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We present a search for a standard model Higgs boson decaying to two W bosons that decay to leptons

using the full data set collected with the CDF II detector in
ffiffiffi
s

p ¼ 1:96 TeV p �p collisions at the Fermilab

Tevatron, corresponding to an integrated luminosity of 9:7 fb�1. We obtain no evidence for production of

a standard model Higgs boson with mass between 110 and 200 GeV=c2, and place upper limits on the

production cross section within this range. We exclude standard model Higgs boson production at the
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95% confidence level in the mass range between 149 and 172 GeV=c2, while expecting to exclude, in the

absence of signal, the range between 155 and 175 GeV=c2. We also interpret the search in terms of

standard model Higgs boson production in the presence of a fourth generation of fermions and within the

context of a fermiophobic Higgs boson model. For the specific case of a standard-model-like Higgs boson

in the presence of fourth-generation fermions, we exclude at the 95% confidence level Higgs boson

production in the mass range between 124 and 200 GeV=c2, while expecting to exclude, in the absence of

signal, the range between 124 and 221 GeV=c2.

DOI: 10.1103/PhysRevD.88.052012 PACS numbers: 13.85.Rm, 14.80.Bn, 14.80.Ec

I. INTRODUCTION

In the standard model (SM) of particle physics, the
electroweak force is characterized by a gauge theory of
the ðSUð2ÞL � Uð1ÞYÞ symmetry group [1–3]. This sym-
metry is broken, which introduces differences in the
observed phenomenology of electromagnetic and weak
interactions. The mechanism of symmetry breaking in
the SM is known as the Higgs mechanism [4–7], which
introduces a complex doublet of scalar fields. The self-
interaction of these fields introduces a potential term in
the electroweak Lagrangian, which has a minimum at a
nonzero value of the field. At sufficiently low energies
(the Fermi scale and below), the electroweak Lagrangian
is approximated by an effective Lagrangian, which is no
longer symmetric under the full gauge group but rather
retains only Uð1ÞEM symmetry, leading to additional
terms. Three of these terms are identified with the
masses of the W� and Z vector bosons, and the fourth
results in an associated scalar boson known as the Higgs
boson. The masses of the leptons and quarks also require
that electroweak symmetry is broken and are generated
in the SM through Yukawa interactions with the scalar
Higgs field.

Owing to its central position in the understanding of the
phenomenology of the electroweak force, the discovery of
the Higgs boson [8,9] was an important milestone for
particle physics. Properties of the Higgs boson, including
production rates and decay branching ratios, are highly
sensitive to physics beyond the SM. Many models, such
as supersymmetry, require extended Higgs sectors with
additional multiplets of scalar fields, resulting in additional
Higgs bosons, some of which interact very differently from
the SM-predicted Higgs boson.

The possible mass range for the SMHiggs boson (mH) is
constrained by theoretical and experimental results. TheW
boson mass MW , the Z boson mass MZ, and the top-quark
mass mt are modified by self-energy terms involving the
Higgs boson as a virtual particle in processes with ampli-
tudes involving one or more loops, which depend on the
mass of the Higgs boson. This, in turn, allows for a
prediction of the Higgs boson mass using precision mea-
surements ofMW ,MZ, and mt. The most recent average of
availableW boson mass measurements isMW ¼ 80:385�
0:015 GeV=c2 [10], and the most recent average of top-
quark mass measurements is mt ¼ 173:2� 0:9 GeV=c2

[11]. These mass measurements are combined with other
precision electroweak measurements to calculate an
allowed range of mH ¼ 94þ29

�24 GeV=c2 at the 68% confi-

dence level (C.L.) or less than 152 GeV=c2 at the 95%C.L.
[12]. In addition, direct searches at the LEP collider
excluded SM Higgs boson production for masses below
114:4 GeV=c2 at the 95% C.L. [13]. A combination of the
direct LEP searches with indirect constraints indicates
that the SM Higgs boson should have a mass below
171 GeV=c2 at the 95% C.L. [12].
A previously unknown boson with a mass of approxi-

mately 125 GeV=c2, compatible with the SMHiggs boson,
has been observed in data collected from

ffiffiffi
s

p ¼ 7–8 TeV
pp collisions at the CERN Large Hadron Collider (LHC)
by the ATLAS [8] and CMS [9] Collaborations. The new
boson was observed with high significance in the ZZ and
�� decay modes and at a somewhat lower level of signifi-
cance in the WW decay mode. Updated ATLAS [14] and
CMS [15] searches focusing on H ! WþW� decay and
using additional data provide strengthened evidence for
this decay mode. Since the phenomenology of the Higgs
mechanism is characterized by its interactions with W and
Z bosons, observation of the Higgs boson in theWW decay
mode and refined measurements of the corresponding
branching ratio are of critical importance.
For higher Higgs boson masses, mH > 130 GeV=c2,

where the decay to two W bosons dominates [16], a SM
Higgs boson is primarily observable at the Tevatron via
gluon-fusion production through a top-quark loop (ggH),
with subsequent decay to a pair ofW� bosons [17–20]. This
decay mode provides a low-background search topology,
when both W bosons decay leptonically. The main back-
grounds to H ! WþW� ! ‘þ�‘� �� are Drell-Yan (DY)
production of oppositely charged leptons, p �p ! WþW�,
W�Z, ZZ, t�t,W þ jets, andW þ � processes. Events con-
sistent with the ‘þ�‘� �� final state are selected by requiring
two oppositely charged leptons and a significant overall
imbalance in measured transverse energies within the event
(missing transverse energy or 6ET). CDF reconstructs elec-
trons andmuons with high efficiency andminimal contami-
nation from jets misidentified as leptons (fakes). We treat
separately tau leptons decaying hadronically, which are
harder to reconstruct and significantly contaminated with
fakes. Missing transverse energy associated with the
unobserved neutrinos provides discrimination against
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backgrounds that do not contain leptonically decaying W
bosons, such as DY production.

A potential Higgs boson signal is distinguishable from
the other background processes with real 6ET generated
from neutrinos based on unique kinematic properties
associated with the Higgs boson decay. The fact that the
Higgs boson is a scalar particle induces a spin correlation
between the W bosons, which manifests itself as a prefer-
ence for the charged leptons in the final state to be emitted
in similar directions to one another. The nonresonant
p �p ! WþW� background has a very different spin struc-
ture [21], resulting in a different distribution of the angle
between the two charged leptons.

In addition to the ggH production mechanism, the SM
Higgs boson is expected to be produced in association with
a W or Z vector boson (WH, ZH, or, collectively, VH
production), and in vector boson fusion (VBF), where a
virtual pair of W bosons or Z bosons fuse to form a Higgs
boson, usually with recoiling jets. Including these addi-
tional production mechanisms expands acceptance by
approximately 50% for mH ¼ 160 GeV=c2, compared to
searching for only the ggH production process [22]. These
additional production mechanisms were included in the
most recent CDF results [23], which were combined with
similar results from the D0 Collaboration [24] to exclude at
95% C.L. a SM Higgs boson in the mass range between
162 and 166 GeV=c2 [25].

For lower Higgs boson masses, mH < 130 GeV=c2, the
decay H ! b �b dominates. A direct search for the SM
Higgs boson in the process gg ! H ! b �b would be over-
whelmed by nonresonant, multijet backgrounds. Hence,
Tevatron searches in this mass region focus on the WH !
‘�b �b [26,27], ZH ! ‘þ‘�b �b [28,29], and ZH ! � ��b �b
[30,31] processes. The combination of Tevatron searches
in these decay modes [32] resulted in first evidence for VH
production in association with H ! b �b decay. Despite the
low SM Higgs boson branching ratio to W bosons within
this mass range, the WW decay mode still contributes
significantly to combined Tevatron search sensitivities
because it is accessible within a final state originating
from ggH production.

In this paper we present a search for the production of
SM Higgs bosons with subsequent decay to two oppositely

charged Wð�Þ bosons using a sample of
ffiffiffi
s

p ¼ 1:96 TeV
proton-antiproton (p �p) collision data corresponding to
9:7 fb�1 of integrated luminosity collected with the CDF
II detector at the Fermilab Tevatron. This result improves
on previous CDF results [23,33–35] by including more
data, using improved analysis techniques, and incorporat-
ing additional search topologies such as dilepton pairs with
invariant mass below 16 GeV=c2 and trilepton events from
VH production, where the third lepton results from the
decay of the associated weak vector boson.

This paper is organized as follows. Section II describes
the phenomenology of Higgs boson production and decay,

Sec. III describes the analysis strategy, Sec. IV describes
the CDF II detector, Sec. V describes the event selection,
Sec. VI describes the background modeling, Sec. VII
describes the multivariate techniques used to separate the
expected signal events from the background events,
Sec. VIII describes each analysis sample, Sec. IX summa-
rizes systematic uncertainties on signal and background
predictions, and Sec. X describes the procedures used for
interpreting the data and the final results.

II. PHENOMENOLOGY OF HIGGS BOSON
PRODUCTION AND DECAY

Higgs boson searches in hadron collisions rely both on
accurate predictions of Higgs boson production and decay
rates and on accurate kinematic modeling of the resulting
events. The theoretical community has provided calcula-
tions of all relevant signal production cross sections at
next-to-next-to-leading order (NNLO) accuracy in the
strong-interaction coupling constant �s, and also differen-
tial cross sections for ggH production at the same order.
These calculations, in conjunction with Monte Carlo simu-
lation tools for modeling the signal and background pro-
cesses as well as the response of the CDF II detector to the
particles originating from these processes, are critical
inputs to this search.
The dominant Higgs boson production mechanism over

the mass range of interest in p �p collisions is ggH. Because
of the large Yukawa coupling of the top quark to the Higgs
boson, the largest contribution to the cross section comes
from the top-quark-loop amplitude. However, loops in-
volving other quark flavors are incorporated within the
calculations. Calculations of the inclusive cross section
for ggH production in hadron collisions have progressed
from leading order (LO) [36], to next-to-leading order
(NLO) [37–39], to NNLO [40–42], and finally to the
NNLO calculations described in Refs. [43,44], which are
used here.
The expected cross section for this process ranges from

1385 fb at mH ¼ 110 GeV=c2 to 189.1 fb at mH ¼
200 GeV=c2 [43,44], as summarized in Table I. These
cross section predictions are obtained from calculations
at NNLO in perturbative QCD, incorporating contributions
from both top- and bottom-quark loops, effects of finite
quark masses, electroweak contributions from two-loop
diagrams [45], interference effects from mixing of electro-
weak and QCD contributions [44], leading logarithmic
resummation of soft gluon contributions [43,46], and
MSTW2008 NNLO parton distribution functions (PDFs)
[47]. Consistent results are obtained from calculations
based on substantially different techniques and indepen-
dent groups.
The NLO prediction for the ggH production cross sec-

tion at the Tevatron is typically a factor of 2 larger than the
LO prediction, and the NNLO prediction is another factor
of 1.4 larger. Uncertainties in the NNLO cross section
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calculation are evaluated by studying the effect on the
result of factorization and renormalization scale choices.
The largest variation is obtained when the two scales are
varied together. We take an uncertainty on the production
cross section corresponding to the shift observed when
these scales are varied upwards and downwards by factors
of 2. Calculations that have been performed including the
primary amplitudes at next-to-next-to-next-to leading
order indicate that no additional large modification of the
cross section is expected [48].

The NNLO generator programs FEHIP [49,50] and
HNNLO [51,52] and studies based on these programs [53]

are used to tune the leading order simulation, which
models the kinematic properties of final state particles
originating from ggH production, and to assess systematic
uncertainties associated with this modeling.

In the search described here, events are separated into
samples in which the leptonically decayingWþW� system
is observed to recoil against zero-, one-, or two-or-more
parton jets. Jet reconstruction, discussed in Sec. V, collects
the energy depositions associated with particles produced
in the hadronization and fragmentation of partons originat-
ing from the p �p interaction. We normalize the yields of
simulated ggH events based on the inclusive cross section
calculations described above, but assign differential uncer-
tainties incorporating calculations of the exclusive one-or-
more parton jet and two-or-more parton jet cross sections
from Refs. [53,54], respectively. We follow the prescrip-
tion of Refs. [55,56], propagating scale uncertainties

associated with the inclusive cross section, the one-or-
more parton jet cross section, and the two-or-more parton
jet cross section through the subtractions needed to obtain
the exclusive zero-, one-, and two-or-more parton jet cross
sections. We follow the prescription of Refs. [57,58]
in evaluating the effects of PDF uncertainties on the
production cross sections.
This search includes substantial additional acceptance

for the Higgs boson by incorporating potential signal
contributions from VH and VBF production. The cross
sections for these production processes are roughly
Oð0:1Þ of those for ggH production. In the mass range
between 110 to 200 GeV=c2, the WH, ZH, and VBF
production cross sections vary from 204 to 19.1 fb, 120
to 13.0 fb, and 82.8 to 21.7 fb, respectively, as summarized
in Table I.
The cross sections for VH and VBF production have

been calculated at NNLO in Refs. [59–63] and [61,64,65],
respectively. The VBF cross sections are adjusted
for electroweak corrections computed at NLO in
Refs. [66,67]. All calculations are based on MSTW2008
NNLO parton distribution functions [47]. Uncertainties on
VH and VBF production cross sections are typically much
lower than those associated with ggH cross section calcu-
lations due to the smaller amount of color in the quark
initial states, the pure tree-level electroweak nature of the
lowest-order amplitudes, as well as their dependence on
quark PDFs, which are known more precisely than the
gluon PDF at high Bjorken x.

TABLE I. (N)NLO production cross sections and decay branching ratios to WþW� for the SM Higgs boson, ggH production cross
sections and decay branching ratios to WþW� for the SM-like Higgs boson in SM4, and the decay branching ratios to WþW� for the
fermiophobic Higgs boson in FHM as functions of Higgs boson mass.

mH

(GeV=c2)
�ggH

(fb)

�WH

(fb)

�ZH

(fb)

�VBF

(fb)

BðH ! WþW�Þ
(%)

�SM4
ggH

(fb)

BSM4ðH ! WþW�Þ
(%)

BFHMðH ! WþW�Þ
(%)

110 1385 204 120 82.8 4.82 12310 2.83 85.3

115 1216 175 104 76.5 8.67 10730 5.05 86.6

120 1072 150 90.2 70.7 14.3 9384 8.34 86.9

125 949.3 130 78.5 65.3 21.6 8240 12.9 86.8

130 842.9 112 68.5 60.5 30.5 7259 18.8 86.7

135 750.8 97.2 60.0 56.0 40.3 6414 26.0 86.6

140 670.6 84.6 52.7 51.9 50.4 5684 34.6 86.8

145 600.6 73.7 46.3 48.0 60.3 5050 44.3 87.4

150 539.1 64.4 40.8 44.5 69.9 4499 55.3 88.6

155 484.0 56.2 35.9 41.3 79.6 4018 68.1 90.9

160 432.3 48.5 31.4 38.2 90.9 3595 85.0 95.1

165 383.7 43.6 28.4 36.0 96.0 3221 94.2 97.5

170 344.0 38.5 25.3 33.4 96.5 2893 95.2 97.5

175 309.7 34.0 22.5 31.0 95.8 2604 94.8 96.6

180 279.2 30.1 20.0 28.7 93.2 2349 92.5 93.9

185 252.1 26.9 17.9 26.9 84.4 2122 83.1 84.8

190 228.0 24.0 16.1 25.1 78.6 1920 77.1 78.8

195 207.2 21.4 14.4 23.3 75.7 1740 74.5 75.9

200 189.1 19.1 13.0 21.7 74.1 1580 73.0 74.2

T. AALTONEN et al. PHYSICAL REVIEW D 88, 052012 (2013)

052012-6



The VH and VBF production mechanisms result in
signal events with topologies and kinematic distributions
strikingly different than those associated with ggH pro-
duction. A significant fraction of these events have partons
in the final state additional to the Higgs boson decay
products. Leptonic decays of the vector boson produced
in association with a Higgs boson that decays to WþW�
leads to events with three or four charged leptons or, in
other cases, in which one of the W bosons from the Higgs
boson decays hadronically, to dilepton events containing
two leptons with the same charge. Although the production
rates associated with these types of events are small, the
resulting event topologies are minimally contaminated by
other SM backgrounds. Overall, the inclusion of the addi-
tional Higgs boson production mechanisms increases the
sensitivity of the search by roughly 30%.

The decay branching ratios used in this search are listed
in Table I [58]. The partial widths for all decay processes
are computed with HDECAY [16] with the exception of
those that result in four fermion (4f) final states, H !
WþW� ! 4f and H ! ZZ ! 4f, for which the partial
widths are computed with PROPHECY4F [68,69]. Branching
ratios are computed from the relative fractions of the total
partial widths. The SM branching ratio for a Higgs boson
decaying to a pair of W bosons, which is 4.82% at mH ¼
110 GeV=c2, becomes dominant for mH > 135 GeV=c2,
increasing to above 90% near the threshold to produce both
W bosons on mass shell at mH ¼ 160 GeV=c2 and
decreasing to 74% at mH ¼ 200 GeV=c2, where decay to
two Z bosons becomes significant.

Extensions to the SM can significantly modify the Higgs
boson production cross sections and the H ! WþW�
branching ratio. If the SM is extended to include a
fourth sequential generation of heavy fermions (SM4),
ggH production of a SM-like Higgs boson is significantly
enhanced and branching ratios are modified [70]. Table I
lists ggH production cross sections for the SM4 model
assuming masses of 400 GeV=c2 and 450GeV=c2þ
10lnðmH=115ÞGeV=c2 for fourth-generation down-type
and up-type quarks, respectively [71]. Modified branching
ratios for H ! WþW� within the SM4 model assuming
that the fourth-generation charged lepton and neutrino are
sufficiently heavy to be inaccessible as Higgs boson decay
products are also listed in Table I.

In the case of a fermiophobic (FHM) Higgs boson, the
ggH production cross section is highly suppressed, but as
shown in Table I, the H ! WþW� branching ratio is
significantly larger than in the SM, particularly in the
mass range 110<mH < 150 GeV=c2 [72]. In the FHM
model, the WH, ZH, and VBF production cross sections
are assumed to be the same as those in the SM.

III. ANALYSIS STRATEGY

The single most challenging aspect of searching for the
Higgs boson in the H ! WþW� ! ‘þ�‘� �� (‘ ¼ e, �)

decay channel is the very small production rate of these
events. Even when incorporating tau lepton decays to
electrons and muons, we expect, based on production cross
sections and branching ratios, 170 signal events to be
produced in Tevatron collisions corresponding to an inte-
grated luminosity of 10 fb�1, for a SM Higgs boson of
mass mH ¼ 125 GeV=c2. The search sensitivity depends
on the fraction of these events that can be retained for final
analysis. We select events containing two reconstructed
charged leptons and an overall imbalance in measured
transverse energies originating from the multiple neutri-
nos. After applying a loose set of kinematic criteria to the
most inclusive two-charged-lepton candidate sample, we
select about 25% of the available signal.
Since the remaining background contributions are typi-

cally Oð102Þ times larger than that of the expected signal,
simple event counting is not feasible. We construct detailed
models for the kinematic distributions of events originating
from each of the various signal and SM background pro-
cesses. Based on these models, potential signal events
within the data sample are identified by exploiting differ-
ences between the kinematic properties of signal and
background events. To obtain the best possible signal-to-
background separation, candidate events are classified into
multiple subsamples tailored to isolate contributions from
specific signal and background production processes.
Potential signal in each sample is then isolated using
multivariate techniques, which offer increased search sen-
sitivity relative to conventional approaches based on one-
dimensional selection requirements on directly observed
quantities. The multivariate techniques allow for simulta-
neous analysis of multiple kinematic input variables and
the correlations between them.

