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We present a search for a standard model Higgs boson decaying to two W bosons that decay to
leptons using the full data set collected with the CDF II detector in /s = 1.96 TeV pp collisions

at the Fermilab Tevatron, corresponding to an integrated luminosity of 9.7 fb~1.

We obtain no

evidence for production of a standard model Higgs boson with mass between 110 and 200 GeV/027
and place upper limits on the production cross section within this range. We exclude standard model
Higgs boson production at the 95% confidence level in the mass range between 149 and 172 GeV/cQ7
while expecting to exclude in the absence of signal the range between 155 and 175 GeV /c?. We also
interpret the search in terms of standard model Higgs boson production in the presence of a fourth
generation of fermions and within the context of a fermiophobic Higgs boson model. For the specific
case of a standard model-like Higgs boson in the presence of fourth generation fermions, we exclude
at the 95% confidence level Higgs boson production in the mass range between 124 and 200 GeV/027
while expecting to exclude in the absence of signal the range between 124 and 221 GeV /c?.

PACS numbers: 13.85.Rm, 14.80.Bn

I. INTRODUCTION m

45

In the standard model of particle physics (SM), the *
electroweak force is characterized by a gauge theory of ¥
the (SU(2)r, x U(1)y) symmetry group [1-3]. This sym- *
metry is broken, which introduces differences in the ob- *
served phenomenology of electromagnetic and weak inter- *°
actions. The mechanism of symmetry breaking in the SM *
is known as the Higgs mechanism [4-7], which introduces *
a complex doublet of scalar fields. The self-interaction of *
these fields introduces a potential term in the electroweak *
Lagrangian, which has a minimum at a nonzero value of *
the field. At sufficiently low energies (the Fermi scale *°
and below), the electroweak Lagrangian is approximated ¥
by an effective Lagrangian, which is no longer symmet- **
ric under the full gauge group but rather retains only s
U(1)gm symmetry, leading to additional terms. Three of «
these terms are identified with the masses of the W+ and &
Z vector bosons, and the fourth results in an associated s
vector boson known as the Higgs boson. The masses of
the leptons and quarks also require that electroweak sym- e
metry be broken and are generated in the SM through es
Yukawa interactions with the scalar Higgs field. 66

Owing to its central position in the understanding of &
the phenomenology of the electroweak force, the discov- e
ery of the Higgs boson was an important milestone for
particle physics. Properties of the Higgs boson, including 7
production rates and decay branching ratios, are highly =
sensitive to physics beyond the SM. Many models, such 72
as supersymmetry, require extended Higgs sectors with 7
additional multiplets of scalar fields, resulting in addi- ,,
tional Higgs bosons, some of which interact very differ-
ently from the SM-predicted Higgs boson. 76

The possible mass range for the SM Higgs boson (mg) «
is constrained by a number of theoretical and experi- 7
mental results. The W boson mass My, the Z boson 7
mass My, and the top-quark mass m; are modified by s
self-energy terms involving the Higgs boson as a virtual &
particle in processes with amplitudes involving one or s
more loops, which depend on the mass of the Higgs bo- e
son. This, in turn, allows for a prediction of the Higgs s

boson mass using precision measurements of My, Mz,
and m;. The most recent average of available W boson
mass measurements is My = 80.385 4 0.015 GeV/c? [8],
and the most recent average of top-quark mass measure-
ments is my; = 173.2 & 0.9 GeV/c? [9]. These mass
measurements are combined with other precision elec-
troweak measurements to calculate an allowed range of
mpy = 9473 GeV/c? at the 68% confidence level (C.L.)
or less than 152 GeV/c? at the 95% C.L. [10]. In ad-
dition, direct searches at the LEP collider excluded SM
Higgs boson production for masses below 114.4 GeV/c?
at the 95% C.L. [11]. A combination of the direct LEP
searches with indirect constraints indicates that the SM
Higgs boson should have a mass below 171 GeV/c? at
the 95% C.L. [10].

