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We report the observation of Higgs boson decays to WW* based on an excess over background
of 6.1 standard deviations in the dilepton final state, where the Standard Model expectation is 5.8
standard deviations. Evidence for the vector-boson fusion (VBF) production process is obtained with a
significance of 3.2 standard deviations. The results are obtained from a data sample corresponding
to an integrated luminosity of 25 fb~! from /s =7 and 8 TeV pp collisions recorded by the ATLAS
detector at the LHC. For a Higgs boson mass of 125.36 GeV, the ratio of the measured value to the expected
value of the total production cross section times branching fraction is 1.0970%(stat)™ 1] (syst).

The corresponding ratios for the gluon fusion and vector-boson fusion production mechanisms are

1.02 4 0.19(stat) " 522 (syst) and 1.27705 (stat) *03?

(syst), respectively. At /s =8 TeV, the total pro-

+0.8

duction cross sections are measured to be o(gg—H— WW*)=4.6+£0.9(stat)")7(syst) pb and
o(VBF H —» WW*) = 0.515017(stat)TJ3 (syst) pb. The fiducial cross section is determined for the
gluon-fusion process in exclusive final states with zero or one associated jet.

DOI: 10.1103/PhysRevD.92.012006

I. INTRODUCTION

In the Standard Model of particle physics (SM), the
Higgs boson results from the Brout-Englert-Higgs mecha-
nism [1] that breaks the electroweak symmetry [2] and
gives mass to the W and Z gauge bosons [3]. It has a spin
parity of 0T, with couplings to massive particles that are
precisely determined by their measured masses. A new
particle compatible with the spin and gauge-boson cou-
plings of the SM Higgs boson was discovered in 2012 by
the ATLAS and CMS experiments at the LHC using the
ZZ*, yy, and WW* final states [4-8]. Measurements of
the particle’s mass [8,9] yield a value of approximately
125 GeV, consistent with the mass of the SM Higgs boson
provided by a global fit to electroweak measurements [10].
Evidence for production of this boson at the Tevatron [11]
and for its decay to fermions at the LHC [12] are also
consistent with the properties of the SM Higgs boson.

The direct observation of the Higgs boson in individual
decay channels provides an essential confirmation of the
SM predictions. For a Higgs boson with a mass of 125 GeV,
the H - WW* decay has the second largest branching
fraction (22%) and is a good candidate for observation. The
sequential decay H — WW* — £fvfy, where ¢ is an
electron or muon, is a sensitive experimental signature.
Searches for this decay produced the first direct limits on
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the mass of the Higgs boson at a hadron collider [13,14],
and measurements following the boson discovery are
among the most precise in determining its couplings and
spin [5-7].

The dominant Higgs boson production mode in high-
energy pp collisions is gluon fusion (ggF), where the
interacting gluons produce a Higgs boson predominantly
through a top-quark loop. The next most abundant pro-
duction mechanism, with a factor of 12 reduction in rate, is
the fusion of vector bosons radiated by the interacting
quarks into a Higgs boson (vector-boson fusion or VBF).
At a further reduced rate, a Higgs boson can be produced in
association with a W or Z boson (vector and Higgs boson
production or VH). The leading-order production processes
are depicted in Fig. 1.

This paper describes the observation and measurement
of the Higgs boson in its decay to a pair of W bosons, with
the Higgs boson produced by the ggF and VBF processes at
center-of-mass energies of 7 and 8 TeV. The ggF produc-
tion process probes Higgs boson couplings to heavy
quarks, while the VBF and VH processes probe its
couplings to W and Z bosons. The branching fraction
Br_ww- is sensitive to Higgs boson couplings to the
fermions and bosons through the total width. To constrain
these couplings, the rates of the ggF and VBF H - WW*
processes are measured—individually and combined—and
normalized by the SM predictions for the ATLAS measured
mass value of 125.36 GeV [9] to obtain the “signal
strength” parameters W, Pgop, and pygg. The total cross
section for each process is also measured, along with
fiducial cross sections for the ggF process.
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FIG. 1. Feynman diagrams for the leading production modes

(ggF, VBE, and VH), where the VVH and gqgH coupling vertices
are marked by ¢ and o, respectively. The V represents a W or Z
vector boson.

A prior measurement of these processes with the same
data set yielded a combined result of p = 1.0 = 0.3 [5]. The
results presented here supersede this measurement and
contain improvements in signal acceptance, background
determination and rejection, and signal yield extraction.
Together, these improvements increase the expected
significance of an excess of H — WW* decays over
background from 3.7 to 5.8 standard deviations, and reduce
the expected relative uncertainty on the corresponding p
measurement by 30%.

The paper is organized as follows. Section II provides an
overview of the signal and backgrounds, and of the data
analysis strategy. Section III describes the ATLAS detector
and data, and the event reconstruction. The selection of
events in the different final states is given in Sec. IV.
Sections V and VI discuss the modeling of the signal and
the background processes, respectively. The signal yield
extraction and the various sources of systematic uncertainty
are described in Sec. VIIL. Section VIII provides the event
yields and the distributions of the final discriminating
variables; the differences with respect to previous
ATLAS measurements in this channel [5] are given in
Sec. VIII C. The results are presented in Sec. IX, and the
conclusions given in Sec. X.

II. ANALYSIS OVERVIEW

The H — WW* final state with the highest purity at the
LHC occurs when each W boson decays leptonically,
W — Zv, where ¢ is an electron or muon. The analysis
therefore selects events consistent with a final state con-
taining neutrinos and a pair of opposite-charge leptons. The
pair can be an electron and a muon, two electrons, or two
muons. The relevant backgrounds are shown in Table I and
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TABLE I. Backgrounds to the H — WW* measurement in the
final state with two charged leptons (£ = e or u) and neutrinos,
and no jet that contains a b-quark. Irreducible backgrounds have
the same final state; other backgrounds are shown with the
features that lead to this final state. Quarks from the first or
second generation are denoted as ¢, and j represents a jet of any
flavor.

Name  Process Feature(s)
ww ww Irreducible
Top quarks B
tt tt > WbWb Unidentified b-quarks
t tW Unidentified b-quark
th, tqb g or b misidentified as ¢;

unidentified b-quarks

Misidentified leptons (Misid)
Wj  Wjet(s)

Jj Multijet production

J misidentified as ¢
jJj misidentified as £7;
misidentified neutrinos

Other dibosons

Wy y misidentified as e
1747 Wy*, WZ, ZZ — ¢¢¢¢ Unidentified lepton(s)

Z7Z — ¢l Irreducible

Zy y misidentified as e;

unidentified lepton

Drell-Yan (DY)

ee/up Z[y" — ee,up
7T Z/y* = 1t = il

Misidentified neutrinos
Irreducible

are categorized as WW, top quarks, misidentified leptons,
other dibosons, and Drell-Yan. The distinguishing features
of these backgrounds, discussed in detail below, motivate
the definition of event categories based on lepton flavor and
jet multiplicity, as illustrated in Fig. 2. In the final step of
the analysis, a profile likelihood fit is simultaneously
performed on all categories in order to extract the signal
from the backgrounds and measure its yield.

The Drell-Yan (DY) process is the dominant source of
events with two identified leptons, and contributes to the
signal final state when there is a mismeasurement of
the net particle momentum in the direction transverse to
the beam (individual particle momentum in this direction is
denoted pr). The DY background is strongly reduced in
events with different-flavor leptons (eu), as these arise
through fully leptonic decays of z-lepton pairs with a small
branching fraction and reduced lepton momenta. The analy-
sis thus separates ey events from those with same-flavor
leptons (ee/puu) in the event selection and the likelihood fit.

Pairs of top quarks are also a prolific source of lepton
pairs, which are typically accompanied by high-momentum
jets. Events are removed if they have a jet identified to
contain a b-hadron decay (b-jet), but the 77 background
remains large due to inefficiencies in the b-jet identification
algorithm. Events are therefore categorized by the number
of jets. The top-quark background provides a small
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Pre-
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FIG. 2. Analysis divisions in categories based on jet multiplic-
ity (n;) and lepton-flavor samples (eu and ee/up). The most
sensitive signal region for ggF production is n; = 0 in ey, while
for VBF production it is n; > 2 in eu. These two samples are
underlined. The ey samples with n; < 1 are further subdivided as
described in the text.

contribution to the zero-jet category but represents a
significant fraction of the total background in categories
with one or more jets.

In events with two or more jets, the sample is separated
by signal production process (“VBF-enriched” and
“ggF-enriched”). The VBF process is characterized by
two quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These and
other event properties are inputs to a boosted decision tree
(BDT) algorithm [16] that yields a single-valued discrimi-
nant to isolate the VBF process. A separate analysis based
on a sequence of individual selection criteria provides a
cross-check of the BDT analysis. The ggF-enriched sample
contains all events with two or more jets that do not pass
either of the VBF selections.

Due to the large Drell-Yan and top-quark backgrounds in
events with same-flavor leptons or with jets, the most
sensitive signal region is in the ey zero-jet final state. The
dominant background to this category is WW production,
which is effectively suppressed by exploiting the properties
of W boson decays and the spin-0 nature of the Higgs
boson (Fig. 3). This property generally leads to a lepton
pair with a small opening angle [17] and a correspondingly
low invariant mass m,, broadly distributed in the range
below my /2. The dilepton invariant mass is used to select
signal events, and the signal likelihood fit is performed in
two ranges of my, in eu final states with n; < 1.

Other background components are distinguished by p5?,
the magnitude of the transverse momentum of the lower-py
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FIG. 3. [Illustration of the H — WW decay. The small arrows
indicate the particles’ directions of motion and the large double
arrows indicate their spin projections. The spin-0 Higgs boson
decays to W bosons with opposite spins, and the spin-1 W bosons
decay into leptons with aligned spins. The H and W boson decays
are shown in the decaying particle’s rest frame. Because of the
V — A decay of the W bosons, the charged leptons have a small
opening angle in the laboratory frame. This feature is also present
when one W boson is off shell.

lepton in the event (the “subleading” lepton). In the signal
process, one of the W bosons from the Higgs boson decay
is off shell, resulting in relatively low subleading lepton pr
(peaking near 22 GeV, half the difference between the
Higgs and W boson masses). In the background from W
bosons produced in association with a jet or photon
(misreconstructed as a lepton) or an off-shell photon
producing a low-mass lepton pair (where one lepton is
not reconstructed), the p4? distribution falls rapidly with
increasing pt. The ey sample is therefore subdivided into
three regions of subleading lepton py for n; < 1. The jet
and photon misidentification rates differ for electrons and
muons, so this sample is further split by subleading lepton
flavor.

Because of the neutrinos produced in the signal process,
it is not possible to fully reconstruct the invariant mass of
the final state. However, a “transverse mass” m [18] can be
calculated without the unknown longitudinal neutrino
momenta:

mrp = \/ (EY +p¥)* -

where E5Y = \/(p59)? + (myp)?, & (pFF) is the vector

sum of the neutrino (lepton) transverse momenta, and py”
( p?’ﬂ ) is its modulus. The distribution has a kinematic upper
bound at the Higgs boson mass, effectively separating
Higgs boson production from the dominant nonresonant
WW and top-quark backgrounds. For the VBF analysis, the
transverse mass is one of the inputs to the BDT distribution
used to fit for the signal yield. In the ggF and cross-check
VBF analyses, the signal yield is obtained from a direct fit
to the mr distribution for each category.

Most of the backgrounds are modeled using Monte Carlo
samples normalized to data, and include theoretical uncer-
tainties on the extrapolation from the normalization region

Y+ pi)% (1)
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to the signal region, and on the shape of the distribution
used in the likelihood fit. For the W + jet(s) and multijet
backgrounds, the high rates and the uncertainties in
modeling misidentified leptons motivate a model of the
kinematic distributions based on data. For a few minor
backgrounds, the process cross sections are taken from
theoretical calculations. Details of the background model-
ing strategy are given in Sec. VI.

The analyses of the 7 and 8 TeV data sets are separate,
but use common methods where possible; differences arise
primarily because of the lower instantaneous and integrated
luminosities in the 7 TeV data set. As an example, the
categorization of 7 TeV data does not include a ggF-
enriched category for events with at least two jets, since the
expected significance of such a category is very low. Other
differences are described in the text or in dedicated
subsections.

III. DATA SAMPLES AND RECONSTRUCTION

This section begins with a description of the ATLAS
detector, the criteria used to select events during data-taking
(triggers) and the data sample used for this analysis. A
description of the event reconstruction follows. The
Monte Carlo simulation samples used in this analysis are
described next, and then differences between the 2012 and
2011 analyses are summarized.

A. Detector and data samples

The ATLAS detector [19] is a multipurpose particle
detector with approximately forward-backward symmetric
cylindrical geometry. The experiment uses a right-handed
coordinate system with the origin at the nominal pp
interaction point at the center of the detector. The positive
x axis is defined by the direction from the origin to the
center of the LHC ring, the positive y axis points upwards,
and the z axis is along the beam direction. Cylindrical
coordinates (7, ¢) are used in the plane transverse to the
beam; ¢ is the azimuthal angle around the beam axis.
Transverse components of vectors are indicated by the
subscript T. The pseudorapidity is defined in terms of the
polar angle 6 as 7 = —In tan(6/2).

The inner tracking detector (ID) consists of a silicon-
pixel detector, which is closest to the interaction point, a
silicon-microstrip detector surrounding the pixel detector:
both covering |n| < 2.5—and an outer transition-radiation
straw-tube tracker (TRT) covering || <2. The TRT
provides substantial discriminating power between elec-
trons and pions over a wide energy range. The ID is
surrounded by a thin superconducting solenoid providing a
2 T axial magnetic field.

A highly segmented lead/liquid-argon (LAr) sampling
electromagnetic calorimeter measures the energy and the
position of electromagnetic showers with || < 3.2. The
LAr calorimeter includes a presampler (for || < 1.8) and
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three sampling layers, longitudinal in shower depth, up to
[n| < 2.5. The LAr sampling calorimeters are also used to
measure hadronic showers in the endcap (1.5 < |7| < 3.2)
and electromagnetic and hadronic showers in the forward
regions (3.1 < |n| < 4.9), while a steel/scintillator tile
calorimeter measures hadronic showers in the central
region (|| < 1.7).

The muon spectrometer (MS) surrounds the calorimeters
and is designed to detect muons in the pseudorapidity range
In| <2.7. The MS consists of one barrel (5| < 1.05) and
two endcap regions. A system of three large superconduct-
ing air-core toroid magnets, each with eight coils, provides
a magnetic field with a bending integral of about 2.5 T m in
the barrel and up to 6 T m in the endcaps. Monitored drift
tube chambers in both the barrel and endcap regions and
cathode strip chambers covering 2.0 < || < 2.7 are used
as precision-measurement chambers, whereas resistive
plate chambers in the barrel and thin gap chambers in
the endcaps are used as trigger chambers, covering
|| < 2.4. The chambers are arranged in three layers, so
high- p particles traverse at least three stations with a lever
arm of several meters.

A three-level trigger system selects events to be recorded
for offline analysis. The first level (level-1 trigger) is
hardware based, and the second two levels (high-level
trigger) are software based. This analysis uses events
selected by triggers that required either a single lepton
or two leptons (dilepton). The single-lepton triggers had
more restrictive lepton identification requirements and
higher py thresholds than the dilepton triggers. The specific
triggers used for the 8 TeV data with the corresponding
thresholds at the hardware and software levels are listed in
Table II. Offline, two leptons—either ee, up, or ey—with
opposite charge are required. The leading lepton (¢;) is
required to have pp > 22 GeV and the subleading lepton
(¢Z,) is required to have pp > 10 GeV.

TABLEIL. Summary of the minimum lepton pr trigger require-
ments (in GeV) during the 8 TeV data-taking. For single-electron
triggers, the hardware and software thresholds are either 18 and
24i or 30 and 60, respectively. The “i” denotes an isolation
requirement that is less restrictive than the isolation requirement
imposed in the offline selection. For dilepton triggers, the pair of
thresholds corresponds to the leading and subleading lepton,
respectively; the “u, u” dilepton trigger requires only a single
muon at level-1. The “and” and “or” are logical.

Name Level-1 trigger High-level trigger

Single lepton

e 18 or 30 241 or 60

u 15 24i or 36
Dilepton

e, e 10 and 10 12 and 12

u, 15 18 and 8

e,y 10 and 6 12 and 8
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The efficiency of the trigger selection is measured using
a tag-and-probe method with a data sample of Z/y* —
ee, uu candidates. For muons, the single-lepton trigger
efficiency varies with # and is approximately 70% for
[n] < 1.05 and 90% for || > 1.05. For electrons, the
single-lepton trigger efficiency increases with p, and its
average is approximately 90%. These trigger efficiencies
are for leptons that satisfy the analysis selection criteria
described below. Dilepton triggers increase the signal
acceptance by allowing lower leading-lepton pr thresholds
to be applied offline while still remaining in the kinematic
range that is in the plateau of the trigger efficiency. The
trigger efficiencies for signal events satisfying the selection
criteria described in Sec. IV are 95% for events with a
leading electron and a subleading muon, 81% for events
with a leading muon and subleading electron, 89% for pu
events, and 97% for ee events. These efficiencies are for the
n; =0 category; the efficiencies are slightly larger for
categories with higher jet multiplicity.

The data are subjected to quality requirements: events
recorded when the relevant detector components were not
operating correctly are rejected. The resulting integrated
luminosity is 20.3 fb~! taken at \/s = 8 TeV in 2012 and
4.5 fb=! at 7 TeV in 2011. The mean number of inelastic
collisions per bunch crossing had an average value of 20 in
2012 and 9 in 2011. Overlapping signals in the detector due
to these multiple interactions—as well as signals due to
interactions occurring in other nearby bunch crossings—
are referred to as “pile-up.”

B. Event reconstruction

The primary vertex of each event must have at least three
tracks with pp > 400 MeV and is selected as the vertex
with the largest value of X(p1)?, where the sum is over all
the tracks associated with that particular vertex.

Muon candidates are identified by matching a recon-
structed ID track with a reconstructed MS track [20]. The
MS track is required to have a track segment in at least two
layers of the MS. The ID tracks are required to have at least
a minimum number of associated hits in each of the ID
subdetectors to ensure good track reconstruction. This
analysis uses muon candidates referred to as “combined
muons” in Ref. [20], in which the track parameters of the
MS track and the ID track are combined statistically. Muon
candidates are required to have || < 2.50. The efficiencies
for reconstructing and identifying combined muons are
provided in Ref. [20].

Electron candidates are clusters of energy deposited in
the electromagnetic calorimeter that are associated with ID
tracks [21]. All candidate electron tracks are fitted using a
Gaussian sum filter [22] (GSF) to account for bremsstrah-
lung energy losses. The GSF fit reduces the difference
between the energy measured in the calorimeter and the
momentum measured in the ID and improves the measured
electron direction and impact parameter resolutions. The
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impact parameter is the lepton track’s distance of closest
approach in the transverse plane to the reconstructed
position of the primary vertex. The electron transverse
energy is computed from the cluster energy and the track
direction at the interaction point.

Electron identification is performed in the range
In| < 2.47, excluding the transition region between the
barrel and endcap EM calorimeters, 1.37 < || < 1.52. The
identification is based on criteria that require the longi-
tudinal and transverse shower profiles to be consistent with
those expected for electromagnetic showers, the track and
cluster positions to match in # and ¢, and signals of
transition radiation in the TRT. The electron identification
has been improved relative to that described in Ref. [5] by
adding a likelihood-based method in addition to the
selection-based method. The likelihood allows the inclu-
sion of discriminating variables that are difficult to use
with explicit requirements without incurring significant
efficiency losses. Detailed discussions of the likelihood
identification and selection-based identification and the
corresponding efficiency measurements can be found in
Ref. [23]. Electrons with 10 < Et < 25 GeV must satisfy
the “very tight” likelihood requirement, which reduces
backgrounds from light-flavor jets and photon conversions
by 35% relative to the selection-based identification with
the same signal efficiency. For E} > 25 GeV, where
misidentification backgrounds are less important, electrons
must satisfy the “medium” selection-based requirement.
The single-lepton trigger applies the medium selection-
based requirements. Using a likelihood-based selection
criterion in addition to this selection-based requirement
would result in a loss of signal efficiency without sufficient
compensation in background rejection. Finally, additional
requirements reduce the contribution of electrons from
photon conversions by rejecting electron candidates that
have an ID track that is part of a conversion vertex or that do
not have a hit in the innermost layer of the pixel detector.

To further reduce backgrounds from misidentified lep-
tons, additional requirements are imposed on the lepton
impact parameter and isolation. The significance of the
transverse impact parameter, defined as the measured
transverse impact parameter d, divided by its estimated
uncertainty o, is required to satisfy |dy|/c,4, < 3.0; the
longitudinal impact parameter z, must satisfy the require-
ment |7psinf| < 0.4 mm for electrons and 1.0 mm
for muons.

Lepton isolation is defined using track-based and calo-
rimeter-based quantities. Details about the definition of
electron isolation can be found in Ref. [23]. The track
isolation is based on the scalar sum X pt of all tracks with
pt > 400 MeV for electrons (pr > 1 GeV for muons) that
are found in a cone in y-¢p space around the lepton,
excluding the lepton track. Tracks used in this scalar
sum are required to be consistent with coming from the
primary vertex. The cone size is AR = 0.4 for leptons with
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pr < 15 GeV, where AR = /(A¢)* + (An)?, and AR =

0.3 for pr > 15 GeV. The track isolation selection criterion
uses the ratio of the Xpt divided by the electron Et (muon
pr)- This ratio is required to be less than 0.06 for leptons
with 10 < pr < 15 GeV, and this requirement increases
monotonically to 0.10 for electrons (0.12 for muons)
for pr > 25 GeV.

The calorimeter isolation selection criterion—like the
track isolation—is based on a ratio. The relative calori-
metric isolation for electrons is computed as the sum of the
cluster transverse energies XEt of surrounding energy
deposits in the electromagnetic and hadronic calorimeters
inside a cone of AR = 0.3 around the candidate electron
cluster, divided by the electron Et. The cells within
0.125 x 0.175 in n x ¢ around the electron cluster bary-
center are excluded. The pile-up and underlying-event
contributions to the calorimeter isolation are estimated
and subtracted event by event. The electron relative
calorimetric isolation upper bound varies monotonically
with electron Eg: it is 0.20 for 10 < Ep < 15 GeV,
increasing to 0.28 for E1 > 25 GeV. In the case of muons,
the relative calorimetric isolation discriminant is defined as
the XEt calculated from calorimeter cells within AR = 0.3
of the muon candidate, and with energy above a noise
threshold, divided by the muon pr. All calorimeter cells
within the range AR < 0.05 around the muon candidate are
excluded from XEt. A correction based on the number of
reconstructed primary vertices in the event is made to XEy
to compensate for extra energy due to pile-up. The muon
relative calorimetric isolation upper bound also varies
monotonically with muon pr; it is 0.06 for 10 < pt <
15 GeV, increasing to 0.28 for pr > 25 GeV. The signal
efficiencies of the impact parameter and isolation require-
ments are measured using a tag-and-probe method with a
data sample of Z/y* — ee, uu candidates. The efficiencies
of the combined impact parameter and isolation require-
ments range from 68% (60%) for electrons (muons) with
10 < pr < 15 GeV to greater than 90% (96%) for elec-
trons (muons) with pr > 25 GeV.

Jets are reconstructed using the anti-k, sequential recom-
bination clustering algorithm [24] with a radius parameter
R =0.4. The inputs to the reconstruction are three-
dimensional clusters of energy [25,26] in the calorimeter.
The algorithm for this clustering suppresses noise by
keeping only cells with a significant energy deposit and
their neighboring cells. To take into account the differences
in calorimeter response to electrons and photons and
hadrons, each cluster is classified, prior to the jet
reconstruction, as coming from an electromagnetic or
hadronic shower using information from its shape. Based
on this classification, the local cell signal weighting
calibration method [27] applies dedicated corrections for
the effects of calorimeter noncompensation, signal losses
due to noise threshold effects, and energy lost in regions
that are not instrumented. Jets are corrected for
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contributions from in-time and out-of-time pile-up [28],
and the position of the primary interaction vertex.
Subsequently, the jets are calibrated to the hadronic energy
scale using pp- and n-dependent correction factors deter-
mined in a first pass from simulation and then refined in a
second pass from data [26,27]. The systematic uncertainties
on these correction factors are determined from the same
control samples in data.

To reduce the number of jet candidates originating from
pile-up vertices, a requirement is imposed on the jet vertex
fraction, denoted JvF: for jets with py <50 GeV and
In| < 2.4, more than 50% of the summed scalar pr of
tracks within AR = 0.4 of the jet axis must be from tracks
associated with the primary vertex (JVE > 0.50) [29]. No
JVE selection requirement is applied to jets that have no
associated tracks.

For the purposes of classifying an event in terms of jet
multiplicity n;, a jet is required to have pr > 25 GeV for
Inj| <24, and p% > 30 GeV if 24 <|n;[ <4.5. The
increased threshold in the higher-|5| region suppresses jets
from pile-up. The two highest-pr jets (j;, j,, ordered in pt)
are the “VBF jets” used to compute dijet variables in the
VBF-enhanced n; > 2 category.

Additional jets not counted in n; have lower thresholds
in three scenarios. First, those used to reject events because
they lie in the n range spanned by the two leading jets in
the VBF-enriched selection (see Sec. IV C) are considered

if they have p4 > 20 GeV. Second, the jets for b-jet
identification—described below—are required to have
p4 > 20 GeV and |5;| < 2.4. Third, the jets used for the
calculation of soft hadronic recoil (see Sec. IVA and the

[recon definition therein) are required to have p4 > 10 GeV
and have no JVF requirement. The calibration procedure

described above is appli_ed only to jets with p4 > 20 GeV.

Jets with 10 GeV < p’ < 20 GeV are used only in the
Jrecon definition, and the efficiency for the requirements on
this quantity are measured directly from the data, so the
analysis is not sensitive to the modeling of the energy scale
of these soft jets in the Monte Carlo simulation.

The identification of b-quark jets (b-jets) is limited to the
acceptance of the ID (|n| < 2.5). The b-jets are identified
with a multivariate technique—the MV1 algorithm [30]—
that is based on quantities that separate » and c jets from
“light jets” arising from light-flavor quarks and gluons. The
inputs [31] to this algorithm use quantities such as the
presence of secondary vertices, the impact parameters of
tracks, and the topologies of weak heavy-quark decays. The
efficiency for identifying b-jets is measured [32] in a large
data sample of dilepton 7 pair candidates. An operating
point that is 85% efficient for identifying b-jets is adopted.
At this operating point, the probability of misidentifying a
light jet as a b-jet is 10.3%.

Two leptons or a lepton and a jet may be close in #-¢
space. The following procedure is adopted in the case of
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overlapping objects. Electron candidates that have tracks
that extend to the MS are removed. If a muon candidate and
an electron candidate are separated by AR < 0.1, then the
muon is retained, and the electron is removed. These cases
usually indicate a muon that has undergone bremsstrahlung
in the ID material or calorimeter. A high-pr electron is
always also reconstructed as a jet, so if an electron and the
nearest jet are separated by less than AR = 0.3, the jet is
removed. In contrast, if a muon and a jet are separated by
less than AR = 0.3, the muon candidate is removed, as it is
more likely to be a nonprompt muon from heavy-flavor
decay. Finally, due to early bremsstrahlung, a prompt
electron may produce more than one electron candidate
in its vicinity. In the case of two electrons separated by less
than AR = 0.1, the electron candidate with larger Et is
retained.

The signature of a high-momentum neutrino is a
momentum imbalance in the transverse plane. The
reconstruction of this “missing” transverse momentum
[33] is calculated as the negative vector sum of the
momentum of objects selected according to ATLAS iden-
tification algorithms, such as leptons, photons, and jets, and
of the remaining “soft” objects that typically have low
values of pr. The calculation can thus be summarized as

Eg‘iss_—< oty PT>’ @)

selected soft

where the reconstruction of soft objects and the choice of
selected objects differ between different methods of evalu-
ating the missing transverse momentum. Three methods of
reconstruction are used in this analysis; ET* is used to
represent one particular method, as described below.

The large coverage in rapidity (y) of the calorimeter and
its sensitivity to neutral particles motivate a calorimeter-
based reconstruction of the missing transverse momentum.
Selected objects are defined as the leptons selected by the
analysis, and photons and jets with Ep > 20 GeV. The
transverse momenta of these objects are added vectorially
using object-specific calibrations. For the remaining soft
objects, calibrated calorimeter cluster energy measure-
ments are used to determine their net transverse momen-
tum. The resulting missing transverse momentum is
denoted EXss.

The significant pile-up present in the data degrades the
resolution of the calorimeter-based measurement of miss-
ing transverse momentum. An O(20%) improvement in
resolution is obtained using a track-based measurement of
the soft objects, where the tracks are required to have pt >
0.5 GeV and originate from the primary vertex. Tracks
associated with identified leptons or jets are not included,
as these selected objects are added separately to the
calculation of the missing transverse momentum. This
reconstruction of missing transverse momentum, denoted
p%“iss, is used in the final fit to the my distribution and
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FIG. 4 (color online). Simulated resolutions of (a) missing
transverse momentum and (b) my for the ggF signal MC in the
n; =0 category. The comparisons are made between the
calorimeter-based reconstruction (E?iss) and the track-based
reconstruction (p%‘i“) of the soft objects [see Eq. (2)]. The
resolution is measured as the difference of the reconstructed
(Reco) and generated (Gen) quantities; the rms values of the
distributions are given with the legends in units of GeV.

improves the signal resolution relative to the EF* used for
the previous measurement [5]. Figure 4 shows the simu-
lated resolution for the magnitude of E'S and piiss (Emiss
and piiss respectively), and for my in the n; = 0 category,
all evaluated by subtracting the reconstructed quantity from
the corresponding quantity obtained using generated lep-
tons and neutrinos in ggF H — WW* events. The rms of
the m difference decreases from 19 to 14 GeV when using
paiss instead of ETS in the reconstruction. The improved
resolution significantly increases the discrimination
between signal and certain background processes (such
as Wy).

A simplified version of p™iss is used to suppress the
Drell-Yan background in events with same-flavor leptons.

miss (trk)

This definition, denoted py , differs from p%“i“ in that
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the tracks associated with jets are also used, replacing the

calorimeter-based jet measurement. This tends to align

PT () with the jet(s) in Drell-Yan events, while in signal

miss (trk)

events pr generally remains in the direction of the

neutrinos. Incorporating the direction of py " (%) relative to

the jet directions in the event selection thus improves
Drell-Yan rejection.