IV. THE CDF II DETECTOR

The Collider Detector at Fermilab (CDF) [73–77] is a
general-purpose particle detector with a cylindrical layout
and azimuthal and forward-backward symmetry [78].
The silicon tracking system (SVX) [79–82] and open-

cell drift chamber (COT) [83] are used to measure the
momenta of charged particles and identify secondary ver-
tices from the decays of bottom quarks, which have finite
lifetimes. The COT is segmented into eight concentric
superlayers of wire planes with alternating axial and �2�
stereo angle stringing. The active volume covers the radial
range from 40 to 137 cm and is located within a super-
conducting solenoid with a 1.4 T magnetic field parallel to
the beam axis. Tracking efficiency within the COT is
nearly 100% in the range j�j � 1; and with the addition
of silicon detector information, tracks can be reconstructed
within the wider range of j�j< 1:8. The momentum reso-
lution is �ðpTÞ=p2

T � 0:001 GeV�1 for tracks within
j�j � 1 and degrades with increasing j�j.
Electromagnetic (EM) and hadronic (HAD) calorimeters

[84–86], which are lead-scintillator and iron-scintillator

SEARCHES FOR THE HIGGS BOSON . . . . PHYSICAL REVIEW D 88, 052012 (2013)

052012-7



sampling devices, respectively, surround the solenoid and
measure the energy flow of interacting particles. They are
segmented into projective towers, each one covering a small
range in pseudorapidity and azimuth. The calorimeters have
complete azimuthal coverage over j�j< 3:6. The central
region j�j< 1:1 is covered by the central electromagnetic
calorimeter (CEM) and the central and end-wall hadronic
calorimeters. The forward region 1:1< j�j< 3:6 is covered
by the end-plug electromagnetic calorimeter (PEM) and the
end-plug hadronic calorimeter (PHA).

Energy deposition in the electromagnetic calorimeters
is used to identify and measure the energy of electrons
and photons. The energy resolution for an electron
with transverse energy ET (measured in GeV) is given
by �ðETÞ=ET � 13:5%=

ffiffiffiffiffiffi
ET

p � 1:5% and �ðETÞ=ET �
16:0%=

ffiffiffiffiffiffi
ET

p � 1% for those identified in the CEM and
PEM, respectively. Deposits in the electromagnetic and
hadronic calorimeter towers are used to identify and mea-
sure the energies of the clustered groups of particles orig-
inating from parton showers (jets). The resolution of
calorimeter jet energy measurements is approximately
�ðETÞ � 0:1ET þ 1:0 GeV [87]. The CEM and PEM
calorimeters also contain strip detectors with two-
dimensional readout, which are located at the depth
corresponding approximately to the maximum shower
development for an electron. These detectors aid in the
identification of electrons and photons by providing posi-
tion information that helps to distinguish them from �0

decay products.
Beyond the calorimeters are muon detectors [88], which

provide muon identification in the range j�j< 1:5. Muons
are detected in four separate subdetectors. Central muons
with pT > 1:4 GeV=c penetrate on average the five
absorption lengths of the calorimeter and are detected in
the four layers of planar multiwire drift chambers of the
central muon detector (CMU). A second set of drift cham-
bers, the central muon upgrade (CMP), sits behind an
additional 60 cm of steel and detects muons with pT >
2:2 GeV=c. The CMU and CMP chambers cover an
equivalent range in pseudorapidity, j�j< 0:6. Central
muon extension (CMX) chambers cover the pseudorapid-
ity range from 0:6< j�j< 1:0 and thus complete muon
system coverage over the full fiducial region of the COT.
Muons in the pseudorapidity range 1:0< j�j< 1:5 are
detected in the forward barrel muon chambers.

The Tevatron collider luminosity at the CDF interaction
point is determined using multicell gas Cherenkov detec-
tors [89] located in the pseudorapidity range 3:7< j�j<
4:7, which measure the average number of inelastic p �p
collisions per bunch crossing.

The CDF on-line event selection system (trigger) is
designed with three sequential decision levels to cope
with high event rates. The first level relies on dedicated
hardware to reduce high event rates from the effective
beam-crossing frequency of 1.7 MHz to roughly 15 kHz.

The second level uses a mixture of dedicated hardware and
fast software algorithms to analyze more completely the
available trigger information. This level reduces the event
rate to roughly 1 kHz, the maximum detector-readout rate.
The third level is an array of computers that run a fast
version of the off-line event reconstruction algorithms on
the full detector readout, selecting events for permanent
storage at a rate of up to 150 Hz.

V. EVENT SELECTION

The search is based on events containing two or three
charged-lepton candidates with pT > 10 GeV=c. Events
are recorded on-line if they meet the criteria of either one
of two single-electron triggers or one of four single-muon
triggers. The central electron trigger requires a CEM en-
ergy cluster with ET > 18 GeVmatched to a reconstructed
COT track with pT > 8 GeV=c. The forward electron
trigger requires a PEM energy cluster with ET > 20 GeV
and an overall missing transverse energy of at least 15 GeV
in the calorimeter. The four muon triggers are based on
track segments in one or more muon chambers (CMUþ
CMP, CMU, CMP, and CMX) matched to reconstructed
COT tracks with pT > 18 GeV=c. For each event, the
charged lepton consistent with having satisfied the trigger
is required to have pT > 20 GeV=c, to ensure uniform
trigger efficiency. Trigger efficiencies are measured from
observedW ! ‘� and Z ! ‘‘ decays [90]. To ensure that
the charged-lepton candidates are consistent with having
been produced in a single interaction, the z positions of
each candidate’s reconstructed track at the point of closest
approach to the beam line are required to lie within 4 cm of
one another. In addition, the few events containing recon-
structed leptons with energies in excess of 400 GeV, which
are in total less than 0.1% of the sample and consistent with
expected rates from track mismeasurements, are removed.

A. Lepton identification

Electron and muon candidates are constructed from
combinations of measurements in various subdetectors.
Because the coverage of these subdetectors varies over �
and �, selection criteria for individual lepton candidates
depend on their trajectory within the detector. The general
goal is to use all available information to suppress contri-
butions from jets misidentified as leptons, while not reject-
ing candidates just because they are detected in less
instrumented portions of the detector. As a result, we use
four categories of electron candidates, eight categories of
muon candidates, and two final categories of candidates
likely to be either an electron or muon but indistinguish-
able on the basis of available information.

1. Electron identification

Identification of electron candidates is based on recon-
structed showers in the EM calorimeter with a ET of at
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least 10 GeV after correcting for energy leakage into
the HAD calorimeter. For the central region (j�j< 1:1),
we employ both a cut-based and a multivariate likelihood-
based method, combining information from the calo-
rimeter, tracking, and shower-maximum detectors. The
cut-based method requires that the shower energy within
the HAD calorimeter (EHAD) must be less than 5% of that
in the EM calorimeter (EEM) and that the distribution of
shower energies in the calorimeter towers and shower-
maximum detector is consistent with those of an electron.
The shower orientation must be geometrically matched
to a reconstructed track with a measured pT such that the
ratio of the shower ET to the track pT lies between 0.5 and
2.0. The track is also required to pass standard quality
requirements.

If a central electron candidate fails the above selection, it
can still be used as a likelihood-based electron. The like-
lihood function is constructed based on variables used in
the cut-based version such as the ratio of EHAD to EEM, the
ratio of ET to pT , and the shapes of calorimeter and
shower-maximum energy distributions. Signal likelihood
templates are constructed from the unbiased electron can-
didates in Z ! ee events. Background likelihood tem-
plates are constructed from loose electron candidates in
inclusive dijet events.

A combination of cut-based and likelihood-based selec-
tions is used to identify electron candidates in the forward
region of the calorimeter, 1:2< j�j< 2:0. A specialized
track-finding algorithm that uses locations of the recon-
structed calorimeter shower and primary vertex to define a
search road for hits in the SVX is used to increase the
selection efficiency. A similar set of kinematic and shower
shape variables to those employed in central electron se-
lection are used as the basis for the cut-based selection and
as inputs in the formation of a forward-candidate likeli-
hood function.

2. Muon identification

Muon candidates are constructed from reconstructed
tracks with pT > 10 GeV=c. Eight separate categories of
reconstructed muon candidates are used. In six of these, the
track can be matched with hits from one or more of the
muon detector systems. The separate categories are for
candidates associated with hits in both central muon de-
tectors, in only the inner or outer central muon detectors,
where the track trajectory is consistent with having passed
through an uninstrumented gap in the other, in one of
two portions of the extended muon detector, and in the
forward muon detector. This categorization provides a
mechanism for matching muon candidates with specific
sets of event triggering criteria. Muon candidate tracks are
also required to point toward calorimeter energy deposi-
tions consistent with those expected from a minimum-
ionizing particle. The last two muon categories apply to
tracks matched only to energy depositions consistent with

having originated from minimum-ionizing particles in ei-
ther the central (j�j< 1:1) or forward (1:2< j�j< 2:0)
calorimeters. The inclusion of these categories ensures
high selection efficiencies for muons that pass through
regions of missing muon detector coverage.

3. Isolation requirements

To improve the separation of charged leptons produced
in the decays of W and Z bosons from those produced in
the decays of heavy-flavor hadrons, electron and muon
candidates are required to be isolated from other observed
particle activity within the event. In particular, we require
lepton candidates to satisfy both calorimeter and track
isolation requirements. The sums over measured transverse
energies in individual calorimeter towers and the trans-
verse momenta of reconstructed particles whose trajecto-

ries lie within a cone of �R 	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
< 0:4

around the candidate must be less than 10% of the electron
ET or muon pT . An exception is the case of the likelihood-
based electron selection, for which the isolation variables
are included as additional inputs in the construction of the
likelihood function.
For the targeted H ! WþW� decay process, the spin

correlation between the two leptonically decaying W bo-
sons tends to result in leptons with trajectories close to one
another. In roughly 10% of cases, the leptons lie within
each other’s isolation cones, and the energy deposits and
tracks associated with one lepton cause the other lepton to
fail its isolation requirements. To avoid this issue and
recover lost signal acceptance, isolation calculations are
modified to exclude from the search cone all calorimeter
tower energies and reconstructed tracks associated with
other lepton candidates that meet nonisolation-related
criteria.

4. Isolated tracks

Two additional lepton categories are defined for tracks
that extrapolate geometrically to noninstrumented regions
of the calorimeters and have no matches with track seg-
ments in the muon detectors. Such tracks, which meet
quality and isolation requirements, comprise one further
lepton category. Since the candidates in this category are
not distinguishable as electrons or muons, either of the
possibilities are allowed in each event. Electrons that pass
though nonactive regions of the calorimeter may radiate
bremsstrahlung photons thus failing isolation require-
ments because of photon energy deposition in surround-
ing EM towers. Such electrons are recovered into a
second track-based category containing track candidates
that fail the standard calorimeter isolation criteria but
satisfy a modified criterion, in which EM energy deposi-
tions from towers adjacent to the track candidate are
subtracted from the total measured energy within the
isolation cone.
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B. Lepton identification efficiency determination

Selection requirements reduce the probability for elec-
trons and muons to be identified as lepton candidates. In
order to account for a potential mismodeling of this effi-
ciency in the simulation, the efficiency is measured from
observed Z ! ‘þ‘� decays. The events are collected us-
ing the single central electron and muon trigger paths. One
of the reconstructed lepton candidates (referred to as the
tag) must satisfy all cut-based selection criteria and be
identified as consistent with the lepton that triggered the
on-line selection of the event. The second candidate
(known as the probe) is only required to pass minimal
requirements, for which the expected efficiency ap-
proaches 100% and is therefore assumed to be well mod-
eled in the simulation. The dilepton invariant mass is
required to lie within �15 GeV=c2 of the Z boson mass
to ensure that the event samples contain primarily real
dilepton events from Z ! ‘þ‘� production.

Based on these samples, the measured efficiency for an
additional set of test criteria applied on the probe lepton is
simply the fraction of the probes that satisfy the full
criteria. A small complication arises when tagged leptons
also satisfy probe-lepton criteria due to overlapping se-
lection requirements. For these cases, events in which
both candidates are identified as tags need to be counted
twice in the efficiency calculation. Events that do not
meet the test criteria have non-negligible background
contributions from W þ jet and multijet production.
Measured efficiencies need to be corrected to account
for the presence of background within these events. The
background contributions are estimated using a linear
extrapolation across the Z boson signal mass range based
on events counts within sideband regions on both sides of
the signal range.

Separate efficiency calculations are made for each of the
lepton categories. The measured efficiencies are defined as
an average over those for each of the individual probe
candidates from the Z ! ‘þ‘� sample. Hence, the mea-
sured efficiencies are applied as corrections to the detector
simulation, relying on its description of pT , �, and �
dependence, but correcting the average efficiency to that
measured directly from observed events. Measurements
based on observed events deviate from those obtained in
simulation by up to 6% with uncertainties of 1%–2%. The
efficiencies are measured separately for several data-taking
periods. Observed effects of additional p �p collisions
within individual beam crossings (‘‘pileup’’) are found to
be well modeled in the simulation.

We validate the estimate of trigger and lepton selection
efficiencies and their proper inclusion in the simulation by
measuring the DY production cross section from indepen-
dent, inclusive dilepton samples, each corresponding to
one possible same-flavor combination of the lepton cate-
gories. In the case of Z ! eþe�, we measure cross sec-
tions from 11 independent samples constructed from two

triggerable electron categories, two nontriggerable catego-
ries, and two isolated track categories. For Z ! �� events
we extract measurements from 35 independent samples
based on five triggerable muon categories, three nontrig-
gerable categories, and one isolated track category. The 46
independent measurements are found to agree within
�5%, consistent with the �3% uncertainties assigned to
the trigger and lepton selection efficiency measurements.
The cross sections measured from samples containing
events with one forward electron candidate are observed
to be on average about 10% smaller than those of the other
samples. This effect is attributed to reduced track recon-
struction efficiency in the forward region of the detector
(j�j> 1:2), where COT coverage is reduced. Since track
reconstruction, which is used to define probe leptons in this
region, is not fully efficient, an additional correction is
required. This factor is obtained directly from the extracted
DY cross sections as the ratio of averaged measurements
from event samples with and without forward electron
candidates.

C. Tau lepton identification

Decays of tau leptons to electrons and muons (roughly
35% of total branching ratio) are identified within the
lepton categories, and the additional acceptance from lep-
tonic 	 decays is included within all background and signal
estimates. In the remaining 65% of cases, tau leptons
undergo a hadronic decay 	 ! Xh�	, where Xh can be a
charged pion, kaon, or a short-lived intermediate resonance
that decays to final states containing neutral or charged
pions and kaons. Additional signal acceptance is obtained
by identifying tau lepton candidates produced via these
decay modes.
The pions and kaons produced in tau lepton decays are

expected to deposit significant energy in neighboring calo-
rimeter towers. The reconstruction of hadronically decay-
ing tau lepton candidates is therefore based on a narrow
calorimeter cluster with a maximum of three matched
tracks. The sum of measured transverse energies from
calorimeter towers contained within the cluster is labeled
as E	

clus, and the matching track with the highest pT is

referred to as the tau lepton seed track. Signal and isolation
cones are defined around the seed track direction where the
opening angle of the signal cone depends on the calorime-
ter cluster energy, 
sig ¼ min ð0:17; 5=E	

clus½GeV
Þ radians,
and the opening angle of the isolation cone is fixed at
0.52 radians. Neutral pions within the signal cone are
reconstructed by combining position information from
the shower-maximum detector with energy depositions
measured in the EM calorimeter. Tracks and reconstructed
�0 candidates matched to the calorimeter cluster are com-
bined to reconstruct the visible momentum of the tau lepton
candidate. A detailed description of the techniques used for
reconstructing hadronically decaying tau leptons is pro-
vided in Ref. [91].

T. AALTONEN et al. PHYSICAL REVIEW D 88, 052012 (2013)

052012-10



Additional requirements are imposed to improve the
purity of hadronically decaying tau lepton candidates.
Candidates are required to have one track (1-prong) or
three tracks (3-prong), where the absolute value of the
sum of the charges of the reconstructed particles is one.
The visible transverse momentum of the candidate is re-
quired to exceed 15 GeV=c or 20 GeV=c for 1-prong and
3-prong tau lepton candidates, respectively. The mass re-
constructed from the visible momentum must also be con-
sistent with the tau lepton mass. To reduce background
contamination from parton jets, which are expected to
produce wider energy clusters than those of hadronically
decaying tau leptons, low activity in both the calorimeter
and tracking systems is required in the region between
the outer edges of the signal and isolation cones.
Contamination from electrons is reduced by limiting the
relative fractions of EM and HAD energy within the re-
constructed calorimeter cluster.

D. Jet identification

Calorimeter jets are reconstructed using a fixed cone

algorithm [87] with a radius of �R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2 þ��2

p ¼
0:4. Corrections are applied to measured jet energies to
compensate for nonlinearities and nonuniformities in the
response of the calorimeter, excess energy deposited
within the jet cone from sources other than the assumed
parent parton, and missing energy from the parent parton
deposited outside the jet cone [87]. In this search we only
consider jets with corrected ET > 15 GeV and within the
pseudorapidity region j�j< 2:5. Jets are also required to
be separated (�R> 0:4) from identified leptons.

To reduce backgrounds originating from t�t production,
events with exactly two oppositely charged leptons and
two or more reconstructed jets are vetoed if any of the jets
can be identified as likely to have originated from a bottom
quark. This identification is made by reconstructing within
a jet secondary track vertices consistent with the decay of
longer-lived hadrons produced in the hadronization of
heavy quarks [92].

E. Missing transverse energy

Neutrinos escape detection and their energies cannot be
directly measured. Their presence is inferred from an im-
balance of observed transverse energies within a event, 6ET ,
which is defined as the magnitude of��iE

i
Tn̂i, where n̂i is

the unit vector pointing from the beam line to the ith
calorimeter tower in the plane perpendicular to the direc-
tion of the beams. The 6ET is corrected by subtracting the
energy deposited in the calorimeter by minimum-ionizing
muons and adding back their measured pT . Energy correc-
tions applied to calorimeter jets are also accounted for in
the 6ET determination through the subtraction of raw jet
energies and addition of corrected jet energies.

The primary purpose of incorporating 6ET requirements
in our event selection is to significantly reduce background

contributions from processes leading to final states without
neutrinos. The DY process, for example, has a large pro-
duction cross section and final state topologies similar to
those of the Higgs boson signal that contain two charged
leptons but no neutrinos. Events that originate from these
types of processes and satisfy 6ET selection requirements
necessarily result from detector energy mismeasurements.
For this reason these backgrounds can be reduced
even further in many cases via selection requirements
based on a special missing transverse energy variable
( 6Espec

T ) defined as

6Espec
T 	

8<
:
6ET if �� 6ET;nearest >

�
2

6ET sin ð�� 6ET;nearestÞ if �� 6ET;nearest <
�
2 ;

(1)

where �� 6ET;nearest is the angle between the 6ET and the

closest lepton or jet transverse momentum vector. An
undermeasurement of the lepton or jet momentum leads
the 6ET to be aligned with the direction of the corresponding
candidate, and for these cases the sin ð�� 6ET;nearestÞ term

significantly reduces the value of 6Espec
T with respect to the

nominal 6ET .

F. Data sample selections

We define multiple independent data samples based on
various kinematic selection requirements such as the num-
ber of reconstructed jets and leptons and the measured 6ET

or 6Espec
T . The construction of multiple samples enhances the

ability to separate potential signal and background contri-
butions. Statistical independence of the samples allows
convenient combination of results based on distinct sub-
samples to preserve maximum sensitivity. Additional con-
trol samples are constructed to tune or test modeling of
specific background processes. Typically, these control
samples are based on the kinematic selections used for
defining one of the search subsamples, where one or
more criteria has been modified to further enhance the
dominant background contribution. Tuning parameters
used to improve the agreement between data and simula-
tion are obtained from specific control regions and incor-
porated, where applicable, into background modeling
across all data samples used in the search.
Table II summarizes the 13 data samples used in this

search as well as the 15 associated control samples. The
specific kinematic criteria associated with each grouping of
search samples and its associated control sample(s) are
described in the following subsections.