A new boson with a mass of approximately
125 GeV/c?, compatible with the SM Higgs boson, has
been observed in data collected from /s = 7-8 TeV pp
collisions at the CERN Large Hadron Collider (LHC) by
the ATLAS [12] and CMS [13] collaborations. The new
boson was observed with high significance in the ZZ and
vy decay modes and at a somewhat lower level of sig-
nificance in the WIW decay mode. Updated ATLAS [14]
and CMS [15] searches focusing on WW decays and using
additional data provide strengthened evidence for this de-
cay mode. Since the phenomenology of the Higgs mech-
anism is characterized by its interactions with W and Z
bosons, observation of the Higgs boson in the WIW de-
cay mode and refined measurements of the corresponding
branching ratio are of critical importance.

For higher Higgs boson masses, my > 130 GeV/c?,
where the decay to two W bosons dominates [16], a SM
Higgs boson is primarily observable at the Tevatron via
gluon-fusion production through a top-quark loop (ggH)
with subsequent decay to a pair of W* bosons [17-20].
This decay mode provides a low-background search topol-
ogy, when both W bosons decay leptonically. The main
backgrounds to H — WTW~ — {(tuf~ v are Drell-
Yan (DY) production of oppositely-charged lepton pairs,
pp — WHW—, W*Z, ZZ, tt, Wjets, and W + ~ pro-
cesses. Events consistent with the (T~ v final state
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are selected by requiring two oppositely-charged leptonsiss
and a significant overall imbalance in measured trans-ius
verse energies within the event (missing transverse en-s
ergy or H;). CDF reconstructs electrons and muons,,
with high efficiency and minimal contamination from jets,,,
misidentified as leptons (fakes). We treat separately tau,,,
leptons decaying hadronically, which are harder to re-,,
construct and significantly impacted by contamination,s,
from fakes. Missing transverse energy associated with,,
the unobserved neutrinos provides discrimination against,,
backgrounds that do not contain leptonically decaying W .,
bosons, such as DY production. 154

A potential Higgs boson signal is distinguishable fromuss
the other background processes with real .. generatediss
from neutrinos based on unique kinematic properties as-
sociated with the Higgs boson decay. The fact that the
Higgs boson is a scalar particle induces a spin correla-
tion between the W bosons, which manifests itself as a®
preference for the charged leptons in the final state to be'*®
emitted in similar directions to one another. The non-
resonant pp — WTW ™ background has a very different;s
spin structure [21], resulting in a different distribution ofye
the angle between the two charged leptons. 161

In addition to the ggH production mechanism, the SMis2
Higgs boson is expected to be produced in associationies
with a W or Z vector boson ( WH, ZH, or, collectively, VHiss
production), and in vector boson fusion (VBF), where asss
pair of W bosons or a pair of Z bosons fuse to form aies
Higgs boson, usually with recoiling jets. Including theses
additional production mechanisms expands acceptanceiss
by approximately 50% for my = 160 GeV/c?, comparediss
to searching for only the ggH production process [22].10
These additional production mechanisms were included,;
in the most recent CDF results [23], which were com-,,
bined with similar results from the DO collaboration [24],7
to exclude at 95% C.L. a SM Higgs boson in the mass;,
range between 162 and 166 GeV/c? [25)]. s

For lower Higgs boson masses, my < 130 GeV/c? s
the decay H — bb dominates. A direct search for their
SM Higgs boson in the process gg — H — bb wouldis
be overwhelmed by nonresonant, multijet backgrounds.ize
Hence, Tevatron searches in this mass region focus oniso
the WH — (vbb [26-28], ZH — (+¢~bb [29, 30], ands
ZH — vwbb [31, 32] processes. Despite the low SMis
Higgs boson branching ratio to W bosons within this,,
mass range, the WW decay mode still contributes signifi-;g,
cantly to combined Tevatron search sensitivities because,gs
it is accessible within a final state originating from ggH ;4
production. 187

In this paper we present a search for the produc-is
tion of SM Higgs bosons with subsequent decay to twoise
oppositely-charged W) bosons using a sample of \/5 =0
1.96 TeV proton-antiproton (pp) collision data corre-in
sponding to 9.7 fb~! of integrated luminosity collectedis
with the CDF II detector at the Fermilab Tevatron. Thisies
result improves on the last CDF result [23] by includingio
more data, using improved analysis techniques, and in-iss
corporating additional search topologies such as dileptoniss

pairs with invariant mass below 16 GeV/c? and trilepton
events from VH production, where the third lepton re-
sults from the decay of the associated weak vector boson.

