).

In conclusion, ¢+F71+2 or 3-jet events have been ana-
lyzed in a search for W H production in 5.3 fb~! of pp col-
lisions at the Fermilab Tevatron. The yield of single and
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FIG. 3: (Color online) (a) Log-likelihood ratios for the

background-only model (LLRg, with 1 and 2 standard devi-
ation bands), signal+background model (LLRs+g), and ob-
servation in data (LLRops) as a function of mg. (b) 95% CL
cross section upper limit (and corresponding expected limit
from MC) on o(pp — WH) x B(H — bb) relative to the SM
expectation, as a function of mg.

double b-tagged jets in these events is in agreement with
the expected background. We have applied a Random
Forest multivariate analysis technique to further sepa-
rate signal and background. We have set upper limits on
o(pp — WH) x B(H — bb) relative to their SM expec-
tation for Higgs masses between 100 and 150 GeV. For
my = 115 GeV, the observed (expected) 95% CL limit
is a factor of 4.5 (4.8) larger than the SM expectation.
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TABLE III: Expected and observed 95% CL upper limits on the ratio of o(pp — W H) x B(H — bb) to its SM expectation as

a function of my.

mpy [GeV] 100 105 110 115 120 125 130 135 140 145 150
Exp. ratio 3.3 3.6 42 4.8 56 6.8 85 11.5 16.5 23.6 36.8
Obs. ratio 2.7 40 43 45 58 6.6 7.0 7.6 12.2 15.0 304

search Council (Sweden); and CAS and CNSF (China).
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