1. Opposite-sign base selection (0 or 1 jet)

Events with exactly two opposite-sign (OS) electron or
muon candidates and one or zero reconstructed jets are
included in the base selection. The main background con-
tributions to this event sample are from the DY process,
where the observed 6ET originates from mismeasurements
of lepton or jet energies;W� andW þ jets, where a photon
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or jet is misidentified as a lepton; and direct
WþW!‘þ�‘� �� production, which has an equivalent final
state as the signal. To suppress DY background, we require
6Espec
T > 25 GeV. This criterion is reduced to 6Espec

T >
15 GeV for electron-muon events, for which the DY
background contribution is significantly reduced. We
also require the candidates to have M‘‘ > 16 GeV=c2 to
suppress W� background contributions.

We separate the selected events into four further samples
based on whether they contain a reconstructed jet and the
qualities of the two lepton candidate types. Events with
central lepton candidates are considered as having high
signal-to-background (high s=b), while events with one
or more forward lepton candidates are considered as having
low signal-to-background (low s=b). The additional sub-
division of events allows further isolation of specific back-
ground contributions. Contributions fromW� andW þ jets
are more significant in the low s=b samples, while the
relative mix of WW and DY contributions is significantly
different for events with and without a reconstructed jet.

We construct two additional control samples based on
the generic selection criteria associated with these search
samples. Events containing same-sign (SS) dileptons that
otherwise satisfy the signal sample criteria form the SS
base control region, which is used to test W þ jets back-
ground modeling. The OS base (intermediate 6Espec

T ) control
sample contains events with same-flavor (eþe� or �þ��)
dileptons and 6Espec

T between 15 and 25 GeV that otherwise
satisfy search sample criteria. This control sample is used
to tune the DY modeling applied to the associated search
samples.

2. Opposite-sign base selection (� 2 jets)

Events that satisfy the criteria for the OS base selection
but contain two or more reconstructed jets are classified
separately. The largest background contribution to this
sample is from the t�t ! b‘þ� �b‘� �� process. To help
reduce this background, events are rejected from the search
sample if any of the reconstructed jets are tagged as con-
sistent with having originated from a bottom-quark decay
by the SECVTX algorithm [92], which identifies displaced
track vertices within jets. Even after application of this
veto, t�t production is still the single largest source of
background events to this search sample.
To test background modeling, three additional control

samples are defined. Same-sign dilepton events, which
otherwise satisfy the signal sample criteria, form the SS
base (� 2 jets) control sample, which is again used to test
W þ jets background modeling. Similarly, the DY model-
ing for this search sample is tested using the OS base
(� 2 jets, intermediate 6Espec

T ) control sample, which con-
tains same-flavor dilepton events with 6Espec

T between 15
and 25 GeV that satisfy remaining search sample criteria.
Events that are rejected from the search sample exclusively
due to the identification of one or more jets as being
consistent with bottom-quark decays form the OS base
(� 2 jets, b-tagged) control sample used to test t�tmodeling.

3. Opposite-sign inverse M‘‘ selection

Events that fail the M‘‘ > 16 GeV=c2 requirement but
otherwise satisfy OS base (0 or 1 jet) selection criteria
are collected into another independent search sample. The

TABLE II. Summary of names assigned to the Higgs boson search samples and their associated control samples along with the
background processes targeted by each control sample.

Search sample(s) Associated control sample(s) Background targeted

OS base (0 jet, high s=b leptons) SS base W þ jets

OS base (0 jet, low s=b leptons) OS base (intermediate 6Espec
T ) DY

OS base (1 jet, high s=b leptons)

OS base (1 jet, low s=b leptons)

OS base (� 2 jets) SS base (� 2 jets) W þ jets

OS base (� 2 jets, intermediate 6Espec
T ) DY

OS base (� 2 jets, b-tagged) t�t

SS inverse M‘‘ W�
OS inverse M‘‘ OS inverse M‘‘ (intermediate 6Espec

T ) DY

OS hadronic tau (eþ 	had, high �’ð ~pTð	Þ; ~pTð‘ÞÞ) W þ jets

OS hadronic tau (eþ 	had) OS hadronic tau (eþ 	had, low 6ET) Multijet

OS hadronic tau (�þ 	had) OS hadronic tau (�þ 	had, low 6ET , low �’ð ~pTð‘Þ; ~6ETÞ) Z=�� ! 		

SS (� 1 jets) SS (� 1 jets, low 6ET) DY

SS (0 jet) W þ jets

Trilepton WH Trilepton WH (intermediate 6ET) Z�
Trilepton WH (‘þ ‘þ 	had) Trilepton WH (‘þ ‘þ 	had, intermediate 6ET) Zþ jets

Trilepton ZH (1 jet) Trilepton ZH (0 jet) WZ
Trilepton ZH (� 2 jets)
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primary source of background events in this search sample
is W� production, where the photon is misidentified as an
electron. Dilepton events originating from the decays of
heavy-flavor hadrons are mostly removed by tighter 6ET

requirements on events with reconstructed dilepton mass
(M‘‘) consistent with J=c and�meson decays. We define
6ET significance as the ratio of the measured 6ET to the scalar
sum of measured transverse energies for all reconstructed
jets and leptons. For events with M‘‘ < 6 GeV=c2 and
8:5<M‘‘ < 10:5 GeV=c2, the 6ET significance is required
to be greater than 4.

Same-sign dilepton events that pass the other selection
requirements of this search sample form the SS inverse
M‘‘ control sample, which is used to tune the W� back-
ground modeling. Validation of the DY modeling used in
association with this search sample is based on the OS
inverseM‘‘ (intermediate 6Espec

T ) control sample made up of
same-flavor events with 6Espec

T between 15 and 25 GeV that
otherwise satisfy sample selection criteria.

4. Opposite-sign hadronic tau selection

While tau lepton decays to electrons and muons are
incorporated within the search samples, signal acceptance
is enhanced by including events containing one electron or
muon candidate and one hadronically decaying tau lepton
candidate in separate search samples. Because events in
these samples are collected by the same trigger selections,
the single electron or muon is necessarily responsible for
having triggered the event and is therefore required to have
pT > 20 GeV=c.

Additional selection criteria are applied to reduce back-
ground contributions, which are significantly larger in this
sample. To minimize contributions from processes with
final states without neutrinos such as DY Z=�� ! ‘‘ (‘ ¼
e or �), multijet, and �þ jet production, the observed 6ET

is required to exceed 20 GeV. Dilepton invariant mass,
Mð	‘Þ, is also required to be above 20 GeV=c2 to reduce
backgrounds from the decays of heavy-flavor hadrons. The
DY Z=�� ! 		 background contribution is removed by
requiring a minimum angle of 1.5 radians between the
dilepton transverse momentum and the missing transverse

energy, �’ð ~pTð‘Þ þ ~pTð	Þ; ~6ETÞ. Similarly, the dominant
W þ jets background contribution is suppressed by requir-
ing a maximum angle of 1.5 radians between the transverse
momenta of the two leptons, �’ð ~pTð	Þ; ~pTð‘ÞÞ. To take
advantage of differing background compositions, events
are separated into two search samples based on the pres-
ence of an electron or muon candidate.

Background modeling for these search samples is
validated using three control samples. The W þ
jets-dominated OS hadronic tau (eþ 	had, high
�’ð ~pTð	Þ; ~pTð‘ÞÞ) sample is constructed by selecting
events with �’ð ~pTð	Þ; ~pTð‘ÞÞ> 2:0 radians that otherwise
satisfy search sample criteria. The multijet-dominated OS
hadronic tau (eþ 	had, low 6ET) sample is composed of

events containing electron candidates, which fail the search
sample criteria solely on the basis of an observed 6ET <
20 GeV. The OS hadronic tau (�þ 	had, low 6ET , low

�’ð ~pTð‘Þ; ~6ETÞ) sample contains events with muon candi-
dates, for which the observed 6ET < 20 GeV and

�’ð ~pTð‘Þ; ~6ETÞ< 0:5 radians. This control sample is used
to validate DY Z=�� ! 		 background modeling and ha-
dronically decaying tau lepton reconstruction efficiencies.

5. Same-sign dilepton selection

Events with exactly two same-sign electron or muon
candidates form an additional search sample. Higgs boson
production in association with aW or Z boson can result in
a final state containing same-sign leptons when, for ex-
ample, two Wþ bosons (one from the original associated
production and the other from a subsequent H ! WþW�
decay) decay leptonically. The remaining W boson from
the Higgs boson decay most often decays hadronically,
leading to the production of jets within the event. Hence,
events in this search sample are required to have at least
one reconstructed jet.
An important background contribution to the same-sign

event sample is DY Z ! ‘þ‘� production, where one of the
lepton charges is misreconstructed, or a bremsstrahlung
photon converts into a eþe� pair within the detector, creat-
ing the potential for the original lepton to be reconstructed
with an incorrect charge. Lepton candidates of this type are
referred to as tridents. To help reduce DY background
contamination, events containing forward electron candi-
dates, which are affected by significant charge mismeasure-
ment rates, are rejected. In addition, since looser likelihood
criteria tend to select trident candidates, central electrons in
these events are required to pass tight cut-based selection.
Backgrounds from DY processes are further reduced by
requiring events to have 6ET > 10 GeV. The other signifi-
cant sources of background events for this sample are W þ
jets and W� production, where a jet or photon is misidenti-
fied as a lepton. To reduce backgrounds from these sources,
events are required to have M‘‘ > 16 GeV=c2 and the
minimum pT criterion on the nontriggered lepton in these
events is increased from 10 to 20 GeV=c.
Two associated control samples are formed to validate

background modeling for this search sample. Events that
satisfy the search sample criteria apart from containing no
reconstructed jets form the SS (0 jet) sample, which is
dominated by background contributions fromW þ jets pro-
duction. The SS (� 1 jets, low 6ET) control sample is com-
posed of events with 6ET < 10 GeV that otherwise satisfy
the search sample criteria. This sample is used to test DY
background modeling and the modeling for trident events.

6. Trilepton WH selection

We also incorporate separate search samples for events
containing exactly three charged-lepton candidates. Such
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final states are contributed by Higgs boson production in
association with a Wð! ‘�Þ boson and decaying as H !
Wð! ‘�ÞWð! ‘�Þ. Events containing three leptons of the
same charge are not consistent with the corresponding final
state and are rejected. To increase signal acceptance, events
with a single tau lepton candidate serving as one of the
three lepton candidates are included in this search sample.

Because of differing background contributions, events
are classified into two separate search samples based on
whether they contain a tau lepton candidate. In addition,
events containing a same-flavor, opposite-sign pair of lep-
ton candidates with an invariant mass within�15 GeV=c2

of the Z boson mass are removed and assigned to Trilepton
ZH search samples described in the following section. The
dominant backgrounds to the Trilepton WH search
samples are Z� and Zþ jets production, where the Z is
produced off shell and a jet or photon is misidentified as a
lepton. Because these processes lead to final states without
neutrinos, we require events in these samples to have 6ET >
20 GeV.

To validate modeling of the primary backgrounds, we
construct two associated control samples from events with
6ET between 10 and 20 GeV that otherwise satisfy the
search sample criteria. The Trilepton WH (intermediate
6ET) control sample contains events with no tau lepton
candidates and is used to validate Z� background model-
ing. Events containing a tau lepton candidate form the
Trilepton WH (‘þ ‘þ 	had, intermediate 6ET) control
sample used for testing Zþ jets background modeling.

7. Trilepton ZH selection

A similar production mode for signal events with exactly
three leptons is associated Higgs boson production with a Z
boson and subsequent H ! WþW� decay. A same-flavor,
opposite-sign lepton pair is produced in a leptonic decay of
the Z boson. A third lepton can originate from the leptonic
decay of either W boson produced in the Higgs boson
decay. Events containing three leptons with the same
charge are inconsistent with the signal final state and
rejected from the search sample. The remaining W boson
from the Higgs boson decay must decay hadronically,
leading to the production of jets. Hence, events in this
search sample are required to have at least one recon-
structed jet.

Events with exactly one and two or more jets are sepa-
rated into two search samples. Determination of a trans-
verse Higgs boson mass is possible in events containing at
least two jets due to the availability of all decay products in
the assumed final state (the transverse energy of the single
neutrino is inferred from the 6ET). The statistical indepen-
dence of these search samples with respect to the Trilepton
WH samples is maintained by selecting only the events
that contain a same-flavor, opposite-sign lepton pair
within �15 GeV=c2 of the Z boson mass. Because of
large background contributions from on-shell Zþ jets

production, events containing tau lepton candidates are
not included within the Trilepton ZH search samples.
Events in these samples are also required to have observed
6ET > 10 GeV to further reduce Z� and Zþ jets back-
ground contributions.
A single associated control sample is formed to test the

background modeling used for these search samples. The
Trilepton ZH (0 jet) control sample consists of events with
no reconstructed jets that otherwise satisfy search sample
criteria. Contributions from WZ production are the single
largest source of events to this control sample.

VI. BACKGROUND MODELING

We exploit differences between the kinematic features
of signal and background events to enhance search sensi-
tivity. Hence, accurate modeling of all contributing pro-
cesses is essential. We model contributions from all signal
and most background processes using Monte Carlo event
generators interfaced to a GEANT-based simulation of the
CDF II detector [93]. Events that contain a falsely identi-
fied (fake) lepton candidate produced within the shower of
a parton jet are more difficult to model using simulation.
Therefore, data-driven methods are generally employed for
modeling these backgrounds.
Many of the relevant signal and background processes

are modeled with PYTHIA [94], which is a leading order
(LO) event generator that incorporates higher-order cor-
rections through parton-shower algorithms. Events are
generated with PYTHIA version 6.216 using the CTEQ5L
[95,96] PDFs and the set of input parameters that best
match underlying event distributions in CDF data [97].
For background processes more sensitive to higher-order
contributions, NLO generators are used and interfaced with
PYTHIA to model the showering and fragmentation of gen-

erated initial and final state particles. We incorporate si-
mulated event samples generated with both MC@NLO [98]
and MADGRAPH [99]. Because NLO event generators in-
clude first-order radiative effects, the scale of radiative
corrections applied in subsequent PYTHIA shower modeling
is cut off at the lower bound of that applied within the
original event generation. In other cases, contributions
from orders above NLO play an important role and
ALPGEN [100] interfaced with PYTHIA is used for generat-

ing samples. Here, independent samples for the LO process
plus n ¼ 0, 1, 2, and 3 or more additional partons are
generated, and a matching algorithm is used to remove
overlapping contributions. These contributions originate
from, for example, an ALPGEN LO plus 0 parton event
which gains an additional hard radiation through the
PYTHIA showering and becomes a LO plus 1 parton event.

Modeling of the W� and Z� production processes is gen-
erally achieved with a dedicated LO generator [101] inter-
faced with PYTHIA to incorporate initial state radiative
effects. Normalizations of predicted event rates are based
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on theoretical cross section calculations performed at the
highest available order.

Nonresonant WW production in conjunction with sub-
sequent leptonic decays of bothW bosons results in a final
state similar to that of the primary signal. Because of the
relevance of WW backgrounds, NLO generators are gen-
erally used to model them. In particular, MC@NLO is used to
simulate events originating fromWW production in the OS
base (0 jet and 1 jet), OS inverse M‘‘, and SS (� 1 jets)
search samples. The MC@NLO generator does not simulate
the small but potentially signal-like contributions to WW
production originating from gluon fusion [102]. To account
for this contribution, events are reweighted as a function of
the angular separation in the transverse plane between the
two generator-level leptons, ��‘‘, to incorporate the extra
contribution predicted in Ref. [102]. Uncertainties on the
correction are obtained from alternate reweightings that
correspond to halving or doubling the predicted contribu-
tion of the unmodeled production modes. In the OS base
(� 2 jets) search sample, the presence of multiple recon-
structed jets requires inclusion of NNLO contributions in
the WW background model. Therefore, events generated
with ALPGEN are used for modeling the WW contribution.
For the OS hadronic tau (eþ 	had and �þ 	had) search
samples, WW background contributions have a reduced
significance with respect to those from other sources and
are therefore modeled using PYTHIA. Because events orig-
inating from direct WW production share the same final
states with potential signal events, it is not possible to
define independent WW background-rich data control re-
gions for testing the modeling. Instead, the primary vali-
dation of this modeling comes from using it to extract a
measurement of the WW production cross section directly
from the search samples (see Sec. X).

Backgrounds from WZ and ZZ production in the dilep-
ton sample are significantly smaller than those from WW
production. In addition, when two leptons are produced in
the decay of one Z boson, the most probable hadronic
decay of the extra Z orW boson leads to events containing
multiple jets at LO. We therefore mostly rely on events
generated with PYTHIA to model event contributions from
these processes. The PYTHIA WZ and ZZ event samples
include �� contributions based on lower mZ=�� thresholds

of 2 and 15 GeV=c2, respectively. Event contributions
from WZ and ZZ production to the trilepton search
samples are more significant and higher-order contribu-
tions are more relevant in the modeling of events contain-
ing multiple jets. Hence, independent ALPGEN WZ and ZZ
event samples are used for modeling event contributions
from these processes in the Trilepton ZH (� 2 jets) search
sample. The PYTHIA WZ background model is tested in the
Trilepton ZH (0 jet) control sample. An example of the
agreement between observed and predicted kinematic dis-
tributions for this control sample is shown in Fig. 1(a). The
background model is further validated by determining the

WZ production cross section directly from the Trilepton
WH search sample (see Sec. X). The modeling of ZZ
background contributions is similarly tested by measuring
the ZZ cross section in ZZ ! ‘‘�� within the OS base
search samples (see Sec. X).
Samples produced using the Baur LO event generator

[101] are used in most cases for modeling W� and Z�
contributions to the search samples. Generated events are
required to have a minimum angular separation of 0.2
radians between the photon and charged lepton(s) pro-
duced in the boson decay. The photon is also required to
have a minimum pT of at least 4 GeV=c. Modeling of the
W� background is tested using the SS inverse M‘‘ control
sample, for which theW� event contribution is expected to
be greater than 75%. In this sample we observe a deficit of
data events relative to the model prediction and therefore
assign a scale factor of 0.71 to the overall normalization of
the W� model. The main driver of this scale factor is
uncertainties associated with the detector material model
in the simulation since the production of a dilepton final
state via the W� process requires a photon conversion into
a pair of electrons within the detector material. An example
of the agreement between observed and predicted kine-
matic distributions in this sample (for the Baur model after
scaling) is shown in Fig. 1(b). The W� background con-
tributions are of particular importance in the OS inverse
M‘‘ search sample. For this sample only, MADGRAPH is
used to model W� background contributions. The mini-
mum threshold on the angular separation between the
photon and charged lepton(s) is reduced to 0.1 radians,
which expands the search reach in the lowM‘‘ region. The
MADGRAPH model is also validated with the SS inverseM‘‘

control sample. In this case, the normalization of the model
agrees with data, and no scaling is needed. An example of
the agreement between observed and predicted kinematic
distributions for this control sample (for the MADGRAPH

model) is shown in Fig. 1(c). Validation of the Baur mod-
eling of the Z� process is obtained from the TrileptonWH
(intermediate 6ET) control sample, and an example of the
agreement between observed and predicted kinematic dis-
tributions for this control sample is shown in Fig. 1(d).
Dilepton events originate from the process t�t !

WþbW� �b ! ‘þ�b‘� �� �b . The presence of two bottom
quarks in the final state implies LO contributions to all
search samples including those that contain events with
multiple reconstructed jets. Event samples obtained from
PYTHIA are therefore used for modeling t�t background

contributions across all search samples. Events containing
jets tagged as b-quark candidates are removed from the OS
base (� 2 jets) search sample. For the special case of
modeling the t�t background contribution within this sam-
ple, a standard CDF scale factor [76] (1:04� 0:05) that
corrects Monte Carlo b-tagging inefficiency to match that
observed in data is applied. A second scale factor (1:02�
0:02) is used to account for the small fraction of events in
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data in which silicon-tracker information required for tag-
ging b-quark jets is missing. The OS base (� 2 jets,
b-tagged) control sample, which is expected to have a t�t
contribution greater than 95%, is used to validate the
modeling. Since events in this control sample are required
to have at least one b-tagged jet, a reciprocal set of scale
factors are applied to the modeled t�t contribution. An
example of the agreement between observed and predicted
kinematic distributions for this control sample is shown in
Fig. 2(a).