The direction of EM relative to the lepton and jet
directions is also used to reject Drell-Yan, particularly the
case of 7z production where E?iss tends to align with a
final-state lepton. A relative quantity E%“r‘esl is defined as
follows:

ENSS §in Aoy if Apeqr < 7/2

E?iss (3)

Emiss —
Trel { otherwise,
where A, is the azimuthal separation of the EX™* and

the nearest high-pt lepton or jet. A similar calculation

i miss (trk
defines p$lrsesl and Pr rel( )

C. Monte Carlo samples

Given the large number of background contributions to
the signal region and the broadly peaking signal mry
distribution, Monte Carlo modeling is an important aspect
of the analysis. Dedicated samples are generated to evaluate
all but the W + jets and multijet backgrounds, which are
estimated using data (see Sec. VI C). Most samples use the
POWHEG [34] generator to include corrections at next-to-
leading order (NLO) in ag. In cases where higher parton
multiplicities are important, ALPGEN [35] or SHERPA [30]
provide merged calculations at tree level for up to five
additional partons. In a few cases, only leading-order
generators (such as ACERMC [37] or GG2vv [38]) are
available. Table III shows the generator and cross section
used for each process.

The matrix-element-level Monte Carlo calculations are
matched to a model of the parton shower, underlying event
and hadronization, using either PYTHIAG [39], PYTHIAS
[40], HERWIG [41] (with the underlying event modeled by
JIMMY [42]), or SHERPA. Input parton distribution functions
(PDFs) are taken from cT10 [43] for the POWHEG and
SHERPA samples and CTEQ6LI [44] for ALPGEN + HERWIG
and ACERMC samples. The Z/y* sample is reweighted to the
MRsTmcal PDF set [45].

Pile-up interactions are modeled with PYTHIAS, and the
ATLAS detector response is simulated [46] using either
GEANT4 [47] or GEANT4 combined with a parametrized
GEANT4-based calorimeter simulation [48]. Events are
filtered during generation where necessary, allowing up
to 2 ab~! of equivalent luminosity for high cross section
processes such as Z/y* in the VBF category.

The ggF and VBF production modes for the H — WW*
signal are modeled with POWHEG + PYTHIAS [49,50] at
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my = 125 GeV, and the corresponding cross sections
are shown in Table III. A detailed description of these
processes and their modeling uncertainties is given in
Sec. V. The smaller contribution from the VH process,
with subsequent H — WW* decay, is also shown in
Table III. Not shown are the H — 7z MC samples, which
have an even smaller contribution but are included in the
signal modeling for completeness using the same gener-
ators as for the H - WW* decay. The H — ZZ* decay
contributes negligibly after event selection and is not
included in the analysis.

TABLE III. Monte Carlo samples used to model the signal and
background processes. The corresponding cross sections times
branching fractions, o-B, are quoted at /s =8 TeV. The
branching fractions include the decays t - Wb, W — v, and
Z — ¢¢ (except for the process ZZ — £¢vv). Here ¢ refers to e,
u, or 7 for signal and background processes. The neutral current
Z/y* — ¢¢ process is denoted Z or y*, depending on the mass of
the produced lepton pair. Vector-boson scattering (VBS) and
vector-boson fusion background processes include all leading-
order diagrams with zero QCD vertices for the given final state
(except for diagrams with Higgs bosons, which only appear in the
signal processes).

Process MC generator o - B (pb)
Signal
ggF H - WW~ POWHEG + PYTHIA8 0.435
VBF H - WW* POWHEG + PYTHIA8 0.0356
VH H - WW* PYTHIAS 0.0253
ww
qq - WW and gqg > WW  POWHEG + PYTHIAO 5.68
gg —> WW GG2VV + HERWIG 0.196
(qg > W)+ (qqg > W) PYTHIAS 0.480
qq > WW SHERPA 5.68
VBS WW + 2jets SHERPA 0.0397
Top quarks
1t POWHEG + PYTHIAG 26.6
Wt POWHEG + PYTHIAG 2.35
tgb ACERMC + PYTHIAG ~ 28.4
th POWHEG + PYTHIAG 1.82

Other dibosons (VV)

Wy (ph. > 8 GeV) ALPGEN + HERWIG 369

Wy* (mgp <7 GeV) SHERPA 12.2

WZ (myp > 7 GeV) POWHEG + PYTHIA8 12.7

VBS WZ + 2jets SHERPA 0.0126
(m,gf > 7 GCV)

Zy (ph. > 8 GeV) SHERPA 163

Zy* (min my, <4 GeV) SHERPA 7.31

ZZ (mgp > 4 GeV) POWHEG + PYTHIA8 0.733

Z7Z — ¢¢w (mygp > 4 GeV) POWHEG + PYTHIAS 0.504
Drell-Yan

Z (myp > 10 GeV) ALPGEN + HERWIG 16500

VBF Z + 2jets SHERPA 5.36

(m” >7 GCV)
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Cross sections are calculated for the dominant diboson
and top-quark processes as follows: the inclusive WW cross
section is calculated to NLO in ag with MCFM [51];
nonresonant gluon fusion is calculated and modeled to
leading order (LO) in ag with GG2VV, including both WW
and ZZ production and their interference; 77 production is
normalized to the calculation at next-to-next-to-leading
order (NNLO) in ag with resummation of higher-order
terms to the next-to-next-to-leading logarithms (NNLL),
evaluated with TOP++2.0 [52]; and single-top processes are
normalized to NNLL following the calculations from
Refs. [53-55] for the s-channel, t-channel, and Wt proc-
esses, respectively. The 77, Wt, and single-top s-channel
kinematics are modeled with POWHEG + PYTHIAG [56-58],
while ACERMC [37] is used for the single-top #-channel
process. The WW kinematics are modeled using the
POWHEG + PYTHIAG [59] sample for the n; <1 categories
and the merged multileg SHERPA sample for the n; > 2
categories. Section VI A describes this modeling and the
normalization of the double parton interaction process
(qg = W)+ (¢qqg — W), which is modeled using the
PYTHIA8 generator. For WW, WZ, and ZZ production
via nonresonant vector-boson scattering, the SHERPA gen-
erator provides the LO cross section and is used for event
modeling. The negligible vector-boson scattering ZZ proc-
ess is not shown in the table but is included in the
background modeling for completeness.

The process Wy* is defined as associated W + Z/y*
production, where there is an opposite-charge same-flavor
lepton pair with invariant mass m,, less than 7 GeV.
This process is modeled using SHERPA with up to one
additional parton. The range m,, > 7 GeV is simulated
with POWHEG + PYTHIAS [59] and normalized to the
POWHEG cross section. The use of SHERPA for Wy* is
due to the inability of POWHEG + PYTHIAS8 to model invari-
ant masses down to the dielectron production threshold.
The SHERPA sample requires two leptons with pr > 5 GeV
and |7| < 3. The jet multiplicity is corrected using a SHERPA
sample generated with 0.5 < m,, <7 GeV and up to two
additional partons, while the total cross section is corrected
using the ratio of the MCEM NLO to SHERPA LO calcu-
lations in the same restricted mass range. A similar
procedure is used to model Zy*, defined as Z/y* pair
production with one same-flavor opposite-charge lepton
pair having m,, <4 GeV and the other having
mep > 4 GeV.

The Wy and DY processes are modeled using ALPGEN +
HERWIG with merged tree-level calculations of up to five
jets. The merged samples are normalized to
the NLO calculation of McrMm (for Wy) or the NNLO
calculation of DYNNLO [60] (for Z/y*). The Wy sample is
generated with the requirements pL > 8 GeV and
AR(y,¢) > 0.25. A Wy calculation at NNLO [61] finds
a correction of less than 8% in the modeled phase space,
which falls within the uncertainty of the NLO calculation.
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A SHERPA sample is used to accurately model the
Z(— ¢¢)y background. The photon is required to have
ph > 8 GeV and AR(y,?) > 0.1; the lepton pair must
satisfy m,, > 10 GeV. The cross section is normalized to
NLO using MCFM. Events are removed from the ALPGEN +
HERWIG DY samples if they overlap with the kinematics
defining the SHERPA Z(— £¢)y sample.

The uncertainties are discussed for each specific back-
ground in Sec. VI, and their treatment in the likelihood fit is
summarized in Sec. VII.

D. Modifications for 7 TeV data

The 7 TeV data are selected using single-lepton triggers
with a muon pr threshold of 18 GeV and with varying
electron pr thresholds (20 or 22 GeV depending on the
data-taking period). The identification of the electrons uses
the “tight” selection-based requirement described in
Ref. [62] over the entire Et range, and the GSF fit is
not used. Muons are identified with the same selection used
for the analysis of the 8 TeV data. The lepton isolation
requirements are tighter than in the 8 TeV analysis due to a
statistically and systematically less precise estimation of the
backgrounds with misidentified leptons. The jet pr thresh-
olds are the same as in the 8 TeV analysis, but due to less
severe pile-up conditions, the requirement on the jet vertex
fraction JVF > 0.75 can be stricter without loss in signal
efficiency.

The MC samples used for the analysis of the 7 TeV
data have been chosen to reflect closely the samples
used for the 8 TeV data (see Table III). The same
matrix-element calculations and parton-shower models
are used for all samples except for the WZ and ZZ
backgrounds where POWHEG + PYTHIAG is used instead
of POWHEG + PYTHIAS. The pile-up events are simulated
with PYTHIAG instead of PYTHIAS. The samples are
normalized to inclusive cross sections computed following
the same prescriptions described in Sec. III C.

IV. EVENT SELECTION

The initial sample of events is based on the data quality,
trigger, lepton pr threshold, and two identified leptons
discussed in the previous section. Events with more than
two identified leptons with pp > 10 GeV are rejected.

After the leptons are required to have opposite charge
and pass the pr-threshold selections, the eu sample of
approximately 1.33 x 10° events is composed primarily of
contributions from Z/y* — 7t and ¢z, with approximately
800 expected signal events. The ee/uu sample of 1.6 x 107
events is dominated by Z/y* — ee, up production, which is
largely reduced (by approximately 90%) by requiring
|mgp —myz| > 15 GeV. Low-mass meson resonances and
Z/y* (Drell-Yan or DY) events are removed with the m,, >
10 GeV (12 GeV) selection for the eu (ee/up) samples.
The DY, W + jets, and multijets events are further reduced
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with requirements on the missing transverse momentum
distributions. Figure 5(a) shows the E?'fesl distribution in the
n; <1 ee/uu sample, where the d0rpinant Z/y* — ee,up
contribution is suppressed by the EF} > 40 GeV require-
ment. In the n; < 1 and n; > 2 ggF-enriched eu samples, a

piiss > 20 GeV selection is applied to significantly reduce
the Z/y* — 7z background and the multijet backgrounds
with misidentified leptons [see Figs. 5(b) and 5(c) for the
n; <1 categories]. The n; > 2 VBF-enriched eu sample
requires no missing transverse momentum selection,
and thus recovers signal acceptance for the statistically
limited VBF measurement. In the ee/uu sample, more
stringent selections are applied: ETS > 45 GeV and
piiss > 40 GeV. Table IV lists these so-called preselection
criteria.

The different background composition as a function of
jet multiplicity motivates the division of the data sample
into the various n; categories. Figures 6(a) and 6(b) show
the jet multiplicity distributions in the ee/uu and eu
samples, respectively. The Z/y* — ee,uu background
dominates the n; <1 ee/uu samples even after the
above-mentioned missing transverse momentum require-
ments. The top-quark background becomes more signifi-
cant at higher jet multiplicities. Its suppression is primarily
based on the b-jet multiplicity; the distribution is shown in
Fig. 6(c) for the ey sample.

In each of the n; and lepton-flavor categories, further
criteria are applied to increase the precision of the signal
measurement. Sections IVA to IV D present the discrimi-
nating distributions and the resulting event yields. The
selections are also listed in Table IV along with the
preselection. Section IV E details the selection modifica-
tions for the 7 TeV data analysis. Section IV F concludes
with the distributions after all requirements are applied.

In this section, the background processes are normalized
using control regions (see Sec. VI). The distributions in
the figures and the rates in the tables for the signal
contribution correspond to the expectations for an SM
Higgs boson with my = 125 GeV. The VBF contribution
includes the small contribution from VH production, unless
stated otherwise.

A. nj = 0 category

Events with a significant mismeasurement of the missing
transverse momentum are suppressed by requiring p™s to
point away from the dilepton transverse momentum
(A¢pssmer > 7/2). In the absence of a reconstructed jet
to balance the dilepton system, the magnitude of the
dilepton momentum p%’ is expected to be small in DY
events. A requirement of p5’ > 30 GeV further reduces the
DY contribution while retaining the majority of the signal
events, as shown for the ey sample in Fig. 7(a). At this
stage, the DY background is sufficiently reduced in the eu
sample, but still dominates in the ee/uu one. In this latter
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FIG. 5 (color online). Missing transverse momentum distribu-
tions. The plots for EXS and pi'ss [see Eq. (2)] are made after
applying the preselection criteria common to all n; categories (see
Table IV). The observed data points (Obs, ) with their statistical
uncertainty (stat) are compared with the histograms representing
the cumulative expected contributions (Exp, —), for which the
systematic uncertainty (syst) is represented by the shaded band.
The band accounts for experimental uncertainties and for
theoretical uncertainties on the acceptance for background and
signal and is only visible in the tails of the distributions. Of the
listed contributions (see Table I), the dominant DY backgrounds
peak at low values. The legend order follows the histogram
stacking order of the plots with the exception of DY,,/,,; it is at
the top for (a) and at the bottom for the others. The arrows mark
the threshold of the selection requirements.

sample, a requirement of p?’i:;(trk) > 40 GeV is applied to

provide further rejection against DY events.

The continuum WW production and the resonant Higgs
boson production processes can be separated by exploiting
the spin-0 property of the Higgs boson, which, when
combined with the V — A nature of the W boson decay,
leads to a small opening angle between the charged leptons
(see Sec. II). A requirement of A¢,, < 1.8 reduces both the
WW and DY backgrounds while retaining 90% of the
signal. A related requirement of m,, < 55 GeV combines
the small lepton opening angle with the kinematics of a
low-mass Higgs boson (my = 125 GeV). The m,, and
A¢,, distributions are shown for the eu sample in
Figs. 7(b) and 7(c), respectively.

An additional discriminant, f ..., based on soft jets, is
defined to reduce the remaining DY contribution in the
ee/up sample. This residual DY background satisfies
the event selection primarily when the measurement of
the energy associated with partons from initial-state
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TABLE IV. Event selection summary. Selection requirements specific to the eu and ee/uu lepton-flavor samples are noted as such (otherwise, they apply to both); a dash (-) g

indicates no selection. For the n; > 2 VBF-enriched category, MET denotes all types of missing transverse momentum observables. Values are given for the analysis of 8 TeV data

for my = 125 GeV; the modifications for 7 TeV are given in Sec. IV E. All energy-related values are in GeV.

ggF-enriched

VBF-enriched

Objective nj=0 n;=1 n; > 2 ggF n; >2 VBF
Preselection p4! > 22 for the leading lepton 7,
P52 > 10 for the subleading lepton ¢,
All n, Opposite-charge leptons

mygy > 10 for the ey sample
mgp > 12 for the ee/up sample

Reject backgrounds

|msy — myz| > 15 for the ee/up sample

piss > 20 for ey
E%":;l > 40 for ee/uu

miss (trk

DT rel )'> 40 for ee/up
Srecoil < 0.1 for ee/up

piiss > 20 for ep
E%“fss > 40 for ee/uu

rel

miss (trk)

pT,rel > 35 for ee//,lﬂ
Srecoit < 0.1foree/pp

piss > 20 for ep

DY
Pyl > 30 My, < my —25 My < mz—25
Apsemer > /2 - B
Misid - m{ > 50 for epu -
nj=0 n, =0 n, =20
Top { - - -
VBF topolo
pology See Sec. IV D for
i i rejection of VBF &
VH (W, Z - jj),
where H - WW*
H —-> WW* - Cuvtu Myp < 55 Myp < 55 Mmppy < 55
decay topology Apyp < 1.8 Apyp < 1.8 Adyp < 1.8

No mt requirement

No mt requirement

No mt requirement

No MET requirement for ey

pRiss > 40 for ee/pp
EMiss > 45 for ee/up
My, < my—25

n, = 0
p3+™ inputs to BDT
Zmy;inputs to BDT

m;; inputs to BDT
Ay;; inputs to BDT
2C, inputs to BDT
Cyp<land Cpy <1

Cjs > 1 for j; with p§ > 20

Ogpr > —0.48

myp inputs to BDT
A¢y, inputs to BDT
my inputs to BDT
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FIG. 6 (color online). Jet multiplicity distributions for all jets
(n;) and b-tagged jets (n;). The plots are made after applying the
preselection criteria common to all n; categories (see Table 1V).
See Fig. 5 for plotting details.

radiation is underestimated, resulting in an apparent
imbalance of transverse momentum in the event. To further
suppress such mismeasured DY events, jets with

pJT' > 10 GeV, within a z/2 wedge in ¢ (noted as A)
centered on —p%’, are used to define a fractional jet recoil
relative to the dilepton transverse momentum:

> e ph / pe’. (4)

jets jin A

The jet transverse momenta are weighted by their asso-
ciated JVF value to suppress the contribution from jets
originating from pile-up interactions. Jets with no associ-
ated tracks are assigned a weight of 1. The f,...; distri-
bution is shown in Fig. 7(d); a requirement of f..; < 0.1
reduces the residual DY background in the ee/uu sample
by a factor of 7.

The expected signal and background yields at each stage
of selection are shown in Table V, together with the
observed yields. At the final stage, the table also shows
the event yields in the range %m y < mr < my where most
of the signal resides. This m selection is not used to extract
the final results, but nicely illustrates the expected signal-
to-background ratios in the different categories.

f recoil —

B. n; =1 category

The one-jet requirement significantly increases the top-
quark background. Since top quarks decay to Wb, events
with jets with pt > 20 GeV are rejected if they are
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identified as containing a b-quark [n;, = 0, see Fig. 6(c)].
After this requirement, the WW and the DY background
processes are dominant in the sample, as shown in Table VI.

In the case of the eu sample, a requirement is applied to
the transverse mass defined for a single lepton ¢;:

mli = \/2p? . piss . (1 = cos Agb), (5)

where A¢ is the angle between the lepton transverse
momentum and p'ss. This quantity tends to have small
values for the DY background and large values for the
signal process. It also has small values for multijet
production, where misidentified leptons are frequently
measured with energy lower than the jets from which they
originate. The mé distribution, chosen to be the larger of
m4! or m4?, is presented in Fig. 8(a), and shows a clear
difference in shape between the DY and multijet back-
grounds, which lie mostly at low values of m%, and the
other background processes. Thus, both the DY and multi-
jet processes are substantially reduced with a requirement
of m% > 50 GeV in the ey sample.

The requirement of a jet allows for improved rejection of
the Z/y* — 7r background. Using the direction of the
measured missing transverse momentum, the mass of the
7-lepton pair can be reconstructed using the so-called
collinear approximation [63]. A requirement of m,, <
myz —25 GeV significantly reduces the remaining DY
contribution in the ey sample, as can be seen in Fig. 8(b).

The remaining selection criteria (pr W) oty Mg
A¢yp) are the same as in the n; = 0 category, except that

£t
Pr

the calculation of f.., and the p?_ lrs:lmk) threshold is
reduced to 35 GeV. The m,, and A¢,, distributions are
shown in Figs. 8(c) and 8(d), respectively. Differences
between the shapes of the signal or WW processes and the
Z/y* background processes are more apparent in the A¢,,
distribution of the ey + ee/uu events than of the eu events.

is replaced with the magnitude of p%’/ = pf + p/ in

C. VBF-enriched n; > 2 category

The n; > 2 sample contains signal events produced by
both the VBF and ggF production mechanisms. This
section focuses on the former; the next section focuses
on the latter.

The sample is analyzed using a boosted decision tree
multivariate method [16] that considers VBF Higgs boson
production as signal and the rest of the processes as
background, including ggF Higgs boson production. A
cross-check analysis is performed using sequential selec-
tions on some of the variables that are used as inputs to the
BDT. Table VII shows the sample composition after each of
the selection requirements in the cross-check analysis. For
the WW and Z/y* — t7 backgrounds, the table separates
contributions from events with jets from QCD vertices and
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FIG. 7 (color online). Distributions of (a) p?’” » (b) myp, (€) Adpzp, and (d) frecoirs Tor the n; = 0 category. The plot in (a) is made after
requiring all selections up to p{f , (b) up to my,, (c) up to Ag,p, and (d) up to f...; (see Table V). For each variable, the top panel
compares the observed and the cumulative expected distributions; the bottom panel shows the overlay of the distributions of the

individual expected contributions, normalized to unit area, to emphasize shape differences. See Fig. 5 for plotting details.

electroweak events with VBS or VBF interactions (see
Table III).

The VBF process is characterized by the kinematics of
the pair of tag jets (j; and j,) and the activity in the rapidity
gap between them. In general, this process results in two
highly energetic forward jets with Ay;; >3, where
Ay;j = |y = yj2|. The invariant mass of this tag-jet pair

simce mjj ~

\/ Py - piretil? for large values of Ay;;. Both Ay;;
and mj; are input variables to the BDT; for the cross-

check analysis, Ay;; >3.6 and m;; > 600 GeV are
required [see Figs. 9(a) and 9(b)].

combines Ay;; with p% information

The Ay;; gap defines a “central region,” where a
relatively low level of hadronic activity is expected because
the mediating weak bosons do not exchange color. The
number of extra jets (Meyy,.;) in the Ay;; gap quantifies the
activity. Requiring the absence of such jets in this region is
known as a ‘“central-jet veto” [64] and it suppresses
processes where the jets are produced via QCD radiation.
The central-jet veto uses jets with pr > 20 GeV, and this
requirement is applied in both the BDT and cross-check
analyses. The selection can be expressed in terms of jet

centrality, defined as
Znj| [ Anjj
Sl 71 By el 6
/ 3 (6)

Cj3 =13 3
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TABLE V. Event selection for the n; = 0 category in the 8 TeV data analysis. The selection is presented separately for the ey and
ee/uu samples. The summary columns give the observed yields (Noy), the expected background yields (Nyy,), their ratios, and the
expected signal yields (N, ). For the dominant backgrounds, the expected yields are normalized using control regions, as described in
Sec. VI. The N, values are given for my = 125 GeV and are subdivided into the Ny and Nygg contributions. The composition
columns give the contributions to Ny, (see Sec. VI). The requirements are imposed sequentially from top to bottom; entries are shown
as 0.0 (-) if they are less than 0.1 (0.01) events. The entries are rounded to a precision commensurate with the statistical uncertainties due
to the random error associated with the central value of the yield (stat,p,s = v/Nope) and the sampling error associated with the finite
sample size used for the prediction for background type k (statyy, ). The errors on N,s/Nyy, are due to the combined statistical
uncertainty on staty,, and staty,. Energy-related quantities are in GeV.

Summary Composition of Ny,
Nsig Ntop Nmisid NDY
Selection Nobs/Noke  Nobs  Nokg  Nege Nvee Nww  Ng N, Ny;  Njj Nyy Neepw N,
eu sample 1.01 £0.01 16423 16330 290 12.1 7110 820 407 1330 237 739 115 5570
Adonpr > 1/2 100001 16339 16270 290 12,1 7110 812 405 1330 230 736 114 5530
Py > 30 1.00£0.01 9339 9280 256 103 5690 730 363 1054 28 571 60 783
Mgy <55 1.11 £0.02 3411 3060 224 6.3 1670 141 79 427 12 353 27 350
Apyp < 1.8 1.124+0.02 2642 2350 203 59 1500 132 75 278 9.2 324 19 12
%mH <mp <my 1.20£0.04 1129 940 131 2.2 660 40 21 133 0.8 78 43 2.3
ee/up sample 1.04 £ 0.01 38040 36520 163 7.2 3260 418 211 504 29 358 31060 685
Aprover > 7/2  1.05+£0.01 35445 33890 163 7.1 3250 416 211 493 26 355 28520 622
p?f > 30 1.06 £0.01 11660 11040 154 6.8 3010 394 201 396 2.6 309 6700 21
Mgy <55 1.01+£0.01 6786 6710 142 50 1260 109 64 251 20 179 4840 8.7
P > 40 1024002 2197 2160 117 43 1097 99 59 133 05 106 660 0.3
A¢pyp < 1.8 1.01 £0.02 2127 2100 113 42 1068 96 57 122 0.5 104 649 0.3
Frecon < 0.1 1.014+003 1108 1096 72 27 78 41 31 79 00 69 91 0.1
%mH <mp <myg 099 £0.05 510 517 57 1.3 349 11 8 53 - 31 64 0.1
where 7;; is the pseudorapidity of an extra jet,  |n;3| > [17,2|. The centrality of any extra jet in the event
Zn;j = nj +njp and An;; = |7 —nj|. The value of Cj;3  is required therefore to be Cj3 > 1.
increases from zero, when 73 is centered between the tag The Higgs boson decay products tend to be in the central

jets, to unity when 75 is aligned in 5 with either of the tag ~ rapidity region. The centrality of a given lepton, C,, with
jets, and is greater than unity when |;7ﬁ| > ‘,7],]| or respect to the tag jets is defined similarly to that for extra

TABLE VL. Event selection for the n; = 1 category in the 8 TeV data analysis (see Table V for presentation details).

Summary Composition of Ny,
Nsig Ntop Nmisid NDY
Selection Nobs/Noke  Nops  Nike  Negr Nygp Nyw Ny N, Ny; Njj Nvw Nepy Ne
ey sample 1.00 £0.01 20607 20700 131 32 2750 8410 2310 663 334 496 66 5660
n, =0 1.01 £0.01 10859 10790 114 26 2410 1610 554 535 268 423 56 4940
méj > 50 1.01 £0.01 7368 7280 103 23 2260 1540 530 477 62 366 43 1990
My, < my—25 1.02 £0.02 4574 4490 9 20 1670 1106 390 311 32 275 21 692
My < 55 1.05 +£0.02 1656 1570 84 15 486 297 111 129 19 139 6.4 383
Adyp < 1.8 1.10 £ 0.03 1129 1030 74 13 418 269 102 88 6.1 119 5.0 22
%mH <mr <my 1.214£0.06 407 335 42 6.6 143 76 30 40 0.5 42 1.1 2
ee/up sample 1.054+0.01 15344 14640 61 15 1111 3770 999 178 13 192 8100 280
n, =0 1.08 £0.02 9897 9140 53 12.1 972 725 245 137 10 163 6640 241
Mgy <55 1.16 £0.02 5127 4410 48 9.4 351 226 85 73 7.8 79 3420 168
Pyt 5 35 1144004 960 842 36 69 292 193 73 38 02 49 194 2
Apyp < 1.8 1.14 £ 0.04 889 783 32 6.3 265 179 68 30 0.2 44 194 2
Frocoil < 0.1 1164005 467 404 20 36 188 98 44 17 - 29 26 1
%mH <mt <mg 1.11+0.10 143 129 14 2.0 59 23 11 11 - 11 14 -
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FIG. 8 (color online). Distributions of (a) m{, (b) my, (¢) myp, and (d) Agy, for the n; = 1 category. The plot in (a) is made after
requiring all selections up to m%, (b) up to m,,, (c) up to m,,, and (d) up to A¢,, (see Table VI). See Figs. 5 and 7 for plotting details (the
sum of the jj and W contributions corresponds to the label “Misid” in Fig. 5).

jets in Eq. (6). A requirement of C, < 1 is applied to each
lepton in the BDT and cross-check analyses. The sum of
lepton centralities XC, = Cy| 4 Cy, is used as an input to
the BDT. The C,; distribution is shown in Fig. 9(c).
Top-quark pair production has a large cross section and
the same final state as VBF Higgs boson production, with
the exception that its jets result from b-quarks. A require-
ment of n, = 0 with pr > 20 GeV is made in the BDT and
cross-check analyses. This requirement is made on all jets
in the event regardless of classification as tag jets.
Significant top-quark background still remains because
of the limited # coverage of the tracker, the pr threshold
applied to the b-jets, and the inefficiency of the b-jet
identification algorithm within the tracking region. Further

reductions are achieved through targeted kinematic selec-
tions and the BDT.

The pair production of top quarks occurs dominantly
through gluon-gluon annihilation, and is frequently
accompanied by QCD radiation. This radiation is
used as a signature to further suppress top-quark
backgrounds using the summed vector pt of the final-state
objects, pi™ = p4’ + ppiss + Zp’T where the last term is a
sum of the transverse momenta of all jets
in the event. Its magnitude p}™ is used as input to the
BDT and is required to be p3™ < 15 GeV in the cross-
check analysis.

The sum of the four combinations of lepton-jet invariant
mass, Emfj = mﬂ’jl —+ mﬂ’jz + mfz.jl —+ mfz,JQ, is also
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Event selection for the n; > 2 VBF-enriched category in the 8 TeV cross-check data analysis (see Table V for

presentation details). The Ngop, Nygps and Nyy expected yields are shown separately. The expected yields for WW and Z/y* — 7z are
divided into QCD and electroweak (EW) processes, where the latter includes VBS or VBF production.

Summary Composition of Ny,
Nsignal NWW Nlop Nmisid NDrell-Yan
Selection Nobs/Nokg Nobs  Nokg  Nege Nver Nvu N> Nyy  Na N, Ny; Nj; Nyy Neejpy NP NEVY
ey sample 1.00 £0.0061434 61180 85 32 26 1350 68 51810 2970 847 308 380 51 3260 46
n, =20 1.02+0.01 7818 7700 63 26 16 993 43 3000 367 313 193 273 35 2400 29
py™ < 15 1.03 +£0.01 5787 5630 46 23 13 781 38 1910 270 216 107 201 27 2010 23
m,, < my—25 1.05+0.02 3129 2970 40 20 99 484 22 1270 177 141 66 132 7.6 627 5.8
mj; > 600 1.31+0.12 131 100 23 82 - 18 8.9 40 53 18 24 51 01 15 1.0
Ay;; > 3.6 1.33+£0.13 107 80 2.1 79 - 11.7 6.9 35 50 16 23 33 - 11.6 0.8
Cn>1 1.36 £0.18 58 43 13 6.6 - 6.9 5.6 14 30 1.3 13 20 - 6.8 0.6
Cp<1,Cp<1 1424020 51 36 1.2 64 - 59 52 10.8 25 13 13 16 - 5.7 0.6
Mepy Ay, mp  2.53 £0.71 14 55 08 47 - 1.0 0.5 1.1 03 03 03 06 - 0.5 0.2

ee/uu sample 0.99 £ 0.01 2694927190 31 14
np, pE m,,  1.034£0.03 1344 1310 13 8.0
Mypp, A(ﬁfﬁ, mr 1.63 +0.69 6

10.1 594 37 23440
40 229 120 633 8 26 09 45 187 76 1.5
04 29 0.0
37 03 22 0.0

1320 230 8.6 137 690 679 16

3.1 3.1 5.5
04 02 0.6

1.0 02 00 07 38
02 02 00 01 15

0.7 0.1
0.3 0.1

used as an input to the BDT. In the VBF topology, tag jets
are more forward whereas the leptons tend to be more
central. This results in differences in the shapes of the Xm,;
distributions for the VBF signal and the background
processes, as can be seen in Fig. 9(d). This variable is
not used in the cross-check analysis.