Modeling of background contributions in the search
samples associated with DY (Z=��) production is particu-
larly complicated. Inclusive production is generally very
well modeled with PYTHIA. However, because of minimum
missing transverse energy requirements, the search
samples contain DY background contributions originating
from only a small subset of this inclusive production. In
particular, since dilepton events originating from DY pro-
duction do not involve neutrinos, missing transverse en-
ergy is necessarily generated from the mismeasurement of
lepton and jet energies. For the OS base (0 jet and 1 jet)

search samples, DY modeling is based on PYTHIA-gener-
ated event samples. The OS base (intermediate 6Espec

T )
control sample is used to validate and tune these samples.
Initially, we observe poor modeling of the observed maxi-
mum measured missing transverse energies associated
with specific values of Z=�� transverse momenta. In addi-
tion to mismeasurements of particles that recoil against the
Z=�� in the hard interaction, soft scattering processes that
are not necessarily well modeled in the simulation can be
mismeasured, thus producing events with larger missing
transverse energies than expected from simulation.
To mimic these unmodeled effects, a constant offset is

added to the missing transverse energy within each simu-
lated event. The value of this offset is such that the best
match is achieved in the relevant kinematic distributions
between data and simulation within the OS base (inter-
mediate 6Espec

T ) control sample. The resulting offset isþ4�
2 GeV. The tuned simulated events are reweighted to
reproduce observed event counts correctly in the OS
base (intermediate 6Espec

T ) control sample. Independent
reweightings are obtained for simulated events within the
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FIG. 1 (color online). Comparisons of observed and predicted kinematic distributions from independent data control samples used for
validating the modeling of individual background processes contributing to search samples. (a) Dilepton angular separation,
�Rð‘þ‘�Þnear, from Trilepton ZH (0 jet) control sample testing PYTHIA WZ event model. (b) �Rð‘‘Þ from SS inverse M‘‘ control
sample testing the Baur W� event model. (c) �Rð‘‘Þ from SS inverse M‘‘ control sample testing MADGRAPH W� event model.
(d) �Rð‘þ‘�Þnear from Trilepton WH (intermediate M‘‘) control sample testing the Baur Z� event model. The procedures used to
determine the overall normalizations of modeled background event yields for each of the contributing processes are described in Sec. VI.
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dilepton invariant mass ranges of 16–36, 36–56, 56–76,
76–106, and greater than 106 GeV=c2. An example of the
agreement between observed and predicted kinematic dis-
tributions for the control sample after applying this tuning
procedure is shown in Fig. 2(b).

In the OS base (� 2 jets) search sample, DY contribu-
tions from NNLO are significant and ALPGEN-generated
events are used for modeling the background. A similarly
defined OS base (� 2 jets, intermediate 6Espec

T ) data control

region is used to validate the ALPGEN event modeling.
Owing to the presence of two high-ET jets within each
event, effects from unmodeled energies associated with
soft scattering processes are reduced, and the untuned
event model is found to be sufficient. An example of the
agreement between observed and predicted kinematic dis-
tributions for this control sample is shown in Fig. 2(c).

A unique set of production processes is associated with
DY contributions to the OS inverse M‘‘ search sample. In
this sample, events originate primarily from simple 2 ! 2
scattering processes, in which the Z=�� is radiated from a
final state quark. This mechanism allows for the production

of events with low mass Z=�� bosons of sufficient pT such
that significant missing transverse energy can result from
the mismeasurement of associated recoil particle energies.
Since this process is not modeled by PYTHIA, MADGRAPH is
used to model DY contributions in this sample. This mod-
eling is validated using the OS inverse M‘‘ (intermediate
6Espec
T ) control sample. The lack of e-� dilepton events

within this sample indicates that cascade decays of bottom
quarks are not an appreciable background. Dileptons from
charmonium and bottomonium decays can be observed
within this control sample but are vetoed as described in
Sec. V. An example of the agreement between observed
and predicted kinematic distributions for this control sam-
ple is shown in Fig. 2(d).
Finally, DY background contributions to the SS (� 1 jets)

search sample come primarily from Z ! eþe� production,
in which a photon radiated from one of the electrons
subsequently converts into an additional eþe� pair within
the detector material. Resulting trident electron candidates
with two neighboring charged particles often have
misreconstructed charges due to issues associated with the
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FIG. 2 (color online). Comparisons of observed and predicted kinematic distributions from independent data control samples used
for validating the modeling of individual background processes contributing to search samples. (a) Sum of measured lepton and jet
transverse energies and missing transverse energy, HT , from OS base (� 2 jets, b-tagged) control sample testing PYTHIA t�t event
model. (b) �Rð‘‘Þ from OS base (intermediate 6Espec

T ) control sample testing tuned PYTHIA DYevent model. (c) �Rð‘‘Þ from OS base

(� 2 jets, intermediate 6Espec
T ) control sample testing ALPGEN DY event model. (d) �Rð‘‘Þ from OS inverse M‘‘ (intermediate 6Espec

T )

control sample testing MADGRAPH DY event model. The procedures used to determine the overall normalizations of modeled
background event yields for each of the contributing processes are described in Sec. VI.
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sharing of hits between tracks. Since background contribu-
tions from tridents can be significant in this search sample,
electron candidates in these events are required to satisfy
tight selection criteria. With this requirement, trident
event contributions are substantially reduced and PYTHIA-
generated samples are found to provide a good model for the
remaining background. The model is validated with the SS
(� 1 jets, low 6ET) control sample, and an example of the
agreement between observed and predicted kinematic
distributions for this sample is shown in Fig. 3(a).

Background contributions from DY Z=�� ! 	þ	�
decays represent another special case. This process results
in non-negligible event contributions to both OS hadronic
tau search samples and the e-� components of other
dilepton search samples. The neutrinos produced in sub-
sequent decays of the 	 leptons into electrons and muons
introduce missing transverse energy in these events, in-
creasing their probability to be accepted in the search
samples even without significant energy mismeasure-
ments. We use PYTHIA interfaced with TAUOLA [103] to

model this process and validate the modeling using the OS

hadronic tau (�þ 	had, low 6ET , low ��ð ~pTð‘Þ; ~6ETÞ) con-
trol sample. Figure 3(b) shows an example of the agree-
ment between observed and predicted kinematic
distributions for this sample. The overall agreement within
this control region is also used for assigning uncertainties
on the efficiency for reconstructing and identifying
hadronically decaying tau lepton candidates, which is
obtained directly from simulation.
Dilepton background contributions from events contain-

ing one real lepton and a jet misidentified as a lepton
originate from a high-production cross section process,
W bosons produced in association with additional partons,
in combination with low-probability and hard-to-simulate
detector-level effects that allow a jet to be reconstructed
as a lepton. Similarly, trilepton background contributions
from events with two real leptons and a third jet mis-
identified as a lepton originate from Z boson production
in association with jets. Because of the difficulties
associated with simulating these processes, we rely
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FIG. 3 (color online). Comparisons of observed and predicted kinematic distributions from independent data control samples used
for validating the modeling of individual background production processes contributing to the search samples. (a) Transverse energy of
leading jet, ETðj1Þ, from SS (� 1 jets, low 6ET) control sample testing PYTHIA DYevent model for tridents. (b) Invariant mass of muon

and tau lepton pair, M�;	 from OS hadronic tau (�þ 	had, low 6ET , low ��ð ~pTð‘Þ; ~6ETÞ) control sample testing PYTHIA DY Z=�� !
	þ	� event model. (c) Invariant mass of electron and tau lepton pair, Me;	 from OS hadronic tau (eþ 	had, high ��ð ~pTðeÞ; ~pTð	ÞÞ)
control sample testing ALPGEN W þ jets event model. (d) Trilepton invariant mass, M‘‘	had , from Trilepton WH (‘þ ‘þ 	had,

intermediate 6ET) control sample testing ALPGEN Zþ jets event model. The procedures used to determine the overall normalizations of
modeled background event yields for each of the contributing processes are described in Sec. VI.

T. AALTONEN et al. PHYSICAL REVIEW D 88, 052012 (2013)

052012-18



mostly on data-driven background modeling. However,
the probability for a jet to mimic the signature of a
hadronically decaying tau lepton candidate is signifi-
cantly larger than that of an electron or muon candidate.
We therefore rely on ALPGEN-generated events for mod-
eling W þ jets contributions in the OS hadronic tau
search samples and the Zþ jets contribution in the
Trilepton WH (‘þ ‘þ 	had) sample. We rely on the
OS hadronic tau (eþ 	had, high ��ð ~pTð	Þ; ~pTð‘ÞÞ) and
Trilepton WH (‘þ ‘þ 	had, intermediate 6ET) control
samples, respectively, for validating the two ALPGEN

background models. Examples of the agreement between
observed and predicted kinematic distributions for the
two samples are shown in Figs. 3(c) and 3(d).

For the remaining search samples, in which a parton
jet is misidentified as an electron or muon candidate, a
data-driven technique is used for modeling contributions
from W þ jets and Zþ jets production. The technique
relies on parametrization of the probability for a jet to be

misidentified as a lepton. This parametrization is obtained
from data using events collected by single-jet triggers with
varying energy thresholds. For each electron and muon
category used in the searches, an associated fakeable-
lepton candidate is defined based on relaxed identification
requirements. To avoid trigger biases, we ignore the high-
est ET jet reconstructed within each single-jet triggered
event. The total number of remaining jets that satisfy the
fakeable-lepton selection criteria forms the denominator of
the jet fake rate for the associated lepton type. The number
of these jets that additionally satisfy the full charged-lepton
identification selection forms the fake rate numerator,
which is corrected for the expected contribution of real
high-pT leptons in these samples from simulated W and Z
boson events. Fake rates are parametrized as a function of
lepton pT and are typically of the order of a few percent.
Modeling of dilepton W þ jets background contributions
is obtained by applying the measured fake rates as weights
to events collected using standard high-pT single-lepton
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FIG. 4 (color online). Comparisons of observed and predicted kinematic distributions from independent data control samples used
for validating the modeling of individual background production processes contributing to the search samples. (a) �Rð‘‘Þ from SS
base control sample testing data-driven W þ jets event model. (b) �Rð‘‘Þ from SS base (� 2 jets) control sample testing data-driven
W þ jets event model. (c) Azimuthal opening angle between missing transverse energy and nearest lepton or jet, �� ( 6ET , ‘ or jet),
from SS (0 jet) control sample testing data-driven W þ jets event model. (d) Visible transverse mass of hadronically decaying tau
lepton candidate, Mvis

T , from OS hadronic tau (eþ 	had, low 6ET) control sample testing data-driven multijet event model. The

procedures used to determine the overall normalizations of modeled background event yields for each of the contributing processes are
described in Sec. VI.
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triggers that are found to contain exactly one fully selected
lepton candidate and one or more fakeable-lepton
candidates. Similarly, modeling of trilepton Zþ jets back-
ground contributions is obtained from a sample of events
with exactly two fully selected lepton candidates and one
or more fakeable candidates. A correction is applied to the
weights of individual events for which the fakeable candi-
date is associated with a lepton category that cannot be
responsible for triggering collection of the event. This
correction accounts for the missing contribution of events
containing leptons from the same categories, in which the
triggered lepton is the fake lepton.

Several control samples are used to validate the data-
driven background modeling for W þ jets production. We
use the SS base and SS base (� 2 jets) control samples to
validate W þ jets modeling in the OS base search samples.
Examples of the agreement between observed and predicted
kinematic distributions for the two samples are shown in
Figs. 4(a) and 4(b). Although we use the same data-driven
technique to model W þ jets backgrounds in the SS (� 1
jets) search sample, several of the looser lepton categories,
which are a dominant source of fake backgrounds in the OS
base search samples, are not used for selecting events.
Therefore, we independently validate W þ jets modeling
for this sample using the SS (0 jet) control sample. An
example of the agreement between observed and predicted
kinematic distributions for this sample is shown in Fig. 4(c).

Finally, background contributions from dijet and
photon-jet production to the OS hadronic tau search
samples are also modeled directly from data. Events con-
taining an electron or muon candidate and a hadronically
decaying tau lepton candidate with the same charge that
otherwise satisfy search sample criteria are used to model
these background sources, which contribute events con-
taining two fake leptons. Electroweak contributions to the
same-sign sample are subtracted based on estimates ob-
tained from simulated event samples. This background
model is tested using the OS hadronic tau (eþ 	had, low
6ET) control sample. An example of the agreement between
observed and predicted kinematic distributions for this
sample is shown in Fig. 4(d).

VII. MULTIVARIATE TECHNIQUES

Three multivariate techniques are used to obtain the best
possible separation of event contributions from a potential
signal from those originating from background processes.
These are the matrix-element method, artificial neural net-
works, and boosted decision trees. One or a combination of
these techniques is applied to the analysis of each search
sample.

A. Matrix-element method

The matrix-element (ME) method uses an event-
by-event calculation of the probability density for each
contributing process to produce the observed event. This

method is based on simulation of the relevant processes
and has been applied to a number of other measurements
[104–114]. If all details of the collision properties and the
detector response are modeled in the ME calculation, this
method provides the optimal sensitivity to the signal.
However, there are several approximations used in the
calculations: theoretical differential cross sections are
implemented only at leading order, a simple parametriza-
tion of the detector response is used, and for some small
(WZ and t�t) or difficult-to-model (DY) backgrounds,
a probability density is not calculated.
The event probability density for a given process is

calculated as

Pð ~xobsÞ ¼ 1

h�i
Z d�LOð ~yÞ

d~y
�ð ~yÞGð ~xobs; ~yÞd~y; (2)

where the elements of ~y ( ~xobs) are the true (observed)
values of the lepton momenta and 6ET , d�LO=d~y is the
parton-level differential cross section from MCFM V3.4.5

[115], �ð ~yÞ is a parametrization of the detector acceptance
and selection efficiencies, and Gð ~xobs; ~yÞ is the transfer
function representing the detector resolution and a
PYTHIA-based estimate of transverse momentum of the

‘‘ 6ET system due to the initial state radiation. The constant
h�i normalizes the total event probability to unity. This
calculation integrates the theoretical differential cross sec-
tion over the missing information due to two unobserved
neutrinos in the final state. We form a likelihood ratio (LR)
discriminant, which is the signal probability density
divided by the sum of signal and background probability
densities,

LRggHð ~xobsÞ 	 PHð ~xobsÞ
PHð ~xobsÞ þP

i kiPið ~xobsÞ ; (3)

where ki are the expected fractions of WW, ZZ, W�, and
W þ jets background events. An analogous likelihood
ratio, LRWW , is similarly formed by treating direct WW
production as the signal. The ME method is used in con-
junction with an artificial neural network and only in the
OS base (0 jet) search samples as defined in Sec. V.

B. Neural networks

Artificial neural networks [116] are used to discriminate
potential signal events from background events. A three-
layer feed-forward network is constructed with NI input
nodes in the first layer, NI þ 1 nodes in the second layer,
and one output node in the third and final layer for each
search sample relying on this approach. The single output
parameter of the network, referred to as the discriminant, is
used to enhance the separation between signal and back-
ground. The number of variables being considered, NI,
varies depending on the search sample. Events in the
simulated or data-driven background samples are weighted
such that the sum of the weights is equal to the number
of generated and simulated signal events. Only input

T. AALTONEN et al. PHYSICAL REVIEW D 88, 052012 (2013)

052012-20



variables with accurately modeled distributions are used. A
separate neural network is trained for each Higgs boson
mass considered. Variables, which when included as inputs
have a negligible impact on overall search sensitivity, are
determined for each value ofmH and removed, resulting in
differing sets of network inputs for each value of mH. The
selection of kinematic input variables for the neural net-
work is based on kinematic properties of the production
and decay of the Higgs boson. Correlated variables are
discarded, resulting in the minimal set of discriminant
variables. For the OS base (0 jet) search samples, matrix-
element likelihood ratios were included as inputs to the
neural network and resulted in only 5% improvements in
overall search sensitivity, demonstrating that the neural
network is able to determine the input variables needed
to describe the full kinematic properties of the events and
efficiently separate signal and background. Comparable
results are obtained using an alternative neural network
algorithm [117].

C. Boosted decision trees

To discriminate signal from backgrounds in the OS
hadronic tau and Trilepton WH (‘þ ‘þ 	had) search
samples, a boosted decision tree (BDT) algorithm
[117,118] is used. The use of BDTs for these samples
provides a simple mechanism for incorporating
hadronically decaying tau lepton identification variables,

which have a significant role in separating potential signal
from dominant W þ jets background contributions. A set
of criteria is applied sequentially to the variables provided
as input to the tree. A boosting procedure is applied to
enhance the separation performance and make the decision
robust against statistical fluctuations in the training
samples. New trees are derived from the same training
sample by reweighting the events that are misclassified.
In this way, each tree is extended to a forest of trees and the
final decision is based on a weighted majority vote of all
trees within the forest [119].

VIII. ANALYSIS OUTCOMES

Higgs boson search results from the 13 search samples
defined in Sec. V using the multivariate techniques de-
scribed in Sec. VII are presented here. Kinematic event
variables used as inputs to the multivariate algorithms
are chosen to achieve the best possible separation of
potential signal within each search sample from back-
ground contributions. Relative contributions of different
signal and background production processes vary signif-
icantly across samples. Therefore, the multivariate out-
puts used to classify events within each search sample
are based on unique sets of input variables, designed to
take advantage of the distinct kinematic properties of
potential signal and background events within each
sample. Each multivariate output is trained to distinguish

TABLE III. Summary of predicted and observed event yields for seven dilepton search samples formed from electron and muon
candidates. Expected signal yields are shown for potential SM Higgs boson masses of 125 and 165 GeV=c2. The procedures used to
determine the overall normalizations of modeled background event yields for each of the contributing processes are described in
Sec. VI.

Process

OS base (0 jet,

high s=b leptons)

OS base (0 jet,

low s=b leptons)

OS base (1 jet,

high s=b leptons)

OS base (1 jet,

low s=b leptons)

OS base

(� 2 jets) OS inverse M‘‘ SS (� 1 jets)

t�t 2:93� 0:93 0:99� 0:26 75� 15 24:5� 4:6 287� 42 1:82� 0:35 0:58� 0:08

DY 230� 63 230� 63 239� 55 176� 41 155� 66 23:9� 4:9 16:4� 4:6
WW 661� 66 308� 31 183� 22 78:0� 9:6 53� 12 37:5� 3:6 0:07� 0:02
WZ 29:1� 4:4 15:5� 2:4 26:4� 3:6 16:1� 2:2 11:7� 2:2 0:96� 0:13 14:6� 2:0

ZZ 42:1� 6:0 21:4� 3:0 11:5� 1:7 5:71� 0:82 5:3� 1:0 0:29� 0:04 2:43� 0:33
W þ jets 137� 33 443� 67 54� 15 163� 26 80� 15 56:3� 7:8 45� 17
W� 68:3� 8:6 181� 23 9:9� 1:5 31:6� 4:9 7:7� 1:9 171� 14 5:59� 0:85

Total background 1170� 120 1200� 110 599� 78 495� 56 600� 98 291� 19 85� 18
MH ¼ 125 GeV=c2

ggH 6:9� 2:1 2:4� 0:7 2:8� 1:2 0:91� 0:39 1:07� 0:53 1:81� 0:30 -

WH 0:41� 0:07 0:16� 0:03 0:87� 0:14 0:30� 0:05 1:59� 0:22 0:10� 0:02 1:25� 0:17

ZH 0:25� 0:04 0:08� 0:01 0:27� 0:04 0:10� 0:02 0:76� 0:10 0:06� 0:01 0:18� 0:02
VBF 0:04� 0:01 0:013� 0:003 0:23� 0:04 0:07� 0:01 0:55� 0:09 0:05� 0:01 -

Total signal 7:6� 2:1 2:6� 0:7 4:2� 1:2 1:4� 0:4 3:98� 0:71 2:02� 0:30 1:43� 0:17

MH ¼ 165 GeV=c2

ggH 21:6� 6:4 7:3� 2:2 10:9� 4:6 3:5� 1:5 5:0� 2:5 4:02� 0:66 -

WH 0:53� 0:09 0:19� 0:03 1:47� 0:23 0:47� 0:08 4:35� 0:61 0:14� 0:02 2:69� 0:36

ZH 0:55� 0:08 0:15� 0:02 0:57� 0:09 0:18� 0:03 2:16� 0:29 0:11� 0:02 0:39� 0:05
VBF 0:19� 0:04 0:06� 0:01 1:05� 0:18 0:30� 0:05 2:51� 0:41 0:15� 0:03 -

Total signal 22:9� 6:5 7:7� 2:2 14:0� 4:7 4:4� 1:5 14:0� 2:9 4:41� 0:68 3:08� 0:41
Data 1136 1402 545 488 596 319 87
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potential signal from backgrounds based on the model-
ing described in Sec. VI.

A. Dilepton search samples

The numbers of expected events from each contributing
signal and background process are compared in Table III
with the total number of observed events in each of the
seven dilepton search samples formed from electron and
muon candidates. Background and signal predictions,

which are shown for potential Higgs boson masses of

125 and 165 GeV=c2, are taken from the models described

in Sec. VI.
A summary of the kinematic variables used as inputs to

the multivariate algorithms for separating potential signal
from background contributions in these seven search
samples is shown in Table IV. Important input variables
for the diboson search samples include the charged-lepton
transverse momenta, the angular separation of the lepton

TABLE IV. Summary of kinematic variables used as inputs to the multivariate algorithms for separating signal and background
contributions in the dilepton search samples.

Variable Definition

OS base

(0 jet)

OS base

(1 jet)

OS base

(� 2 jets)

OS

inverse

M‘‘

SS

(� 1 jets)

OS

hadronic

tau

Eð‘1Þ Energy of the leading lepton ! !
Eð‘2Þ Energy of the subleading lepton !
pTð‘1Þ Transverse momentum of the leading lepton ! ! ! ! ! !
pTð‘2Þ Transverse momentum of the subleading lepton ! ! ! ! ! !
��ð‘‘Þ Azimuthal angle between the leptons ! ! ! !
��ð‘‘Þ Difference in pseudorapidities of the leptons !
�Rð‘‘Þ ðð��ð‘‘ÞÞ2 þ ð��ð‘‘ÞÞ2Þ1=2 ! ! ! ! !
Mð‘‘Þ Invariant mass of dilepton pair ! ! ! !
ETðj1Þ Transverse energy of the leading jet ! !
ETðj2Þ Transverse energy of the subleading jet !
�ðj1Þ Pseudorapidity of the leading jet !
�ðj2Þ Pseudorapidity of the subleading jet !
��ðjjÞ Azimuthal angle between two leading jets !
��ðjjÞ Difference in pseudorapidities of two leading jets !
�RðjjÞ ðð��ðjjÞÞ2 þ ð��ðjjÞÞ2Þ1=2 !
MðjjÞ Invariant mass of two leading jets !
Njets Number of jets in event !
�ETðjetsÞ Scalar sum of transverse jet energies ! !
�ETð‘; jetsÞ Scalar sum of lepton pT and jet (if any) ET ! !
j� ~ET j Magnitude of vector sum of lepton pT and jet (if any) ET !
6ET Missing transverse energy ! !
�ETð‘; 6ETÞ Scalar sum of transverse lepton momenta and the 6ET ! !
��ð6ET; ‘Þ Azimuthal angle between e or � candidate and 6ET !
��ð6ET; 	Þ Azimuthal angle between 	 candidate and 6ET !
��ð‘‘; 6ETÞ Azimuthal angle between ~pTð‘1Þ þ ~pTð‘2Þ and the 6ET ! !
��ð6ET; ‘ or jetÞ Azimuthal angle between the 6ET and nearest lepton or jet ! ! !
6Espec
T Projection of 6ET on nearest lepton

or jet or 6ET if ��ð6ET; ‘ or jetÞ>�=2
! ! ! ! !

6Esig
T 6ET=ð�ETð‘; jetsÞÞ1=2 ! ! ! ! !

MTð‘; 6ETÞ Transverse mass of e or � candidate and 6ET !
MTð	; 6ETÞ Transverse mass of 	 candidate and 6ET !
MTð‘; ‘; 6ETÞ Transverse mass of the two leptons and the 6ET ! ! !
MTð‘; ‘; 6ET; jetsÞ Transverse mass of the two leptons, all jets, and the 6ET !
HT Scalar sum of lepton pT , jet ET , and the 6ET ! ! !
C Centrality based on leptons, jets and the 6ET !
A Aplanarity based on leptons, jets and the 6ET !
LRðHWWÞ ME-based likelihood for ggH Higgs boson production !
LRðWWÞ ME-based likelihood for nonresonant WþW� production !
cos ð��ð‘‘ÞÞCM Cosine of the azimuthal angle between

the leptons in the Higgs boson rest frame

! !

cos ðc ð‘2ÞÞCM Cosine of angle between subleading lepton

and Higgs boson in Higgs boson rest frame

!
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trajectories, and angles between the lepton and jet mo-
menta in the events. The scalar sums of transverse mo-
menta, including or excluding 6ET , are also considered.

The OS base (0 jet) search samples have the best indi-
vidual sensitivity to a potential Higgs boson signal. The
dominant Higgs boson production process contributing to
these samples is ggH, but small (� 5%) contributions
from other production mechanisms are considered. The
primary background contribution (over 40%) to these
samples is from direct WþW� production and neural net-
works are trained specifically to distinguish this back-
ground from potential ggH-produced Higgs boson
events. In this case, the neural network input variables
include matrix-element likelihood ratios, LRðHWWÞ and
LRðWWÞ, along with the following eight kinematic event
variables: ��ð‘‘Þ, �Rð‘‘Þ, Mð‘‘Þ, pTð‘1Þ, pTð‘2Þ, HT ,
MTð‘; ‘; 6ETÞ, and 6Espec

T . Distributions of the most discrimi-

nating among these variables, ��ð‘‘Þ and LRðHWWÞ,
are shown in Figs. 5(a) and 5(b) for the high s=b leptons
sample and in Figs. 5(c) and 5(d) for the low s=b leptons
sample. These variables are sensitive to the spin
correlations between the two W bosons produced in the
decay of the spin-0 Higgs boson, which tend to result in

events with collinear leptons. Separate neural networks are
trained for each tested Higgs boson mass using combined
samples of modeled signal and background events contain-
ing both high and low s=b lepton candidates. These net-
works are then applied independently to both the high and
low s=b leptons search samples. Examples of neural net-
work output distributions for Higgs boson masses of 125
and 165 GeV=c2 are shown in Figs. 6(a) and 6(b) for
the high s=b leptons sample and in Figs. 6(c) and 6(d)
for the low s=b leptons sample. These distributions illus-
trate the ability of the neural network to efficiently separate
potential signal events from background contributions with
the exception of direct WþW� production, which is indis-
tinguishable from signal in a portion of phase space.
For the OS base (1 jet) search samples, the VH and VBF

Higgs boson production mechanisms contribute more
significantly, accounting for � 25% of the potential
signal. Background contributions from DY events, which
contain significant missing energy due to jet energy mis-
measurements, are also relevant. Neural networks for these
search samples are based on the following 12 kinematic
input variables: �Rð‘‘Þ, Mð‘‘Þ, pTð‘1Þ, pTð‘2Þ,
MTð‘; ‘; 6ETÞ, 6Espec

T , Eð‘1Þ, ��ð6ET; ‘ or jetÞ, ��ð‘‘; 6ETÞ,
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FIG. 5 (color online). Predicted and observed distributions of kinematic input variables providing the largest separation between
potential signal and background contributions in the (a),(b) OS base (0 jet, high s=b leptons) and (c),(d) OS base (0 jet, low s=b
leptons) search samples. The overlaid signal predictions correspond to the sum of four production modes (ggH, WH, ZH, and VBF)
for a Higgs boson with mass of 165 GeV=c2 and are multiplied by a factor of 10 for visibility. Normalizations for background event
yields are those obtained from the final fit used to extract search limits.
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cosð��ð‘‘ÞÞCM, 6Esig
T , and C. Distributions of the most

discriminating among these variables, �Rð‘‘Þ and 6Espec
T ,

are shown in Figs. 7(a) and 7(b) for the high s=b leptons
sample and in Figs. 7(c) and 7(d) for the low s=b leptons
sample. The�Rð‘‘Þ variable provides good discrimination
against significant WþW� contributions, while the 6Espec

T

variable is useful for separating the signal from larger DY
contributions. Training of the neural networks is based on
combined samples containing events with both high and
low s=b lepton candidates. The resulting networks are then
applied separately to the two search samples containing the
events with high and low s=b leptons. Examples of neural
network output distributions for Higgs boson masses of
125 and 165 GeV=c2 are shown in Figs. 8(a) and 8(b) for
the high s=b leptons sample and in Figs. 8(c) and 8(d) for
the low s=b leptons sample.

In the OS base (� 2 jets) search sample the VH and
VBF Higgs boson production mechanisms account for �
65% of the total expected signal. Even after rejecting
events with a jet tagged as likely to have originated from
a bottom quark, roughly 50% of background events are
estimated to originate from t�t production. Two neural net-
works are trained to distinguish signal from background.

One network distinguishes ggH production from back-
ground contributions without using jet kinematic informa-
tion. The second network incorporates jet-related variables
as inputs and is trained to separate VH and VBF produc-
tion, which result in events with multiple jets at LO, from
background contributions. A single, final discriminant is
obtained by taking the higher of the two discriminant
values obtained from the individual neural networks. We
follow this approach to avoid dependence on the PYTHIA

modeling of the higher-order processes within ggH pro-
duction, which yield the small fraction of ggH events
containing multiple jets. Higgs boson events from ggH
production are dominantly selected by the first network
minimizing any potential mismodeling effects. The 17
kinematic input variables used for both networks are
��ð‘‘Þ, �Rð‘‘Þ, Mð‘‘Þ, pTð‘1Þ, pTð‘2Þ, HT , MT

ð‘; ‘; 6ETÞ, MTð‘; ‘; 6ET; jetsÞ, 6Espec
T , �ET ð‘; 6ETÞ,

��ð‘‘; 6ETÞ, �ETð‘; jetsÞ, cos ð��ð‘‘ÞÞCM, cosðc ð‘2ÞÞCM,
6Esig
T , A, and �ETðjetsÞ. The additional 8 jet-related varia-

bles used as inputs to the network trained for separating
VH and VBF production are MðjjÞ, ��ðjjÞ, ��ðjjÞ,
�RðjjÞ, ETðj1Þ, ETðj2Þ, �ðj1Þ, and �ðj2Þ. In the case of
this second network, the 4 combinations of the total 23
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FIG. 6 (color online). Predicted and observed distributions of neural network output variables for networks trained to separate
potential Higgs boson events from background contributions in the (a),(b) OS base (0 jet, high s=b leptons) and (c),(d) OS base (0 jet,
low s=b leptons) search samples for Higgs boson mass hypotheses of 125 and 165 GeV=c2. The overlaid signal predictions correspond
to the sum of four production modes (ggH, WH, ZH, and VBF) and are multiplied by a factor of 10 for visibility. Normalizations for
background event yields are those obtained from the final fit used to extract search limits.
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variables most discriminating for Higgs boson mass of 125,

140, 160, and 185 GeV=c2, are reused as inputs to net-
works trained for neighboring mass values. Distributions of

the variables found to contain the largest discriminating

power,Mð‘‘Þ and ��ð‘‘; 6ETÞ, are shown in Figs. 9(a) and
9(b). Using a large number of network input variables

makes it possible to separate the large number of signal

and background processes that contribute to this sample.

Specific variables are targeted, for example, at identifying
the W boson spin correlation associated with the decay of

the spin-0 Higgs boson, the hadronic decay of a third

vector boson associated with VH production, the large
rapidity gap present between the additional jets originating

from VBF production, the high overall energy in events

from top-quark pair production, and the Z boson associated
with either DYor directWZ and ZZ production. Examples

of neural network output distributions for this search sam-

ple are shown in Figs. 10(a) and 10(b) for Higgs boson

masses of 125 and 165 GeV=c2, respectively.
Including the OS inverse M‘‘ search sample leads to an

overall gain in signal acceptance of approximately 35%,
with respect to that of the combined OS base search

samples, for a Higgs boson with mH ¼ 125 GeV=c2. In
this sample the dominant signal contribution is from ggH
production, although smaller contributions from VH and
VBF production are considered. The largest background
contribution is associated with W� production. The 13
kinematic variables used as inputs to the neural network
trained for separating signal and background are
��ð‘‘Þ, �Rð‘‘Þ, pTð‘1Þ, pTð‘2Þ, HT , 6Espec

T , Eð‘1Þ, Eð‘2Þ,
�ET , j� ~ETj, 6Esig

T , ��ð6ET;‘orjetÞ, and �ETð‘; jetsÞ.
Distributions of the most discriminating among these varia-

bles,�ETð‘; jetsÞ and 6Esig
T , are shown in Figs. 9(c) and 9(d).

The two variables exploit the higher total event energy
expected from a high-mass Higgs boson decay and the
absence of neutrinos in events originating from W� pro-
duction. Examples of neural network output distributions
for this search sample are shown in Figs. 10(c) and 10(d)
for Higgs boson masses of 125 and 165 GeV=c2,
respectively.
The SS (� 1 jets) search sample focuses solely on signal

contributions from VH production, in which like-sign
charged leptons result from the decays of the associated
vector boson and one of two W bosons produced in the
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FIG. 7 (color online). Predicted and observed distributions of kinematic input variables providing the largest separation between
potential signal and background contributions in the (a),(b) OS base (1 jet, high s=b leptons) and (c),(d) OS base (1 jet, low s=b
leptons) search samples. The overlaid signal predictions correspond to the sum of four production modes (ggH, WH, ZH, and VBF)
for a Higgs boson with mass of 165 GeV=c2 and are multiplied by a factor of 10 for visibility. Normalizations for background event
yields are those obtained from the final fit used to extract search limits.
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Higgs boson decay. Over 50% of background events in the
sample are predicted to originate from W þ jets produc-
tion, where the lepton candidate, misidentified from the
decay products of the jet, is assigned the same charge as the
lepton produced in the W boson decay. The 9 kinematic
variables used to train the neural network used for separat-
ing signal and backgrounds are pTð‘1Þ, pTð‘2Þ, 6ET , 6Espec

T ,

��ð6ET; ‘ or jetÞ, 6Esig
T , �ETðjetsÞ, ETðj1Þ, and Njets.

Distributions of the most discriminating among these var-

iables, 6Esig
T and Njets, are shown in Figs. 11(a) and 11(b).

These variables are sensitive to the presence of neutrinos
and jets associated with leptonic and hadronic decays of
the multiple vector bosons originating from the VH pro-
duction process. Examples of neural network output dis-
tributions for this search sample are shown in Figs. 12(a)
and 12(b) for Higgs boson masses of 125 and 165 GeV=c2,
respectively.

B. Dilepton search samples with hadronically
decaying tau leptons

The numbers of expected events from each contributing
signal and background process are compared in Table V

with the total number of observed events in each of the two
dilepton search samples formed from one electron or muon
candidate and one hadronically decaying tau lepton candi-
date. Background and signal predictions, referring to
potential Higgs boson masses of 125 and 165 GeV=c2,
are taken from the models described in Sec. VI.
Signal and background kinematic properties of events in

these samples are similar to those in the other dilepton
search samples and the multivariate techniques applied to
these samples for separating signal and background con-
tributions use a subset of the kinematic variables in
Table IV as inputs. In addition, identification variables
associated with the hadronically decaying tau lepton can-
didate are strongly discriminating against dominant W þ
jets background contributions, in which a particle jet is
misidentified as a hadronically decaying tau lepton candi-
date. The additional tau lepton identification variables used
as inputs to the BDT algorithms applied to these samples
are listed in Table VI.
The dominant signal contributions to the OS hadronic

tau search samples originate from ggH production,
although contributions from the VH and VBF production
mechanisms are also considered. Over 80% of events in
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FIG. 8 (color online). Predicted and observed distributions of neural network output variables for networks trained to separate
potential Higgs boson events from background contributions in the (a),(b) OS base (1 jet, high s=b leptons) and (c),(d) OS base (1 jet,
low s=b leptons) search samples for Higgs boson mass hypotheses of 125 and 165 GeV=c2. The overlaid signal predictions correspond
to the sum of four production modes (ggH, WH, ZH, and VBF) and are multiplied by a factor of 10 for visibility. Normalizations for
background event yields are those obtained from the final fit used to extract search limits.
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these samples are predicted to originate from W þ jet
production. A BDT algorithm, with a combined set of
dilepton kinematic and tau lepton identification variables
as inputs, is used to provide a single output variable for
distinguishing potential signal events from the large back-
ground contributions. The best separation is obtained
when the BDT algorithm is trained solely to distinguish
ggH signal from W þ jet background contributions.
Although the same set of input variables are used, inde-
pendent BDT algorithms are trained for the eþ 	had
and �þ 	had search samples to exploit differences in
the distributions of reconstructed electron and muon
candidates.

The 12 kinematic variables used as inputs to the BDT
algorithms are ��ð‘‘Þ, ��ð‘‘Þ, �Rð‘‘Þ, Mð‘‘Þ, pTð‘1Þ,
6ET , 6Esig

T , �ETð‘; jetsÞ, ��ð6ET; ‘Þ, ��ð6ET; 	Þ, MTð‘; 6ETÞ,
and MTð	; 6ETÞ. All 11 tau lepton identification variables
listed in Table VI are also used. Distributions of the most
discriminating variables, �PTðiso coneÞ and 
closesttrack , are

shown in Figs. 13(a) and 13(b) for the eþ 	had sample
and in Figs. 13(c) and 13(d) for the�þ 	had sample. These
variables primarily separate events containing real and

misidentified hadronically decaying tau lepton candidates.
Examples of BDT output distributions for Higgs boson
masses of 125 and 165 GeV=c2 are shown in Figs. 14(a)
and 14(b) for the eþ	had sample and in Figs. 14(c) and 14(d)
for the �þ 	had sample.

C. Trilepton search samples

The numbers of expected events from each contributing
signal and background process are compared in Table VII
with the total number of observed events in each of the
four trilepton search samples. Background and signal
predictions, referring to potential Higgs boson masses of
125 and 165 GeV=c2, are taken from the models described
in Sec. VI.
A summary of the kinematic variables used as inputs to

the multivariate algorithms in these four search samples is
shown in Table VIII. For the Trilepton WHð‘þ ‘þ 	hadÞ
sample, identification variables associated with the
hadronically decaying tau lepton candidate are also impor-
tant for suppressing the dominant Zþ jets background
contribution and are included as inputs to the multivariate
algorithm. These variables are listed in Table VI.
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FIG. 9 (color online). Predicted and observed distributions of kinematic input variables providing the largest separation between
potential signal and background contributions in the (a),(b) OS base (� 2 jets) and (c),(d) OS inverseM‘‘ search samples. The overlaid
signal predictions correspond to the sum of four production modes (ggH, WH, ZH, and VBF) for a Higgs boson with mass of
165 GeV=c2 and are multiplied by a factor of 10 for visibility. Normalizations for background event yields are those obtained from the
final fit used to extract search limits.
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In all trilepton search samples, signal contributions
from ggH and VBF production are negligible, and we
consider potential event yields from VH production
only. For the Trilepton WH search sample, approximately

50% of background events originate from direct WZ pro-
duction. The neural network trained for this sample uses
the following 14 kinematic variables as inputs: pTð‘2Þ,
�Rð‘þ‘�Þnear, �Rð‘þ‘�Þfar, MTð‘; ‘; ‘Þ, Njets, 6ET ,
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FIG. 10 (color online). Predicted and observed distributions of neural network output variables for networks trained to separate
potential Higgs boson events from background contributions in the (a),(b) OS base (� 2 jets) and (c),(d) OS inverse M‘‘ search
samples for Higgs boson mass hypotheses of 125 and 165 GeV=c2. The overlaid signal predictions correspond to the sum of four
production modes (ggH, WH, ZH, and VBF) and are multiplied by a factor of 10 for visibility. Normalizations for background event
yields are those obtained from the final fit used to extract search limits.
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FIG. 11 (color online). Predicted and observed distributions of kinematic input variables providing the largest separation between
potential signal and background contributions in the SS (� 1 jets) search sample. The overlaid signal predictions correspond to the
sum of two production modes (WH and ZH) for a Higgs boson with mass of 165 GeV=c2 and are multiplied by a factor of 10 for
visibility. Normalizations for background event yields are those obtained from the final fit used to extract search limits.
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��ð‘2; 6ETÞ,MTð‘3; 6ETÞ,MTð‘;‘;‘; 6ET;jetsÞ,Mð‘3; 6ET;jetsÞ,
Mð‘1;‘2; 6ETÞ, Mð‘þ‘�Þnear, HT , and Fð‘‘‘Þ. Distributions
of the most discriminating among these variables,
�Rð‘þ‘�Þnear and 6ET , are shown in Figs. 15(a) and 15(b).