The other BDT input variables are those related to the
H - WW* - vty decay topology (mys, A¢ypy, mr),
which are also used in the n; < 1 categories. The cross-
check analysis requires A¢,, < 1.8 and m,, < 50 GeV.

Distributions from eight variables are input to the
BDT: £Cy, Ayjj, and m;; for VBF selection; p3™ and
Zmy; for tt rejection; and Agyp, myp, and my for their
sensitivity to the H - WW* — £vfv decay topology. The
BDT is trained after the common preselection criteria
(as listed in Table IV) and the n;, = 0 requirement. This
event selection stage corresponds to the n, = 0 stage
presented for the cross-check analysis in Table VIIL
Additional criteria, common to the BDT and cross-check
analyses, are applied before the classification of the events
based on the BDT output (described below). They include
requirements on m,, C;3;, and C,. The observed and
expected event yields after all these requirements are
shown in Table VIII(a) separately for the ey and ee/uu
samples. The dominant background processes include ¢7 and
Z/y* production. The normalization factors, described in
Sec. VI, are not applied to these backgrounds at this stage.

The BDT is trained using the MC samples after the
above-mentioned selections. The training starts with a
single decision tree where an event is given a score of
+1 if it satisfies particular sets of decisions (41 leaf
contains signal-like events and —1 background-like ones).

A thousand such trees are built and in each iteration the
weight of miscategorized events is relatively increased, or
“boosted.” The final discriminant Ogp for a given event is
the weighted average of the binary scores from the
individual trees. The bin widths for the likelihood fit are
optimized for the expected significance while keeping each
bin sufficiently populated. The chosen configuration is four
bins with boundaries at [—1,—0.48,0.3,0.78, 1], and with
corresponding bin numbers from 0 to 3. The lowest bin
contains the majority of background events and has a very
small signal-to-background ratio. It is therefore not used in
the likelihood fit. The expected and observed event yields
after the classification in bins of Oppr are shown in
Table VIII(b). Here the background yields are scaled by
their corresponding normalization factors.

Appendix B documents the BDT analysis in more detail.
It includes the distributions of all the input variables
(showing the comparison between the VBF signal and
the background processes) used in the training of the BDT
as well as the data-to-MC comparison after the BDT
classification. The distributions are in agreement and show
that the correlations are well understood.

D. ggF-enriched n; > 2 category

The sample of n; > 2 events, which are neither in the
VBF-enriched category for the BDT analysis nor in the
cross-check analysis, are used to measure ggF production.
In this category only the ey final state is analyzed due to the
relatively low expected significance in the ee/uu sample.
Table IX shows the signal and background yields after each
selection requirement.
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FIG. 9 (color online).

Distributions of (a) m
made after requiring all selections up to m;;, (b) up to Ay;;, and () up to Cy (see Table VII). The signal is shown separately for the ggF
and VBF production processes. The arrows mark the threshold of the selection requirements for the cross-check analysis in (a)—(c).
There is no selection made on the variable in (d) since it is only used as an input to the training of the BDT. See Figs. 5 and 7 for plotting
details.

il

The initial selection, n, = 0 and m,, < mz — 25 GeV,
is common to the other categories and reduces the top-
quark and DY backgrounds. The ggF-enriched sample is
forced to be mutually exclusive to the VBF-enriched
sample by inverting at least one of the VBF-specific
requirements: Cj3 > 1, C, < 1, or Ogpr > —0.48. A sim-
ilar inversion is done for the cross-check analysis:
Ayj;i > 3.6, mj; > 600 GeV, neyp; =0, or Cp <1
Both sets of orthogonality requirements for the BDT and
the cross-check are imposed for the n; > 2 ggF-enriched
category.

The resulting sample contains events in a region
sensitive to VH production where the associated W or
Z boson decays hadronically. This region is suppressed

zmy; [TeV]

(b) Ayjj, (¢) Cy1, and (d) Zmy; for the n; > 2 VBF-enriched category. The plot in (a) is

< 1.2 and

by rejecting events in the region of Ayj;

|m;; — 85| < 15 GeV.

Figure 10 shows the my,, distribution after the VH
orthogonality requirement. The H — WW* — £v£v topo-
logical selections, m,, < 55 GeV and A¢,, < 1.8, further
reduce the dominant top-quark background by 70%,
resulting in a signal purity of 3.3%.

E. Modifications for 7 TeV data

The 7 TeV data analysis closely follows the selection
used in the 8 TeV analysis. The majority of the differences
can be found in the object definitions and identifications, as
described in Sec. III B. The lower average pile-up allows
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TABLE VIII.  Event selection for the n; > 2 VBF-enriched category in the 8 TeV BDT data analysis (see Table V for presentation
details). The event yields in (a) are shown after the preselection and the additional requirements applied before the BDT classification
(see text). The event yields in (b) are given in bins in Ogpr after the classification, the normalization factors are applied to the yields (see
Table XX). In the specific case of (a), the normalization factors described in Sec. VI are not applied to the relevant backgrounds. The
Ngers Nygr, and Nyy expected yields are shown separately.

Summary Composition of Ny,
Nsignal NWW Ntop Nmisid NDrell-Yan
Selection Nobs/Nokg  Nobs Noke Nggr Nypr Nyn N%Cw],) NEY, Nz N, Ny; Nj; Nyy Ny NP NEVY
(a) Before the BDT classification
ey sample 1.04 +£0.04 718 689 13 15 20 9 11 327 42 29 23 31 2.2 130 2
ee/up sample 1.18 £ 0.08 469 397 6.0 7.7 09 37 3 132 17 52 1.2 10.1 168 23 1
(b) BinS in OBDT
ey sample
Bin 0 (not used) 1.02 +0.04 661 650 88 30 19 83 9 313 40 26 21 28 2.2 126 1
Bin 1 099 +0.16 37 37 3.0 42 0.1 50 1.0 17 31 33 1.8 26 - 40 0.2
Bin 2 226+0.63 14 62 12 42 - 1.5 0.5 1.8 03 04 03 0.8 - 0.3 0.3
Bin 3 541 4+2.32 6 1.1 04 31 - 0.3 0.2 03 0.1 - - 0.1 - 0.1 0.1
ee/up sample
Bin 0 (not used) 1.91 £0.08 396 345 38 1.3 08 33 2 123 16 41 1.1 8.8 137 20.5 0.5
Bin 1 0.824+0.14 53 45 1.5 22 0.1 30 05 104 18 08 02 09 26 1.7 0.1
Bin 2 1.774+£049 14 79 06 25 - 0.8 0.3 1.1 02 02 - 0.3 4.4 0.3 0.1
Bin 3 6.52 +2.87 6 09 02 17 - 0.1 0.2 02 - - - - 0.7 - -

the loosening, or removal, of requirements on several pile-
up sensitive variables from the selection.

In the n; > 2 category, only the VBF-enriched analysis is
considered; it follows an approach similar to the 8 TeV

The amount of DY background in the ee/uu channel
depends on the missing transverse momentum resolution.
This background is reduced in a lower pile-up environment,

version. It exploits the BDT multivariate method and it uses
the same BDT classification and output binning as the
8 TeV data analysis. In the ey sample, a two-bin fit of the

Ogpr is used (bins 2 and 3 are merged). In the ee/uu
sample, a one-bin fit is used (bins 1-3 are merged) due to
the smaller sample size.

The background estimation, signal modeling, final
observed and expected event yields, and the statistical
analysis and results, are presented in the next sections.

allowing lower EM* thresholds in the ee/uu samples for
the 7 TeV data analysis. The ET' requirement is lowered to
35 GeV, and the requirements on p?iss ) are removed
entirely. The effect of the reduced EWS thresholds is
partially compensated by an increased p4’ requirement
of 40 GeV in the n; = 0 category and a p?’ﬂj > 35 GeV
requirement added to the n; = 1 category. The frei
criteria are loosened to 0.2 and 0.5 in the n; =0 and This section described the event selection in the n;

J
n; = 1 categories, respectively. and lepton-flavor categories. Each of these is treated

F. Summary

TABLEIX. Event selection for the n; > 2 ggF-enriched category in the 8 TeV data analysis (see Table V for presentation details). The
Ngor, Nygr, and Nyy expected yields are shown separately. The “orthogonality” requirements are given in the text.

Summary Composition of Ny,
Nsignal
Selection Nobs/Nokg Nobs Npg  Nggg Ny Nvu  Nww Nip  Nmisa  Nyyv  Npy
ey category 0.99 £+ 0.00 56759 57180 76 29 24 1330 52020 959 324 2550
n, =0 1.02 £0.01 6777 6650 56 23 15 964 3190 407 233 1850
my, < my—25 1.06 £ 0.02 3826 3620 49 19 12 610 2120 248 152 485
VBF orthogonality 1.05 £0.02 3736 3550 44 9.0 12 593 2090 241 148 477
VH orthogonality 1.04 £0.02 3305 3170 40 8.6 7.4 532 1870 212 132 423
Mpp < 55 1.09 +£0.03 1310 1200 35 7.5 5.0 158 572 124 66 282
Adyp < 1.8 1.06 £+ 0.03 1017 955 32 6.9 4.5 140 523 99 60 133
Sy < mp < my 1.05 +0.07 200 200 133 26 19 35 131 16 15 3
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independently in the statistical analysis using a fit pro-
cedure described in Sec. VII. Inputs to the fit include the
event yields and distributions at the final stage of the event
selection without the my requirement.

The total signal efficiency for H - WW* — £vfv events
produced with £ = e and y, including all signal categories
and production modes, is 10.2% at 8 TeV for a Higgs boson
mass of 125.36 GeV. The corresponding signal efficiency
when considering only the VBF production mode is 7.8%.

Figure 11 shows the my distributions in the n; = 0,
n; =1, and n; > 2 ggF-enriched categories for the 8 TeV
data. The distributions for the n; < 1 categories are shown
in Fig. 12 for the 7 TeV data. The final Ogpr output
distribution, for the VBF-enriched category, is shown in
Fig. 13 for the 7 TeV and 8 TeV data samples.

Figures 14 and 15 show the p?? and m,, distributions
at the end of the event selection in the n; <1 eu
categories for the 8 TeV data analysis. The distributions
are shown for two categories of events based on the
flavor of the lepton with the higher pr. This division is
important for separating events based on the relative
contribution from the backgrounds from misidentified

ATLAS 7

200
[ 8TeV, 20.3fb" ]
(b) ;= 0, ee/up 1
100 .

100 .
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Distributions of the transverse mass my for the n; <1 and n; > 2 ggF-enriched categories in the 8 TeV data

analysis. The plots are made after requiring all selections up to my (see Tables V, VI, and IX). See Fig. 5 for plotting details. The sum of
the jj and Wj contributions corresponds to the label “Misid” in Fig. 5.
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leptons (W + jets and multijets); see Sec. VIC for details.
The dependence of the misidentified lepton and VV
background distributions on p4? motivates the separation
of the data sample into three bins of p%2. The variations
in the background composition across the my,, range
motivate the division into two bins of my,,. Figure 16
shows the corresponding distributions in the eu n; <1
samples in the 7 TeV data analysis.

The event displays in Fig. 17 show examples of
the detector activity for two signal candidates: one in
the n; =0 eu category for the 7 TeV data analysis, and
one in the VBF-enriched n; > 2 eu category for the 8 TeV
data analysis. Both events have a small value of A¢,,
as is characteristic of the signal. The latter event shows

two well-separated jets that are characteristic of VBF
production.

V. SIGNAL PROCESSES

The leading Higgs boson production processes are
illustrated in Fig. 1. This section details the normalization
and simulation of the ggF and VBF production modes. In
both cases, the production cross section has been calculated
to NNLO in QCD and next-to-leading order in the
electroweak couplings. Resummation has been performed
to NNLL in QCD for the ggF process. For the decay, the
calculation of the branching fraction is computed using the
H — WW* and H — ZZ* partial widths from PROPHECY4f
[65] and the width of all other decays from HDECAY [66].
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Distributions of the BDT output in the n; > 2 VBF-enriched category in the 8 and 7 TeV data analyses. The

plot is made after requiring all the selections listed in Table IV and after the BDT classification. See Fig. 5 for plotting details.
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analysis described in Sec. VII. The distributions are shown for two categories of events based on the flavor of the subleading lepton 5.
The plots are made after requiring all selections up to the m requirement, as shown in Tables V and VI. The arrows indicate the bin

boundaries; see Fig. 5 for plotting details.

The H — WW* branching fraction is 22% with a relative
uncertainty of 4.2% for my=125.36GeV [67]. Inter-
ference with direct WW production [68] and uncertainties
on VH production [69] have a negligible impact on this
analysis. Uncertainties on the ggF and VBF production
processes are described in the following subsections.

A. Gluon fusion

The measurement of Higgs boson production via gluon
fusion, and the extraction of the associated Higgs boson
couplings, relies on detailed theoretical calculations and

Monte Carlo simulation. Uncertainties on the perturbative
calculations of the total production cross section and of the
cross sections exclusive in jet multiplicity are among the
leading uncertainties on the expected signal event yield
and the extracted couplings. The POWHEG [49] generator
matched to PYTHIA8 is used for event simulation and
accurately models the exclusive jet multiplicities relevant
to this analysis. The simulation is corrected to match higher-
order calculations of the Higgs boson pr distribution.
Production of a Higgs boson via gluon fusion proceeds
dominantly through a top-quark loop (the bottom-quark

—
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Distributions of the dilepton invariant mass m,, for the 8 TeV data analysis in the ey sample used for the

statistical analysis described in Sec. VII. The distributions are shown for two categories of events based on the flavor of the subleading
lepton #,. The plot is made after requiring all selections up to the my requirement, as shown in Tables V and VI. The arrows indicate the

bin boundaries; see Fig. 5 for plotting details.
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Distributions of the subleading lepton pt and dilepton invariant mass for the 7 TeV data analysis in the ey

sample. The plots are made after requiring all selections up to m (see Sec. IV E). The arrows indicate the bin boundaries; see Fig. 5 for

plotting details.

loop contributes 7% to the cross section). Higher-order
QCD corrections include radiation from the initial-state
gluons and from the quark loop. The total cross section is
computed to NNLO [70] using the m, — oo approximation,
where an effective pointlike ggH coupling is introduced.
Corrections for the finite top-quark mass have been
computed to NLO and found to be a few percent [71];
this difference is applied as a correction to the NNLO cross
section. Resummation of the soft QCD radiation has been
performed to NNLL [72] in the m; — co approximation
and to the next-to-leading logarithms (NLL) for finite top-
and bottom-quark masses. Electroweak corrections to NLO
[73] are applied using the complete factorization approxi-
mation [74]. Together, these calculations provide the total
inclusive cross section for the ggF process [75], which is
19.15 pb for my = 125.36 GeV. The uncertainty on the
total cross section is 10%, with approximately equal
contributions from QCD scale variations (7.5%) and parton
distribution functions (7.2%).

The pPOWHEG MC generator used to model ggF
production [49] is based on an NLO calculation with finite
quark masses and a running-width Breit-Wigner distribu-
tion that includes electroweak corrections at next-to-
leading order [75]. The generator contains a scale for
matching the resummation to the matrix-element calcula-
tion, which is chosen to reproduce the NNLO + NLL
calculation of the Higgs boson pr [76]. To improve the
modeling of this distribution, a reweighting scheme is
applied to reproduce the prediction of the NNLO + NNLL
dynamic-scale calculation given by the HRES2.1 program
[77]. The scheme separately weights the pt spectra for
events with < 1 jet and events with > 2 jets, since the latter
include jet(s) described purely by the PYTHIA shower
model, which underestimates the rate of two balancing

jets producing low Higgs boson pt. Events with > 2 jets
are therefore reweighted to the pt spectrum predicted by
the NLO POWHEG simulation of Higgs boson production in
association with two jets (H + 2 jets) [78]. The reweighting
procedure preserves agreement between the generated jet-
multiplicity distribution and the predictions of higher-order
calculations.

The uncertainty on the jet multiplicity distribution is
evaluated using the jet-veto-efficiency (JVE) method
[76,79] for the ggF categories and the Stewart-Tackmann
(ST) method [80] for the VBF category. The JVE method
factorizes the total cross section from the acceptances of
the jet vetoes in the zero-jet and one-jet channels, treating
these components as uncorrelated. Three calculations of the
jet-veto efficiency are defined based on ratios of cross
sections with different jet multiplicities and at different
orders (for example, 1 — 01,1,1‘2({ /oRNNLO for the veto efficiency
of the first jet). The three calculations differ by next-to-next-
to-next-to leading order terms in the inclusive perturbative
series, so their comparison provides an estimate of the
perturbative uncertainty on the jet veto. A second estimate is
obtained by individually varying the factorization, renorm-
alization, and resummation scales by factors of 2 or 1/2, and
by coherently varying the factorization and renormalization
scales by these factors. These estimates are used to define an
overall uncertainty, as described below.

For the efficiency ¢, of the jet veto that defines the zero-
jet channel, the central value is evaluated at the highest
available fixed order (NNLO), with NNLL resummation.
The uncertainty is taken as the maximum effect of the scale
variations on the calculation, or the maximum deviation
of the other calculations from this one. The results using
the JETVHETO computation [81] are shown in Fig. 18,
along with the reweighted POWHEG + PYTHIA8 prediction
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Event displays of H - WW* — evuv candidates in the n; = 0 (top) and n; > 2 VBF-enriched (bottom)

J

categories. The neutrinos are represented by missing transverse momentum (MET, dotted line) that points away from the eu system. The
properties of the first event are pS$ = 33 GeV, py = 24 GeV, m,, = 48 GeV, A¢,, = 1.7, piss = 37 GeV, and m = 98 GeV. The
properties of the second event are p4% =51 GeV, ph =15 GeV, my, =21 GeV, A¢y, = 0.1, pé‘ =67 GeV, p’T.2 =41 GeV,
mj; = 1.4 TeV, Ay;; = 6.6, p%ﬁ“* =59 GeV, and mr = 127 GeV. Both events have a small value of A¢,,, which is characteristic of
the signal. The second event shows two well-separated jets that are characteristic of VBF production.

evaluated with neither hadronization nor the underlying
event. The results are consistent to within a few percent for
a jet pr threshold of 25 GeV, and the relative uncertainty at
this threshold is 11%.

The efficiency of vetoing an additional jet, given the
presence of a single jet, is defined as ;. The NNLO n; > 1
cross section needed for the highest-order calculation
of the jet-veto-efficiency method is not available, though
the other two calculations of the veto efficiency can be
performed using the MCFM generator. The highest-order

calculation is in the range spanned by the other two
calculations in both the case of ¢; and in the case of ¢,
evaluated using a partial calculation of the NNLO n; > 1
cross section [82]. The central value of ¢, is thus estimated
to be the average of the available calculations, with the
uncertainty given by the maximum of the difference with
respect to these calculations or the scale-varied estimate of
the average. This results in a relative uncertainty of 15%
on ¢, as shown in Fig. 18. The figure shows that the
reweighted POWHEG + PYTHIA8 prediction for €; agrees
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with the calculation to within a few percent for a jet pr
threshold of 25 GeV.

A prior ATLAS analysis in this decay channel [5] relied
on the ST procedure for all uncertainties associated with jet
binning. The JVE estimation reduces uncertainties in the
ggF categories by incorporating a resummation calculation
(in €y) and the NLO calculation of H + 2 jets (in €;). The
uncertainties for the ST (JVE) procedure are 18% (15%),
43% (27%), and 70% (34%) for the cross sections in the
nj=0, n;=1, and n; >2 ggF-enriched categories,
respectively. These uncertainties are reduced when the
categories are combined, and contribute a total of ~5%
to the uncertainty on the measured ggF signal strength
(see Table XXVI).

PHYSICAL REVIEW D 92, 012006 (2015)

Additional uncertainties on the signal acceptance
are considered in each signal category. The scale and
PDF uncertainties are typically a few percent. A generator
uncertainty is taken from a comparison between POWHEG +
HERWIG and AMC@NLO + HERWIG [83], which differ in their
implementation of the NLO matrix element and the match-
ing of the matrix element to the parton shower. Uncertainties
due to the underlying event and parton shower models
(UE/PS) are generally small, though in the n; = 1 category
they are as large as 14% in the signal regions where
pf? < 20 GeV. The UE/PS uncertainties are estimated by
comparing predictions from POWHEG + HERWIG and
POWHEG + PYTHIAS.

The evaluation of the ggF background to the n; > 2 VBF
category includes an uncertainty on the acceptance of the
central-jet veto. The uncertainty is evaluated to be 29% using
the ST method, which treats the inclusive H + 2-jet and
H + 3-jet cross sections as uncorrelated. Scale uncertainties
are also evaluated in each measurement range of the
BDT output, and are 3%—7% in BDT bins 1 and 2, and 48%
in BDT bin 3. Other uncertainties on ggF modeling are
negligible in this category, except those due to UE/PS, which
are significant because the second jetin ggF H + 2-jet events
is modeled by the parton shower in the POWHEG + PYTHIA8
sample. A summary of the uncertainties on the gluon-fusion
and vector-boson-fusion processes is given in Table X. The
table shows the uncertainties for same-flavor leptons in the
n; < 1 categories, since events with different-flavor leptons

TABLE X. Signal-yield uncertainties (in %) due to the model-
ing of the gluon-fusion and vector-boson-fusion processes. For
the n; = 0 and n; = 1 categories the uncertainties are shown for
events with same-flavor leptons; for events with different-flavor
leptons the uncertainties are evaluated in bins of m,, and p4?. For
the n; > 2 VBF category the uncertainties are shown for the most

sensitive bin of BDT output (bin 3).

Uncertainty source n=0 n;=1 ggF VBF
Gluon fusion
Total cross section 10 10 10 7.2
Jet binning or veto 11 25 33 29
Acceptance
Scale 1.4 1.9 3.6 48
PDF 3.2 2.8 2.2 -
Generator 2.5 1.4 4.5 -
UE/PS 6.4 2.1 1.7 15
Vector-boson fusion
Total cross section 2.7 2.7 2.7 2.7
Acceptance
Scale - - - 3.0
PDF - - - 3.0
Generator - - - 4.2
UE/PS - - - 14
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are further subdivided according to m,, and p%* (as
described in Sec. II).

B. Vector-boson fusion

The VBF total cross section is obtained using an
approximate QCD NNLO computation provided by the
VBF@NNLO program [84]. The calculation is based on the
structure-function approach [85] that considers the VBF
process as two deep-inelastic scattering processes con-
nected to the colorless vector-boson fusion producing the
Higgs boson. Leading-order contributions violating this
approximation are explicitly included in the computation;
the corresponding higher-order terms are negligible [69].
Electroweak corrections are evaluated at NLO with the
HAWK program [86]. The calculation has a negligible QCD
scale uncertainty and a 2.7% uncertainty due to PDF
modeling.

The POWHEG [50] generator is used to simulate the VBF
process (see Table III). Uncertainties on the acceptance are
evaluated for several sources: the impact of the QCD scale
on the jet veto and on the remaining acceptance; PDFs;
generator matching of the matrix element to the parton
shower; and the underlying event and parton shower.
Table X shows the VBF and ggF uncertainties in the most
sensitive bin of the BDT output (bin 3). The other bins have
the same or similar uncertainties for the VBF process,
except for UE/PS, where the uncertainty is 5.2% (<1%) in
bin 2 (bin 1).

VI. BACKGROUND PROCESSES

The background contamination in the various signal
regions (SR) comes from several physics processes that
were briefly discussed in Sec. II and listed in Table I.
They are

(i) WW: nonresonant W pair production;

(ii) top quarks (Top): pair production (#7) and single-

top production (t) both followed by the decay
t — Wb;

(iii) misidentified leptons (Misid): W boson production
in association with a jet that is misidentified as a
lepton (W) and dijet or multijet production with
two misidentifications (jj);

(iv) other dibosons (VV): Wy, Wy*, WZ and ZZ; and

(v) Drell-Yan (DY): Z/y* decay to e or y pairs (ee/uu)
and 7 pairs (77);

the contamination of Higgs decays to non-WW channels is
small, but considered as signal. A few background proc-
esses, such as Zy and WW produced by double parton
interactions, are not listed because their contributions are
negligible in the control and signal regions, but they are
considered in the analysis for completeness. Their normal-
izations and acceptances are taken from Monte Carlo
simulation.

PHYSICAL REVIEW D 92, 012006 (2015)

For each background the event selection includes a
targeted set of kinematic requirements (and sample selec-
tion) to distinguish the background from the signal. The
background estimate is made with a control region (CR)
that inverts some or all of these requirements and in many
cases enlarges the allowed range for certain kinematic
variables to increase the number of observed events in the
CR. For example, the relevant selections that suppress the
WW background in the n; = 0 SR are m;, < 55 GeV and
A¢sp < 1.8. The WW CR, in turn, is defined by requiring
55 <myp < 110 GeV and A¢,, < 2.6.

The most common use of a CR, like the WW example
above, is to determine the normalization factor f defined
by the ratio of the observed to expected yields of WW
candidates in the CR, where the observed yield is obtained
by subtracting the non-WW (including the Higgs signal)
contributions from the data. The estimate By of the
expected background in the SR under consideration can
be written as

Bgsﬁ = Bgg - NCR/BCR = Ncr - BSR/BCR (7)

Normalization f Extrapolation a

where Ncr and By are the observed yield and the MC
estimate in the CR, respectively, and Bgg is the MC
estimate in the signal region. The first equality defines
the data-to-MC normalization factor in the CR, f; the
second equality defines the extrapolation factor from the
CR to the SR, a, predicted by the MC. With a sufficient
number of events available in the CR, the large theoretical
uncertainties associated with estimating the background
directly from simulation are replaced by the combination of
two significantly smaller uncertainties, the statistical uncer-
tainty on Ncr and the systematic uncertainty on a.

When the SR is subdivided for reasons of increased
signal sensitivity, as is the case for the ey sample for
n; = 0, a corresponding « parameter is computed for each
of the subdivided regions. The CR (hence the f parameter),
however, is not subdivided for statistical reasons.

The uncertainties described in this section are inputs to
the extraction of the signal strength parameter using the
likelihood fit, which is described in Sec. VII. An extension
of this method is used when it is possible to determine the
extrapolation factor a from data. As described in Secs. VI C
and VIE, this can be done for the misidentified lepton
backgrounds and in the high-statistics categories for the
Z/y* — ee, uu background. For the former, the distribution
of the discriminating variable of interest is also determined
from data. For completeness, one should note that the
smaller background sources are estimated purely from
simulation.

Table XI summarizes, for all the relevant background
processes, whether data or MC is used to determine the
various aspects of the method. In general, data-derived
methods are preferred and MC simulation is used for a few
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TABLE XI. Background estimation methods summary. For
each background process or process group, a set of three columns
indicate whether data () or MC (o) samples are used to normalize
the SR yield (N), determine the CR-to-SR extrapolation factor (E),
and obtain the SR distribution of the fit variable (V). In general,
the methods vary from one row to the next for a given background
process; see Sec. VI for the details.

Drell-Yan
WW  Top Misid VV  ee/uu 1T
Category NEVNEVNEVNEVNE V NEV
nj = 0
ey ® 0O 0O ® OO © e e e 0 0 O O O ® O O
ee/;m ® O O ® OO ®© e e o0 O O ®© e o e 0O O
ey ® O O ® 0O O © e e e 0 O O O O ® O O
ee/ﬂy e O O ® O O © e e O O O ®© e o e O O
n;>?2 ggk
eﬂ O O O ® O O L4 . L4 o O O (0] (o) (o] ® O O
n; >2 VBF
ep 0O 0O O ® 00O © e & 0 0 O O O O ® 0 O
ee/;m O O O ® O O © e e O O O ®© e O ® O O

background processes that do not contribute significantly in
the signal region, that have a limited number of events in
the control region, or both. MC simulation is used (open
circles) or a data sample is used (solid circles) for each of
the three aspects of a given method: the normalization (N),
the extrapolation (E), and the distribution of the discrimi-
nating variable of interest (V). The plots in this section
(Figs. 19-27) show contributions that are normalized
according to these methods.

This section focuses on the methodology for background
predictions and their associated theoretical uncertainties.
The experimental uncertainties also contribute to the total
uncertainty on these background predictions and are quoted
here only for the backgrounds from misidentified leptons,
for which the total systematic uncertainties are discussed in
Sec. VI C. Furthermore, although the section describes one
background estimation technique at a time, the estimates
for most background contributions are interrelated and are
determined in situ in the statistical part of the analysis (see
Sec. VII).

The section is organized as follows. Section VIA
describes the WW background in the various categories.
This background is the dominant one for the most sensitive
n; = 0 category. Section VIB describes the background
from top-quark production, which is largest in the catego-
ries with one or more high-pr jets. The data-derived
estimate from misidentified leptons is described in
Sec. VIC. The remaining backgrounds, VV and Z/y*,
are discussed in Secs. VID and VIE, respectively. The
similarities and modifications for the background estima-
tion for the 7 TeV data analysis are described in Sec. VI F.
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Finally, Sec. VIG presents a summary of the background
predictions in preparation for the fit procedure described
in Sec. VIL

A. WW dibosons

The nonresonant WW production process, with sub-
sequent decay WW — £vf, is characterized by two well-
separated charged leptons. By contrast, the charged leptons
in the H - WW* — £vfv process tend to have a small
opening angle (see Fig. 3). The invariant mass of the
charged leptons, m,,, combines this angular information
with the kinematic information associated with the rela-
tively low Higgs boson mass (my < 2my), providing a
powerful discriminant between the processes (see Fig. 7).
This variable is therefore used to define WW control
regions in the n; < 1 categories, where the signal is selected
with the requirement m,, < 55 GeV. For the n; > 2 ggF
and VBF categories, the WW process is modeled with a
merged multiparton SHERPA sample and normalized to the
NLO inclusive WW calculation from MCEM [51], since
the large top-quark backgrounds make a control-region
definition more challenging.

1. m;, extrapolation for n; <1

The n; <1 analyses use a data-based normalization for
the WW background, with control regions defined by a
range in m,, that does not overlap with the signal regions.
The normalization is applied to the combined (¢g or gg) —
WW and gg - WW background estimate, and theoretical
uncertainties on the extrapolation are evaluated.

To obtain control regions of sufficient purity, several
requirements are applied. In order to suppress the Z/y*
background, the CRs use ey events selected after the p’ >
30 GeV and m{ > 50 GeV requirements in the n; = 0 and
n; =1 categories, respectively. The latter requirement
additionally suppresses background from multijet produc-
tion. A requirement of p? > 15 GeV is applied to sup-
press the large W + jets background below this threshold.
Additional Z/y* — 7 reduction is achieved by requiring
A¢yp < 2.6 for n; =0, and |m, —my| > 25 GeV for
n; =1, where m,, is defined in Sec. IV B. The m,, range
is 55 < myp, < 110 GeV (myp > 80 GeV) for n; = 0 (1),
and is chosen to maximize the signal significance.
Increasing the upper bound on m, for n; = 0 increases
the theoretical uncertainty on the WW background pre-
diction. The m distributions in the WW control regions are
shown in Fig. 19.