The purpose of these variables is to isolate the collinear
leptons originating from the spin correlations between the
two W bosons produced in the decay of the spin-0 Higgs
boson and the large missing transverse energy associated
with the neutrinos produced in the leptonic decays of three
W bosons. Examples of neural network output distributions
for this search sample are shown in Figs. 16(a) and 16(b)
for Higgs boson masses of 125 and 165 GeV=c2,
respectively.
For the Trilepton WH (‘þ ‘þ 	had) search sample, �

80% of background events originate from Zþ jets produc-
tion. A BDT is used to combine both kinematic and tau
lepton identification variables as inputs to the multivariate
algorithm. The 16 kinematic variables used as inputs to the
BDT algorithm are pTð‘1Þ, pTð‘2Þ, pTð‘3Þ, �Rð‘þ‘�Þnear,
�Rð‘þ‘�Þfar, MTð‘; ‘; ‘Þ, Mð‘‘‘Þ, 6ET , ��ð‘2; 6ETÞ, 6Esig

T ,

MTð‘3; 6ETÞ, MTð‘; ‘; ‘; 6ET; jetsÞ, Mð‘3; 6ET; jetsÞ,
Mð‘1; ‘2; 6ETÞ, Mð‘þ‘�Þnear, and HT . The 11 tau lepton
identification variables listed in Table VI are also used.
Distributions of the most discriminating among these
variables, �Rð‘þ‘�Þfar and 6ET , are shown in Figs. 15(c)
and 15(d). Examples of BDT output distributions are
shown in Figs. 16(c) and 16(d) for Higgs boson masses
of 125 and 165 GeV=c2, respectively.
For the Trilepton ZH search samples, the presence of

an opposite-sign dilepton pair with a mass consistent
with the Z boson mass ensures that potential signal
contributions originate almost exclusively from ZH pro-
duction. Likewise, most background event contributions
originate from processes containing a real Z boson
(� 50% from direct WZ and ZZ production). Neural
networks are trained to separate these background con-
tributions from signal. Typically, one of the W bosons
decays hadronically, yielding potentially multiple recon-
structed jets within each event. Hence, potential signal
contributions in the (1 jet) search sample are smaller

TABLE V. Summary of predicted and observed event yields
for two dilepton search samples formed from one electron or
muon candidate and one hadronically decaying tau lepton can-
didate. Expected signal yields are shown for potential SM Higgs
boson masses of 125 and 165 GeV=c2. The procedures used to
determine the overall normalizations of modeled background
event yields for each of the contributing processes are described
in Sec. VI.

Process

OS hadronic

tau (eþ 	had)
OS hadronic

tau (�þ 	had)

t�t 15:6� 2:3 11:3� 1:7
WW, WZ, and ZZ 25:1� 3:7 19:5� 2:9
Multijet and �þ jet 0þ34

�0 0þ29
�0

DY (Z ! 		) 0:5� 0:2 1:2� 0:8
DY (Z ! ee, ��) 14:4� 3:6 78� 12
W þ jets 745� 123 514� 85
W� 2:5� 0:4 2:3� 0:3
Total background 803� 126 626� 89

MH ¼ 125 GeV=c2

ggH 0:12� 0:02 0:09� 0:02
WH 0:07� 0:01 0:05� 0:01
ZH 0:04� 0:01 0:03� 0:01
VBF 0:01� 0:00 0:01� 0:00
Total signal 0:24� 0:03 0:18� 0:02

MH ¼ 165 GeV=c2

ggH 1:07� 0:18 0:80� 0:13
WH 0:25� 0:03 0:17� 0:02
ZH 0:15� 0:02 0:11� 0:02
VBF 0:10� 0:02 0:08� 0:01
Total signal 1:56� 0:21 1:16� 0:15
Data 792 598
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FIG. 12 (color online). Predicted and observed distributions of neural network output variables for networks trained to separate
potential Higgs boson events from background contributions in the SS (� 1 jets) search sample for Higgs boson mass hypotheses of
125 and 165 GeV=c2. The overlaid signal predictions correspond to the sum of two production modes (WH and ZH) and are
multiplied by a factor of 10 for visibility. Normalizations for background event yields are those obtained from the final fit used to
extract search limits.
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than those in the (� 2 jets) sample. In addition, the
possibility of reconstructing all Higgs boson decay prod-
ucts in the (� 2 jets) sample events allows for the full
reconstruction of a Higgs boson mass, which provides an

additional highly discriminating variable to enhance
signal-to-background separation.
For the Trilepton ZH (1 jet) sample, a large number

of kinematic variables are used as inputs to the neural

TABLE VI. Summary of identification variables associated with a hadronically decaying tau lepton candidate used as inputs to the
multivariate algorithms for separating signal and background contributions.

Variable Definition

OS

hadronic tau

Trilepton WH
(‘þ ‘þ 	had)

pseed
T Transverse momentum of tau candidate seed track ! !

dseed0 Impact parameter of tau candidate seed track with respect to primary vertex ! !
Evis
T Tau candidate visible transverse energy ! !

Mvis
T Tau candidate visible mass ! !

Itrack Tau candidate track isolation ! !
�PTðiso coneÞ Scalar sum of track pT for all tracks within isolation cone not used in ! !

reconstruction of tau candidate

�ETðiso coneÞ Scalar sum of �0 candidate ET for all candidates within isolation cone ! !
not used in reconstruction of tau candidate

pclosest
T pT of track closest to direction of tau candidate visible momentum ! !

Eclosest
T ET of �0 candidate closest to direction of tau candidate visible momentum ! !


closesttrack Angle between tau candidate and the closest track ! !

closest
�0 Angle between tau candidate and the closest �0 candidate ! !

0 1 2 3 4 5 6 7
0

20

40

60

80

100

120

140

160

180

200

220

(iso cone) [GeV/c]T PΣ (iso cone) [GeV/c]T PΣ

Ev
en

ts
 / 

0.
5 

G
eV

/c

W+jets
γW+

tt
WZ/ZZ
DY
WW

100×WW→H
Data

OS Hadronic Tau
)hadτ(e + 

2 = 165 GeV/cHM

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6
0

20

40

60

80

100

120

140

160

180

 [rad]track
closestθ  [rad]track
closestθ

Ev
en

ts
 / 

0.
04

 ra
d

W+jets
γW+

tt
WZ/ZZ
DY
WW

100×WW→H
Data

OS Hadronic Tau
)hadτ(e + 

2 = 165 GeV/cHM

(b)

0 1 2 3 4 5 6 7
0

20

40

60

80

100

120

140

160

(iso cone) [GeV/c]T PΣ (iso cone) [GeV/c]T PΣ

Ev
en

ts
 / 

0.
5 

G
eV

/c

W+jets
γW+

tt
WZ/ZZ
DY
WW

100×WW→H
Data

OS Hadronic Tau
)hadτ + µ(

2 = 165 GeV/cHM

(c)

0 0.1 0.2 0.3 0.4 0.5 0.6
0

20

40

60

80

100

120

140

 [rad]track
closestθ  [rad]track
closestθ

Ev
en

ts
 / 

0.
04

 ra
d

W+jets
γW+

tt
WZ/ZZ
DY
WW

100×WW→H
Data

OS Hadronic Tau
)hadτ + µ(

2 = 165 GeV/cHM

(d)

FIG. 13 (color online). Predicted and observed distributions of kinematic input variables providing the largest separation between
potential signal and background contributions in the (a),(b) OS hadronic tau (eþ 	had) and (c),(d) OS hadronic tau (�þ 	had) search
samples. The overlaid signal predictions correspond to the sum of four production modes (ggH,WH, ZH, and VBF) for a Higgs boson
with mass of 165 GeV=c2 and are multiplied by a factor of 100 for visibility. Normalizations for background event yields are those
obtained from the final fit used to extract search limits.
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network to maximally constrain the missing kinematic
information associated to the unreconstructed jet. The 16
kinematic input variables to the neural network are
�Rð‘þ‘�Þnear, �Rð‘þ‘�Þfar, Mð‘‘‘Þ, ETðj1Þ, 6ET ,

��ð‘1 þ ‘2 þ ‘3; 6ETÞ, ��ð‘2; 6ETÞ, MTð‘; ‘; ‘; 6ET; jetsÞ,
Mð‘3; 6ET; jetsÞ, HT , Fð‘‘‘Þ, ��ð‘noZ; 6ETÞ, �Rð‘noZ; j1Þ,
MTð‘noZ; 6ETÞ, MTð‘noZ; 6ET; jetsÞ, and Mð‘noZ; 6ETÞ.
Distributions of the most discriminating among these

TABLE VII. Summary of predicted and observed event yields for four trilepton search samples. Expected signal yields are shown for
potential SM Higgs boson masses of 125 and 165 GeV=c2. The procedures used to determine the overall normalizations of modeled
background event yields for each of the contributing processes are described in Sec. VI.

Process Trilepton WH Trilepton WH (‘þ ‘þ 	had) Trilepton ZH (1 jet) Trilepton ZH (� 2 jets)

t�t 0:75� 0:23 2:1� 0:4 0:12� 0:05 0:2� 0:04
WZ and ZZ 10:1� 1:2 3:7� 0:7 19:9� 2:4 10:0� 1:6
Zþ jets 4:9� 1:1 31:6� 6:1 9:9� 2:3 7:8� 1:4
Z� 4:87� 0:97 2:6� 0:4 7:8� 1:6 3:0� 0:8

Total background 20:6� 2:2 40:0� 6:5 37:7� 4:6 20:9� 3:1
MH ¼ 125 GeV=c2

WH 0:49� 0:07 0:11� 0:02 0:02� 0:01 0:01� 0:01

ZH 0:11� 0:02 0:05� 0:01 0:24� 0:04 0:30� 0:04
Total signal 0:60� 0:08 0:16� 0:02 0:26� 0:04 0:30� 0:04

MH ¼ 165 GeV=c2

WH 1:03� 0:14 0:30� 0:04 0:04� 0:01 0:02� 0:01
ZH 0:24� 0:03 0:11� 0:02 0:31� 0:05 0:8� 0:1
Total signal 1:27� 0:17 0:41� 0:06 0:35� 0:05 0:8� 0:1
Data 20 28 38 26
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FIG. 14 (color online). Predicted and observed distributions of BDT output variables for trees trained to separate potential Higgs
boson events from background contributions in the (a),(b) OS hadronic tau (eþ 	had) and (c),(d) OS hadronic tau (�þ 	had) search
samples for Higgs boson mass hypotheses of 125 and 165 GeV=c2. The overlaid signal predictions correspond to the sum of four
production modes (ggH,WH, ZH, and VBF) and are multiplied by a factor of 100 for visibility. Normalizations for background event
yields are those obtained from the final fit used to extract search limits.
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variables, �Rð‘noZ; j1Þ and 6ET , are shown in Figs. 17(a)
and 17(b). Examples of neural network output distributions
for this search sample are shown in Figs. 18(a) and 18(b)
for Higgs boson masses of 125 and 165 GeV=c2,
respectively.

Fewer kinematic input variables are required for the
neural network used in the Trilepton ZH (� 2 jets)

sample due to the additional discrimination contributed
by variables related to the reconstructed Higgs boson
mass. The following 10 kinematic variables are used as
input to the network: ETðj1Þ, ETðj2Þ, MðjjÞ, 6ET , Fð‘‘‘Þ,
�Rð‘noZ; jetÞnear, MTð‘noZ; 6ETÞ, MTð‘noZ; 6ET; jetsÞ,
Mð‘noZ; 6ETÞ, and �RðWWÞ. Distributions of the most dis-
criminating among these variables, �Rð‘noZ; jetÞnear and

TABLE VIII. Summary of kinematic variables used as inputs to the multivariate algorithms for separating signal and background
contributions in the trilepton search samples.

Variable Definition

Trilepton

WH
Trilepton WH
(‘þ ‘þ 	had)

Trilepton

ZH (1 jet)

Trilepton ZH
(� 2 jets)

pTð‘1Þ Transverse momentum of leading lepton !
pTð‘2Þ Transverse momentum of subleading lepton ! !
pTð‘3Þ Transverse momentum of subsubleading lepton !
�Rð‘þ‘�Þnear Minimum �Rð‘‘Þ among opposite-sign lepton pairs ! ! !
�Rð‘þ‘�Þfar Maximum �Rð‘‘Þ among opposite-sign lepton pairs ! ! !
MTð‘; ‘; ‘Þ Transverse mass of the three leptons ! !
Mð‘‘‘Þ Invariant mass of the three leptons ! !
ETðj1Þ Transverse energy of the leading jet ! !
ETðj2Þ Transverse energy of the subleading jet !
MðjjÞ Invariant mass of the two leading jets !
Njets Number of jets in event !
6ET Missing transverse energy ! ! ! !
��ð‘2; 6ETÞ Azimuthal angle between the

subleading lepton and the 6ET

! ! !

��ð‘1 þ ‘2 þ ‘3; 6ETÞ Azimuthal angle between

~pTð‘1Þ þ ~pTð‘2Þ þ ~pTð‘3Þ and the 6ET

!

6Esig
T 6ET=ð�ETð‘; jetsÞÞ1=2 !

MTð‘3; 6ETÞ Transverse mass of the subsubleading

lepton and the 6ET

! !

MTð‘; ‘; ‘; 6ET; jetsÞ Transverse mass of the three leptons,

all jets and the 6ET

! ! !

Mð‘3; 6ET; jetsÞ Invariant mass of the subsubleading

lepton, all jets and the 6ET

! ! !

Mð‘1; ‘2; 6ETÞ Invariant mass of the leading and

subleading leptons and the 6ET

! !

Mð‘þ‘�Þnear Invariant mass of opposite-sign

lepton pair closest in ��
! !

HT Scalar sum of lepton pT , jet ET , and the 6ET ! ! !
Fð‘‘‘Þ Trilepton flavor combination

(3� e, �, or unspecified track)

! ! !

��ð‘noZ; 6ETÞ Azimuthal angle between the lepton

not associated with the Z and the 6ET

!

�Rð‘noZ; j1Þ �R between lepton not associated

with Z and leading jet

!

�Rð‘noZ; jetÞnear �R between lepton not associated

with Z and closest jet

!

MTð‘noZ; 6ETÞ Transverse mass of lepton not associated

with Z and the and the 6ET

! !

MTð‘noZ; 6ET; jetsÞ Transverse mass of lepton not associated

with Z, all jets and the and the 6ET

! !

Mð‘noZ; 6ETÞ Invariant mass of lepton not

associated with Z and the 6ET

! !

�RðWWÞ �R between hadronically and

leptonically decaying W bosons

!
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6ET , are shown in Figs. 17(c) and 17(d). Examples of neural
network output distributions for this search sample are
shown in Figs. 18(c) and 18(d) for Higgs boson masses
of 125 and 165 GeV=c2, respectively.

IX. SYSTEMATIC UNCERTAINTIES

The discriminant output distributions in each of the 13
search samples are combined in a single simultaneous fit to
determine the Higgs boson signal rate. Inputs to the fit
include both rate uncertainties on expected event yields
from each specific background and signal process and also
shape uncertainties on the expected distribution of events
within the discriminant outputs for each process. The treat-
ment of these systematic uncertainties in the fit is described
in Sec. X. The fit procedure does account for correlations
between uncertainties across the different search samples
and the different background and signal processes. Rate
and shape uncertainties associated with a common source
are also treated as correlated.

Rate uncertainties on the contributing background
processes are summarized in Table IX for the seven
dilepton search samples formed from electron and muon

candidates, Table X for the additional two dilepton search
samples formed from one electron or muon candidate and
one hadronically decaying tau lepton candidate, and
Table XI for the four trilepton search samples. Ranges
are used to indicate cases where the effect of a specific
uncertainty source on the estimated event yield for a con-
tributing background process varies across the different
search samples grouped within the individual tables.
All estimated event yields obtained directly from the

Monte Carlo simulation are assigned uncertainties from
the theoretical cross section calculation, the data lumi-
nosity measurement, and the lepton identification and
trigger efficiency measurements used to normalize the
simulated event samples. In the case of other simulated
background samples, whose normalization is obtained
from data control samples, these uncertainties are not
applicable.
Theoretical diboson production cross sections are taken

from MCFM [115] with a renormalization scale of �0 ¼
M2

V þ p2
TðVÞ, where MV is the boson mass, and the

MSTW2008 [47] PDF set. Calculations of WZ and ZZ
production rates necessarily include contributions from
�� ! ‘þ‘� processes, where the invariant dilepton mass
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FIG. 15 (color online). Predicted and observed distributions of kinematic input variables providing the largest separation between
potential signal and background contributions in the (a),(b) Trilepton WH and (c),(d) Trilepton WH (‘þ ‘þ 	had) search samples.
The overlaid signal predictions correspond to the sum of two production modes (WH and ZH) for a Higgs boson with mass of
165 GeV=c2 and are multiplied by a factor of 10 for visibility. Normalizations for background event yields are those obtained from the
final fit used to extract search limits.
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from the neutral current exchange is restricted to the range
75<m‘þ‘� < 105 GeV=c2. The calculated cross sections
are 11.34 pb for WW production, 3.22 pb for WZ produc-
tion, and 1.20 pb for ZZ production. We assign a 6%
uncertainty based on the effects of different scale choices
and the application of MSTW2008 PDF uncertainties on
the calculations. For t�t production we assign a cross section
of 7.04 pb [121], based on a top-quark mass of 173:1�
1:2 GeV=c2 and the MSTW2008NNLO PDF set, yielding
an uncertainty of 7%. Similarly, for DY production we rely
on a NLO cross section calculation [122], yielding a cen-
tral value of 251.3 pb with 5% uncertainty. In the case of
Z� production, simulated samples are generated using
specific requirements on the minimum pT of the photon
and the minimum separation between the photon and the
leptons originating from the decay of the Z boson. Because
the production cross section depends significantly on these
requirements, we use the cross section determined by the
LO generator to normalize the event sample and assign a
larger 10% uncertainty.

The uncertainty in the measured luminosity is �5:9%,
of which 4.4% comes from detector acceptance and
operation of the luminosity monitor and 4.0% comes
from uncertainty on the inelastic p �p cross section [123].
Electron and muon identification efficiencies are
measured from trigger-unbiased final state leptons recon-
structed in Z ! ‘þ‘� decays collected with single-lepton
triggers, and associated uncertainties originate from the
limited statistical power of these samples. The lepton
identification uncertainty applied to specific search
samples depends on the required number of reconstructed
leptons in each event. Tau lepton identification efficien-
cies are measured from the OS hadronic tau (�þ 	had,

low 6ET , low��ð ~pTð‘Þ; ~6ETÞ) control sample with associ-
ated uncertainty due to the limited sample size and
subtraction of non-DY background contributions.
Single-lepton trigger efficiencies are also measured
from the trigger-unbiased final state lepton in Z !
‘þ‘� decays collected with single-lepton triggers, and
uncertainties originate from the limited sample size.
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FIG. 16 (color online). Predicted and observed distributions of output variables from multivariate algorithms trained to separate
potential Higgs boson events from background contributions in the (a),(b) Trilepton WH and (c),(d) Trilepton WH (‘þ ‘þ 	had)
search samples for Higgs boson mass hypotheses of 125 and 165 GeV=c2. The overlaid signal predictions correspond to the sum of
two production modes (WH and ZH) and are multiplied by a factor of 10 for visibility. Normalizations for background event yields are
those obtained from the final fit used to extract search limits.
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Acceptance uncertainties originate from approximations
employed within the signal and background process gen-
erators and mismodeling in the detector simulation. To
account for the potential acceptance effects of higher-order
amplitudes not incorporated in event generators, additional
rate uncertainties are included on the predicted event
yields. For samples generated with PYTHIA, we assign an
uncertainty of 10%, which is the observed acceptance
difference obtained from WW event samples generated at
LO with PYTHIA and at NLO using the MC@NLO [98]
program. In the specific case of WW production, we use
PYTHIA to model observed differences in the WW pT

spectrum, when applying harder and softer fragmentation
scales in the parton-shower algorithms used for modeling
higher-order effects. Events from the simulated MC@NLO

WW event sample are reweighted as a function of WW pT

to match the changes in the spectra obtained from increas-
ing or decreasing the size of the fragmentation scales, and
uncertainties are assigned based on changes in acceptance
resulting from these reweightings. Normalization of the
simulated W� event samples is obtained from a control

sample containing SS dileptons with invariant massM‘‘ <
16 GeV=c2. Because modeling of higher-order amplitudes
can affect the extrapolation of this normalization to pre-
dicted W� event yields for the search samples containing
dileptons with M‘‘ > 16 GeV=c2, the 10% rate uncer-
tainty is retained for these cases. Because the simulated
Z� event sample is generated with an incomplete luminos-
ity profile, we assign a slightly higher 15% uncertainty.
Event yields obtained from simulated event samples also

have uncertainties associated with mismodelings in the
detector simulation. We vary the energy scale of recon-
structed jets in simulated events within an uncertainty
range determined from pT balancing studies performed
on ��=Z plus one-jet events in data and simulation. The
resulting differences in predicted event yields are taken as
additional rate uncertainties. Since search samples are
typically defined by the number of reconstructed jets
within each event, changes to the jet energy scale can
result in simulated events moving from one search sample
to another. Hence, correlations and anticorrelations are
included in the jet energy scale uncertainties applied across
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FIG. 17 (color online). Predicted and observed distributions of kinematic input variables providing the largest separation between
potential signal and background contributions in the (a),(b) Trilepton ZH (1 jet) and (c),(d) Trilepton ZH ( � 2 jets) search samples.
The overlaid signal predictions correspond to the sum of two production modes (WH and ZH) for a Higgs boson with mass of
165 GeV=c2 and are multiplied by a factor of 10 for visibility. Normalizations for background event yields are those obtained from the
final fit used to extract search limits.
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the different search samples. Modeling of lepton charge
mismeasurement rates has a significant impact on pre-
dicted background event yields only in the SS (� 1 jets)
search sample. Uncertainties are obtained from a compari-
son of the predicted and observed numbers of SS candidate
events contained in an inclusive DY control sample.

Other uncertainties related to the detector simulation
include modeling of the b-quark jet tagging algorithm
used for vetoing events in the OS base (� 2 jets) search
sample and modeling of isolated lepton candidates from
b-quark decays in the trilepton search samples. These rate
uncertainties apply only to background predictions for t�t
production, for which resulting events necessarily contain
two b-quark jets. As discussed in Sec. VI, scale factors are
applied to simulated events with jets identified as originating
from bottom quarks to account for differences in tagging
algorithm performance between data and Monte Carlo and
the small subset of data events, for which silicon tracking
detector information is not available. Uncertainties associ-
ated with these scale factors come primarily from the limited
size of the data samples used to estimate them.

For simulated samples normalized to the observed event
rate in a specific data control sample, we assign rate
uncertainties based on the limited control-sample size
and subtraction of residual background contributions.
The scale factors applied to W� simulated event samples
to account for uncertainties in photon-conversion modeling
are obtained from the SS inverse M‘‘ control sample. The
normalization applied to simulated W þ jet and Zþ jet
event samples, which are used for modeling contributions
of these processes to the OS hadronic tau and Trilepton
WH ð‘þ ‘þ 	hadÞ search samples, is obtained from the
OS hadronic tau (eþ 	had, high ��ð ~pTð	Þ; ~pTð‘ÞÞ) control
sample. The construction of the PYTHIA sample tuned to
model DY contributions in the OS base (0 jet) and OS base
(1 jet) search samples is described in Sec. VI. The 6ET in
each simulated event is shifted to account for effects of
multiple interactions and the resulting sample is normal-
ized to event counts in data obtained from the OS base
(intermediate 6Espec

T ) control sample. Uncertainties from 6ET

modeling applied to the corresponding event yield predic-
tions are obtained through additional �2 GeV shifts with
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FIG. 18 (color online). Predicted and observed distributions of neural network output variables for networks trained to separate
potential Higgs boson events from background contributions in the (a),(b) Trilepton ZH (1 jet) and (c),(d) Trilepton ZH (� 2 jets)
search samples for Higgs boson mass hypotheses of 125 and 165 GeV=c2. The overlaid signal predictions correspond to the sum of
two production modes (WH and ZH) and are multiplied by a factor of 10 for visibility. Normalizations for background event yields are
those obtained from the final fit used to extract search limits.
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respect to the nominal 6ET correction and renormalization
of the retuned event samples.

The data-driven procedure for modeling W þ jet and
Zþ jet contributions to search samples that do not incor-
porate hadronically decaying tau lepton candidates is also
described in Sec. VI. Jet-to-lepton misidentification rates
are measured in inclusive jet samples collected using
single-jet triggers and applied as weights to events con-
taining both reconstructed leptons and jets. Differences in
the measured jet misidentification rate from event samples
collected with varied ET thresholds are observed due to
changes in the relative contributions of quark and gluon
jets in these samples. Rate uncertainties on the predicted
event yields are obtained by propagating these differences
through the modeling procedure. For the search samples
that incorporate hadronically decaying tau lepton candi-
dates, lepton-to-tau and jet-to-tau misidentification rates
are modeled within the event simulation and validated
using data control samples. Assigned uncertainties are
based on differences between predicted and observed event
yields for these control samples.

In the context of a combined search, assumptions are
needed on the relative sizes of the expected contributions
originating from each production process. We incorporate
full rate uncertainties on estimated event yields within the
final fit. Rate uncertainties applied to estimated signal
contributions from each production mode are summarized
in Table XII. Here, uncertainty ranges cover variations
across all 13 search samples, which depend on the same
set of simulated samples for modeling potential signal.
Contributions from ggH and VBF production are not
considered in the SS (� 1 jets) and trilepton search
samples.
Theoretical cross section calculations used to normalize

simulated signal event samples and associated uncertain-
ties are described in Sec. II. Uncertainties on ggH produc-
tion are much larger for higher jet multiplicity search
samples, and an algorithm is used to assign correlated
rate uncertainties to each search sample. The inputs to
this algorithm are the theoretical uncertainties associated
with calculations of the inclusive, exclusive one-or-more
parton, and exclusive two-or-more parton ggH production

TABLE IX. Uncertainties on background process event yields for seven dilepton search samples formed from electron and muon
candidates. The DY1 column corresponds to uncertainties on the untuned Monte Carlo models of DY background contributions to the
OS inverse M‘‘, SS (� 1 jets), and OS base (� 2 jets) search samples. The DY2 column corresponds to uncertainties on the tuned
Monte Carlo model of DY background contributions to the OS base (0 jet) and OS base (1 jet) search samples.

Uncertainty source WW WZ ZZ t�t DY1 DY2 W� W þ jets

Theoretical cross section 6% 6% 6% 7% 5%

Luminosity 5.9% 5.9% 5.9% 5.9% 5.9%

Lepton (e or �) identification efficiency 3.8% 3.8% 3.8% 3.8% 3.8%

Trigger efficiency 2.0% 2.0% 2.0% 2.0% 2.0%

Higher-order amplitudes 2.3%–17% 10% 10% 10% 10% 0–10%

Jet energy scale 1.2%–21% 1.1%–13% 2.0%–13% 0.3%–28% 4.9%–33% 6.5%–18% 1.2–22%

Lepton charge mismeasurementa 25% 25%

b-quark jet veto modelingb 3.6%

6ET modeling 19%–21%

Photon-conversion modeling 6.8%–8.4%

Jet-to-lepton (e or �) misreconstruction rate 14%–38%

aUncertainty sources applied only in the SS (� 1 jets) search sample.
bUncertainty sources applied only in the OS base (�2 jets) search sample.

TABLE X. Uncertainties on background process event yields for two dilepton search samples formed from one electron or muon
candidate and one hadronically decaying tau lepton candidate.

Uncertainty source WW WZ ZZ t�t DY W� W þ jets

Theoretical cross section 6% 6% 6% 7% 5%

Luminosity 5.9% 5.9% 5.9% 5.9% 5.9%

Lepton (e or �) identification efficiency 2.8% 2.8% 2.8% 2.8% 2.8%

Lepton (	) identification efficiency 1.3% 1.3% 1.3% 2.0% 3.3%–3.5%

Trigger efficiency 2.0% 2.0% 2.0% 2.0% 2.0%

Higher-order amplitudes 10% 10% 10% 10% 10% 10%

Lepton (e or �) to lepton (	)
misreconstruction rate

0.1%–0.2% 0.1%–0.2% 0.1%–0.2% 0.1%–0.2% 2.1%–2.3% 1.2%–2.1%

Photon-conversion modeling 6.8%

V þ jets control region normalization 12.1%

Jet-to-lepton (	) misreconstruction rate 5.8% 5.8% 5.8% 4.4%–5.1% 0.1%–0.2% 8.8%
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cross sections. The ggH theoretical cross section uncer-
tainty range reported in Table XII is obtained from the
quadrature sum of all contributions as applied within each
of the 13 search samples. The other rate uncertainties
applied to estimated signal event yields correspond directly
to those applied to background predictions and are ob-
tained following the same methodology.

Each source contributing to the rate uncertainties as-
signed to background and signal predictions can also affect
the shapes of discriminant outputs associated with the
corresponding processes. The effects of all uncertainty
sources on discriminant distributions are studied and found
to be mostly negligible. In the remaining cases shape
uncertainties, which correspond to correlated but nonuni-
form bin-by-bin rate uncertainties applied across a single
discriminant distribution, are incorporated. In particular,
we account for the uncertainty originating from missing
higher-order amplitudes to the modeled Higgs boson pT

spectrum on the shapes of the ggH discriminant outputs
for each of the six OS dilepton search samples. Similarly,
the effects of uncertainties from missing higher-order

amplitudes to the modeled WW pT spectrum on the
shapes of WW discriminant outputs are also included.
Figures 19(a) and 19(b) show resulting examples of the
bin-by-bin scalings applied in individual search samples to
generate alternative ggH and WW discriminant shapes.
The shapes of DY discriminant outputs are also found

to be significantly altered by uncertainties associated
with 6ET modeling in the four OS base (0 or 1 jet) search
samples and by uncertainties associated with jet energy
scale modeling in the OS base (� 2 jets) search sample.
Figures 19(c) and 19(d) show examples of the bin-by-bin
scalings applied in these search samples to generate the
alternative DY discriminant shapes. For the SS (� 1
jets) search sample, uncertainties associated with jet
energy scale modeling are determined to significantly
affect the shapes of discriminant outputs associated with
both signal (WH and ZH) and background (WW, WZ,
and DY) contributions. Figures 19(e) and 19(f) show
resulting examples of the bin-by-bin scalings used to
generate alternative signal and background discriminant
shapes.

TABLE XII. Uncertainties on signal process event yields for all search samples.

Uncertainty source ggH WH ZH VBF

Theoretical cross section 14%–44% 5% 5% 10%

Luminosity 5.9% 5.9% 5.9% 5.9%

Lepton (e or �) identification efficiency 2.8%–3.8% 2.8%–5.0% 2.8%–5.0% 2.8%–3.8%

Lepton (	) identification efficiencya 4.1% 1.4%–2.1% 1.6%–2.2% 4.0%

Trigger efficiency 2.0% 2.0% 2.0% 2.0%

Higher-order amplitudes 2.3%–13% 10% 10% 10%

Jet energy scale 0–15% 0–20% 0–7.8% 0–13%

Lepton (e or �) to lepton (	) misreconstruction ratea 0.1% 0.1% 0.1% 0.1%

Jet-to-lepton (	) misreconstruction ratea 3.5–4.5% 2.9%–4.2% 0–0.4%

aUncertainty sources applied only in the two OS hadronic tau and Trilepton WH (‘þ ‘þ 	had) search samples.

TABLE XI. Uncertainties on background process event yields for four trilepton search samples. The Zþ jetsc column corresponds
to uncertainties on the tuned Monte Carlo model of Zþ jets background contributions to the Trilepton WH (‘þ ‘þ 	had) search
sample. The Zþ jetsd column corresponds to uncertainties on the data-driven model of Zþ jets background contributions to the
remaining three trilepton search samples.

Uncertainty source WZ ZZ t�t Z� Zþ jetsc Zþ jetsd

Theoretical cross section 6% 6% 7% 10%

Luminosity 5.9% 5.9% 5.9% 5.9%

Lepton (e or �) identification efficiency 3.8%–5.0% 3.8%–5.0% 3.8%–5.0% 3.8%–5.0%

Lepton (	) identification efficiencya 2.1% 2.1% 1.1% 1.4%

Trigger efficiency 2.0% 2.0% 2.0% 2.0%

Higher-order amplitudes 10% 10% 10% 15% 10%

Jet energy scale 0–18% 0–15% 0–2.3% 2.7%–17%

Modeling of leptons from b-quark jets 22%–42%

Lepton (e or �) to lepton (	) misreconstruction ratea 0.5% 0.5% 0.2% 0.7% 0.3%

V þ jets control region normalization 12.1%

Jet-to-lepton (e or �) misreconstruction rate 18%–24%

Jet-to-lepton (	) misreconstruction ratea 4.5% 4.5% 5.1% 0.1% 6.5%

aUncertainty sources applied only in the Trilepton WH (‘þ ‘þ 	had) search sample.
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X. RESULTS

The primary goal is to test for the presence of signal
events originating from Higgs boson production and decay.
We adopt a Bayesian approach to estimate or bound the
signal strength most consistent with the observed data. If
the SM prediction of the signal strength for a specific value
of mH is larger than the observed 95% C.L. upper limit,

that mass value is excluded at the 95% C.L. We quantify
the search sensitivity using the median of the expected
upper limit distribution as obtained in an ensemble of
experiments simulated without signal.
The extraction of results is complicated by the presence

of multiple signal production processes, each potentially
contributing signal events with differing kinematic signa-
tures. Combination of results from multiple search samples
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FIG. 19. Example bin-by-bin scalings used to obtain alternative neural network discriminant outputs associated with (a) higher-order
diagrams uncertainty on the ggH contribution in the OS inverseM‘‘ search sample, (b) higher-order diagrams uncertainty on theWW
background contribution in the OS base (1 jet, high s=b leptons) search sample, (c) 6ET modeling uncertainty on the DY background
contribution in the OS base (0 jet, high s=b leptons) search sample, (d) jet energy scale uncertainty on the DY contribution in the OS
base (�2 jets) search sample, (e) jet energy scale uncertainty on the WH contribution in the SS (� 1 jets) search sample, and (f) jet
energy scale uncertainty on the WZ contribution in the SS (� 1 jets) search sample.
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is pursued to optimize the search sensitivity. The results are
binned in their respective discriminant variables, and the
data are assumed to be Poisson distributed in each bin.
Predictions of expected signal and background rates within
each bin of the discriminant distributions associated with
the different search samples are affected by systematic
uncertainties. Many of these systematic uncertainties are
correlated across discriminant bins, between signal and
background components, and between search samples.
Uncertainty sources that result in events migrating between
search samples need to be treated as anticorrelated with
respect to those samples. To address these issues, we use
the methodology described in Ref. [110] as summarized
below.

The contents of low signal-to-background (s=b) bins
serve to constrain the values of nuisance parameters, cor-
responding to each of the individual sources of systematic
uncertainty on signal and background modeling. The same
sources of systematic uncertainty affect predictions for
signal and background yields in the high-s=b bins, which
are more sensitive to the presence of a Higgs boson signal
and its production rate.

We group the systematic uncertainties in three classes,
according to their impact on the interpretation of results.
The first class includes systematic effects affecting the
event rates, which uniformly scale the predicted yields in
each bin of the modeled discriminants. A second category
corresponds to uncertainties affecting the shapes of the
discriminants’ distributions, which are also parametrized
using common nuisance parameters and therefore applied
as correlated across all bins within a modeled discriminant.
In this case, bin-to-bin scalings are not required to be
uniform, allowing for distortions in the shape of the distri-
bution of the discriminant. A final category is for bin-by-
bin independent uncertainties, which arise from the limited
size of simulated and experimental data samples.
Uncertainties associated with the last two categories
reduce the constraining power of low-s=b bins on nuisance
parameters.

The likelihood function, Lðdatajs; b; ~�Þ, is the same as
that used in Ref. [110], with ~� representing the nuisance
parameters. Shape uncertainties are applied first in an
additive fashion, interpolating and extrapolating the con-
tents in each bin according to the value of the nuisance
parameter governing the shape distortion and the differ-
ence between the central and alternative shapes of the
modeled discriminant. The prior probability densities
assumed for the systematic uncertainties are Gaussian,
and bin contents are constrained to be positive in this
procedure. Bin-by-bin uncertainties are then applied to
the signal and background predictions as Gaussians that
are again truncated to prevent negative values of predic-
tions. Finally, rate uncertainties are applied multiplica-
tively, scaling all discriminant bins by the same factor.
Gaussian prior densities are also used for rate uncertainties

with constraints to avoid negative scale factors.
Asymmetric rate and shape uncertainties are parametrized
as in Ref. [110]. Correlations in the predictions for differ-
ent signal and background processes are accounted for by
applying effects of shared uncertainty sources consistently
across the modeled discriminants for each search sample.
Because of the requirement for combining the results from
several different search samples, a single parameter R is
used to scale all signal contributions.
We integrate the likelihood function multiplied by the

product of the prior densities for the nuisance parameters,
over the nuisance parameters

L0ðdatajRs; bÞ ¼
Z

LðdatajRs; b; ~�Þ�ð ~�Þd ~�; (4)

where �ð ~�Þd ~� is the joint prior probability density for all
of the nuisance parameters as described in Ref. [124]. In
this case the joint prior density is the product of individual
prior densities as systematic uncertainty sources are treated
as uncorrelated.
As described in Ref. [124], a limit on R is obtained from

0:95 ¼
RRlimit

0 L0ðdatajRs; bÞ�ðRÞR1
0 L0ðdatajRs; bÞ�ðRÞ ; (5)

where �ðRÞ is a uniform prior density over all positive
values of R. The value of R that maximizes L0ðdatajRs; bÞ
is defined as the best-fit value. The interval for quoting 1
standard deviation uncertainties is given by the shortest
interval ½Rlow; Rhigh
 satisfying

0:68 ¼
RRhigh

Rlow
L0ðdatajRs; bÞ�ðRÞR1

0 L0ðdatajRs; bÞ�ðRÞ : (6)

Search sensitivity is estimated by generating multiple
simulated test experiments according to background-only
predictions and determining the observed limits for each
trial. Values of nuisance parameters are separately varied
according to their prior densities for each simulated ex-
periment. The median observed limit, Rmed

limit, is used as a

gauge of analysis sensitivity. The distribution of possible
limits expected in the absence of a signal is quantified by
the �1� and �2� ranges centered on the median.
Specifically, values of R, for which 2.3%, 16%, 50%,
84%, and 97.7% of background-only pseudoexperiments
result in observed limits below that value, are reported.