The WW estimate B}, ; in each signal region i is given
by Eq. (7). The control region is approximately 70% (45%)
pure in the n; = 0 (1) category. The contamination in the
nj =1 category is dominated by 1f — WbhWb events,
where one jet is unidentified and the other is misidentified
as a light-quark jet. The single-top contribution is one-third
the size of this background for n = 1; forn = 0 this ratio
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FIG. 19 (color online). WW control region distributions of
transverse mass. The normalizations of all processes are as
described in Sec. VI. See Fig. 5 for plotting details.

is about one-half. All backgrounds are subtracted as part of
the fit for § described in Sec. VIIB 1.

The CR-to-SR extrapolation factor has uncertainties due
to the limited accuracy of the MC prediction. Uncertainties
due to higher perturbative orders in QCD not included

TABLE XII
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in the MC simulation are estimated by varying the
renormalization and factorization scales independently
by factors of 1/2 and 2, keeping the ratio of scales in
the range 1/2 to 2 [67]. An uncertainty due to higher-order
electroweak corrections is determined by reweighting the
MC simulation to the NLO electroweak calculation [87]
and taking the difference with respect to the nominal
sample. PDF uncertainties are evaluated by taking the
largest difference between the nominal CT10 [43] PDF set
and either the MSTW2008 [88] or the NNPDF2.3 [89] PDF
set, and adding in quadrature the uncertainty determined
using the CT10 error eigenvectors. Additional uncertainties
are evaluated using the same procedures as for ggF
production (Sec. VA): uncertainties due to the modeling
of the underlying event, hadronization, and parton shower
are evaluated by comparing predictions from POWHEG +
PYTHIAG6 and POWHEG + HERWIG; a generator uncertainty is
estimated with a comparison of POWHEG + HERWIG and
AMC@NLO + HERWIG. The detailed uncertainties in each
signal subregion are given in Table XII. The corresponding
uncertainties on the m distribution give a relative change
of up to 20% between 90 and 170 GeV, depending on the
signal region.

The contribution from the gg — WW process is 5.8%
(6.5%) of the total WW background in the n; =0 (1)
category in the signal region and 4.5% (3.7%) in the control
region. Its impact on the extrapolation factor is approx-
imately given by the ratio of gg > WW to gqg - WW
events in the signal region, minus the corresponding ratio
in the control region. The leading uncertainty on these
ratios is the limited accuracy of the production cross section
of the gluon-initiated process, for which a full NLO
calculation is not available. The uncertainty evaluated
using renormalization and factorization scale variations
in the leading-order calculation is 26% (33%) in the n; = 0

WW theoretical uncertainties (in %) on the extrapolation factor a for n; < 1. Total is the sum in

quadrature of the uncertainties due to the QCD factorization and renormalization scales (Scale), the PDFs, the
matching between the hard-scatter matrix element and the UE/PS model (Gen), the missing electroweak corrections
(EW), and the parton shower and underlying event (UE/PS). The negative sign indicates anti-correlation with
respect to the unsigned uncertainties for SR categories in the same column. Energy-related values are given in GeV.

n;=0 n; =1

SR category Scale PDF Gen EW UE/PS Total Total
SR ey, 10 < Myppy < 30

P >20 0.7 0.6 3.1 -0.3 -1.9 3.8 7.1

15 < p&2 <20 1.2 0.8 0.9 0.7 1.7 2.6 39

10 < p£2 <15 0.7 1.0 0.4 1.2 2.2 2.8 5.4
SR eu, 30 < myp < 55

P2 >20 0.8 0.7 39 -0.4 -24 4.8 7.1

15 < p2 <20 0.8 0.7 1.0 0.5 1.0 2.0 4.5

10 < p?2 <15 0.7 0.8 0.5 0.8 1.5 2.1 45
SR ee/pu, 12 < myp < 55

P2 >10 0.8 1.1 24 0.1 -1.2 2.9 5.1
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(1) category [90]. An increase of the gg — WW cross
section by a factor of 2 [91] increases the measured p value
by less than 3%.

Boson pairs can be produced by double parton inter-
actions (DPI) in pp collisions. The DPI contribution is very
small—0.4% of WW production in the signal regions—and
is estimated using PYTHIAS MC events normalized to the
predicted cross section (rather than the f parameter from
the WW CR). The cross section is computed using the
NNLO W#* production cross section and an effective
multiparton interaction cross section, o.; = 15 mb, mea-
sured by ATLAS using Wj;j production [92]. An uncer-
tainty of 60% is assigned to the value of o.—and,
correspondingly, to the DPI yields—using an estimate of
oqir & 24 mb for WW production [93]. While these esti-
mates rely on theoretical assumptions, an increase of the
DPI cross section by a factor of 10 only increases the
measured p by 1%. Background from two pp - W
collisions in the same bunch crossing is negligible.

In the n; = 0 SR, the ratio of signal to WW background
is about 1:5, magnifying the impact of background
systematic uncertainties. The definition of the CR as a
neighboring m,, window reduces the uncertainty in the
extrapolation to low my,. To validate the assigned uncer-
tainties, the CR normalization is extrapolated to m,, >
110 GeV and compared to data. The data are consistent
with the prediction at the level of 1.1 standard deviations
considering all systematic uncertainties.

The normalization factors determined using predicted

and observed event yields are %, = 1.22 4 0.03(stat) +

0.10(syst) and ﬂ%w = 1.05 £ 0.05(stat) & 0.24(syst),
which are consistent with the theoretical prediction at
the level of approximately 2 standard deviations. Here
the uncertainties on the predicted yields are included
though they do not enter into the analysis. Other systematic
uncertainties are also suppressed in the full likelihood fit
described in Sec. VII B.

2. MC evaluation for n; > 2

For the VBF and ggF n; > 2 analyses, the WW back-
ground is estimated using SHERPA. The MC samples are
generated as merged multileg samples, split between the
cases where final-state jets result from QCD vertices or
from electroweak vertices. The interference between these
diagrams is evaluated to be less than a few percent using
MADGRAPH; this is included as an uncertainty on the
prediction.

For the processes with QCD vertices, uncertainties from
higher orders are computed by varying the renormalization
and factorization scales in MADGRAPH and are found to be
27% for the VBF category and 19% for the ggF category.
Differences between SHERPA and MADGRAPH predictions
after selection requirements are 8%—14% on the Ogpr
distribution and 1%—7% on the mr distribution, and are
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taken as uncertainties. The same procedures are used to
estimate uncertainties on processes with only electroweak
vertices, giving a normalization uncertainty of 10% and an
uncertainty on the Ogpr (mr) distribution of 10%—-16%
(5%—17%).

The MC prediction is validated using a kinematic
selection that provides a reasonably pure sample of
WW + 2-jet events. Events are selected if they pass the
preselection requirements on lepton pt and m,,, have two
jets, and n, = 0. An additional requirement of my >
100 GeV is applied in order to enhance the WW contri-
bution. A final discriminant is the minimum of all possible
calculations of m, [94] that use the momenta of a lepton
and a neutrino, or the momenta of a lepton, a jet, and a
neutrino. The possible momentum values of each neutrino,
given piiss_ are scanned in order to calculate mr; this scan
determines mp,. A requirement that the minimum mp,
be larger than 160 GeV provides a purity of 60% for
WW + 2 jets (see Fig. 20). The ratio of the observed to
the expected number of WW + 2-jet events in this region
is 1.15 4 0.19(stat).

B. Top quarks

At hadron colliders, top quarks are produced in pairs
(1) or in association with a W boson (Wr) or quark(s) ¢
(single-f). The leptonic decay of the W bosons leads to a
final state of two leptons, missing transverse momentum
and two b-jets (one b-jet) in 17 (Wt) production. The single-
t production mode has only one W boson in the final state
and the second, misidentified, lepton is produced by a jet.
The background from these events is estimated together
with the 77 and Wt processes in spite of the different lepton
production mechanism, but the contribution from these
processes to the top-quark background is small. For

example, these events are 0.5% of the top-quark
T I T T T I T
103 n;22VBF, ep
+ Obststat @ WW .y
> 7 Exptsyst B wwg,,
© 402 O Top
9 O Misid
l |8 vv
2 10 @ DY
c B Higgs
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>
i
1
107
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FIG. 20 (color online). WW validation region distribution of
mry in the n; > 2 VBF-enriched category. A requirement of
mry > 160 GeV is used to define the validation region.
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background in the n; = 0 category. The top-quark back-
ground is estimated using the normalization method, as
described in Eq. (7). In the n; =0 category, the SR
definition includes a jet veto but the CR has no jet
requirements. Because of this, the CR and the SR slightly
overlap, but the n; = 0 SR is only 3% of the CR and the
expected total signal contamination is less than 1%, so the
effect of the overlap on the results is negligible. In the n; =
1 category, the SR definition requires n;, = 0 but the CR
has n, > 1. In the n; = 2 VBF category, the CR is defined
requiring one and only one b-tagged jet. Finally, in the
n; =2 ggF category, to reduce the impact of b-tagging
systematic uncertainties, the CR is defined for n, = 0, and
instead m,, > 80 GeV is applied to remove overlap with
the SR and minimize the signal contribution.

1. Estimation of jet-veto efficiency for n; =0

For the n; =0 category, the CR is defined after the
preselection missing transverse momentum cut, using only
the eu channel, with an additional requirement of A¢,, <
2.8 to reduce the Z/y* — r7 background. The CR is
inclusive in the number of jets and has a purity of 74%
for top-quark events. The extrapolation parameter «a is the
fraction of events with zero reconstructed jets and is derived
from the MC simulation.

The value of a is corrected using data in a sample
containing at least one b-tagged jet. A parameter a'® is
defined as the fraction of events with no additional jets in
this region. The ratio ()%, /aih)? corrects systematic
effects that have a similar impact on the b-tagged and
inclusive regions, such as jet energy scale and resolution.
The square is applied to account for the presence of two jets
in the Born-level #7 production. The prediction can be
summarized as

_ b/ o1b \2
B 0j = Ner  Bsr/Ber * (@ / Ovc) (8)
“(rzc Yib

where N is the observed yield in the CR and By and Bgg
are the estimated yields from MC simulation in the CR and
SR, respectively.

Theoretical uncertainties arise from the use of MC-
simulated top-quark events in the computation of the ratio
avl./(alk)2. These uncertainties include variations of the
renormalization and factorization scales, choice of PDFs,
and the parton shower model. The procedure is sensitive to
the relative rates of Wrand ¢7 production, so an uncertainty is
included on this cross section ratio and on the interference
between these processes. An additional theoretical uncer-
tainty is evaluated on the efficiency e, of the additional
selection after the n = 0 preselection, which is estimated
purely from MC simulation. Experimental uncertainties are
also evaluated on the simulation-derived components of the
background estimate, with the main contributions coming
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from jet energy scale and resolution. The uncertainties on

aVi./(atb.)? and on e, are summarized in Table XIIL.

The resulting normalization factor is ﬂg')"p =1.08 £
0.02(stat), including the correction factor (al?, /ai-)? =
1.006. The total uncertainty on the background yield in the
n; = 0 signal region is 8%.

2. Extrapolation from ny =1 for n; = 1

In the n; = 1 SR, top-quark production is the second
leading background, after nonresonant WW production.
Summing over all signal regions with no mr requirement
applied, it is 36% of the total expected background and the
ratio of signal to top-quark background is approximately
0.2. It also significantly contaminates the n; =1 WW CR
with a yield as large as that of nonresonant WW in this CR.
Two parameters are defined for the extrapolation from the
top CR, one to the SR (agg) and one to the WW CR (ayw).

The top CR is defined after the preselection in the ey
channel and requires the presence of exactly one jet, which
must be b-tagged. There can be no additional b-tagged jet
with 20 < pt < 25 GeV, following the SR requirement.
The requirement m4 > 50 GeV is also applied to reject jj
background. As in the WW case, only the ey events are
used in order to suppress the Z/y* contamination. The my
distribution in this control region is shown in Fig. 21(a).

The CR requires at least one b-jet, but the SR requires
zero. In the case of a simple extrapolation using the ratio of

TABLE XIII. Top-quark background uncertainties (in %) for
n; < 1. The uncertainties on the extrapolation procedure for
n; =0 are given in (a); the uncertainties on the extrapolation
factor a,, for n; = 1 are given in (b). The negative sign refers to
the anticorrelation between the top-quark background predicted
in the signal regions and in the WW CR. Only a relative sign
between rows is meaningful; columns contain uncorrelated
sources of uncertainty. Invariant masses are given in GeV.

Uncertainty source “(;/{c (all)? €rest Total
@n;=0

Experimental 4.4 1.2 4.6
Non-top-quark subtraction - - 2.7
Theoretical 39 4.5 4.9
Statistical 2.2 0.7 2.3
Total 6.8 4.7 7.6
Regions Scale PDF Gen UE/PS Total

(b) n; = 1. See the caption of Table XII for column headings.

Signal region
ey (10 <myr <55) —-1.1 -0.12 =24 24 3.6
ee/up (12 <myr <55 -1.0 -0.12 =2.0 3.0 3.7

WW control region
ey (mzp > 80) 06 008 20 18 28
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FIG. 21 (color online). Top-quark control region distributions
of (a) transverse mass and (b) jet pt. The my plot in (a) scales the
top-quark contributions with the normalization factor f3,,. The p4
plot in (b) compares the jet py distribution in top-quark MC—
both the 7 and the Wt processes—in n; = 2 (2j probe) events to
n; =1 (1) events. For each n; = 2 event, one of the two jets is
chosen randomly and the p of that jet enters the distribution if
the other jet is tagged. See Fig. 5 for plotting details.

the predicted yields in the signal and control regions, the
impact of the b-tagging efficiency uncertainty on the
measurement is substantial. A systematic uncertainty of
5% on the b-tagging efficiency would induce an uncertainty
of about 20% on the estimated yield in the SR. In order to
reduce this effect, the b-tagging efficiency €f} is estimated
from data. The efficiency €,; is the probability to tag an
individual jet, measured in a sample selected similarly to the
SR but containing exactly two jets, at least one of which is
b-tagged. It can be measured in data and MC simulation,
because a high-purity top sample can be selected. Most of
the events in this sample are /7 events with reconstructed jets
from b-quarks, although there is some contamination from
light-quark jets from initial state radiation when a b-quark
does not produce a reconstructed jet. Similarly, €;; is the
efficiency to tag a jet in a sample with one jet, in events
passing the signal region selection.

PHYSICAL REVIEW D 92, 012006 (2015)

The efficiency measurement egi}ta is extrapolated from
the n; =2 sample to the n;=1 samples using
Y1 = €1;/€j, which is evaluated using MC simulation.
Jets in the n; =2 and jets in the n; = 1 samples have
similar kinematic features; one example, the jet pr, is
illustrated in Fig. 21(b). In this figure, the n; = 2 distri-
bution contains the pr of one of the two jets, chosen at
random, provided that the other jet is tagged, so that the
distribution contains the same set of jets as is used in the
extrapolation to n; = 1. Residual disagreements between
the distributions are reflected in the deviation of y,;
from unity, which is small. The value of y,; is 1.079 &+
0.002(stat) with an experimental uncertainty of 1.4% and
a theoretical uncertainty of 0.8%. The experimental uncer-
tainty is almost entirely due to uncertainties on the
b-tagging efficiency. The theoretical uncertainty is due
to the PDF model, renormalization and factorization scales,
matching of the matrix element to the parton shower, top-
quark cross sections, and interference between top-quark
single and pair production.

The estimated b-tagging efficiency in the n; = 1 data is
e =11, -63?‘3 and the top-quark background estimate in
the SR is then

est 1- 6613?
Btop,lj = NCR : W . (9)

Lj

X ata

The theoretical systematic uncertainties are summarized in
Table XIII. The normalization factor for this background is

ﬁtlofb = 1.06 + 0.03(stat), and the total uncertainty on the
estimated background in the n; = 1 signal region is 5%.

3. Extrapolation from n;, = 1 for VBF-enriched n; > 2

The n; > 2 categories have a large contribution from top-
quark background events even after selection requirements,
such as the b-jet veto, that are applied to reduce them,
because of the two b quarks in ¢ events. The majority of
the residual top-quark events have a light-quark jet from
initial-state radiation and a b-quark jet that is not identified
by the b-tagging algorithm. The CR requires exactly one
b-tagged jet to mimic this topology, so that at first order the
CR-to-SR extrapolation factor (@) is the ratio of b-jet
efficiency to b-jet inefficiency. The CR includes events
from ey and ee/uu final states because the Z/y* contami-
nation is reduced by the jet selection.

The Oppr discriminant is based on variables, such as
m;;, that depend on the jet kinematics, so the acceptance for
top-quark events in each Ogpr bin is strongly dependent on
the Monte Carlo generator and modeling. Motivated by the
large variation of top-quark event kinematics as a function
of the Ogpr bin, the top-quark background is normalized
independently in each bin, which reduces the modeling
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uncertainties. Figure 22 shows the m;; and Ogpy distribu-
tions in the top CR used for the VBF category. The two bins
with the highest Oppt score are merged to improve the
statistical uncertainty on the estimated background. The
uncertainties on the extrapolation from the single bin in
the CR to the two bins in the SR are separately evaluated.

Table XIV shows the normalization factors f; and their
uncertainties for each Ogpr bin, as well as the theoretical
uncertainties on the extrapolation factors a; to the corre-
sponding SR bins.

The uncertainties on a were evaluated with the same
procedure used for the WW background (see Sec. VIA 1).
The only significant source is a modeling uncertainty
evaluated by taking the maximum spread of predic-
tions from POWHEG + HERWIG, ALPGEN + HERWIG, and
MC@NLO + HERWIG [95]. The generators are distinguished
by the merging of LO matrix-element evaluations
of up to three jets produced in association with
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FIG. 22 (color online). Top-quark control region distributions
in the VBF-enriched n; > 2 category for (a) m;; and (b) BDT
output. For the plot in (b) the shaded band in the ratio shows the
uncertainty on the normalization of each bin. No events are
observed in bin 3. See Fig. 5 for plotting details.
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TABLE XIV. Top-quark background uncertainties (in %) for
n; >2 VBF on the extrapolation factor @ and normalization
factor p. The contributions are given in bins of Ogpr. The
systematic uncertainty on f does not affect the measurement, but
is shown to illustrate the compatibility of the normalization factor
with unity. The values of f# are also shown; bins 2 and 3 use a
common value of . Bin 0 is unused, but noted for completeness.

Ogpr bins Aa/a Ap statistical Ap systematic  f

SR bin 0 (unused) 0.04 0.02 0.05 1.09
SR bin 1 0.10 0.15 0.55 1.58
SR bin 2 0.12 0.31 0.36 0.95
SR bin 3 0.21 0.31 0.36 0.95

11 (ALPGEN + HERWIG) or by differences in procedures for
matching a NLO matrix-element calculation to the parton
shower (MC@NLO + HERWIG and POWHEG + HERWIG). The
systematic uncertainty is dominated by the ALPGEN-+
HERWIG—-MC @NLO + HERWIG difference, and for this reason
the theoretical uncertainties shown in Table XIV are fully
correlated between bins.

4. Extrapolation in m,, for ggF-enriched n; > 2

In the more inclusive phase space of the ggF-enriched
n; > 2 category, the 77 background remains dominant after
the n;, = 0 requirement, as is the case for the VBF-enriched
category. The CR is defined with m,, > 80 GeV to
distinguish it from the signal region (see Fig. 10) and
reduce signal contamination. The CR is approximately
70% pure in top-quark events, and a normalization factor
of = 1.05+0.03(stat) is obtained. The uncertainties
on the extrapolation factor o to the SR are 3.2%
from the comparison of MC@NLO + HERWIG, ALPGEN+
HERWIG, and POWHEG + PYTHIA; 1.2% for the parton shower
and underlying-event uncertainties from the comparison of
POWHEG + PYTHIA6 and POWHEG + HERWIG; 1% from the
missing higher-order contribution, evaluated by varying
the renormalization and factorization scales; 0.3% from
the PDF envelope evaluated as described in Sec. VI A 1;
and 0.7% from the experimental uncertainties. The effect of
the same set of variations on the predicted my distribution
in the signal region was also checked. The variations from
the nominal distribution are small, at most 4% in the tails,
but they are included as a shape systematic in the fit
procedure.

C. Misidentified leptons

Collisions producing W bosons in association with
one or more jets—referred to here as W + jets—may
enter the signal sample when a jet is misidentified as a
prompt lepton. In this background, there is a prompt
lepton and a transverse momentum imbalance from the
leptonic decay of the W boson. Background can also arise
from multijet production when two jets are misidentified
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as prompt leptons and a transverse momentum imbalance
is reconstructed.

1. W +jets

The W + jets background contribution is estimated using
a control sample of events where one of the two lepton
candidates satisfies the identification and isolation criteria
for the signal sample, and the other lepton fails to meet
these criteria but satisfies less restrictive criteria (these
lepton candidates are denoted “anti-identified”). Events in
this sample are otherwise required to satisfy all of the signal
selection requirements. The dominant component of this
sample (85% to 90%) is due to W + jets events in which a
jet produces an object reconstructed as a lepton. This object
may be either a nonprompt lepton from the decay of a
hadron containing a heavy quark, or else a particle (or
particles) from a jet reconstructed as a lepton candidate.

The W + jets contamination in the signal region is
obtained by scaling the number of events in the data
control sample by an extrapolation factor. This extrapola-
tion factor is measured in a data sample of jets produced in
association with Z bosons reconstructed in either the e e~
or utyu~ final state (referred to as the Z + jets control
sample below). The factor is the ratio of the number of
identified lepton candidates satisfying all lepton selection
criteria to the number of anti-identified leptons measured in
bins of anti-identified lepton pr and 5. Anti-identified
leptons must explicitly not satisfy the signal selection
criteria (so that leptons counted in the numerator of this
ratio exclude the anti-identified leptons counted in the
denominator of this ratio) and the signal requirements for
isolation and track impact parameters are either relaxed or
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removed. In addition, for anti-identified electrons the
identification criteria specifically targeting conversions
are removed and the anti-identified electron is explicitly
required to fail the “medium” electron identification
requirement specified in Ref. [23].

Figure 23 shows the pg distributions of identified
muons [Fig. 23(a)], identified electrons [Fig. 23(b)],
anti-identified muons [Fig. 23(c)], and anti-identified
electrons [Fig. 23(d)] in the Z + jets control sample. The
extrapolation factor in a given pr bin is the number of
identified leptons divided by the number of anti-identified
leptons in that particular bin. Each number is corrected for
the presence of processes not due to Z + jets. The Z + jets
sample is contaminated by other production processes that
produce additional prompt leptons (e.g., WZ — £v£?) or
nonprompt leptons not originating from jets (e.g., Z/y* and
Zy) that create a bias in the extrapolation factor. Kinematic
criteria suppress about 80% of the contribution from these
other processes in the Z + jets sample. The remaining total
contribution of these other processes after applying these
kinematic criteria is shown in the histograms in Fig. 23. The
uncertainty shown in these histograms is the 10% system-
atic uncertainty assigned to the contribution from these
other processes, mainly due to cross section uncertainties.
This remaining contribution from other processes is esti-
mated using Monte Carlo simulation and removed from the
event yields before calculating the extrapolation factor.

The composition of the associated jets—namely the
fractions of jets due to the production of heavy-flavor
quarks, light-flavor quarks, and gluons—in the Z + jets
sample and the W + jets sample may be different. Any
difference would lead to a systematic error in the estimate
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Misidentified lepton sample distributions of pt in the Z + jets control sample: (a) identified muon, (b) identified electron,

(c) anti-identified muon, and (d) anti-identified electron. The symbols represent the data (Obs); the histograms are the background MC
estimates (Bkg) of the sum of electroweak processes other than the associated production of a Z boson and jets.
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of the W + jets background due to applying the extrapo-
lation factor determined with the Z 4 jets sample to the
W + jets control sample, so Monte Carlo simulation is used
to determine a correction factor that is applied to the
extrapolation factors determined with the Z + jets data
sample. A comparison of the extrapolation factors deter-
mined with the Z + jets sample and the W + jets sample is
made for three Monte Carlo simulations: ALPGEN+
PYTHIAG, ALPGEN + HERWIG, and POWHEG -+ PYTHIA8. For
each combination of matrix-element and parton-shower
simulations, a ratio of the extrapolation factors for W + jets
versus Z + jets is calculated. These three ratios are used to
determine a correction factor and an uncertainty that is
applied to the extrapolation factors determined with the
Z + jets data sample: this correction factor is 0.99 + 0.20
for anti-identified electrons and 1.00 +0.22 for anti-
identified muons.

The total uncertainties on the corrected extrapolation
factors are summarized in Table XV. In addition to the
systematic uncertainty on the correction factor due to the
sample composition, the other important uncertainties on
the Z + jets extrapolation factor are due to the limited
number of jets that meet the lepton selection criteria in the
Z + jets control sample and the uncertainties on the
contributions from other physics processes in the identified
and anti-identified lepton samples. The total systematic
uncertainty on the corrected extrapolation factors varies as
a function of the pt of the anti-identified lepton; this
variation is from 29% to 61% for anti-identified electrons
and 25% to 46% for anti-identified muons. The systematic
uncertainty on the corrected extrapolation factor dominates
the systematic uncertainty on the W —+ jets background.

TABLE XV. Uncertainties (in %) on the extrapolation factor
Omisia for the determination of the W + jets background. Total is
the quadrature sum of the uncertainties due to the correction
factor determined with MC simulation (Corr. factor), the number
of jets misidentified as leptons in the Z + jets control sample
(Stat), and the subtraction of other processes (Other bkg). As
described in the text, Corr. factor is classified as theoretical and
the rest as experimental. OC (SC) refers to the uncertainties in the
opposite-charge (same-charge) W + jets CR.

Total Corr. factor
SR pr range oc SC oOC SC  Stat Other bkg
Electrons
10-15 GeV 29 32 20 25 18 11
15-20 GeV 44 46 20 25 34 19
20-25 GeV 61 63 20 25 52 25
>25 GeV 43 45 20 25 30 23
Muons
10-15 GeV 25 37 22 35 10 03
15-20 GeV 37 46 22 35 18 05
20-25 GeV 37 46 22 35 29 09
>25 GeV 46 53 22 35 34 21
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The uncertainties on the signal strength p are classified
into experimental, theoretical, and other components, as
described in Sec. IX and Table XXVI. The uncertainty on p
due to the correction factor applied to the extrapolation
factor is classified as theoretical because the uncertainty on
the correction factor is derived from a comparison of
predictions from different combinations of Monte Carlo
generators and parton shower algorithms. The uncertainty
on p due to the other uncertainties on the extrapolation
factor (Z + jet control sample statistics and the subtraction
of other processes from this control sample) is classified as
experimental.

Figure 24 shows the extrapolation factor measured in
the Z + jets data compared to the predicted extrapolation
factor determined using Monte Carlo simulated samples
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FIG. 24 (color online). Misidentified lepton extrapolation
factors, ap;q, for anti-identified (a) muons and (b) electrons
before applying the correction factor described in the text. The
symbols represent the central values of the Z + jets data and the
three ALPGEN + PYTHIA6G MC samples: Z + jets, opposite-charge
(OC) W + jets, and same-charge (SC) W + jets. The bands
represent the uncertainties: Stat. refers to the statistical compo-
nent, which is dominated by the number of jets identified as
leptons in Z + jets data; Background is due to the subtraction of
other electroweak processes present in Z -+ jets data; and Sample
is due to the variation of the a4 ratios in Z + jets to OC W +
jets or to SC W + jets in the three MC samples. The symbols are
offset from each other for presentation.
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(ALPGEN + PYTHIAG) of Z + jets and W 4 jets for anti-
identified muons [Fig. 24(a)] and anti-identified electrons
[Fig. 24(b)]. The values of the extrapolation factors are
related to the specific criteria used to select the anti-
identified leptons and, as a result, the extrapolation factor
for anti-identified muons is about one order of magnitude
larger than the extrapolation factor for anti-identified
electrons. This larger extrapolation factor does not indicate
a larger probability for a jet to be misidentified as a muon
compared to an electron. In fact, misidentified electrons
contribute a larger portion of the W 4 jets background in
the signal region.

The W + jets background in the signal region is deter-
mined using a control sample in which the lepton and the
anti-identified lepton are required to have opposite charge.
A prediction of the W + jets background is also used for a
data control sample consisting of events that satisfy all of
the Higgs boson signal requirements except that the two
lepton candidates are required to have the same charge.
This same-charge control region is described in Sec. VI D.

The W + jets process is not expected to produce equal
numbers of same-charge and opposite-charge candidates.
In particular, associated production processes such as We,
where the second lepton comes from the semileptonic
decay of a charmed hadron, produce predominantly oppo-
site-charge candidates. Therefore, a separate extrapolation
factor is applied to the same-charge W + jets control
sample.

The procedure used to determine the same-charge
extrapolation factor from the Z + jets data is the same as
the one used for the signal region. Because of the difference
in jet composition of the same-charge W + jets control
sample, a different correction factor is derived from MC
simulation to correct the extrapolation factor determined
with the Z + jets data sample for application to the same-
charge W + jets sample. Figure 24 compares the extrapo-
lation factors in same-charge W 4 jets with the ones in
Z + jets. The correction factor is 1.25 £0.31 for anti-
identified electrons and 1.40 +0.49 for anti-identified
muons; as with the opposite-charge correction factors,
these factors and their systematic uncertainty are deter-
mined by comparing the factors determined with the three
different samples of MC simulations mentioned previously
in the text (ALPGEN-+PYTHIAO, ALPGEN + HERWIG, and
POWHEG + PYTHIA8). The total uncertainties on the cor-
rected extrapolation factors used to estimate the W + jets
background in the same-charge control region are shown in
Table XV. The correlation between the systematic uncer-
tainties on the opposite-charge and same-charge correction
factors reflects the composition of the jets producing
objects misidentified as leptons. These jets have a compo-
nent that is charge symmetric with respect to the charge of
the W boson as well as a component unique to opposite-
charge W + jets processes. Based on the relative rates
of same- and opposite-charge W + jets events, 60% of
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the opposite-charge correction factor uncertainty is corre-
lated with 100% of the corresponding same-charge
uncertainty.

2. Multijets

The background in the signal region due to multijets is
determined using a control sample that has two anti-
identified lepton candidates, but otherwise satisfies all of
the signal region selection requirements. A separate
extrapolation factor—using a multijet sample—is mea-
sured for the multijet background and applied twice to
this control sample. The sample used to determine the
extrapolation factor is expected to have a similar sample
composition (in terms of heavy-flavor jets, light-quark jets,
and gluon jets) to the control sample. Since the presence of
a misidentified lepton in a multijet sample influences the
sample composition—for example by increasing the frac-
tion of heavy-flavor processes in the multijet sample—
corrections to the extrapolation factor are made that take
into account this correlation. The event-by-event correc-
tions vary between 1.0 and 4.5 depending on the lepton
flavor and pr of both misidentified leptons in the event; the
electron extrapolation factor corrections are larger than the
muon extrapolation factor corrections.