A. Diboson cross section measurements

Measurements of diboson production cross sections us-
ing the same tools and techniques applied within the Higgs
boson search provide an important validation of the analy-
sis framework. A measurement of the p �p ! WþW� cross
section based on the ‘þ ��‘�� decay mode was obtained
from the OS base (0 jet, high s=b leptons) search sample
using 3:6 fb�1 of integrated luminosity [125]. A value of
�ðp �p ! WþW� þ XÞ ¼ 12:1� 1:8 pb, which is in good
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agreement with the NLO prediction, was obtained using
the same matrix-element based discriminants employed
within the Higgs boson search. Similarly, a measurement
of the p �p ! ZZ cross section based on the ‘þ‘�� �� decay
mode was obtained from the OS base (0 and 1 jet) search
samples using 6:0 fb�1 of integrated luminosity [126].
Neural network based discriminants were used to extract
a value of �ðp �p ! ZZþ XÞ ¼ 1:34� 0:56 pb, which is
in good agreement with the NLO zero-width calculation, to
which the result was normalized. Finally, a measurement
of the p �p ! W�Z cross section based on the ‘��‘þ‘�
decay mode was obtained from the Trilepton WH search
sample using 7:1 fb�1 of integrated luminosity [127].
Neural network discriminants were again used to extract
a value of �ðp �p ! W�Zþ XÞ ¼ 3:93� 0:84 pb, in good
agreement with the NLO prediction.

B. SM Higgs boson interpretation

We determine limits on SM Higgs boson production for
the combination of all search samples and for groups of
samples with analogous final states. The limit calculations

are performed separately for each of the 19 Higgs boson
mass hypotheses considered. Because we account for
potential contributions from all four Higgs boson produc-
tion modes, the resulting limits are determined as ratios
with respect to SM expectations. Based on the (N)NLO
Higgs boson production cross sections and decay branch-
ing ratios for H ! WþW� presented in Sec. II, the largest
potential signal contributions would originate from a Higgs
boson with a mass of 165 GeV=c2, and the best combined
search sensitivity is indeed obtained for this mass hypothe-
sis. The actual sensitivity of an individual search sample
under a specific mass hypothesis depends both on the
signal-to-background ratio of events in the sample and
the ability of the neural network to separate background
contributions from the potential signal contributions asso-
ciated with the hypothesized Higgs boson mass.
The OS base (0 jet) search samples have the highest

sensitivity to SM Higgs boson production. The dominant
signal contributions originate from ggH production.
Similar sensitivity is obtained from the OS base (1 jet)
and OS base (� 2 jets) samples, where additional signal
contributions from VH and VBF production have a more
significant impact. The OS inverse M‘‘ search sample,
with dominant signal contributions from ggH production,
is approximately 50% less sensitive than the OS base
samples for the mH ¼ 165 GeV=c2 hypothesis. But for
the mH ¼ 125 GeV=c2 hypothesis the sensitivities are
comparable since a higher fraction of potential signal
events satisfy the kinematic criteria of this sample. The
SS (� 1 jets), Trilepton WH, and Trilepton ZH search
samples, which focus exclusively on VH production, con-
tribute sensitivities that are 20%–50% of those obtained
from the best OS base samples. In addition to the non-
negligible gain in combined search sensitivity that results
from their inclusion, these samples are also unique in that
both the production and decay mechanisms associated with
potential Higgs boson events depend on vector boson
couplings and are therefore useful for placing constraints
on these couplings [128,129]. Because they contain much
larger background contributions, the OS hadronic tau
search samples contribute significantly less to the
combined search sensitivity. Since the neural networks

TABLE XIV. Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed limits
on Higgs boson production relative to SM expectations from the combination of all search samples for 19 mass hypotheses within the
range 110<mH < 200 GeV=c2. The boundaries of the 1 and 2 standard deviations assuming the background-only hypothesis are also
provided.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

�2�=�SM 7.11 3.78 2.47 1.67 1.25 1.04 0.84 0.73 0.64 0.54 0.41 0.37 0.43 0.53 0.66 0.80 0.98 1.21 1.23

�1�=�SM 9.60 5.25 3.25 2.32 1.70 1.37 1.13 0.98 0.85 0.71 0.53 0.50 0.58 0.71 0.87 1.08 1.34 1.54 1.74

Exp=�SM 13.4 7.41 4.51 3.25 2.33 1.89 1.60 1.37 1.16 0.98 0.74 0.70 0.83 1.00 1.18 1.51 1.88 2.12 2.48

þ1�=�SM 18.8 10.4 6.36 4.52 3.20 2.62 2.28 1.91 1.60 1.38 1.04 0.99 1.18 1.39 1.63 2.15 2.63 3.01 3.49

þ2�=�SM 26.0 14.3 8.90 6.19 4.34 3.60 3.22 2.62 2.19 1.94 1.45 1.37 1.66 1.92 2.23 3.01 3.62 4.26 4.81

Obs=�SM 14.1 9.49 5.26 3.26 2.66 2.01 2.02 1.25 0.95 0.74 0.60 0.49 0.84 1.28 1.50 2.53 3.47 4.64 5.65

TABLE XIII. Median expected 95% C.L. upper limits assum-
ing the background-only hypothesis, and corresponding ob-
served limits on Higgs boson production relative to SM
expectations for the mH ¼ 125 and 165 GeV=c2 mass hypoth-
eses obtained from combinations of search samples with analo-
gous final states and the combination of all search samples.

mH ¼ 125 GeV=c2 mH ¼ 165 GeV=c2

Search sample(s) Obs=�SM Exp=�SM Obs=�SM Exp=�SM

OS base (0 jet) 4.76 7.30 1.36 1.41

OS base (1 jet) 9.86 9.76 1.45 1.85

OS base (� 2 jets) 18.1 7.34 2.83 1.95

OS inverse M‘‘ 11.9 11.0 1.71 2.76

SS (�1 jets) 13.9 11.7 4.20 3.95

Trilepton WH 12.1 12.2 4.79 4.36

Trilepton ZH 19.9 23.2 4.94 6.59

OS hadronic tau 15.7 11.7

All samples 3.26 3.25 0.493 0.701
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are unable to separate background and signal contributions
in these samples for low Higgs boson masses, these
samples are incorporated into combined limits only for
mass hypotheses of 130 GeV=c2 and above.

Table XIII presents limits on Higgs boson production
obtained from combinations of search samples with analo-
gous final states and from the combination of all search
samples. Median expected 95%C.L. upper limits assuming
the background-only hypothesis, and corresponding ob-
served limits on Higgs boson production relative to SM
expectations are shown for the 125 and 165 GeV=c2 mass
hypotheses. Limits obtained from the combination of
all search samples for 19 Higgs boson mass hypotheses
within the range 110<mH < 200 GeV=c2 are presented

in Table XIValong with boundaries on the 1 and 2 standard
deviations assuming the background-only hypothesis.
These limits are also presented graphically in Fig. 20(a).
SM Higgs boson mass values are excluded at the 95% C.L.
in the range over which the observed limits lie below
one (the expected SM production rate). The data
excludes Higgs boson masses in the range 149<mH <
172 GeV=c2, where the median expected exclusion range,
assuming the background-only hypothesis, is 155<mH <
175 GeV=c2.
We also fit for the Higgs boson production rate most

compatible with the observed data. Best-fit cross sections
normalized to SM expectations are displayed as a function
of the Higgs boson mass in Fig. 20(b). In the cross section
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FIG. 20 (color online). (a) Median expected, assuming the background-only hypothesis, (dashed line) and observed (solid line)
95% C.L. upper limits on Higgs boson production relative to SM expectations from the combination of all search samples as a function
of the Higgs boson mass. The dark and light shaded bands show the 1 and 2 standard deviations assuming the background-only
hypothesis. (b) Best-fit cross section for inclusive Higgs boson production, normalized to the SM expectation, for the combination of
all search samples as a function of the Higgs boson mass. The solid line indicates the fitted cross section, and the associated dark and
light shaded regions show the 68% and 95% credibility intervals.

TABLE XV. Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed limits
on �ðggHÞ �BðH ! WþW�Þ in picobarns (pb) from the combination of all search samples for 29 mass hypotheses within the range
110<mH < 300 GeV=c2. The boundaries of 1 and 2 standard deviations assuming the background-only hypothesis are also provided.
The WH, ZH, and VBF Higgs boson production mechanisms are assumed to contribute no events to the search samples.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180

�2� 0.70 0.53 0.52 0.46 0.45 0.43 0.39 0.37 0.32 0.28 0.21 0.18 0.21 0.21 0.23

�1� 0.95 0.77 0.70 0.65 0.61 0.58 0.52 0.51 0.44 0.38 0.28 0.24 0.27 0.29 0.31

Exp. 1.32 1.09 0.97 0.92 0.85 0.81 0.74 0.71 0.62 0.52 0.38 0.33 0.37 0.40 0.44

þ1� 1.84 1.47 1.36 1.29 1.19 1.14 1.05 1.00 0.86 0.72 0.52 0.46 0.51 0.56 0.61

þ2� 2.54 1.94 1.86 1.78 1.64 1.59 1.48 1.38 1.17 0.99 0.72 0.64 0.71 0.77 0.85

Obs. 1.42 1.18 1.04 0.97 0.82 0.69 0.71 0.67 0.41 0.33 0.26 0.28 0.33 0.46 0.54

mH 180 185 190 195 200 210 220 230 240 250 260 270 280 290 300

�2� 0.23 0.25 0.27 0.28 0.32 0.32 0.32 0.33 0.35 0.30 0.29 0.27 0.25 0.25 0.22

�1� 0.31 0.34 0.36 0.39 0.42 0.42 0.44 0.45 0.47 0.41 0.39 0.37 0.33 0.33 0.29

Exp. 0.44 0.47 0.50 0.55 0.58 0.59 0.60 0.62 0.65 0.56 0.53 0.51 0.46 0.46 0.40

þ1� 0.61 0.65 0.69 0.77 0.80 0.84 0.83 0.86 0.91 0.79 0.74 0.70 0.64 0.65 0.57

þ2� 0.85 0.90 0.94 1.05 1.10 1.19 1.12 1.19 1.25 1.10 1.01 0.95 0.89 0.91 0.80

Obs. 0.54 0.66 0.81 1.01 1.01 1.38 1.10 1.14 1.34 1.19 0.97 0.95 0.92 1.01 0.81
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fit, the SM ratios for the relative rates of the four contrib-
uting production mechanisms are assumed. Over a signifi-
cant fraction of the tested mass range, the fit to the data
indicates little or no contribution associated with Higgs
boson production. For the mH ¼ 125 GeV=c2 mass hy-
pothesis, the fitted Higgs boson production rate relative
to the SM expectation is 0:00þ1:78

�0:00, which is compatible at

the level of 1 standard deviation with both the SM Higgs
boson and the background-only expectations.

C. Limits on ggH production and Higgs
boson constraints in SM4

Because Higgs boson ggH production proceeds at low-
est order via a virtual loop containing strongly interacting
particles, the production rate from this mechanism is
sensitive to the existence of particles that may be too

massive for direct observation. The presence of a fourth

generation of heavy fermions beyond the three families

described in the SM enhances the ggH production cross

section by a factor between seven and nine in the range of

mH accessible at the Tevatron. The presence of a fourth

fermion generation affects ggH production only, and

neither enhances nor suppresses WH, ZH, and VBF

production.
In order to interpret the search in terms of the SM4 and

other extensions to the SM that would affect the ggH
production rate, we first extract upper bounds on the
ggH production cross section times decay branching ratio
H ! WþW� assuming negligible contributions fromWH,
ZH, and VBF production. This assumption ensures that
resulting limits are the most conservative with respect to
possible enhancements or suppressions of the other
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FIG. 21 (color online). Median expected 95% C.L. upper limits assuming the background-only hypothesis (dashed line), and
corresponding observed limits (solid line) on (a) �ðggHÞ �BðH ! WþW�Þ in picobarns (pb) and (b) Higgs boson production
relative to SM4 expectations from the combination of all search samples as a function of the Higgs boson mass. The dark and light
shaded bands show the 1 and 2 standard deviations assuming the background-only hypothesis. In the (a) panel, the lighter colored line
indicates the SM4 expectation and the hatched region encompasses the associated theoretical uncertainties.

TABLE XVI. Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed limits
on Higgs boson production relative to SM4 expectations from the combination of all search samples for 29 mass hypotheses within the
range 110<mH < 300 GeV=c2. The boundaries of 1 and 2 standard deviations assuming the background-only hypothesis are also
provided. The WH, ZH, and VBF Higgs boson production mechanisms are assumed to contribute no events to the search samples.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180

�2�=�SM4 1.98 1.09 0.66 0.45 0.33 0.25 0.20 0.17 0.13 0.10 0.07 0.06 0.08 0.09 0.12

�1�=�SM4 2.69 1.46 0.91 0.62 0.45 0.34 0.27 0.22 0.18 0.14 0.09 0.08 0.10 0.13 0.16

Exp=�SM4 3.83 2.05 1.29 0.87 0.62 0.47 0.38 0.31 0.25 0.19 0.12 0.11 0.14 0.18 0.22

þ1�=�SM4 5.49 2.92 1.80 1.22 0.87 0.67 0.53 0.43 0.34 0.27 0.17 0.16 0.20 0.25 0.31

þ2�=�SM4 7.77 4.13 2.49 1.69 1.20 0.92 0.73 0.59 0.46 0.37 0.24 0.23 0.28 0.35 0.43

Obs=�SM4 4.17 2.19 1.29 0.91 0.59 0.39 0.35 0.28 0.16 0.12 0.09 0.10 0.13 0.20 0.27

mH 180 185 190 195 200 210 220 230 240 250 260 270 280 290 300

�2�=�SM4 0.12 0.16 0.19 0.23 0.29 0.36 0.44 0.53 0.64 0.62 0.71 0.74 0.78 0.83 0.88

�1�=�SM4 0.16 0.21 0.26 0.32 0.39 0.49 0.59 0.70 0.86 0.86 0.93 0.99 1.03 1.11 1.15

Exp=�SM4 0.22 0.29 0.36 0.45 0.53 0.69 0.82 0.97 1.20 1.22 1.27 1.37 1.43 1.54 1.61

þ1�=�SM4 0.31 0.41 0.51 0.64 0.75 0.97 1.15 1.38 1.66 1.73 1.75 1.92 2.03 2.17 2.27

þ2�=�SM4 0.43 0.58 0.70 0.90 1.03 1.34 1.60 1.94 2.28 2.42 2.41 2.64 2.87 3.02 3.17

Obs=�SM4 0.27 0.38 0.56 0.81 0.78 1.43 1.29 1.58 2.10 2.07 1.83 2.06 2.18 2.67 2.37
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production mechanisms within the context of a particular
new physics model. Because we are focusing on enhance-
ments in the production, which could lie significantly
above SM expectations, we extend the search mass range
to 300 GeV=c2.

Since we are in this case setting limits on the rate of a
specific Higgs boson production and decay mode, no theo-
retical rate uncertainties are incorporated. However, be-
cause we analyze opposite-sign dilepton events with zero,
one, and two or more reconstructed jets in different search
samples, the uncertainties on the relative fractions of Higgs
boson signal events within these samples are retained.
Median expected 95% C.L. upper limits assuming the
background-only hypothesis, and corresponding observed
limits on �ðggHÞ �BðH ! WþW�Þ are listed in
Table XV along with the boundaries of 1 and 2 standard
deviations assuming the background-only hypothesis.

A comparison between observed upper limits on
�ðggHÞ �BðH ! WþW�Þ and SM4 expectations based
on the production cross sections and decay branching
ratios listed in Table I as a function of mH is shown in
Fig. 21(a). To extract SM4 model constraints, rate uncer-
tainties associated with the theoretical cross sections and
branching ratios are included within the limit calculation.
The resulting median expected 95% C.L. upper limits
assuming the background-only hypothesis, and corre-
sponding observed limits on Higgs boson production
relative to SM4 expectations are shown in Table XVI.
The same limits are shown graphically in Fig. 21(b).
Within the SM4 model we exclude Higgs boson masses
in the range 124<mH < 200 GeV=c2, to be compared
against a median expected exclusion range of 124<
mH < 221 GeV=c2.

D. Higgs boson constraints in FHM model

Within the FHM model described in Sec. II, the allowed
fermiophobic Higgs boson, Hf, production mechanisms

areWHf, ZHf, and VBF. Contributions from the dominant

SM gluon-fusion production mechanism, ggHf, are negli-

gibly small. Despite a smaller overall production rate,
potential signal contributions of a fermiophobic Higgs
boson are actually larger for lower Higgs boson masses

due to increases in the branching ratio, BðHf ! WþW�Þ,
relative to the SM.
We extract FHM model constraints from the SS (� 1

jets) and trilepton search samples, for which the
potential signal contributions originate solely from WHf

and ZHf production. PotentialWHf, ZHf, and VBF signal

contributions to the OS base search samples are also in-
corporated. In the specific case of the OS base (� 2 jets)
sample, the discriminant output used is that from the neural
network trained to distinguish signal events originating
from the production mechanisms relevant to the FHM
model. From the combination of these search samples,
we determine 95% C.L. upper bounds on the fermiophobic
Higgs boson production rate normalized to FHM model
expectations using the SM theoretical cross section pre-
dictions for WH, ZH, and VBF production and branching
ratios as predicted by the FHM model for Hf ! WþW�

listed in Table I. Median expected 95% C.L. upper
limits assuming the background-only hypothesis, and

TABLE XVII. Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on fermiophobic Higgs boson production relative to FHM model expectations from the combination of all relevant search
samples for 19 mass hypotheses within the range 110<mH < 200 GeV=c2. The boundaries of the 1 and 2 standard deviations bands
assuming the background-only hypothesis are also provided.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

�2�=�FHM 0.59 0.61 0.63 0.65 0.74 0.77 0.83 0.86 0.89 0.88 0.89 0.83 0.92 1.03 1.17 1.45 1.76 1.92 2.04

�1�=�FHM 0.78 0.85 0.86 0.88 0.98 1.03 1.09 1.14 1.20 1.17 1.11 1.08 1.21 1.37 1.58 1.95 2.33 2.53 2.79

Exp=�FHM 1.08 1.18 1.21 1.24 1.35 1.41 1.51 1.60 1.64 1.61 1.50 1.50 1.69 1.95 2.21 2.72 3.24 3.51 3.90

þ1�=�FHM 1.53 1.63 1.69 1.76 1.89 1.95 2.12 2.27 2.25 2.25 2.12 2.13 2.38 2.80 3.10 3.83 4.57 4.96 5.45

þ2�=�FHM 2.13 2.22 2.33 2.47 2.61 2.67 2.95 3.19 3.04 3.10 2.99 2.99 3.33 4.00 4.30 5.32 6.39 6.95 7.51

Obs=�FHM 1.45 2.25 1.90 1.89 1.51 1.85 2.28 1.98 1.95 1.60 1.58 1.28 1.99 2.45 3.05 3.94 4.40 5.48 6.63

1
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FIG. 22 (color online). Median expected 95% C.L. upper
limits assuming the background-only hypothesis (dashed line),
and corresponding observed limits (solid line) on fermiophobic
Higgs boson production relative to FHM model expectations
from the combination of all relevant search samples as a function
of the Higgs boson mass. The dark and light shaded bands
correspond to 1 and 2 standard deviations assuming the
background-only hypothesis.
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corresponding observed limits on fermiophobic Higgs
boson production relative to FHM model expectations are
listed in Table XVII and presented graphically in Fig. 22.

XI. CONCLUSION

We present the results of CDF searches for the Higgs
boson focusing on the H ! WþW� decay mode. The
searches are based on the final CDF II data set correspond-
ing to an integrated luminosity of 9:7 fb�1. In the context
of the SM, we exclude at the 95% C.L. Higgs bosons with
masses in the range 149<mH < 172 GeV=c2. The ex-
pected exclusion range, in the absence of a signal, is 155<
mH < 175 GeV=c2. In the case of a SM-like Higgs boson
in the presence of a fourth generation of fermions with the
lowest lepton and neutrino masses allowed by current
experimental constraints, we exclude the range 124<
mH < 200 GeV=c2 at the 95% C.L., where the expected
exclusion region is 124<mH < 221 GeV=c2. Upper lim-
its on fermiophobic Higgs boson production are also
presented.
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