3. Summary

Table XVI lists the estimated event counts for the
multijet and W + jets backgrounds in the ey channel for
the various jet multiplicities. The values are given before
the mr fit for the ggF-enriched categories and after the
VBF-selection for the VBF-enriched categories. The uncer-
tainties are the combination of the statistical and systematic
uncertainties and are predominantly systematic. The dom-
inant systematic uncertainty is from the extrapolation
factors. In the case of the W + jets background, these
uncertainties are summarized in Table XV; in the case of the
multijet background, the largest contribution is the uncer-
tainty introduced by the correlations between extrapolation
factors in an event with two misidentified leptons.

TABLE XVI. W + jets and multijets estimated yields in the eu
category. For n; = 0 and n; = 1, yields for both the opposite-
charge and same-charge leptons are given. The yields are given
before the mr fit for the ggF-enriched categories and after the
VBEF selection for the VBF-enriched categories. The uncertainties
are from a combination of statistical and systematic sources.

W+ jets yield Ny, Multijets yield N;

Category oC SC oC SC
n;=0 278 £ 71 174 +£54 92+£42 55£25
n;=1 88 £22 62+18 6.1£27 3.0£13
n;>?2 ggF 50+£22 - 49 £22 -
n;>2VBF 37412 - 2.1£0.8 -
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For the n; =0 and n; =1 categories, the expected
backgrounds are provided for both the opposite-charge
signal region and the same-charge control region (described
in Sec. VI D), and the multijet background is expected to be
less than 10% of the W + jets background in these two
categories. For higher jet multiplicities, the multijet back-
ground is expected to be comparable to the W + jets
background because there is no selection criterion applied
to m%. In this case, however, the multijet background has a
very different m distribution than the Higgs boson signal,
so it is not necessary to suppress this background to the
same extent as in the lower jet multiplicity categories.

D. Other dibosons

There are backgrounds that originate from the produc-
tion of two vector bosons other than WW. These include
Wy, Wy*, WZ, and ZZ production and are referred to here
as VV. The VV processes add up to about 10% of the total
estimated background in the n; < 1 channels and are of the
same magnitude as the signal. The dominant sources of
these backgrounds are the production of Wy and Wy*/WZ,
where this latter background is a combination of the
associated production of a W boson with a nonresonant
Z/y* or an on-shell Z boson.

The normalization of the VV background processes in
the ey channel is determined from the data using a same-
charge control region, which is described below. The
distribution of these various contributing processes in the
different signal bins is determined using MC simulation.
In the ee/up channels, both the normalization and the
distributions of the VV processes are estimated with MC
simulation. The details of these simulations are provided in
Sec. HIC.

Several specialized data sample selections are used to
validate the simulation of the rate and the shape of
distributions of various kinematic quantities of the Wy
and Wy* processes and the simulation of the efficiency for
rejecting electrons from photon conversions.

The Wy background enters the signal region when the W
boson decays leptonically and the photon converts into an
ete™ pair in the detector material. If the pair is very
asymmetric in pr, then it is possible that only the electron
or positron satisfies the electron selection criteria, resulting
in a Higgs boson signal candidate. This background has a
prompt electron or muon and missing transverse momen-
tum from the W boson decay and a nonprompt electron or
positron. The prompt lepton and the conversion product are
equally likely to have opposite electric charge (required in
the signal selection) and the same electric charge, since the
identification is not charge dependent.

A sample of nonprompt electrons from photon conver-
sions can be selected by reversing two of the electron signal
selection requirements: the electron track should be part of
a reconstructed photon conversion vertex candidate and the
track should have no associated hit on the innermost layer
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of the pixel detector. Using these two reversed criteria, a
sample of eu events that otherwise satisfy all of the
kinematic requirements imposed on Higgs boson signal
candidates is selected; in the n; =0 category (n; =1
category), 83% (87%) of this sample originates from Wy
production. This sample is restricted to events selected
online with a muon trigger to avoid biases in the electron
selection introduced by the online electron trigger require-
ments. Figures 25(a) and 25(b) show the my distribution
and the pr distribution of the electron of the n; =0
category of this Wy validation sample compared to expect-
ations from the MC simulation. Verifying that the simu-
lation correctly models the efficiency of detecting photon
conversions is important to ensure that the Wy background
normalization and distributions are accurately modeled. To
evaluate the modeling of photon conversions, a Z — uuy
validation sample consisting of either Zy or Z boson
production with final-state radiation is selected. The Z
boson is reconstructed in the y*pu~ decay channel, and an
electron (or positron) satisfying all the electron selection
criteria except the two reversed criteria specified above is
selected. The u*u~e® invariant mass is required to be
within 15 GeV of m, to reduce contributions from the
associated production of a Z boson and hadronic jets.
The resulting data sample is more than 99% pure in the
Z — puy process. A comparison between this data sample
and a Z — pupy MC simulation indicates some potential
mismodeling of the rejection of nonprompt electrons in
the simulation. Hence a pp-dependent systematic uncer-
tainty ranging from 25% for 10 < pr < 15 GeV to 5% for
pt > 20 GeV is assigned to the efficiency for nonprompt
electrons from photon conversions to satisfy the rejection
criteria.

The Wy* background originates from the associated
production of a W boson that decays leptonically and a
virtual photon y* that produces an e*e™ or y*u~ pair in
which only one lepton of the pair satisfies the lepton
selection criteria. This background is most relevant in the
n; = 0 signal category, where it contributes a few percent
of the total background and is equivalent to about 25% of
the expected Higgs boson signal.

The modeling of the Wy* background is studied with a
specific selection aimed at isolating a sample of Wy* —
evup candidates. Events with an electron and a pair of
opposite-charge muons are selected with m,, <7 GeV,

phiss > 20 GeV  and both muons must satisfy
A¢(e,u) <2.8. Muon pairs consistent with originating
from the decay of a J/y meson are rejected. The electron
and the highest pt muon are required to satisfy the signal
region lepton selection criteria and pr thresholds; however,
the subleading-muon p threshold is reduced to 3 GeV. The
isolation criteria for the higher-pr muon are modified
to take into account the presence of the lower-pt muon.
The SHERPA Wy* simulation sample with m,. <7 GeV is
compared to the data selected with the above criteria; the
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FIG. 25 (color online).

Wy and Wy* validation region (VR) distributions: (a) Wy transverse mass, (b) Wy electron Et, (c) Wy*

transverse mass using the leading two leptons, and (d) Wy* dimuon invariant mass. The Wy (Wy*) plots use the data in the n; = 0 (all n;)
category. “Rest” consists of contributions not listed in the legend. All processes are normalized to their theoretical cross sections. See

Fig. 5 for plotting details.

distributions of the my calculated using the electron and the
higher-pr muon and the invariant mass of the two muons
m,,, are shown in Figs. 25(c) and 25(d).

The WZ and ZZ backgrounds are modeled with MC
simulation. No special samples are selected to validate the
simulation of these processes. The ZZ background arises
primarily when one Z boson decays to e™e~ and the other
to "~ and an electron and a muon are not detected. This
background is very small, amounting to less than 3% of the
V'V background. Background can also arise from Zy* and
Zy production if the Z boson decays to #7#~ and one of the
leptons is not identified and the photon results in a second
lepton. These backgrounds are also very small, and the Zy*
background is neglected.

The V'V backgrounds arising from Wy, Wy*, and WZ are
equally likely to result in a second lepton that has the same
charge or opposite charge compared to the lepton from the
W boson decay. For this reason, a selection of eu events that
is identical to the Higgs boson candidate selection except
that it requires the two leptons to have the same charge is
used to define a same-charge control region. The same-
charge control region is dominated by V'V processes. The
other processes that contribute significantly to the same-
charge sample are the W + jets process and—to a much
lesser extent—the multijet process. The same-charge data
sample can be used to normalize the V'V processes once the

contribution from the W + jets process is taken into
account, using the method described in Sec. VIC.
Figure 26 shows the distributions of the transverse mass
[26(a) and 26(c)] and the subleading lepton pr [26(b) and
26(d)] for the same-charge data compared with the MC
simulations after normalizing the sum of these MC pre-
dictions to the same-charge data. A single normalization
factor is applied simultaneously to all four MC simulations
of the VV backgrounds (shown separately in the figures).
These normalization factors are f; = 0.92 £ 0.07(stat)
and f#;; = 0.96 + 0.12(stat) for the eu channels in the
n; < 1 categories. The VV processes comprise about 60%
of the total in both the zero-jet and one-jet same-charge data
samples, with 30% coming from the W + jets process.
Theoretical uncertainties on the VV backgrounds are
dominated by the scale uncertainty on the prediction for
each jet bin. For the Wy process, a relative uncertainty of
6% on the total cross section is correlated across jet
categories, and the uncorrelated jet-bin uncertainties are
9%, 53%, and 100% in the n; =0, n; =1, and n; > 2
categories, respectively. For the Wy* process, the corre-
sponding uncertainties are 7% (total cross section), 7%
(n; =0),30% (n; = 1), and 26% (n; > 2). No uncertainty
is applied for the extrapolation of these backgrounds from
the same-charge control region to the opposite-charge
signal region, since it was verified in the simulation that
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these processes contribute equal numbers of opposite-
charge and same-charge events.

E. Drell-Yan

The DY processes produce two oppositely charged
leptons and some events are reconstructed with significant
missing transverse momentum. This is mostly due to
neutrinos produced in the Z boson decay in the case of
the Z/y* — 7t background to the ey channels. In contrast,
in the case of the Z/y* — ee, uu background to the ee/puu
channels, it is mostly due to detector resolution that is
degraded at high pile-up and to neutrinos produced in
b-hadron or c-hadron decays (from jets produced in
association with the Z boson). Preselection requirements,
such as the one on p?i“, reduce the bulk of this back-
ground, as shown in Fig. 5, but the residual background is
significant in all categories, especially in the ee/uu
samples. The estimation of the Z/y* — zr background
for the ey samples is done using a control region, which
is defined in a very similar way across all n; categories,
as described below. Since a significant contribution to the
Z/y* — ee, uu background to the ee/uu categories arises
from mismeasurements of the missing transverse momen-
tum, more complex data-derived approaches are used to
estimate this background,* as described below.

Mismodeling of pf/ ", reconstructed as p5’, was
observed in the Z/y*-enriched region in the n; =0
category. The ALPGEN + HERWIG MC generator does not
adequately model the parton shower of soft jets that balance
p%’ when there are no selected jets in the event. A
correction, based on the weights derived from a data-to-
MC comparison in the Z peak, is therefore applied to MC

events in the n; = 0 category, for all leptonic final states
from Drell-Yan production.

1. Z/y" >zt

The Z/y* — 7z background prediction is normalized to
the data using control regions. The contribution from this
background process is negligible in the ee/uu channel, and
in order to remove the potentially large Z/y* — ee, uu
contamination, the CR is defined using the ey samples in
all categories except the n; > 2 VBF-enriched one.

The control region in the n; = 0 category is defined by
the requirements m,, < 80 GeV and A¢,, > 2.8, which
select a 91%-pure region and result in a normalization
factor f3y; = 1.00 £ 0.02(stat). In the n; = 1 category, the
invariant mass of the 7z system, calculated with the
collinear mass approximation, and defined in Sec. IV B,
can be used since the dilepton system is boosted. An
80%-pure region is selected with m,, < 80 GeV and
m,, > (mz — 25 GeV). The latter requirement ensures that
there is no overlap with the signal region selection. The
resulting normalization factor is f;; = 1.05 £ 0.04(stat).
The n; > 2 ggF-enriched category uses a CR selection of
myp < 70 GeV and A¢,, > 2.8 providing 74% purity and
a normalization factor f,; = 1.00 £ 0.09(stat). Figure 27
shows the mt distributions in the control regions in the
n; =0 and n; = 1 categories. High purity and good data/
MC agreement is observed.

In order to increase the available statistics in the Z/y* —
7z control region in the n; > 2 VBF-enriched category,
ee/up events are also considered. The contribution from
Z/y* — ee, uu decays is still negligible. The control region
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FIG. 27 (color online). Z/y* — 7t control region distributions
of transverse mass. See Fig. 5 for plotting details.

is defined by the invariant mass requirements: m,, <
80 GeV (75 GeV in ee/uy) and |m,, —my| <25 GeV.
The resulting normalization factor is derived after summing
all three bins in Oppy and yields f = 0.9 £ 0.3(stat).
Three sources of uncertainty are considered on the
extrapolation of the Z/y* — zr background from the
control region: QCD scale variations, PDFs, and generator
modeling. The latter are evaluated based on a comparison
of ALPGEN + HERWIG and ALPGEN + PYTHIA generators. An
additional uncertainty on the p%/ r reweighting procedure
is applied in the n; =0 category. It is estimated by
comparing the different effects of reweighting with the
nominal weights and with an alternative set of weights
derived with a p'* > 20 GeV requirement applied in the
Z-peak region. This requirement follows the event selection
criteria used in the eu samples where the Z/y* — 17
background contribution is more important. Table XVII
shows the uncertainties on the extrapolation factor a to the
signal regions and the WW control regions in the n; <1

and n; > 2 ggF-enriched categories.

2.Z]y" »ee.ppinn; <1

The fcon variable (see Sec. IV) shows a clear shape
difference between DY and all processes with neutrinos in
the final state, including signal and Z/y* — 7z, which are
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TABLE XVII. Z/y* — 77 uncertainties (in %) on the extrapo-
lation factor @, for the n; < 1 and n; > 2 ggF-enriched categories.
Scale, PDF, and generator modeling (Gen) uncertainties are
reported. For the n; = 0 category, additional uncertainty due
to p%/ " reweighting is shown. The negative sign indicates
anticorrelation with respect to the unsigned uncertainties in the
same column.

Regions Scale PDF Gen p%/y*
Signal regions
n;j=0 -1.6 1.4 5.7 19
nj=1 4.7 1.8 -2.0 -
n; >2 ggk —-10.3 1.1 104 -
WW control regions
n; =0 =55 1.0 -8.0 16
n;=1 =72 2.1 32 -

collectively referred to as “non-DY”. A method based on a
measurement of the selection efficiency of a cut on f ..o
from data, and an estimate of the remaining DY contribu-
tion after such a cut, is used in the ee/uu category. A
sample of events is divided into two bins based on whether
they pass or fail the f..,; requirement, and the former
defines the signal region. The efficiency of this cut,
€ = Npass/ (Npass + Nigait), measured separately in data for
the DY and non-DY processes, is used together with the
fraction of the observed events passing the f...,; require-
ment to estimate the final DY background. It is analytically
equivalent to inverting the matrix:

N, pass o 1 1 . B DY
Npass + Nfail 1/‘c/‘DY 1/‘C;non—DY Bnon—DY ’
(10)

and solving for Bpy, which gives the fully data-derived
estimate of the DY yield in the ee/uu signal region. The
mry distribution for this background is taken from the
Monte Carlo prediction, and the my shape uncertainties

due to the p%/ v reweighting are found to be negligible.

The non-DY selection efficiency ¢,,,.py 1S evaluated
using the ey sample, which is almost entirely composed of
non-DY events. Since this efficiency is applied to the non-
DY events in the final ee/uu signal region, the event
selection is modified to match the ee/uu signal region
selection criteria. This efficiency is used for the signal and
for all non-DY backgrounds. The DY selection efficiency
epy is evaluated using the ee/uu sample satisfying
the |my, — myz| < 15 GeV requirement, which selects the
Z-peak region. An additional non-DY efficiency &, py is
introduced to account for the non-negligible non-DY
contribution in the Z peak, and is used in the evaluation
of epy. It is calculated using the same m,, region but in ey
events. Numerical values for these f,...; selection efficien-
cies are shown in Table XVIII(a).
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TABLE XVIII. The fion summary for the Z/y* — ee, uu
background in the n; <1 categories. The efficiency for Drell-
Yan and non-DY processes are given in (a); the associated
systematic uncertainties (in %) are given in (b). For each group
in (b), the subtotal is given first. The last row gives the total
uncertainty on the estimated Bpy yield in the SR.

Efficiency type n; =0 ny=1

(a) frecon Selection efficiencies (in %)

€non-DY > efficiency for non-DY events 69 +1 64 +2

€Dy efficiency for DY events 14+5 13+4

e onpys  cfficiency for non-DY when 68+2 66+£3
determining the previous row

Source n;=0 ny=1

(b) Systematic uncertainties (in %) on the above efficiencies

Uncertainty on &,,,.py 1.9 32
from statistical 1.8 3.0
from using ey CR to extrapolate to 0.8 1.2
the SR (ee/uu category)

Uncertainty on epy 38 32
from statistical 9.4 16
from using Z peak to extrapolate 32 16
to the SR (12 < my, < 55 GeV)

Uncertainty on &), py 3.1 4.5
from statistical 1.9 39
from using ey CR to extrapolate to 2.5 24

the SR (ee/uu category)
Total uncertainty on yield estimate Bpy 49 45

For the non-DY f,...; selection efficiencies &,,,py
and €y, the systematic uncertainties are based on
the eu-to-ee/pu extrapolation. They are evaluated with
MC simulations by taking the full difference between
the selection efficiencies for ey and ee/uu events in the
Z peak and SR. Obtained uncertainties are validated
with alternative MC samples and with data, and are added
in quadrature to the statistical uncertainties on the effi-
ciencies. The difference in the f...; selection efficiencies
for the signal and the other non-DY processes is taken as
an additional uncertainty on the signal, and is 9% for the
n; = 0 category and 7% for the n; = 1 one. Systematic
uncertainties on the efficiencies related to the sample
composition of the non-DY background processes were
found to be negligible.

The systematic uncertainties on epy are based on the
extrapolation from the Z peak to the SR and are evaluated
with MC simulation by comparing the f...i selection
efficiencies in these two regions. This procedure is checked
with several generators, and the largest difference in the
selection efficiency is taken as the systematic uncertainty
on the efficiency. It is later added in quadrature to the
statistical uncertainty. The procedure is also validated with
the data. Table XVIII(b) summarizes all the uncertainties.
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The largest uncertainties are on epy but since the non-DY
component dominates in the signal region, the uncertainties
on its f ..o efficiency are the dominant contribution to the
total uncertainty on the estimated Bpy yield.

3. Z/y* — ee,pp in VBF-enriched n; > 2

The Z/y* — ee,up background in the VBF-enriched
channel is estimated using an “ABCD” method, described
below. The BDT shape for this process is taken from a high-
purity data sample with low m,, and low p'Fs* (region B). It
is then normalized with a p2i* cut efficiency, derived from
the data using the Z-peak region separated into low- and
high-pTiss regions (C and D, respectively). It yields
0.43 + 0.03. The final estimate in the signal region (A)
is corrected with a nonclosure factor derived from the MC,
representing the differences in pMs cut efficiencies
between the low-m,, and Z-peak regions. It yields
0.83 £0.22. Bins 2 and 3 of Ogpr are normalized using
a common factor due to the low number of events in the
highest Ogpr bin in region B. The normalization factors,
applied to the Z/y* — ee, uu background in the ee/uu
channel in the signal region, are fy;,; = 1.01 &= 0.15(stat)
and ﬁbin2+3 =0.89 = 028(Stat)

The uncertainty on the nonclosure factor is 17% (taken
as its deviation from unity), and is fully correlated across all
Ogpr bins. Uncertainties are included on the Oppr shape
due to QCD scale variations, PDFs, and the parton shower
model, and are 11% in the bin with the highest Ogpt score.
No dependence of the BDT response on piiss is observed
in MC, and an uncertainty is assigned based on the
assumption that they are uncorrelated (4%, 10%, and
60% in the bins with increasing Ogpt score).

F. Modifications for 7 TeV data

The background estimation techniques in the n; <1
channels for 7 TeV data closely follow the ones applied
to 8 TeV data. The definitions of the control regions of WW,
top-quark, and Z/y* — 7t are the same. The Z/y* — ee, uu
background is estimated with the same method based on the
Jfrecon Selection efficiencies. The f ... requirements are
loosened (see Sec. IV E). The calculation of the extrapola-
tion factor in the W + jets estimate uses a multijet sample
instead of a Z + jets sample, which has a limited number
of events. The VV backgrounds are estimated using
Monte Carlo predictions because of the small number of
events in the same-charge region. In the n; >2 VBF-
enriched category, the background estimation techniques
are the same as in the 8 TeV analysis. The normalization
factors from the control regions are given in Table XX in the
next section along with the values for the 8 TeV analysis.

The theoretical uncertainties on the extrapolation factors
used in the WW, top-quark, and Z/y* — 77 background
estimation methods are assumed to be the same as in the
8 TeV analysis. Uncertainties due to experimental sources
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are unique to the 7 TeV analysis and are taken into account
in the likelihood fit. The uncertainties on the f...; selection
efficiencies used in the Z/y* — ee, uu background esti-
mation were evaluated following the same technique as in
the 8 TeV analysis. The dominant uncertainty on the
extrapolation factor in the W + jets estimate is due to
the uncertainties on the differences in the compositions of
the jets in the multijet and W + jets sample and is 29%
(36%) for muons (electrons).

G. Summary

This section described the control regions used to
estimate, from data, the main backgrounds to the various
categories in the analysis. An overview of the observed and
expected event yields in these control regions is provided in
Table XIX for the 8 TeV data. This shows the breakdown of
each control region into its targeted physics process (in
bold) and its purity, together with the other contributing
physics processes. The WW CR in the n; = 1 category is
relatively low in WW purity but the normalization for the
large contamination by N, is determined by the relatively
pure CR for top quarks.

The normalization factors f derived from these control
regions are summarized in Table XX, for both the 7 and
8 TeV data samples. Only the statistical uncertainties are

PHYSICAL REVIEW D 92, 012006 (2015)

quoted and in most of the cases the normalization factors
agree with unity within the statistical uncertainties. In
two cases where a large disagreement is observed, the
systematic uncertainties on f are evaluated. One of them
is the WW background in the n; =0 category, where
adding the systematic uncertainties reduces the disagree-
ment to about 2 standard deviations: S = 1.22+
0.03(stat) + 0.10(syst). The systematic —component
includes the experimental uncertainties and additionally
the theoretical uncertainties on the cross section and
acceptance, and the uncertainty on the luminosity deter-
mination. Including the systematic uncertainties on the
normalization factor for the top-quark background in the
first bin in the n; >2 VBF-enriched category reduces
the significance of the deviation of the normalization
factor with unity: g = 1.58 4+ 0.15(stat) £ 0.55(syst).
In this case, the uncertainty on MC generator modeling
is also included. The systematic uncertainties quoted
here do not have an impact on the analysis since the
background estimation in the signal region is based on the
extrapolation factors and their associated uncertainties,
as quoted in the previous subsections. In addition, the
sample statistics of the control region, the MC sample
statistics, and the uncertainties on the background sub-
traction all affect the estimation of the backgrounds
normalized to data.

TABLE XIX. Control region event yields for 8 TeV data. All of the background processes are normalized with the corresponding S

given in Table XX or with the data-derived methods as described in the text; each row shows the composition of one CR. The N,

sig

column includes the contributions from all signal production processes. For the VBF-enriched n; > 2, the values for the bins in Ogpy are
given. The entries that correspond to the target process for the CR are given in bold; this quantity corresponds to N4 considered in the
last column for the purity of the sample (in %). The uncertainties on Ny, are due to sample size.

Summary Composition of Ny, Purity
. Npy
Control regions Nops Nikg Nge Nww N Nuisia  Nvv Neeju Nee  Noowa/Nokg (%)
CR for WW 2713 268049 28 1950 335 184 97 8.7 106 73
CR for top quarks 76013 75730 £50 618 8120 56210 2730 1330 138 7200 74
CR for VV 533 531+8 22 2.5 1.1 180 327 19 2.7 62
CR for Z/y* — 1t 4557 4530+30 23 117 16.5 239 33 28 4100 91
nj=1
CR for WW 2647 2640 £ 12 4.3 1148 1114 165 127 17 81 43
CR for top quarks 6722 6680+ 12 17 244 6070 102 50 6 204 91
CR for VV 194 192 +4 1.9 1 3.1 65 117 4.7 0.8 61
CR for Z/y* - 17 1540 1520+ 14 18 100 75 84 27 7 1220 80
n; > 2 ggk
CR for top quarks 2664 2660 + 10 49 561 1821 129 101 10 44 68
CR for Z/y* — 1t 266 263+ 6 2.6 13 34 18 4.1 0.1 194 74
n; >2 VBF
CR for top quarks, bin 1 143 142 +2 2.1 1.9 130 2.1 0.8 6.3 1.1 92
CR for top quarks, bin 2-3 14 143+0.5 1.8 06 11.6 0.2 0.2 0.9 0.2 81
CR for Z/y* = 7 24 207+£09 24 0.9 1.2 0.6 0.2 08 17 82
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TABLE XX. Control region normalization factors /. The f values scale the corresponding estimated yields in the
signal region; those that use MC-based normalization are marked with a dash. For the VBF-enriched n; > 2
category, the values in bins of Oppr are given for top quarks; a combined value is given for Z/y* — zz. The
uncertainties are due to the sample size of the corresponding control regions.

Category ww Top quarks Vv Zly* =1t
8 TeV sample
n;=0 1.22 +£0.03 1.08 £ 0.02 0.92 +£0.07 1.00 £ 0.02
n;=1 1.05 £ 0.05 1.06 £+ 0.03 0.96 £0.12 1.05 £ 0.04
n;>2, ggk - 1.05 £ 0.03 - 1.00 £ 0.09
n; > 2, VBF bin 1 - 1.58 £0.15 - 0.90 £ 0.30
n; > 2, VBF bins 2-3 - 0.95+0.31 -
7 TeV sample
;=0 1.09 £ 0.08 1.12 £ 0.06 - 0.89 £ 0.04
n;=1 0.98 £0.12 0.99 +£0.04 - 1.10 £ 0.09
n; > 2, VBF bins 1-3 - 0.82+0.29 - 1.52+£0.91

VIIL. FIT PROCEDURE AND UNCERTAINTIES

The signal yields and cross sections are obtained from a
statistical analysis of the data samples described in Sec. IV.
A likelihood function—defined to simultaneously model, or
“fit” the yields of the various subsamples—is maximized.

The signal strength parameter p, defined in Sec. I, is
the ratio of the measured signal yield to the expected SM
value. Its expected value (M) i unity by definition. A
measurement of zero corresponds to no signal in the data.
The observed value p,, reported in Sec. IX, is one of the
central results of this paper.

In this section, the fit regions are described in Sec. VII A
followed by the details of the likelihood function and the
test statistic in Sec. VIIB. Section VII C summarizes the
various sources of uncertainty that affect the results. A
check of the results is given in Sec. VIID.

A. Fit regions

The fit is performed over data samples defined by fit
regions listed in Table XXI, which consist of

(1) signal region categories [Table XXI(a)] and

(i1) profiled control regions [rows in Table XXI(b)

marked by solid circles].
The nonprofiled control regions [rows in Table XXI(b)
marked by open circles] do not have explicit terms
in the likelihood, but are listed in the table for completeness.

The profiled CRs determine the normalization of the
corresponding backgrounds through a Poisson term in the
likelihood, which, apart from the Drell-Yan zz CR, use
the eu sample. The nonprofiled CRs do not have a Poisson
term and enter the fit in other ways. The details are
described in the next section.

The SR categories i and fit distribution bins b that
contribute to the likelihood were briefly motivated
in Sec. 1.

The ey samples in the n; < 1, the most signal sensitive of
all channels, are each divided into 12 kinematic regions

(12 =2-3-2): two regions in my,,, three regions in péz,
and two regions for the subleading lepton flavors. In
contrast, the less sensitive ee/uu samples for the n; <1
categories use one range of m, and p72.

The my distribution is used to fit all of the ggF-enriched
categories. Its distribution for the signal process has an
upper kinematic edge at my, but, in practice, mt can exceed
my because of detector resolution. There is also a kin-
ematic suppression below a value of m that increases with
increasing values of m,, and p?z due to the kinematic
requirements in each of the n; <1 categories.

The my distribution for the n; =0 category in the
eu(ee/uu) samples uses a variable binning scheme that
is optimized for each of the 12 (one) kinematic regions. In
the kinematically favored range of the ey and ee/up
samples, there are 8 bins that are approximately 6 GeV
wide between a range of X to Y, where X is approximately
80 GeV and Y is approximately 130 GeV. A single bin at
low mr, from O to X, has a few events in each category;
another bin at high mr—from Y to co—is populated
dominantly by WW and top-quark events, constraining
these backgrounds in the fit.

The my distribution for the n; = 1 category follows the
above scheme with six bins. The bins are approximately
10 GeV wide in the same range as for n; = 0.

The m distribution of the ey events in the ggF-enriched
n; >?2 uses four bins specified by the bin bounda-
ries [0, 50, 80, 130, o] GeV.

The Ogpr distribution is used to fit the VBF-enriched
n; > 2 samples. The signal purity increases with increasing
value of Ogpr, S0 the bin widths decrease accordingly. The
bin boundaries are [—1, —0.48,0.3,0.78, 1] and define four
bins that are labeled O through 3. Only bins 1, 2, and 3 are
used in the fit. The selection-based cross-check analysis
uses two bins in m;;([600, 1000, 0] GeV) and four
bins in the mr distribution as defined above for the
ggF-enriched n; > 2.
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TABLE XXI. Fit region definitions for the Poisson terms in the likelihood, Eq. (11), not including the terms used for MC statistics.
The signal region categories i are given in (a). The definitions for bins b are given by listing the bin edges, except for mt and Ogpr, and
are given in the text and noted as the fit variables on the right-most column. The background control regions are given in (b), which
correspond to the ones indicated as using data in Table XI. The profiled CRs are marked by ¢ and the others are marked by o. “Sample”
notes the lepton flavor composition of the CR that is used for all the SR regions for a given n; category: “eu” means that a ey CR sample
is used for all SR regions; the W;j and jj CRs use the same lepton-flavor samples in the SR (same), i.e., “eu” CR for “eu” SR and
“ee/pup’” CR for “ee/up” SR; the DY, ee/uu sample is used only for the ee/uu SR; the two rows in n; > 2 VBF use a CR that combines
the two samples (both); see text for details. Energy-related quantities are in GeV.

SR category i

n;, flavor ® myy ® py? ® ¢, Fit variable

(a) Signal region categories

n; =0
eu ® [10,30,55] ® [10, 15,20, o] ® [e, u] mr
ee/up ® [12,55] ® [10, 0] mr
nj=1
eu ® [10,30,55] ® [10, 15,20, o] ® [e, u] mr
ee/uu ® [12,55] ® [10, 0] my
n; > 2 ggk
ey ® [10,55] ® [10, 0] mr
n; >2 VBF
ep ® [10,50] ® [10, oo Ogpr
ee/pp ® [12,50] ® [10, 0] Ogpr
CR Profiled? Sample Notable differences vs. SR
(b) Control regions that are profiled (¢) and nonprofiled (o)
wWw . eu 55 < myp < 110, Ay < 2.6, p5? > 15
Top ° eu n; = 0 after presel., Ag,, < 2.8
wj ° same one anti-identified
Jjj ° same two anti-identified £
Vv . eu same-charge ¢ (only used in eu)
DY, ee/uu . ee/uu Jrecoit > 0.1 (only used in ee/pup)
DY, 7 . e mep < 80, Ay > 2.8
ny=1
wWwW . ep mgy > 80, |m,, —my| > 25, p? > 15
Top . eu n, =1
Wj o same one anti-identified
Jjj o same two anti-identified ¢
Vv J eu same-charge ¢ (only used in eu)
DY, ee/uu . ee/up Srecoit > 0.1 (only used in ee/up)
DY, =z . eu mppy < 80, m,; > my — 25
n;>?2 ggk
Top . eu myp > 80
W o same one anti-identified ¢
Jj ° same two anti-identified
DY, =t . eu mpy < 70, Agpyp > 2.8
n; >2 VBF
Top . both n, =1
Wj ° same one anti-identified £
Jjj ° same two anti-identified ¢
DY, ee/uu o ee/up ERs < 45 (only used in ee/pup)
DY, 7z o both mgp < 80, |m,, —my| <25

012006-42



OBSERVATION AND MEASUREMENT OF HIGGS BOSON ...

In general, the bin boundaries are chosen to maximize
the expected signal significance while stabilizing the
statistical fluctuations associated with the subtraction of
the backgrounds. For the m fits, this is accomplished by
maintaining an approximately constant signal yield in each
of the bins. The exact values of the mt bins are given in
Appendix A 1 in Table XXIX.

The interplay of the various fit regions is illustrated for
one kinematic region of the n; = 0 in Fig. 28. The shape
of the my distribution is used in the fit to discriminate
between the signal and the background as shown in the
top row for the SR. Three profiled CRs determine the

PHYSICAL REVIEW D 92, 012006 (2015)

normalization factors (f;) of the respective background
contributions in situ. The variable and selections used to
separate the SR from the CRs regions are given in the
second row: for WW the m,, variable divides the SR and
CR, but also the validation region (VR) used to test the WW
extrapolation (see Sec. VI A); for DY the A¢,, variable
divides the SR and CR with a region separating the two; for
V'V the discrete same/opposite charge variable is used. The
last row shows the backgrounds whose normalizations are
not profiled in the fit, but are computed prior to the fit.
The treatment of a given region as profiled or non-
profiled CR depends from the complexity related to its

(a) Signal region for n; =0, en category

binl bin2 ---

bin b

§ SR shown in (a)
has Poisson
terms in L
Wj 1
top
80 130 1

mr [GeV]
(b) WW (¢) Drell-Yan (d) VvV ’
Apply Bww to Nww Apply oy to Npy Apply Bvv to Nyv
SR WW CR, WW Unused DY VV CR Profiled CRs
VR, region ;
tin (b, ¢, d) have
i Poisson terms in L
rest '
rest
top
10 30 55 110 2.8 3.14
GeV . : A
mee [GeV] Ay Q“ Qe2 Regions (a~d) in fit :
(e) Top quark (f) np > 1 data (8) Wj -1 (e-g) mot in fi ;

Apply Brop to Niop Apply 7* to Brop

SR Top CR is inclusive n; 0j , Compute v=

top

Nw; in bins b

: Nonprofiled CRs
v an (e, f, g) have no
rest ‘ Poisson term in L

FIG. 28 (color online).

More loose !
lepton isolation ‘

More strict

Simplified illustration of the fit regions for n; = 0, eu category. The figure in (a) is the variable-binned my
distribution in the signal region for a particular range of m, and p5*

specified in Table XXI; the mt bins are labeled b = 1,2, ...; the

histograms are stacked for the five principal background processes—WW, top, Misid (mostly W), VV, DY (unlabeled)—and the Higgs
signal process. The figures in (b, c, d) represent the distributions that define the various profiled control regions used in the fit with a
corresponding Poisson term in the likelihood £. Those in (e, f, g) represent the nonprofiled control regions that do not have a Poisson term in
L, but determine parameters that modify the background yield predictions. A validation region (VR) is also defined in (b); see text.
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implementation in the fit, the impact of the estimated
background in the analysis, and the level of contamination
of the other process in the relative CR. Subdominant
backgrounds and those whose estimation is not largely
affected by the postfit yield of the other backgrounds, like
W and multijet backgrounds, are not profiled.

B. Likelihood, exclusion, and significance

The statistical analysis involves the use of the likelihood
L(p,@|N), which is a function of the signal strength
parameter p and a set of nuisance parameters 0 =
{0,,60,,...} given a set of the numbers of events
N = {Ny4, Ng, ...}. Allowed ranges of p are found using
the distribution of a test statistic g,,.

Table Syst in Table Syst in
1

XXla Sec. V Sec. VIIC
c=T1r (v

i.b

TR H vpr(0,) + Zﬂk * Brip H (0
r k s
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1. Likelihood function

The likelihood function £ [Eq. (11) below] is the
product of four groups of probability distribution
functions:

(i) Poisson function (N, | ...) used to model the event

yield in each bin b of the variable fit to extract the
signal yield for each category i;

(ii) Poisson function f(N, | X f;By;) used to model the
event yield in each control region / with the total
background yield summed over processes k (By;);

(iii) Gaussian functions ¢(9,]6,) used to model the
systematic uncertainties ¢; and

(iv) Poisson functions f({;|...) used to account for the
MC statistics k.

Table Syst in Table
1 , 1

)) ﬁf(zv,’ > he Bkz) ﬁg(&, )

1 k

Poisson for SR with signal strength p; predictions S, B

The statistical uncertainties are considered explicitly in
the first, second, and fourth terms. The first and second
terms treat the random error associated with the predicted
value, i.e., for a background yield estimate B the /B error
associated with it. The fourth term treats the sampling
error associated with the finite sample size used for the
prediction, e.g., the \/Nyc “MC statistical errors” when
MC is used. All of the terms are described below and
summarized in Eq. (11).

The first term of £ is a Poisson function f for the
probability of observing N events given 4 expected events,
f(N|1) = e*IN/N!. The expected value 1 is the sum of
event yields from signal (S) and the sum of the background
contributions (X;B;) in a given signal region, i.e.,
A=p- S+ ZB;. The parameter of interest, p, multiplies
S; each background yield in the sum is evaluated as
described in Sec. VL. In our notation, the yields are
scaled by the response functions v that parametrize the
impact of the systematic uncertainties 6. The v and 6 are
described in more detail below when discussing the third
term of L.

The second term constrains the background yields with
Poisson components that describe the profiled control
regions. Each term is of the form f(N,|4;) for a given
CR labeled by , where N, is the number of observed events
in [, i.e., 4, = X B - By, is the predicted yield in /, f is
the normalization factor of background k, and By, is the
MC or data-derived estimate of background k in /. The
P parameters are the same as those that appear in the first
Poisson component above.

Poiss. for MC stats

(11)

Poisson for profiled CRs Gauss. for syst

The third term constrains the systematic uncertainties
with Gaussian terms. Each term is of the form

9(8|6) = e"=07/2/\/27, where 9 represents the central
value of the measurement and € the associated nuisance
parameter for a given systematic uncertainty. The effect of
the systematic uncertainty on the yields is through an
exponential response function v(8) = (1 + ¢)? for normali-
zation uncertainties that have no variations among bins b of
the fit variable, where € is the value of the uncertainty in
question. In this case, v follows a log-normal distribution
[96]. In this notation, € = 3% is written if the uncertainty
that corresponds to one standard deviation affects the
associated yield by +3% and corresponds to 6 = %1,
respectively.

For the cases where the systematic uncertainty affects a
given distribution differently in each bin b, a different linear
response function is used in each bin; this function is
written as v,(0) = 1 + ¢, - 0. In this case, v, is normally
distributed around unity with width ¢, and is truncated by
the v, > 0 restriction to avoid unphysical values. Both
types of response function impact the predicted S and By, in
the first Poisson component.

The fourth term treats the sample error due to the finite
sample size [97], e.g., the sum of the number of generated
MC events for all background processes, B = X;B;. The
quantity B is constrained with a Poisson term f(&]|1),
where ¢ represents the central value of the background
estimate and A = ¢ - 0. The { = (B/5)? defines the quantity
with the statistical uncertainty of B as 6. For instance, if a
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background yield estimate B uses Nyc MC events that
correspond to a data sample with effective luminosity Lyc,
then for a data-to-MC luminosity ratio r = Lg,,/Lyc the
background estimate is B = r - Nyc, and the uncertainty
(parameter) in question is 6 = r - /Nyc ( = Nyc). In this
example, the Poisson function is evaluated at Ny;c given
A = 6 - Nyc. Similar to the case for the third term, a linear
response function v(0) = 0 impacts the predicted S and B,
in the first Poisson component.

In summary, the likelihood is the product of the four
above-mentioned terms and can be written schematically as
done in Eq. (11), where the v,, and v,, are implicitly
products over all three types of response functions—
normalization, shape of the distribution, and finite MC
sample size—whose parameters are constrained by the
second, third, and fourth terms, respectively. In the case of
finite MC sample size, € is unique to each bin, which is not
shown in Eq. (11). The statistical treatments of two
quantities—the Z/y* — ee, pp estimate in n; <1 and
the top-quark estimate in n; = l—are constrained with
additional multiplicative terms in the likelihood (see
Appendix A).

To determine the observed value of the signal strength,
Hopss the likelihood is maximized with respect to its
arguments, p and 6, and evaluated at 9 =0 and £ = .

2. Test statistic
The profiled likelihood-ratio test statistic [98] is used to
test the background-only or background-and-signal
hypotheses. It is defined as
L(p.0)
Emax 0=0

, (12)

i

q(p) = -2In

and it is also written as g, ; the argument of the logarithm is
written as A in later plots. The denominator of Eq. (12) is
unconditionally maximized over all possible values of p
and €, while the numerator is maximized over @ for a
conditional value of p. The latter takes the values 9p, which
are @ values that maximize £ for a given value of p. When
the denominator is maximized, p takes the value of fi.

The p, value is computed for the test statistic ¢,
Eq. (12), evaluated at p =0, and is defined to be the
probability to obtain a value of ¢ larger than the observed
value under the background-only hypothesis. There are no
boundaries on i, although ¢, is defined to be negative
if 0 <0. Al py values are computed using the
asymptotic approximation that —2In A(p) follows a y?
distribution [98].

Local significance is defined as the one-sided tail of a
Gaussian distribution, Z, = v/2erf~'(1 = 2p,).

A modified frequentist method known as CLg [99] is
used to compute the one-sided 95% confidence level (C.L.)
exclusion regions.
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3. Combined fit

The combined results for the 7 and 8 TeV data samples
account for the correlations between the analyses due to
common systematic uncertainties.

The correlation of all respective nuisance parameters is
assumed to be 100% except for those that are statistical in
origin or have a different source for the two data sets.
Uncorrelated systematics include the statistical component
of the jet energy scale calibration and the luminosity
uncertainty. All theoretical uncertainties are treated as
correlated.

C. Systematic uncertainties

Uncertainties enter the fit as nuisance parameters in the
likelihood function [Eq. (11)]. Uncertainties (both theo-
retical and experimental) specific to individual processes
are described in Secs. V and VI; experimental uncertainties
common to signal and background processes are described
in this subsection. The impact on the yields and distribu-
tions from both sources of uncertainty is also discussed.

1. Sources of uncertainty

The dominant sources of experimental uncertainty on the
signal and background yields are the jet energy scale and
resolution, and the b-tagging efficiency. Other sources of
uncertainty are the lepton resolutions and identification and
trigger efficiencies, missing transverse momentum meas-
urement, and the luminosity calculation. The uncertainty on
the integrated luminosity in the 8 TeV data analysis is 2.8 %.
It is derived following the same methodology as in
Ref. [100], from a preliminary calibration of the luminosity
scale derived from beam-separation scans. The correspond-
ing uncertainty in the 7 TeV data analysis is 1.8%.

The jet energy scale is determined from a combination of
test beam, simulation, and in situ measurements [27]. Its
uncertainty is split into several independent categories:
modeling and statistical uncertainties on the extrapolation
of the jet calibration from the central region (7 intercali-
bration), high-pr jet behavior, MC nonclosure uncertain-
ties, uncertainties on the calorimeter response and
calibration of the jets originating from light quarks or
gluons, the b-jet energy scale uncertainties, uncertainties
due to modeling of in-time and out-of-time pile-up,
and uncertainties on in situ jet energy corrections. All of
these categories are further subdivided by the physical
source of the uncertainty. For jets used in this analysis
(pr > 25 GeV and || < 4.5), the jet energy scale uncer-
tainty ranges from 1% to 7%, depending on pr and 7. The
jet energy resolution varies from 5% to 20% as a function of
the jet pt and 5. The relative uncertainty on the resolution,
as determined from in situ measurements, ranges from
2% to 40%, with the largest value of the resolution and
relative uncertainty occurring at the pr threshold of the jet
selection.
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The method used to evaluate the b-jet tagging efficiency
uses a sample dominated by dileptonic decays of top-quark
pairs. This method is based on a likelihood fit to the data,
which combines the per-event jet-flavor information and
the expected momentum correlation between the jets to
allow the b-jet tagging efficiency to be measured to high
precision [30]. To further improve the precision, this
method is combined with a second calibration method,
which is based on samples containing muons reconstructed
in the vicinity of the jet. The uncertainties related to b-jet
identification are decomposed into six uncorrelated com-
ponents using an eigenvector method [32]. The number of
components is equal to the numbers of pt bins used in the
calibration, and the uncertainties range from < 1% to 7.8 %.
The uncertainties on the misidentification rate for light-
quark jets depend on pt and #, and have a range of
9%—-19%. The uncertainties on c-jets reconstructed as
b-jets range between 6% and 14% depending on pt only.

The reconstruction, identification, isolation, and trigger
efficiencies for electrons and muons, as well as their
momentum scales and resolutions, are estimated using
Z —eefup, J/w — ee/uy, and W — ev/uv decays
[20,23]. The uncertainties on the lepton and trigger
efficiencies are smaller than 1% except for the uncertainty
on the electron identification efficiency, which varies
between 0.2% and 2.7% depending on pr and 7, and
the uncertainties on the isolation efficiencies, which are the
largest for pr < 15 GeV and yield 1.6% and 2.7% for
electrons and muons, respectively.

The changes in jet energy and lepton momenta due to
varying them by their systematic uncertainties are propa-
gated to ET™S; the changes in the high-py object momenta
and in E?i“ are, therefore, fully correlated [33]. Additional
contributions to the EWSS uncertainty arise from the
modeling of low-energy particle measurements (soft
terms). In the calorimeter, these particles are measured
as calibrated clusters of cells that are above a noise
threshold but not associated with reconstructed physics
objects. The longitudinal and perpendicular (with respect to
the hard component of the missing transverse momentum)
components of the soft terms are fit with Gaussian
functions in data and MC DY samples in order to assess
the associated uncertainties. The uncertainties are para-
metrized as a function of the magnitude of the summed py
of the high-pr objects, and are evaluated in bins of the
average number of interactions per bunch crossing.
Differences of the mean and width of the soft term
components between data and MC result in variations on
the mean of the longitudinal component of about 0.2 GeV,
while the uncertainty on the resolution of the longitudinal
and perpendicular components is 2% on average.

Jet energy and lepton momentum scale uncertainties are
also propagated to the p™ss calculation. The systematic
uncertainties related to the track-based soft term are based
on the balance between tracks not associated with charged
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leptons and jets and the total transverse momentum of the
hard objects in the event. These uncertainties are calculated
by comparing the properties of p™* in Z — ee, puu events
in real and simulated data, as a function of the magnitude of
the summed pr of the hard pt objects in the event. The
variations on the mean of the longitudinal component are
in the range 0.3-1.4 GeV and the uncertainties on the
resolution on the longitudinal and perpendicular compo-
nents are in the range 1.5-3.3 GeV, where the lower
and upper bounds correspond to the range of the sum of
the hard pt objects below 5 GeV and above 50 GeV,
respectively.

2. Impact on yields and distributions

In the likelihood fit, the experimental uncertainties are
varied in a correlated way across all backgrounds and all
signal and control regions, so that uncertainties on the
extrapolation factors a described in Sec. VI are correctly
propagated. If the normalization uncertainties are less than
0.1% they are excluded from the fit. If the shape uncer-
tainties (discussed below) are less than 1% in all bins, they
are excluded as well. Removing such small uncertainties
increases the performance and stability of the fit.

In the fit to the m distribution to extract the signal yield,
the predicted my shape from simulation is used for all of
the backgrounds except W + jets and multijets. The impact
of experimental uncertainties on the my shapes for the
individual backgrounds and signal are evaluated, and no
significant impact is observed for the majority of the
experimental uncertainties. Those experimental uncertain-
ties that do produce statistically significant variations of
the shape have no appreciable effect on the final results,
because the uncertainty on the mt shape of the total
background is dominated by the uncertainties on the
normalizations of the individual backgrounds. The theo-
retical uncertainties on the WW and Wy* mr shape are
considered in the n i < 1 categories, as discussed in
Secs. VIA1 and VID. In the n; > 2 ggF-enriched cat-
egory, only the theoretical uncertainties on the top-quark
my shape are included (see Sec. VIB 4).

The Ogpr output distribution is fit in the n; > 2 VBF-
enriched category, and as with the m distribution its shape
is taken from the MC simulation, except for the W + jets
and multijet background processes. The theoretical uncer-
tainties on the top-quark Ogpr shape are included in the
analysis, as described in Sec. VIB 4.

Table XXII(a) shows the relative uncertainties on
the combined predicted signal yield, summed over all
the lepton-flavor channels, for each n; category for the
8 TeV analysis. They represent the final postfit uncertainties
on the estimated yields. The first two entries show the
perturbative uncertainties on the ggF jet-bin acceptances in
the exclusive n; = 0 and n; = 1 categories. The following
entries are specific to the QCD scale uncertainties on the
inclusive n i 2 and nj > 3 cross sections, and on the total
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Sources of systematic uncertainty (in %) on the predicted signal yield (Ny;,) and the cumulative background yields

(Nypk)- Entries marked with a dash (-) indicate that the corresponding uncertainties either do not apply or are less than 0.1%. The values

are postfit and given for the 8 TeV analysis.

n;=0 nj=1 n;>2 ggkF n; > 2 VBF
(a) Uncertainties on N, (in %)

ggF H, jet veto for n; =0, ¢ 8.1 14 12 -

ggF H, jet veto for n; =1, ¢ - 12 15 -

ggF H, nj > 2 cross section - - - 6.9
ggF H, nj > 3 cross section - - - 3.1
ggF H, total cross section 10 9.1 7.9 2.0
ggF H acceptance model 4.8 4.5 4.2 4.0
VBF H, total cross section - 0.4 0.8 2.9
VBF H acceptance model - 0.3 0.6 5.5
H — WW~* branching fraction 4.3 4.3 43 43
Integrated luminosity 2.8 2.8 2.8 2.8
Jet energy scale & resolution 5.1 2.3 7.1 54
piiss scale & resolution 0.6 1.4 0.1 1.2
Srecoil efficiency 2.5 2.1 - -

Trigger efficiency 0.8 0.7 - 0.4
Electron id., isolation, reconstruction eff. 1.4 1.6 1.2 1.0
Muon id., isolation, reconstruction eff. 1.1 1.6 0.8 0.9
Pile-up model 1.2 0.8 0.8 1.7

(b) Uncertainties on Ny, (in %)

WW theoretical model 1.4 1.6 0.7 3.0
Top theoretical model - 1.2 1.7 3.0
VV theoretical model - 0.4 1.1 0.5
Z/y* — 7t estimate 0.6 0.3 1.6 1.6
Z/y* — ee, uu estimate in VBF - - - 4.8
W estimate 1.0 0.8 1.6 1.3
JjJj estimate 0.1 0.1 1.8 0.9
Integrated luminosity - - 0.1 0.4
Jet energy scale & resolution 0.4 0.7 0.9 2.7
piss scale & resolution 0.1 0.3 0.5 1.6
b-tagging efficiency - 0.2 04 2.0
Light- and c-jet mistag - 0.2 0.4 2.0
Srecon efficiency 0.5 0.5 - -

Trigger efficiency 0.3 0.3 0.1 -

Electron id., isolation, reconstruction eff. 0.3 0.3 0.2 0.3
Muon id., isolation, reconstruction eff. 0.2 0.2 0.3 0.2
Pile-up model 0.4 0.5 0.2 0.8

cross section and the acceptance. The latter includes the
uncertainties due to the PDF variations, UE/PS and gen-
erator modeling, as described in Table X. The uncertainties
on the VBF production process are also shown but are of
less importance. The dominant uncertainties on the signal
yields are theoretical. The uncertainties on the fe.oi
selection efficiency (relevant to the Z/y* — ee, yu estimate
in the n; <1 categories) are applied only in the ee/uu
channels.

Table XXII(b) shows the leading uncertainties on the
cumulative background yields for each n; category. The
first three entries are theoretical and apply to the WW, top-
quark, and V'V processes (see Sec. VI). The remaining
uncertainties arise from the modeling of specific back-
grounds and from experimental uncertainties.

Table XXIII summarizes the above postfit uncertainties
on the total signal and backgrounds yields. The uncertain-
ties shown are divided into three categories: statistical,
experimental, and theoretical. The statistical uncertainties
are only relevant in the cases where the background
estimates rely on the data. For example, the entry under
Nww in n; = 0 represents the uncertainty on the sample
statistics in the WW control region. The uncertainties on
Nip in the n; < 1 categories also include the uncertainties
on the corrections applied to the normalization factors. The
uncertainties from the number of events in the control
samples used to derive the W + jets and multijet extrapo-
lation factors are listed under the experimental category, as
discussed in Sec. VI C. Uncertainties on the total W + jets
estimate are reduced compared to the values quoted in
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TABLE XXIII. Composition of the postfit uncertainties (in %)
on the total signal (N ), total background (N, ), and individual
background yields in the signal regions. The total uncertainty
(Total) is decomposed into three components: statistical (Stat),
experimental (Expt), and theoretical (Theo). Entries marked with
a dash (-) indicate that the corresponding uncertainties either do
not apply or are less than 1%. The values are given for the 8 TeV
analysis.

Sample Total Stat. Expt. Theo.
error error syst. syst.
error error
n;=0
Ngg 16 - 6.7 15
Nyig 2.5 1.5 1.2 1.7
Nyw 4.2 2.4 2.3 2.6
Niop 7.4 2.3 4.2 5.6
N nisia 17 - 9.9 14
Nyy 9.9 4.8 4.6 7.4
N.. (DY) 34 1.7 33 7.2
Neepyu (DY) 30 14 26 55
nj=1
Ngg 22 - 53 22
Nykg 3 1.7 1.4 2.1
Nyw 7.7 5.5 2.7 4.6
Niop 5 34 29 2.3
N isia 18 - 11 14
Nyy 14 8.9 6.1 8.5
N.. (DY) 27 33 26 6.3
Neepy (DY) 39 27 26 7.4
n;>?2 ggk
N 23 - 8.6 22
Nyg 4.2 1.5 2.2 32
Nyw 20 - 8.7 18
Niop 7.9 2.6 34 6.7
N misia 29 - 16 24
Nyy 32 - 9.6 31
N.. (DY) 18 8 13 10
Neefuy (DY) 15 - 14 4
n; >2 VBF
N 13 - 6.8 12
Nykg 9.2 4.7 6.4 4.5
Nyw 32 - 14 28
Nigp 15 9.6 7.6 8.5
N nisid 22 - 12 19
Nyy 20 - 12 15
N.. (DY) 40 25 31 29
Neepyu (DY) 19 11 15 -

Table XV, because they are largely uncorrelated between
lepton pr bins (statistical uncertainties on the Z + jets data
sample) and between the lepton flavors (systematic uncer-
tainties on the OC correction factor). The uncertainty due
to the limited sample of background MC events for all
the considered processes is included in the experimental
component.
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Background contamination in the control regions causes
anti-correlations between different background processes,
resulting in an uncertainty on the total background smaller
than the sum in quadrature of the individual process
uncertainties. This effect is called “cross talk” and is most
prominent between the WW and top-quark backgrounds in
the n; = 1 category. The uncertainties on the background
estimates, as described in Sec. VI, cannot be directly
compared to the ones presented in Table XXIII. The latter
uncertainties are postfit and are subject to subtle effects,
such as the cross talk mentioned above, and also pulls and
data constraints (defined below) on the various nuisance
parameters.

D. Checks of fit results

The fit simultaneously extracts the signal strength p and
the set of auxiliary parameters 6. This process adjusts the
initial prefit estimation of every parameter 0 as well as its
uncertainty, Ay. The fit model is designed to avoid any
significant constraints on the input uncertainties to mini-
mize the assumptions on the correlations between the phase
spaces in which they are measured and applied. This is
achieved by having mostly single-bin control regions. Of
central importance is the prefit and postfit comparison of
how the variation of a given systematic source translates
to an uncertainty on .

The impact of a single nuisance parameter 6 is assessed
by considering its effect on the signal strength, i.e.,

Apy = (0 £ Ag) — (). (13)

where [i is the postfit value of the signal strength. In the
following, quantities with a hat represent postfit parameter
values or their uncertainties.

The values [i(d & A,) are the result of a fit with one 6
varied by +A, around the postfit value for 6, namely 6. All
other @ are floating in these fits. In the prefit scenario, the
A, are taken as their prefit values of & 1, as @ is constrained
by a unit Gaussian. The postfit scenario is similar, but with
0 varied by its postfit uncertainty of A,. This uncertainty is
found by a scan about the maximum so that the likelihood

ratio takes the values —21n(L£(0+ Ay)/L(9)) = 1. The
corresponding impact on {i is A.

When A, is less than the prefit value, 0 is said to be data
constrained. In this case the systematic uncertainty is
reduced below its input value given the information from
the data. This can result from the additional information
that the data part of the likelihood injects. As can be seen
from Table XXIV, only a few of the uncertainties are data
constrained, and only one of them is data constrained by
more than 20%. That is the WW generator modeling that
includes the mt shape uncertainties correlated with the
uncertainties on the extrapolation factor ayy. The data
constraint in this case comes from the high-m tail of the
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TABLE XXIV. Impact on the signal strength fi from the prefit and postfit variations of the nuisance parameter uncertainties, A,y. The
+ (—=) column header indicates the positive (negative) variation of A, and the resulting change in fi is noted in the entry (the sign
represents the direction of the change). The right-hand side shows the pull of  and the data constraint of A,. The pulls are given in units
of standard deviations (o) and A, of =1 means no data constraint. The rows are ordered by the size of a change in fi due to varying 0 by
the postfit uncertainty A,.

Impact on fi Impact on 6
Prefit Aﬁ Postfit Aﬂ Plot of postfit :I:Aﬁ Pull, Constraint,
Systematic source + - + - 0 (0) Ay
ggF H, PDF variations on cross section —0.06 +0.06 -0.06 +0.06 e —0.06 +1
ggF H, QCD scale on total cross section -0.05 +0.06 —-0.05 +0.06 —— —0.05 +1
WW, generator modeling -0.07 +0.06 -0.05 +0.05 — 0 +0.7
Top quarks, generator modeling on q,, in ggF cat. +0.03 -0.03 +0.03 -0.03 — —0.40 +0.9
Misid of p, OC uncorrelated corr factor a4, 2012 —0.03 40.03 -0.03 +0.03 —— 0.48 +0.8
Integrated luminosity, 2012 -0.03 +0.03 -0.03 +0.03 —t— 0.08 +1
Misid of e, OC uncorrelated corr factor a4, 2012 —0.03 40.03 -0.02 +0.03 e —0.06 +0.9
ggF H, PDF variations on acceptance —-0.02 +0.02 -0.02 +0.02 —— —0.03 +1
Jet energy scale, # intercalibration -0.02 +0.02 -0.02 +0.02 —— 0.45 +0.95
VBF H, UE/PS -0.02 +0.02 -0.02 +0.02 — 0.26 +1
ggF H, QCD scale on € -0.01 +0.03 -0.01 +0.03 —— —0.10 +0.95
Muon isolation efficiency -0.02 +0.02 -0.02 +0.02 —— 0.13 +1
V'V, QCD scale on acceptance —-0.02 +0.02 -0.02 +0.02 —r 0.09 +1
ggF H, UE/PS - -0.02 - -0.02 - 0 +0.9
ggF H, QCD scale on acceptance —-0.02 +0.02 -0.02 +0.02 —— 0 +1
Light jets, tagging efficiency +0.02 -0.02 +0.02 -0.02 — 0.21 +1
ggF H, generator modeling on acceptance +0.01 -0.02 +0.01 -0.02 —— 0.10 +1
ggF H, QCD scale on n; > 2 cross section -0.01 +0.02 -0.01 +0.02 — -0.04 +1
Top quarks, generator modeling on a,, in VBF cat. —0.01 +0.02 —0.01 +0.02 —— —0.16 +1
Electron isolation efficiency -0.02 +0.02 -0.02 +0.02 — -0.14 +1
-0.1-0.05 0 0.05 0.1

signal region, which contains a large fraction of WW VIII. YIELDS AND DISTRIBUTIONS
events.

The previous section described the different parameters
of the simultaneous fit to the various signal categories
defined in the preceding sections. In particular, the signal
and background rates and shapes are allowed to vary in

The postfit values for & modify the rates of signal and
background processes, and the data constraints affect the
corresponding uncertainties. The results of these shifts are

summarized in Table XXIV for a set of 20 nuisance : . . .
dered by th itude of A. (Hi onal order to fit the data in both the signal and control regions,
parameters ordered by the magnitude of A (Higgs signa within their associated uncertainties.

hypothesis is taken at my; = 125 GeV). The highest-ranked In the figures and tables presented in this section,
nuisance parameter is the uncertainty on the total ggF cross background processes are individually normalized to their
section due to the PDF variations. It changes {L by  pofit rates, which account for changes in the normaliza-
—0.06/ +0.06 when varied up and down by A, respec-  (ion factors () and for pulls of the nuisance parameters (6).
tively. It is followed by the uncertainty on the total ggF  The varying background composition as a function of mr
cross section due to QCD scale variations and WW (or Oppy in the n; > 2 VBF-enriched category) induces a
generator modeling uncertainty. Other uncertainties that shape uncertainty on the total estimated background. As
have a significant impact on ji include the effects of  gescribed in Sec. VIIC, additional specific shape uncer-
generator modeling on @, the systematic uncertainties  gainties are included in the fit procedure and are accounted
on dp originating from a correction for oppositely  for in the results presented in Sec. IX. No specific ny shape
charged electrons and muons, the luminosity determination  uncertainties are applied to the figures since their contri-
for 8 TeV data, and various theoretical uncertainties on the  bution to the total systematic uncertainty band was found to
ggF and VBF signal production processes. In total there are  be negligible. The Higgs boson signal rate is normalized to
253 nuisance parameters which are divided into three main  the observed signal strength reported in Sec. IX.

categories: experimental uncertainties (137 parameters), This section is organized as follows. The event yields are
theoretical uncertainties (72 parameters), and normalization ~ presented in Sec. VIII A for each signal category including
uncertainties (44 parameters). They are further divided into  the statistical and systematic uncertainties. The relevant
more categories as shown in Table XXVI. distributions in the various signal regions are shown in
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TABLE XXV. Signal region yields with uncertainties. The tables give the ggF- and VBF-enriched postfit yields for each n; category,
separated for the 8 and 7 TeV data analyses. The Ng,, columns show the expected signal yields from the ggF and VBF production
modes, with values scaled to the observed combined signal strength (see Sec. IX C). For each group separated of rows separated by a
vertical gap, the first line gives the combined values for the different subchannels or BDT bins. The yields and the uncertainties take into
account the pulls and data constraints of the nuisance parameters, and the correlations between the channels and the background
categories. The quoted uncertainties include the theoretical and experimental systematic sources and those due to sample statistics.
Values less than 0.1 (0.01) events are written as 0.0 (-).

Summary

N signal
Channel Nobs  Nikg Ngr

Composition of Ny,

N top N misid

Nyww N; Ny Ny, Ny Nyy Npy

N VBF

(a) 8 TeV data sample

n;=0 3750 3430 £90 300 =500 8+4 2250495 11249 195+ 1536060 16+5 420+£40 78 +21
ep, £ = 1430 1280 £40 129 +20 3.0+2.1 830+34 41+3 73+6 149+29 10.1+3.6 16721 14+24
ep, ty =e 1212 1106 35 97 +£15 25+£0.6 686+29 33+£3 57+5 128£31 3.8+15184+23 14+24
ee/up 1108 1040 £40 77+15 244+17 740+40 39+3 65+£5 82+16 2+05 68+7 50£21
nj=1 1596 1470 +40 102+26 174+5 630+£50 150+ 10 385+20 108 +20 82+3.0 143+20 51+13
ep, £, = 621 569+19 45+ 11 74+2 241+£20 5844 147+7 51+11 57420 53+10 13.8+3.3
ep, £, =e 508 475+18 35+9 6.1+14 202+17 45+3 119+6 37+9 234+09 60+10 93+25
ee/up 467 427 +21 22+6 3.6+18 184 +15 46+4 119+£10 19+4 024+0.1 31+4 28 £ 12
n; > 2, ggF eu 1017 960 =240 37+11 13£14 138+£28 56=+5 480440 54+£25 62422 56£18 117421
n; > 2, VBF 130 99+9 77426 214+3 11+£35 55+07 29+5 47+14 28+1.0 44+09 38+7
ey bin 1 37 36+4 33+12 49405 50+£15 3.0+06156+2632+1.0 234+0.8 23£0.7 3.6+1.5
ey bin 2 14 65+13 14+£05 49+05 1.7+£0.7 034+04 20+1.004+0.1 0.3+0.1 0.7+0.2 0.6+0.2
ey bin 3 6 1.24+03 04+03 38+0.7 0.3+0.1 0.1+£0.0 0.3+0.1 - - 0.1 +£0.0 0.2+0.1
ee/pu bin 1 53 46+6 1.7+06 26+03 3.1+£1.0 1.7+£0310.1+1.609+02 02+0.1 1.0+03 28+5
ee/up bin 2 14 84+1.8 07+£03 30+04 09+03 03+02 1.2+0.502=£0.1 - 03+£0.1 52+1.7
ee/up bin 3 6 1.1+£04 024+02 2.1+04 0.1+£0.1 0.1£0.0 02£0.1 - - - 0.54+03
(b) 7 TeV data sample
n;=0 594 575+24 49+8 1.4+02 339+24 205+2.1 38+4 74+15 134+£06 79+10 2346
ep, £, = 185 186 4+8 19+£3 05£00 1168 7+1 14+£2 1945 - 24 +£3 48+%1
ey, tr =e 195 193+£12 15+24 05400 95+7 534+05 10£1 3749 1.1+£05 41+6 4.14+09
ee/up 214 196 +11 16+3.1 0.5+0.1 128+£10 8+ 1 14+£2 18+4 02+0.1 14+£2 14+5
n; =1 304 276 +15 16+4 32+03 103+£15 2242 58+6 20+4 324+16 32+8 3846
ep, £, = 93 754+4 57416 1.2+0.1 33+5 7+1 18+2 541 - 9+2 274+04
ep, o =e 91 76 +5 45+12 09+0.1 28+4 6+ 1 162 10£2 07+£03 14+4 23407
ee/up 120 1254+9 53416 1.2+02 43+6 9+1 244+3 51 25+14 942 33+£6
n; > 2, VBF 9 78+18 09403 27+£03 1.2+04 03+£01 1.6+:0804+0.1 0.1£00 05+£0.2 34+15
ey bin 1 6 3009 04+02 06+0.1 05+02 02+0.1 09+0.50.1+0.0 0.1 £0.0 0.34+0.1 0.8+0.6
ey bins 2-3 007£02 02+0.1 1.1£0.1 0.2+£0.1 - 03=£0.2 - - - -
ee/up bins 1-3 341+13 034+01 1.0£0.1 054+02 0.1+£0.0 04+0303=£0.1 - 02401 25£1.1

Sec. VIII B. Section VIII C summarizes the differences in
the event and object selection, the signal treatment and
the background estimates with respect to the previously
published analysis [5].

A. Event yields

Table XXV shows the postfit yields for all of the fitted
categories in the 8 TeV [Table XXV(a)] and 7 TeV
[Table XXV(b)] data analyses. The signal yields are scaled

with the observed signal strength derived from the simul-
taneous combined fit to all of the categories. All of the
background processes are normalized to the postfit  values
(where applicable) and additionally their rates take into
account the pulls of the nuisance parameters. The observed
and expected yields are shown, for each n; category,
separately for the ey and ee/up channels. The sum of
the expected and observed yields is also reported. The
uncertainties include both the statistical and systematic
components.

012006-50



OBSERVATION AND MEASUREMENT OF HIGGS BOSON ...

PHYSICAL REVIEW D 92, 012006 (2015)

[T T T T T ] [T
> : ATLAS L
© 150F o
g 5 8TeV, 20.3fb™ 60 :
Z 100f (@) m=0end 4of
2 30 <m, <55 ] r
¢ 50 p2>20 ] 20F
L N 1 L
Of Y-
> (C)n/-=0,ep. E B
3 10<m, <304 1001
o r > 20 [
= 50 Pr 1
e 50}
C - L
() L
> -
w 3 L
0 . of
3 (eyn=1epn 1 20
3 30 10 <m, <30 i
© pR>20 ]
20 T . Lo
~ 1 10
%) 1 L
Tt 10f 1 3
() L
>
3 [
0

1 1 1 ]
o50 100 150 200 250 50

m+ [GeV]

FIG. 29 (color online).
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Postfit transverse mass distributions in the ex n; < 1 categories in the 8 TeV data analysis, for specific m,, and

p§2 ranges. The plots are made after applying all the selection requirements (see Tables V and VI). The signal processes are scaled with
the observed signal strength u from the fit to all the regions and the background normalizations include the postfit # values and effects
from the pulls of the nuisance parameters. See Fig. 5 for plotting details.

As described in the previous section, the changes in the
normalization factors and the pulls of the nuisance param-
eters can affect the expected rates of the signal and
background processes. The differences between the prefit
(tables in Sec. IV) and postfit (Table XX V) expected rates
for each background process are compared to the total
uncertainty on that expected background, yielding a sig-
nificance of the change. In the analysis of the n; <1
category of the 8 TeV data, most of the changes are well
below one standard deviation. In the ey n; = 0 sample, the
expected multijet background is increased by 1.3 standard
deviations (equivalent to a 30% increase in the expected
multijet background prediction which corresponds to 2% of
the signal prediction) due to the positive pulls of the three
nuisance parameters assigned to the uncertainties on the
extrapolation factor. A negative pull of the nuisance
parameter associated with the uncertainties on the DY
Srecoil Selection efficiency changes the Z/y* — ee, up yield
in the ee/uu n; = 0 sample by 1.6 standard deviations
(equivalent to a 40% decrease in DY in this category which
corresponds to 25% of the signal prediction).

B. Distributions

The transverse mass formed from the dilepton and
missing transverse momenta (my) is used as the final
discriminant in the extraction of the signal strength in
the n; <1 and n; >2 ggF-enriched categories. The

likelihood fit exploits the differences in my shapes between
the signal and background processes.

Several of the mr distributions for the ey sample
(corresponding to different choices of the m,, and p?
bins) in the n; <1 categories are shown in Fig. 29. The
background composition, signal contribution, and the
separation in the my distributions between signal and
background are different for each region. In general, as
shown in Figs. 29(a)—(c), the WW process dominates the
background contributions in regions with n; = 0; the
difference between these distributions is due to the varying
signal contribution and background m shape. In contrast,
Fig. 29(d) shows that VV and W 4 jets processes are
dominant backgrounds in the 10 < m,, < 30 GeV and
10 < p%? < 15 GeV region. For most of the distributions
shown in Fig. 29, agreement between data and MC is
improved qualitatively when including the expected signal
from a Standard Model Higgs boson with my = 125 GeV.

The my distributions for the ee/uu samples in the n; < 1
categories are shown in Fig. 30. In contrast to the eu
distributions, the residual DY background is present in
these samples at low values of mr.

For the ggF-enriched n; > 2 category, Fig. 31 shows the
mr distribution. In contrast to the n; <1 distributions,
the dominant backgrounds arise from top-quark and
Z/y* — 7t production (shown together with the negligible
contribution from Z/y* — ee, uu).
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FIG. 30 (color online). Postfit transverse mass distributions in
the n; <1, ee/up categories in the 8 TeV analysis. See Figs. 5
and 29 for plotting details.

For the VBF-enriched n; > 2 category, a selection-based
analysis, which uses the mt distribution as the discrimi-
nant, is used as a cross-check of the BDT result. In this
case, m is divided into three bins (with boundaries at 80
and 130 GeV) and an additional division in m;; at 1 TeV is
used in the ey channel to profit from the difference in
shapes between signal and background processes.
Figure 32(a) shows the m distribution before the division
into the high- and low-m; regions. Figure 32(b) shows the
scatter plot of m;; versus my. The areas with the highest
signal-to-background ratio are characterized by low mt and
high m;;.

Figures 33(a) and 33(c) show the Ogpt outputs in the ey
and ee/uu samples, respectively. In terms of VBF signal
production, the third BDT bin provides the highest purity,
with a signal-to-background ratio of approximately 2. The
mry variable is an input to the BDT and its distributions after
the BDT classification are shown in Figs. 33(b) and 33(d),
combining all three BDT bins, for the ey and ee/uu
samples, respectively.

Figure 34 shows the mry distributions in the 7 TeV
analysis in the various signal regions in the n; <1
categories. Characteristics similar to those in the 8 TeV
analysis are observed, but with fewer events.
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FIG. 31 (color online). Postfit transverse mass distribution in
the n; > 2 ggF-enriched category in the 8 TeV analysis. See
Figs. 5 and 29 for plotting details.
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FIG. 32 (color online). Postfit distributions in the cross-check
analysis in the ey + ee/pup n; > 2 VBF-enriched category in the
8 TeV data analysis: (a) my and (b) m;; versus my scatter plot for
data. For each bin in (b), the ratio Nygp/N . is stated in the plot,
where N, includes all processes other than the VBF signal. See
Figs. 5 and 29 for plotting details.
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Postfit BDT and transverse mass distributions in the n; > 2 VBF-enriched category in the 8 TeV data analysis:

(a) BDT output in ey, (b) mr in ey, (c) BDT output in ee/pu, and (d) mr in ee/pyu. For (b) and (d), the three BDT bins are combined.

See Figs. 5 and 29 for plotting details.

Finally, Fig. 35(a) shows the combined my distribution,
summed over the lepton-flavor samples and the n; <1
categories for the 7 and 8 TeV data analyses. To illustrate
the significance of the excess of events observed in data
with respect to the total background, the systematic
uncertainty on the signal is omitted. The uncertainty band
accounts for the correlations between the signal regions,
including between the 7 and 8 TeV data, and for the varying
size of the uncertainties as a function of my. Figure 35(b)
shows the residuals of the data with respect to the total
estimated background compared to the expected my dis-
tribution of a SM Higgs boson with my = 125 GeV scaled

by the observed combined signal strength (see Sec. IX).
The level of agreement observed in Fig. 35(b) between the
background-subtracted data and the expected Higgs boson
signal strengthens the interpretation of the observed excess
as a signal from Higgs boson decay.

C. Differences with respect to previous results

The analysis presented in this paper has better sensitivity
than the previous ATLAS analysis [5]. The most important
changes—described in detail below—include improvements
in the object identification, the signal acceptance, the back-
ground estimation and modeling, and the fit procedure.
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FIG. 34 (color online).

Postfit transverse mass distributions in the n; < 1 categories in the 7 TeV data analysis, for specific m,, and

pi';z ranges. The plots are made after applying all the selection requirements (see Sec. IV E). See Figs. 5 and 29 for plotting details.
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FIG. 35 (color online). Postfit combined transverse mass
distributions for n; < 1 and for all lepton-flavor samples in the
7 and 8 TeV data analyses. The plot in (b) shows the residuals of
the data with respect to the estimated background compared
to the expected distribution for an SM Higgs boson with
my = 125 GeV; the error bars on the data are statistical
(v/Ngps)- The uncertainty on the background (shown as the
shaded band around 0) is at most about 25 events per m bin
and partially correlated between bins. Background processes are
scaled by postfit normalization factors and the signal processes by
the observed signal strength p from the likelihood fit to all
regions. Their normalizations also include effects from the pulls
of the nuisance parameters.

Electron identification is based on a likelihood technique
[23] that improves background rejection. An improved
definition of missing transverse momentum, p''** based on
tracks, is introduced in the analysis since it is robust against
pile-up and provides improved resolution with respect to
the true value of missing transverse momentum.

Signal acceptance is increased by 75% (50%) in the
n; = 0 (1) category. This is achieved by lowering the p§2
threshold to 10 GeV. Dilepton triggers are included in
addition to single lepton triggers, which allows reduction of
the p? threshold to 22 GeV. The signal kinematic region in
the n; <1 categories is extended from 50 to 55 GeV. The
total signal efficiency, including all signal categories and
production modes, at 8 TeV and for a Higgs boson mass of
125.36 GeV increased from 5.3% to 10.2%.

PHYSICAL REVIEW D 92, 012006 (2015)

The methods used to estimate nearly all of the background
contributions in the signal region are improved. These
improvements lead to a better understanding of the normal-
izations and thus the systematic uncertainties. The rejection
of the top-quark background is improved by applying a veto
on b-jets with pr > 20 GeV, which is below the nominal
25 GeV threshold in the analysis. A new method of
estimating the jet b-tagging efficiency is used. It results
in the cancellation of the b-tagging uncertainties between the
top-quark control region and signal regions in the n; = 1
categories. The Z/y* — 77 background process is normal-
ized to the data in a dedicated high-statistics control region in
the n; <1 and n; > 2 ggF-enriched categories. The VV
backgrounds are normalized to the data using a new control
region, based on a sample with two same-charge leptons.
Introducing this new control region results in the cancella-
tion of most of the theoretical uncertainties on the VV
backgrounds. The multijet background is now explicitly
estimated with an extrapolation factor method using a
sample with two anti-identified leptons. Its contribution is
negligible in the n; < 1 category, butitis at the same level as
W + jets background in the n; > 2 ggF-enriched category.
A large number of improvements are applied to the estima-
tion of the W + jets background, one of them being an
estimation of the extrapolation factor using Z + jets instead
of dijet data events.

Signal yield uncertainties are smaller than in the previous
analysis. The uncertainties on the jet multiplicity distribu-
tion in the ggF signal sample, previously estimated with the
Stewart-Tackmann technique [80], are now estimated with
the jet-veto-efficiency method [79]. This method yields
more precise estimates of the signal rates in the exclusive
jet bins in which the analysis is performed.

The n; >2 sample is divided into VBF- and ggF-
enriched categories. The BDT technique, rather than a
selection-based approach, is used for the VBF category.
This improves the sensitivity of the expected VBF results
by 60% relative to the previously published analysis. The
ggF-enriched category is a new subcategory that targets
ggF signal production in this sample.

In summary, the analysis presented in this paper brings
a gain of 50% in the expected significance relative to the
previous published analysis [5].

IX. RESULTS AND INTERPRETATIONS

Combining the 2011 and 2012 data in all categories, a
clear excess of signal over the background is seen in
Fig. 35. The profile likelihood fit described in Sec. VII B is
used to search for a signal and characterize the production
rate in the ggF and VBF modes. Observation of the
inclusive Higgs boson signal, and evidence for the VBF
production mode, are established first. Following that, the
excess in data is characterized using the SM Higgs boson
as the signal hypothesis, up to linear rescalings of the
production cross sections and decay modes. Results include
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FIG. 36 (color online). Local p, as a function of my. The
observed values are shown as a solid line with points where p is
evaluated. The dashed line shows the expected values given the
presence of a signal at each x-axis value. The expected values for
mpy = 125.36 GeV are given as a solid line without points; the
inner (outer) band shaded darker (lighter) represents the one (two)
standard deviation uncertainty.

the inclusive signal strength as well as those for the
individual ggF and VBF modes. This information is also
interpreted as a measurement of the vector-boson and
fermion couplings of the Higgs boson, under the assump-
tions outlined in Ref. [67]. Because this is the first
observation in the WW* — Zvfv channel using ATLAS
data, the exclusion sensitivity and observed exclusion limits
as a function of my are also presented to illustrate the
improvements with respect to the version of this analysis
used in the 2012 discovery [4]. Finally, cross-section
measurements, both inclusive and in specific fiducial
regions, are presented. All results in this section are quoted
for a Higgs boson mass corresponding to the central value
of the ATLAS measurement in the ZZ — 47 and yy decay
modes, my = 125.36 = 0.41 GeV [9].

A. Observation of the H -~ WW* decay mode

The test statistic g, defined in Sec. VIIB, is used to
quantify the significance of the excess observed in Sec. VIIIL.
The probability that the background can fluctuate to produce
an excess at least as large as the one observed in data is called
po and is computed using g, with p = 0. It depends on the
mass hypothesis my through the distribution used to extract
the signal (mt or Ogpr). The observed and expected p, are
shown as a function of my in Fig. 36. The observed curve
presents a broad minimum centered around my ~ 130 GeV,
in contrast with the higher p, values observed for lower
and higher values of mp. The shapes of the observed and
expected curves are in good agreement.

The probability p, can equivalently be expressed in terms
of the number of standard deviations, referred to as the local
significance (Z defined in Sec. VII B 2). The value of p as
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afunction of my is found by scanning my in 5 GeV intervals.
The minimum p, value is found at my = 130 GeV and
corresponds to a local significance of 6.1 standard devia-
tions. The same observed significance within the quoted
precision is found for my = 125.36 GeV. This result
establishes a discovery-level signal in the H - WW* —
Zvfv channel alone. The expected significance for a SM
Higgs boson at the same mass is 5.8 standard deviations.

In order to assess the compatibility with the SM
expectation for a Higgs boson of mass my, the observed
best-fit {i value as a function of m is shown in Fig. 37. The
observed {i is close to zero for my > 160 GeV and crosses
unity at my =~ 125 GeV. The increase of fi for small values
of my is expected in the presence of a signal with mass
my = 125.36 GeV, as is also shown in Fig. 37. The
dependence of i on the value of my (dji/dmy =
—0.078 GeV at my = 125.36 GeV) arises mostly from
the dependence of the WW* branching fraction on my.

The assumption that the total yield is predicted by the
SM is relaxed to evaluate the two-dimensional likelihood
contours of (my, 1), shown in Fig. 38. The value (p = 1,
my = 125.36 GeV) lies well within the 68% C.L. contour,
showing that the signal observed is compatible with those
in the high-resolution channels.

B. Evidence for VBF production

The n; > 2 VBF-enriched signal region was optimized for
its specific sensitivity to the VBF production process, as
described in particular in Sec. I'V. Nevertheless, as can be
seen in Table XXV, the ggF contribution to this signal region
is large, approximately 30%, so it has to be profiled by the
global fit together with the extraction of the significance of
the signal strength of the VBF production process.

ATLAS
H—->WW*—lvlv
Vs=7TeV, 451"
Vs=8TeV, 20.3fb™

~

Best-fit signal strength

% Obst1o
B Exp t10 (125.36 GeV)

120 140 160 180 200

m,, [GeV]

FIG. 37 (color online). Best-fit signal strength i as a function of
my. The observed values are shown as a solid line with points
where |1 is evaluated. The expected values for my = 125.36 GeV
are shown as a solid line without points. The dashed and shaded
(solid) bands represent the one standard deviation uncertainties
for the observed (expected) values.
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FIG. 38 (color online). Observed signal strength p as a function
of my as evaluated by the likelihood fit. The shaded areas
represent the one, two, and three standard deviation contours with
respect to the best-fit values 71y and fi.

The global likelihood can be evaluated as a function of
the ratio pypp/Meer, With both signal strengths varied
independently. The result is illustrated in Fig. 39, which
has a best-fit value for the ratio of

}:lVBFF - 1.26f8f$51(stat)f8j§g (syst) = 1‘26f8_'57§- (14)
2g

The value of the likelihood at pypp/pgr = 0 can be
interpreted as the observed significance of the VBF
production process for mpy = 125.36 GeV, and corre-
sponds to 3.2 standard deviations; the expected significance
is 2.7 standard deviations. This establishes the evidence for
the VBF production mode in the H - WW* — £vfv final
state. The significance derived from testing the ratio
Hver/Heer = 0 is equivalent to the significance of testing
pyvee = 0, though testing the ratio is conceptually advanta-
geous since the branching fraction cancels in this param-
eter, while it is implicit in pygg.

This result was verified with the cross-check analysis
described in Sec. IV C, in which the multivariate discrimi-
nant is replaced with a series of event selection require-
ments motivated by the VBF topology. The expected and
observed significances at my = 125.36 GeV are 2.1 and
3.0 standard deviations, respectively. The compatibility of
the 8 TeV results from the cross-check and Ogpt analyses

|
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MVBF/uggF

FIG. 39 (color online). Likelihood scan as a function of
HypF/ Heer for mpy = 125.36 GeV. The value of the likelihood
at pypr/Heer = 0 gives the significance of the VBF signal at 3.2
standard deviations. The inner (middle) [outer] band shaded
darker (lighter) [darker] represents the one (two) [three] standard
deviation uncertainty around the central value represented by the
vertical line.

was checked with pseudoexperiments, considering the
statistical uncertainties only and fixing pyer to 1.0. With
those caveats, the probability that the difference in Z,
values is larger than the one observed is 79%, reflecting
good agreement.

C. Signal strength p

The parameter p is used to characterize the inclusive
Higgs boson signal strength as well as subsets of the signal
regions or individual production modes. First, the ggF and
VBF processes can be distinguished by using the normali-
zation parameter Ho,p for the signal predicted for the ggF
signal process, and pygp for the signal predicted for the
VBF signal process. This can be done for a fit to any set of
the signal regions in the various categories. In addition, to
check that the measured value is consistent among catego-
ries, different subsets of the signal regions can be fit. For
example, the n; =0 and n; =1 categories can be com-
pared, or the eu and ee/uu categories. To derive these
results, only the signal regions are separated; the control
region definitions do not change. In particular, the control
regions defined using only ey events are used, even when
only ee/up signal regions are considered.

The combined Higgs signal strength p, including 7 and
8 TeV data and all signal region categories, is

p=109 HiS(stat) FOEE(GR) IR (GR)  +003(5)
=1.09 %(stat) 017 (syst)
109 03 (5)
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FIG. 40 (color online). Likelihood scan as a function of pg,p
and pygg. The best-fit observed (expected SM) value is repre-
sented by the cross symbol (open circle) and its one, two, and
three standard deviation contours are shown by solid lines
surrounding the filled areas (dotted lines). The x- and y-axis
scales are the same to visually highlight the relative sensitivity.

The uncertainties are divided according to their source.
The statistical uncertainty accounts for the number of
observed events in the signal regions and profiled control
regions. The statistical uncertainties from Monte Carlo
simulated samples, from nonprofiled control regions, and
from the extrapolation factors used in the W + jets back-
ground estimate are all included in the experimental uncer-
tainties here and for all results in this section. The theoretical
uncertainty includes uncertainties on the signal acceptance
and cross section as well as theoretical uncertainties on the

background extrapolation factors and normalizations. The

expected value of p is 11018 (stat) "0} (syst).

In order to check the compatibility with the SM
predictions of the ggF and VBF production processes,
Hgor and pygp can be simultaneously determined through a
fit to all categories because of the different sensitivity to
these processes in the various categories. In this fit, the
VH contribution is included although there is no dedicated
category for it, and the SM value for the ratio oygr/ovy
is assumed. Technically, the signal strength pygg, vy is
measured, but because the contribution from VH is
negligible, the notation pygg is used. The corresponding
two-dimensional likelihood contours as a function of p,.
and pygp are shown in Fig. 40. Using the same treatment,
the separate signal strengths can be measured. The results
are

Per = 1.02£0.19 042 =1.02 9%
o = 127 248 90127 28 (1)
(stat) (syst)
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The details of the uncertainties on p, pyep, and pygg are
shown in Table XXVI. The statistical uncertainty is the
largest single source of uncertainty on the signal strength
results, although theoretical uncertainties also play a sub-
stantial role, especially for pgp.

The signal strength results are shown in Table XXVII for
my = 125.36 GeV. The table includes inclusive results as
well as results for individual categories and production modes.
The expected and observed significance for each category and
production mode is also shown. The p values are consistent
with each other and with unity within the assigned uncer-
tainties. In addition to serving as a consistency check, these
results illustrate the sensitivity of the different categories. For
the overall signal strength, the contribution from the n; > 2
VBF category is second only to the n; = 0 ggF category, and
the n; > 2 ggF category contribution is comparable to those in
the n; = 0 and n; = 1 ee/uu categories.

For all of these results, the signal acceptance for all
production modes is evaluated assuming a SM Higgs
boson. The VH production process contributes a small
number of events, amounting to about 1% of the expected
signal from the VBF process. It is included in the predicted
signal yield, and where relevant, is grouped with the
VBF signal assuming the SM value of the ratio
ovgpr/ovy. The small (<1%) contribution of H — 77 to
the signal regions is treated as signal, assuming the
branching fractions as predicted by the SM.

D. Higgs couplings to fermions and vector bosons

The values of py.r and pygp can be used to test the
compatibility of the fermionic and bosonic couplings of the
Higgs boson with the SM prediction using a framework
motivated by the leading-order interactions [67]. The
parametrization uses the scale factors kp, applied to all
fermionic couplings, and «y, applied to all bosonic cou-
plings; these parameters are unity for the SM.

In particular, the ggF production cross section is propor-
tional to k% through the top-quark or bottom-quark loops at
the production vertex, and the VBF production cross section
is proportional to x3. The branching fraction By_ - is
proportional to x? and inversely proportional to a linear
combination of k% and 3. This model assumes that there are
no non-SM decay modes, so the denominator corresponds to
the total decay width in terms of the fermionic and bosonic
decay amplitudes. The formulas, following Ref. [67], are

2 2
Kf ' Ky

BH—)ff + BH—»gg)K% + (Bquv)K%/ ’

4
Ky

Byp7 + BHﬁyy)KzF + (Byoyv)ky
The small contribution from By,_,,, depends on both xz and
«y and is not explicitly shown. Because (By;_, ;7 + Bpy_.gy)~
0.75, K% is the dominant component of the denominator

Hgep &
el 2

HvBF & ( (17)
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TABLE XXVI. Summary of uncertainties on the signal strength p. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the first line gives
the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal yield to the pygg
measurement and vice versa. The “misid factor” is the systematic uncertainty related to the W + jets background estimation. The
“Z/y* — ee, up” entry corresponds to uncertainties on the f..,i selection efficiency for the n; <1 ee/uu category. The “muons and
electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger efficiencies, and lepton
isolation efficiencies. The “jets” uncertainties include the jet energy scale, jet energy resolution, and the b-tagging efficiency. Values are
quoted assuming my = 125.36 GeV. The plot for VBF (third column) has a different scale than the other columns to show the relative
uncertainties per column. The entries marked with a dash are smaller than 0.01 or do not apply.

Observed p=1.09 Observed pggr = 1.02 Observed pypr =1.27

Source Error Plot of error Error Plot of error Error Plot of error
+ —  (scaled by 100) + —  (scaled by 100) + —  (scaled by 100)

Data statistics 0.16 0.15 —— 0.19 0.19 —— 0.44 0.40 ———
Signal regions 0.12 0.12 —— 0.14 0.14 —— 0.38 0.35 ———
Profiled control regions 0.10 0.10 —— 0.12 0.12 —— 0.21 0.18 e
Profiled signal regions - - - 0.03 0.03 - 0.09 0.08 -—

MC statistics 0.04 0.04 - 0.06 0.06 == 0.05 0.05 +*

Theoretical systematics 0.15 0.12 —— 0.19 0.16 —— 0.22 0.15 ——
Signal H — WW™* B 0.05 0.04 = 0.05 0.03 + 0.07 0.04 -
Signal ggF' cross section 0.09 0.07 —— 0.13 0.09 —— 0.03 0.03 *
Signal ggF acceptance 0.05 0.04 == 0.06 0.05 == 0.07 0.07 -
Signal VBF cross section  0.01 0.01 ¢ - - - 0.07 0.04 el
Signal VBF acceptance 0.02 0.01 * - - - 0.15 0.08 —
Background WW 0.06 0.06 = 0.08 0.08 —t— 0.07 0.07 -
Background top quark 0.03 0.03 - 0.04 0.04 - 0.06 0.06 -
Background misid. factor  0.05 0.05 == 0.06 0.06 = 0.02 0.02 ¢
Others 0.02 0.02 * 0.02 0.02 * 0.03 0.03 ¥

Experimental systematics 0.07 0.06 —— 0.08 0.08 —t— 0.18 0.14 —t—
Background misid. factor  0.03 0.03 - 0.04 0.04 - 0.02 0.01 f
Bkg. Z/7* — ee, pup 0.02 0.02 + 0.03 0.03 - 0.01 0.01 i
Muons and electrons 0.04 0.04 == 0.05 0.04 - 0.03 0.02 t
Missing transv. momentum 0.02 0.02 * 0.02 0.01 * 0.05 0.05 +
Jets 0.03 0.02 * 0.03 0.03 - 0.15 0.11 e
Others 0.03 0.02 + 0.03 0.03 - 0.06 0.06 -

Integrated luminosity 0.03 0.03 - 0.03 0.02 + 0.05 0.03 +

Total 0.23 0.21 —— 0.29 0.26 —— 0.53 0.45 B

| I B R E— | S N B E— | I B E—

-30-15 0 15 30 -30-15 0 15 30 -60-30 0 30 60

2 >1.2

for k7 2 1k7. As a result, the k7 dependence for the ggF k> ky due to the increase of the Higgs boson total width

process approximately cancels, but the rate remains sensitive
to xy. Similarly, the VBF rate scales approximately with
x}/x% and the VBF channel provides more sensitivity to
than the ggF channel does in this model. Because Eq. (17)
contains only x% and k7, this channel is not sensitive to the
sign of kp or ky.

The likelihood scan as a function of xy and x is shown
in Fig. 41. Both the observed and expected contours are
shown, and are in good agreement. The relatively low
discrimination among high values of « in the plot is due to
the functional behavior of the total ggF yield. The product
4o + B does not depend on k in the limit where kz > Ky,
so the sensitivity at high k5 values is driven by the value of
pype- The VBF process rapidly vanishes in the limit where

and the consequent reduction of the branching fraction to
WW bosons. Therefore, within this framework, excluding

HyBE = 0 excludes K > Ky.
The best fit values are

o090 43
Ky = 1.04 00T 400704 4001 (18)
(stat) (syst)

and their correlation is p = 0.47. The correlation is derived
from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated
at the best-fit values of «r and xy.
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TABLE XXVIL
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Signal significance Z, and signal strength p. The expected (Exp) and observed (Obs) values are given; p,;, is unity by

assumption. For each group separated by a horizontal line, the highlighted first line gives the combined result. The plots correspond to
the values in the table as indicated. For the p plot, the thick line represents the statistical uncertainty (Stat) in the signal region, the thin
line represents the total uncertainty (Tot), which includes the uncertainty from systematic sources (Syst). The uncertainty due to
background sample statistics is included in the latter. The last two rows report the results when considering ggF and VBF production
modes separately. The values are given assuming my = 125.36 GeV.

Signal significance Expected Observed uncertainty Observed central value
Sample Exp. Obs. Bar graph of Tot.err.  Tot.err. Stat.err. Syst.err. Hobs Hobs £ stat. (thick)
Zo  Zo observed Z + - + - + - + - =+ total (thin)
n; =0 370 4.08 |— 0.35 0.30 0.37 0.32 0.22 0.22 0.30 0.23 1.15 ———
ep, ba=p 2.89 3.07 |— 0.41 0.36 0.43 0.38 0.30 0.29 0.32 0.24 1.08 ———
ew, bra=e 2.36 3.12 |— 0.49 0.44 0.54 0.48 0.38 0.37 0.39 0.30 1.40 ————
ee/up category 1.43 0.71 = 0.74 0.70 0.68 0.66 0.45 0.44 0.51 0.50 0.47 ————
n;j=1 2.60 2.49 f— 0.51 0.41 0.50 0.41 0.33 0.32 0.38 0.26 0.96 ————
ey category 2.56 2.83 |—— 0.51 0.42 0.56 0.45 0.35 0.35 0.43 0.29 1.16 —e——
ee/pp category 1.02 0.21 k 1.12 0.98 1.02 0.97 0.80 0.76 0.63 0.61 0.19 —=t=———o
n; >2, ggF, eu 1.21 1.44 e 0.96 0.83 0.91 0.84 0.70 0.68 0.70 0.49 1.20 ———
n; > 2, VBF-enr. 3.38 3.84 |e—— 0.42 0.36 0.45 0.38 0.36 0.33 0.27 0.19 1.20 ————
ey category 3.01 3.02 fe— 0.48 0.40 0.47 0.39 0.40 0.35 0.24 0.16 0.98 e
ee/pp category 1.58 2.00 | 0.84 0.67 0.97 0.78 0.83 0.71 0.51 0.33 1.98 ————
All nj, all signal 5.76 6.06 [ ————— (.23 0.20 0.23 0.21 0.16 0.15 0.17 0.14 1.09 -
ggF' as signal 4.34 4.28 |— 0.30 0.24 0.29 0.26 0.19 0.19 0.22 0.18 1.02 -
VBF as signal  2.67 3.24 |e—— 0.50 0.43 0.53 0.45 0.44 0.40 0.30 0.21 1.27 ————
| I I R N . R r T T T 1

0123456

E. Exclusion limits

The analysis presented in this paper has been optimized
for a Higgs boson of mass my = 125 GeV, but, due to the
low mass resolution of the Zv£v channel, it is sensitive to
SM-like Higgs bosons of mass up to 200 GeV and above.

ATLAS
H-o>WW*—[vlv
s

Vs

=7TeV, 4.5
=8TeV, 20.3 b’
+ Obs (x,=1.04,

x-=0.93)
Obst 1o

—_

o ExpSM (1, 1) ;
{0} Exp SM%1,2,30

0 0.5 1
Ky

0...

1.5

FIG. 41 (color online). Likelihood scan as a function of xy and
k. The best-fit observed (expected SM) value is represented by
the cross symbol (open circle) and its one, two, and three standard
deviation contours are shown by solid lines surrounding the filled
areas (dotted lines). Note that the y axis spans a wider range than
the x axis.

The exclusion ranges are computed using the modified
frequentist method CLg [99]. A SM Higgs boson of mass
my is considered excluded at 95% C.L. if the value p = 1 is
excluded at that mass. The analysis is expected to exclude a
SM Higgs boson with mass down to 114 GeV at 95% C.L.
The clear excess of signal over background, shown in the
previous sections, results in an observed exclusion range of
132 < my < 200 GeV, extending to the upper limit of the
search range, as shown in Fig. 42.

F. Higgs boson production cross sections

The measured signal strength can be used to evaluate the
product o - By_ww- for Higgs boson production at
my = 125.36 GeV, as well as for the individual ggF
and VBF production modes. The central value is simply
the product of p and the predicted cross section used to
define it. The uncertainties are similarly scaled, except for
the theoretical uncertainties related to the total production
yield, which do not apply to this measurement. These are
the QCD scale and PDF uncertainties on the total cross
sections, and the uncertainty on the branching fraction for
H — WW*, as described in Sec. V. In practice, the
corresponding nuisance parameters are fixed to their
nominal values in the fit, effectively removing these
uncertainties from consideration. Inclusive cross-section
measurements are performed for ggF and VBF production.
The cross section is also measured for ggF production in
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10—

ATLAS - Observed
H—->WW*—[vlv — Exp (125.36 GeV)
(s=7TeV, 4.5fb" m Exptic
{s=8 TeV, 20.3fb™:-- Exp+ 20

(no signal) |

—_

107

95% C.L. limit on signal strength p

120 140 160 180 200
m,, [GeV]

FIG. 42 (color online). CLg exclusion plot for 110 < my <
200 GeV. The observed values are shown as a solid line with
points where the limit is evaluated. The expected values for a
signal at 125.36 GeV are given as a solid line without points. The
expected values for scenarios without signal are given by the
dotted line. The inner (outer) band shaded darker (lighter)
represents the one (two) standard deviation uncertainty on the
value for expected without signal. The limit of 132 GeV
(114 GeV) on my for the observed (expected no signal) scenario
can be seen at low values of my.

defined fiducial volumes; this approach minimizes the
impact of theoretical uncertainties.

1. Inclusive cross sections

Inclusive cross sections are evaluated at both 7 and 8 TeV
for the ggF production process and at 8 TeV for the VBF
production process. The 7 TeV VBF cross section is not
measured because of the large statistical uncertainty. The
signal strengths used for ggF and VBF are determined
through a simultaneous fit to all categories as described in
Sec. IXC. The small VH contribution, corresponding to
0.9%, is neglected, and its expected fractional yield is
added linearly to the total uncertainty. The 7 TeV signal

7 TeV : 8 TeV 8 Tev
strength p,,p and 8 TeV signal strengths pgp* and pygE
are

7TeV _ +0.52 4036 +0.14
P =057 To5t Zo3s Zooos
8 TeV _ 1019 40.14

Hoor ~ = 1.09  £020  T57  “goo (19)
8 TeV _ +048 4038  +0.11
Pver = 145 Ty Toas Zolos
(stat) (syst) (sig)

where (sig) indicates the systematic uncertainties on the
total signal yield for the measured process, which do not
affect the cross-section measurement. The effect of uncer-
tainties on the signal yield for other production modes is
included in the systematic uncertainties. In terms of the
measured signal strength, the inclusive cross section is
defined as

PHYSICAL REVIEW D 92, 012006 (2015)

B (Nsig)obs 1
(g . BH—)WW*)ObS T A-C- Bww—evew ‘ det
= fl (6 : BH—»WW*)eXP‘ (20)

In this equation, A is the kinematic and geometric
acceptance, and C is the ratio of the number of measured
events to the number of events produced in the fiducial
phase space of the detector. The product A - C is the total
acceptance for reconstructed events. The cross sections are
measured using the last line of the equation, and the results
are

ol By =20+17 17 =20 12 pb
GEgTFeV By_ww =46+£09 0% =46 "1 pb
oSEeY - Byowws = 0.51 1011 1013 =051 *032 pb.
(stat) (syst)
(21)

The predicted cross-section values are 3.3 +0.4 pb,
4.2 4+ 0.5 pb, and 0.35 £ 0.02 pb, respectively.

These are derived as described in Sec. V, and the
acceptance is evaluated using the standard signal MC
samples.

2. Fiducial cross sections

Fiducial cross-section measurements enable compari-
sons to theoretical predictions with minimal assumptions
about the kinematics of the signal and possible associated
jets in the event. The cross sections described here are for
events produced within a fiducial volume closely corre-
sponding to a ggF signal region. The fiducial volume is
defined using generator-level kinematic information, as
specified in Table XX VIII. In particular, the total p of the

TABLE XXVIII. Fiducial volume definitions for fiducial cross
sections. The selection is made using only ey events. Events in
which one or both W bosons decay to zv are excluded from the
fiducial volume, but are present in the reconstructed volume.
Energy-related quantities are in GeV.

Type n; =0 n; =1
Preselection pyl > 22
P2 >10
opposite-charge ¢
Myp > 10
p > 20
n; dependent Adyp,, > /2 -
Py > 30 -
- m4 > 50
- m,, < 66
Myp < 55 Myp < 55
A¢ff < 1.8 A¢ff < 1.8
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neutrino system (p4) replaces the pss, and each lepton’s
pr 1s replaced by the generated lepton pr, where the lepton
four-momentum is corrected by adding the four-momenta
of all photons within a cone of size AR = 0.1 to account
for energy loss through QED final-state radiation. These
quantities are used to compute mé. Jets are defined at
hadron level, i.e., after parton showering and hadronization
but before detector simulation. To minimize dependence on
the signal model, and therefore the theoretical uncertainties,
only eu events in the n; < 1 categories are used. Also, only
the 8 TeV data sample is used for these measurements.
The measured fiducial cross section is defined as

P (Nsig)obs i 1
i C  [Ldr

=f- (6 ’ BH—>WW*—>eym/)exp A, (22)

with the multiplicative factor A being the sole difference
with respect to the inclusive cross-section calculation. The
measured fiducial cross section is not affected by the
theoretical uncertainties on the total signal yield nor by
the theoretical uncertainties on the signal acceptance. The
total uncertainty is reduced compared to the value for the
inclusive cross section because the measured signal yield is
not extrapolated to the total phase space.

The correction factors for n; = 0 and n; = 1 events, CﬁfF

and C%‘;’TF, are evaluated using the standard signal MC

sample. The reconstructed events include leptons from 7
decays, but for simplicity, the fiducial volume is defined
without these contributions. According to the simulation,
the fraction of measured signal events within the fiducial
volume is 85% for n; = 0 and 63% for n; = 1.

The values of the correction factors are

CEF = 0.507 +0.027,
i = 0.506 & 0.022. (23)

The experimental systematic uncertainty is approximately
5%. Remaining theoretical uncertainties on the C&&
values were computed by comparing the ggF predic-
tions of POWHEG -+ HERWIG, POWHEG + PYTHIA8, and
POWHEG + PYTHIAG, and are found to be approximately
2% and are neglected. The acceptance of the fiducial
volume is

AT = 0.206 + 0.030,
AR = 0.075 £0.017. (24)

The uncertainties on the acceptance are purely theoretical
in origin and the largest contributions are from the effect of
the QCD scale on the jet multiplicity requirements.

The cross-section values are computed by fitting the p

values in the n; =0 and n; =1 categories. The VBF

PHYSICAL REVIEW D 92, 012006 (2015)

contribution is subtracted assuming the expected yield from
the SM instead of using the simultaneous fit to the VBF
signal regions as is done for the inclusive cross sections.
The non-negligible ggF yield in the VBF categories would
require an assumption on the ggF acceptance for different
jet multiplicities, whereas the fiducial cross-section meas-
urement is intended to avoid this type of assumption. The
effect of the theoretical uncertainties on the VBF signal
yield is included in the systematic uncertainties on the cross
sections. The obtained signal strengths are

ggF _ 0.21 0.27

Hojeu = 1.39 +0.27 to.19 J_r0.17

F _ 4 0. 0.4

Mo, =114 208 0% 10 (25)
(stat) (syst) (sig)

where (sig) indicates the systematic uncertainties on the
signal yield and acceptance, which do not apply to the
fiducial cross-section measurements. The corresponding
cross sections, evaluated at my = 125.36 GeV and using
the 8 TeV data, are

ggF 5.4 4.1 _ 6.8
Orao; = 27.6 133 155=276 ¢ b
ggF 3.1 20 _ 3.7
ohay; =83 3y f9=83 i fb (26)
(stat) (syst)

The predicted values are 19.9 3.3 fb and 7.3 + 1.8 fb,
respectively.

X. CONCLUSIONS

An observation of the decay H - WW* — vy with a
significance of 6.1 standard deviations is achieved by an
analysis of ATLAS data corresponding to 25 fb~! of
integrated luminosity from /s =7 and 8 TeV pp colli-
sions produced by the Large Hadron Collider at CERN.
This observation confirms the predicted decay of the Higgs
boson to W bosons, at a rate consistent with that given by
the Standard Model. The SM predictions are additionally
supported by evidence for VBF production in this channel,
with an observed significance of 3.2 standard deviations.

For a Higgs boson with a mass of 125.36 GeV, the ratios
of the measured cross sections to those predicted by the
Standard Model are consistent with unity for both gluon-
fusion and vector-boson-fusion production:

b= 109153,

_ 0.29

Megr = 1.02 5.
Hver = 1.27 f8;i§. (27)

The measurement uncertainties are reduced by 30% relative
to the prior ATLAS H - WW* — £vfv measurements due
to improved analysis techniques. The corresponding cross
section times branching fraction values are
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67 Tev . BH*WW* == 20 tz'l pb,

ggF 2.0
Ot Broww- =46 17 pb,
B - Byww =051 1032 pb. (28)

These total cross sections, as well as the fiducial cross
sections measured in the exclusive n; =0 and n; =1
categories, allow future comparisons to the more precise
cross section calculations currently under development.

The analysis strategies described in this paper set the
stage for more precise measurements using future collisions
at the LHC. The larger data sets will significantly reduce
statistical uncertainties; further modeling and analysis
improvements will be required to reduce the leading
systematic uncertainties. Future precise measurements of
the H - WW* — £uvfv decay will provide more stringent
tests of the detailed SM predictions of the Higgs boson
properties.
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APPENDIX A: STATISTICAL
TREATMENT DETAILS

1. Binning of fit variables

The my distribution is used in the likelihood fit for the
ggF-enriched n; samples (see Sec. VII). Figure 43 shows an
example of the binned my distribution in the most sensitive
kinematic region of n; = 0 and eu lepton-flavor category.
The optimization procedure for the widths was discussed in
Sec. VII A. Table XXIX gives the details of the binning for
every kinematic region. The my range between the bin 1
(around 80 GeV) and the last bin (around 120 GeV) is
binned in variable widths. For kinematic regions in the
n; =0 category, the variable widths are approximately
6 GeV; for n; = 1, the widths are approximately 10 GeV.
For both samples, the rms of the bin widths from the mean
bin width is approximately 1 GeV. Lastly, the ggF-enriched
n; > 2 and the cross-check VBF-enriched n; > 2 catego-
ries use the same set of fixed mt bin boundaries with bins
of variable width.

2. Drell-Yan estimate in ee/up for n; <1

The details of the treatment for the Drell-Yan estimate for
the ee/uu category in the n; < 1 sample are described.

The method uses additional control regions to constrain
the parameters corresponding to the selection efficiencies
of contributing processes categorized into “DY” and “non-
DY”; the latter includes the signal events. The variable
Srecoil 18 used to separate the two categories, and to divide
the sample into “pass” and “fail” subsamples. In the ee/puu
categories, the pass samples are enriched in non-DY events
and, conversely, the fail samples are enriched in DY events.
The residual cross-contamination is estimated using
additional control regions.

15 - n
- ATLAS H—WW* :
[ (s=8TeV, 20.3fb™ |
2 10 [+ Obststat ]
O "L~ Exptsyst :
5 L ]
S MWHiggs 7
oo EBww 1
5 mDY y
[ O Misid ]
. BV
L O

FIG. 43 (color online). Transverse mass distribution shown
with variable bin widths as used in the likelihood fit. The most
sensitive signal region is shown (n; =0, ey, and &, =y in
myy, > 30 GeV and péz > 20 GeV).
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TABLE XXIX. m bins for the likelihood fit in the 8 TeV analysis. The first bin spans 0 to “bin 2 left edge”; the last bin spans “last bin
left edge” to oo. The bin widths w;, of those between the first and last bins are given. The mean of the variable width bins,

W= W/ (Mpins

related quantities are in GeV.

—2), is given as well as the rms of the deviation with respect to the mean, \/>_, (W — w},)?/ (fyins — 2). All energy-

Category Bin left edge Bin widths w,, for bin b Mean width, rms of deviation
Sample 7, mg  pt? npye bin 2 last bin 2 3 4 5 6 7 8 9 W rms Plot of w =+ rms
nj=0
eu u 10-30 10-15 10 745 1182 59 50 45 45 45 50 58 85 55 13 ——
ep u 1520 10 81.6 122.1 63 46 41 40 41 45 53 76 51 1.2 ——
ep u 20-c0 10 937 1337 63 46 38 39 38 43 52 81 50 14 =t
ep u 30-55 10-15 10 84.1 1247 64 46 44 40 44 44 52 72 51 1.1 e
ep u 1520 10 863 1258 6.0 47 44 40 40 42 51 7.1 49 1.0 -
ey u 20~00 10 932 1354 7.0 48 42 38 39 42 53 90 53 1.7 ——
eu e 10-30 10-15 10 76,7 1180 58 45 42 40 45 47 57 79 52 12 -
ep e 1520 10 80.8 1214 59 48 44 39 41 46 53 76 5.1 1.1 ==
ep e 20-c0 10 93.1 1336 6.7 49 40 38 38 42 50 81 51 1.5 ——
ep e 30-55 10-15 10 849 1257 6.0 47 43 39 41 44 54 80 51 13 =
ep e 1520 10 850 1252 6.6 48 41 39 39 42 52 75 50 13 e
eu e 20-c0 10 935 1358 6.8 49 42 38 38 43 55 90 53 1.7 e
ee/up - 12-55 10-c0 10 95.1 128.8 49 4.0 3.5 33 34 3.6 43 67 42 1.1 ==
| Y B |
1 0 5 10 15
n, =
! ey u 10-30 10-15 6 790 1187 105 85 88 119 - - - - 99 14 e
ep u 1520 6 81.6 1197 106 96 84 95 - - - - 95 08 ==
ep u 20-0c 6 867 1274 112 9.1 93 111 - - - - 102 1.0 ==
ep u 30-55 10-15 6 796 1160 9.1 92 83 98 - - - - 91 05 +
ey u 1520 6 819 1202 103 92 86 102 - - - - 96 07 ==
eu u 20-c0 6 874 1279 11.1 87 93 114 - - - - 101 1.1 e
ep e 10-30 10-15 6 8.1 1233 99 79 73 101 - - - - 88 12 e
eu e 15-20 6 8.2 1239 97 79 78 103 - - - - 89 1.1 ——
ep e 200 6 920 1302 95 82 89 116 - - - - 96 13 e
ep e 30-55 10-15 6 87.0 121.7 89 9.1 70 97 - - - - 87 10 =
ep e 1520 6 874 1232 96 81 86 95 - - - - 90 06 -
ep e 200 6 912 1290 10.1 83 81 113 - - - - 95 13 ——
eefup - 12-55 10-c0 6 969 1267 83 65 63 87 - - - - 15 11 =
| E |
0 5 10 15
n; >2 ggk .
ep - 1055 10-c0 4 500 1300 30 50 - - - - - - 40 10 Not displayed
n; > 2 VBF cross-check
ep - 10-55 10-0c 4 500 1300 30 50 - - S 40 10 Not displayed
ee/up - 12-55 10-c0 4 50.0 130.0 30 50 - - - - - - 40 10 Not displayed

Of particular interest is the data-derived efficiency of
the f...on selection for the DY and non-DY events. The
efficiency of the applied f.,; selection on DY events
(on epy) is obtained from the ee/pu sample in the Z
peak (in the Z CR), defined by the dilepton mass range
|msy —myz| < 15 GeV. Events in the Z CR are relatively
pure in DY. The epy estimates the efficiency of the
selection due to neutrinoless events with missing trans-
verse momentum due to misreconstruction, or ‘fake
missing transverse momentum.” The same parameter
appears in two terms, one for the Z CR and the other
for the signal region, each composed of two Poisson
functions.

The non-DY events with neutrino final states, or “real
missing transverse momentum,’ contaminate both the Z
CR and the SR, and the two corresponding f...; selection
efficiencies, &, py and &, py, are evaluated separately.
The non-DY efficiency in the Z CR, &, py. is evaluated
using the Z CR selection except with the eu sample, which
is pure in non-DY events. The SR efficiency €,,,.py 1S
evaluated using the ee/uu SR selection (described in
Sec. VIE 2) applied to an eu sample.

The fit CR part of the likelihood function [Eq. (11)]
contains two Poisson functions that represent events—in
the Z mass window in the ee/puu category—that pass or fail
the frecon Selection:
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JINGS Py - €py - BES® + honpy  Blondy)”
f(Né(i:lR IPoy - (1=épy) 'B%(S:{R +(1- Efqon-DY) : BEOCIEDY)’

(A1)

where N is the observed number of events and B the
background estimate without applying an f...; selection.
The superscript denotes the Z CR mass window; the
subscript pass (fail) denotes the sample of events that pass
(fail) the f,..on selection; and the subscripts DY (non-DY)
denotes background estimates for the Drell-Yan (all except
Drell-Yan) processes. The non-DY estimate, BZSR, ., is a
sum of all contributing processes listed in Table I; nor-
malization factors, such as py, that are described in
Sec. VI are implicitly applied to the corresponding con-
tributions. The Drell-Yan estimate is normalized explicitly
by a common normalization factor /3,y applied to both the
passing and failing subsamples of the Z peak.

The €, py parameter above is determined using events
in the ey category. The corresponding Poisson functions are
included in the likelihood:

ZCR,ep ZCR,ep
f(NPﬂSS |8;10n—DY : Bnon—DY)'

ZCR,e¢, ZCR,¢,
f(Nfail ﬂ|(1 - gimn—DY) ’ Bnon—D#)’ (AZ)

where the ey in the superscript denotes the Z CR mass
window for events in the eu category; all other notation
follows the convention for Eq. (A1). The DY contamination
in this region is implicitly subtracted.

The SR part of the likelihood also contains two Poisson
functions—using the same epy above, but a different fpy
and &,,,.py corresponding to the SR—is

f(NS§SS|ﬂDY " €Dy * BSD% + €nonDY * ngn—DY)'
f(N1§al§1|ﬁDY : (1 - eDY) : B]S)l§{ + (1 - enon—DY) : Brsul}n—DY)’
(A3)

where SR denotes the signal region selection and Bpy is the
common normalization factor for the Drell-Yan estimate for
the pass and fail subsamples.

The parameter ¢, py is constrained following the same
strategy as Eq. (A2) with

SR, SR,
f(szl}sseM|€non—DY ’ Bn(ljnf]’;Y)'

SR.¢, SR,e,
f(Nfail ﬂ|(1 - enon—DY) ' Bnon—ng)’ (A4)

where the eu in the superscript denotes the ee/uu SR
selection (including the one on f..;) applied to events in
the e category. As noted before, the DY contamination in
this region is implicitly subtracted.
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3. Top-quark estimate for n; = 1

The details of the in situ treatment for the b-tagging
efficiency for the top-quark estimate for n; = 1 category
are described.

The method uses two control regions within the n; = 2
sample: those with one and two b-jets. These CRs constrain
the normalization parameter for the b-tagging efficiency of
top-quark events (f3.,,) and for the top-quark cross section
in these regions (fip)-

The Poisson terms for the control regions are

f(N%? |ﬁtop 'ﬂb—tag : Btzol; + Bother)'

f(NZ) |ﬁtop : Bt]obp +ﬁtop : (1 _/Bh—tag) : Btzol; +Bother)v (AS)

where N,? (N37) corresponds to the number of observed
events with one (two) b-jets; Bi2 (Bgb) is the correspond-
ing top-quark estimates from MC samples; and B, are
the rest of the processes contributing to the sample.

The parameter f,, enters only in the above terms,
while f,.,, 1s applied to other regions. In the top-quark
CR, one factor of f,, is applied to the expected top-
quark yield. In the SR and the WW CR, the treatment is
of the same form as the second line of Eq. (AS5) applied
to the n; =1 sample, ie., the estimated top-quark
background is B, + (1 = fj.ug) - Biop-

In summary, the difference between the observed and the
expected b-tagging efficiency corrects the number of
estimated untagged events in the SR.

APPENDIX B: BDT PERFORMANCE

Section IV C motivated the choice of variables used
in the n; >2 VBF-enriched category based on their
effectiveness in the cross-check analysis. Many of the
variables exploit the VBF topology with two forward jets
and no activity in the central region. The main analysis in
this category is based on the multivariate technique that
uses those variables as inputs to the training of the BDT.
The training is optimized on the simulated VBF signal
production and it treats simulated ggF production as a
background. Figures 44 and 45 show the distributions of
the input variables in the ey and ee/uu samples, respec-
tively. The comparison is based only on MC simulation and
it shows the separation between the VBF signal and the
background processes, motivating the use of the chosen
variables.

The Ogpr distributions are shown in Fig. 46. The lowest
Ogpr score is assigned to the events that are classified as
background, and the highest score selects the VBF signal
events. This separation can be seen in these distributions.
The final binning configuration is four bins with boundaries
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FIG. 44 (color online). Distributions of the variables used as inputs to the training of the BDT in the ey sample in the 8§ TeV data
analysis. The variables are shown after the common preselection and the additional selection requirements in the n; > 2 VBF-enriched
category, and they include: m,, Ag,,, mr, and Ay;; (top two rows); m;;, p¥™, ZCp, and Zm,; (bottom two rows). The distributions
show the separation between the VBF signal and background processes (ggF signal production is treated as such). The VBF signal is
scaled by 50 to enhance the differences in the shapes of the input variable distributions. The SM Higgs boson is shown at
mpy = 125 GeV. The uncertainties on the background prediction are only due to MC sample size.
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FIG. 45 (color online).
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Distributions of the variables used as inputs to the training of the BDT in the ee/uu sample in the 8 TeV data

analysis. The variables are shown after the common preselection and the additional selection requirements in the n; > 2 VBF-enriched

category, and they include my,, Agyp, mr, and Ay;; (top two Tows); m;

ij» P ZCp, and Zmy; (bottom two rows). The distributions

show the separation between the VBF signal and background processes (ggF signal production is treated as such). The VBF signal is
scaled by 50 to enhance the differences in the shapes of the input variable distributions. The SM Higgs boson is shown at
mpy = 125 GeV. The uncertainties on the background prediction are only due to MC sample size.
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FIG. 46 (color online). Distributions of BDT output in the n; > 2 VBF-enriched category in the (a) ey and (b) ee /pu samples in the
8 TeV data analysis. The distributions show the separation between the VBF signal and background processes (ggF signal production is
treated as such). The VBF signal is overlaid to show the differences in the shapes with respect to the background prediction. The DY
contribution in (b) is stacked on top, unlike in the legend, to show the dominant contribution; the other processes follow the legend order.
The SM Higgs boson is shown at my = 125 GeV. The uncertainties on the background prediction are only due to MC sample size.

at[—1,-0.48,0.3,0.78, 1], and with bin numbering from 0 to 3. The background estimation and the signal extraction is then
performed in bins of Oppy. Figure 47 shows the data-to-MC comparison of the input variables in the three highest Ogpr
bins. Good agreement is observed in all the distributions. The event properties of the observed events in the highest BDT bin
in the n; > 2 VBF-enriched category are shown in Table XXX.
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TABLE XXX. Event properties of the Higgs candidates in BDT bin 3 (Ogpy > 0.78) of the n; > 2 VBF-enriched category in the
8 TeV data analysis. The energy-related quantities are in GeV.

BDT input variables pr and 5 of leptons and jets

Sample Oppr  mr mye Adge ECp  my; Ayy Zmgp p¥™ pft p2 o ome ne plt pi2 omp np

ey sample 092 113 19.8 026 0.25 1290 5.30 810 32 50 15 06 —-0.1 110 74 29 24
0.88 102 27.2 062 0.83 530 3.75 540 2.5 39 16 —-0.5 04 80 79 =27 1.1
0.85 87 199 0.02 1.01 1770 7.55 1510 48 73 20 1.6 22 50 32 3.8 -3.8
0.84 105 26.5 0.64 086 1500 558 1250 74 84 21 0.8 0.7 115 73 24 =32
0.81 43 317 1.08 005 850 544 710 22 48 20 0.5 04 84 37 =22 3.2
0.78 84 372 0.18 0.76 810 5.26 660 48 29 18 -1.5 0.1 82 41 -24 29

ee/up sample 092 66 389 0.18 033 1370 5.15 1060 22 61 31 0.4 12 118 90 =32 20
091 102 274 0.65 024 1260 597 780 25 34 23 -05 02 101 40 -3.1 29
0.89 81 263 0.08 057 670 397 1210 8.1 147 44 1.4 1.1 168 49 -13 27
0.81 118 57.6 231 028 700 390 610 66 32 29 13 08 113 83 -12 27
0.81 116 185 033 0.19 670 397 650 29 54 25 -1.7 -13 119 68 04 -3.6
0.80 108 50.1 0.80 087 740 468 660 21 46 15 -04 =20 123 41 =25 22
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