This paper is organized as follows. Section II describes
the phenomenology of Higgs boson production and decay,
Sec. III describes the analysis strategy, Sec. IV describes
the CDF detector, Sec. V describes the event selection,
Sec. VI describes the background modeling, Sec. VII
describes the multivariate techniques used to separate
the expected signal events from the background events,
Sec. VIII describes each analysis sample, Sec. IX summa-
rizes systematic uncertainties on signal and background
predictions, and Sec. X describes the procedures used for
interpreting the data and the final results.

II. PHENOMENOLOGY OF HIGGS BOSON
PRODUCTION AND DECAY

Higgs boson searches performed in hadron collisions
rely both on accurate predictions of Higgs boson produc-
tion and decay rates and on accurate kinematic model-
ing of the resulting events. The theoretical community
has provided calculations of all relevant signal production
cross sections at next-to-next-to-leading order (NNLO)
accuracy in «g, and also differential cross sections for
ggH production at the same order. These calculations,
in conjunction with Monte Carlo tools for modeling the
signal and background processes as well as the response of
the CDF detector to the particles originating from these
processes, are critical inputs to this search.

The dominant Higgs boson production mechanism over
the mass range of interest in pp collisions is ggH. Be-
cause of the large Yukawa coupling of the top quark to
the Higgs boson, the largest contribution to the cross
section comes from the top-quark-loop amplitude. How-
ever, loops involving other quark flavors are incorporated
within the calculations. Calculations of the inclusive
cross section for ggH production in hadron collisions
have progressed from leading order (LO) [33], to next-
to-leading order (NLO) [34-36], to next-next-to-leading
order (NNLO) [37-39], and finally to the calculations de-
scribed in Refs. [40] and [41], which are used here.

The expected cross section for this process ranges from
1385 fb at my = 110 GeV/c? to 189.1 fb at my =
200 GeV/c? [40, 41], as summarized in Table I. These
cross-section predictions are obtained from calculations
at NNLO in perturbative QCD, incorporating contribu-
tions from both top- and bottom-quark loops, effects of
finite quark masses, electroweak contributions from two-
loop diagrams [42], interference effects from mixing of
electroweak and QCD contributions [41], leading loga-
rithmic resummation of soft gluon contributions [40, 43],
and MSTW2008 NNLO parton distribution functions
(PDFs) [44]. Consistent results are obtained from cal-
culations based on substantially different techniques and
independent groups.
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The NLO correction to the Tevatron ggH productionass
cross section is typically a factor of two, and the NNLOzss
correction introduces another factor of 1.4. Uncertain-zs
ties in the NNLO cross-section calculation are evaluated
by studying the effect of factorization and renormaliza->**
tion scale choices on the result. The largest variation is™
obtained, when the two scales are varied together. We*®
take an uncertainty on the production cross section cor->*
responding to the shift observed, when these scales are®
varied upwards and downwards by factors of two. Cal-**
culations that have been performed including the pri-**
mary amplitudes at next-to-next-to-next-to leading order®
(NNNLO) indicate that no additional large modification®®
of the cross section is expected [45]. 2o

The NNLO generator programs FEHIP [46, 47] and
HNNLO [48, 49] and studies based on these programs [50]
are used to tune the leading order simulation, which mod-
els the kinematic properties of final state particles orig;—271
inating from ggH production, and to assess Systematicm
uncertainties associated with this modeling. o

In the search described here, events are separated into
samples, in which the leptonically decaying W W = sys-as
tem is observed to recoil against zero, one, or two or mores
parton jets. Jet reconstruction, discussed in Sec. V, at-27
tempts to collect the energy depositions associated withars
particles produced in the hadronization and fragmenta-ro
tion of partons originating from the pp interaction. Weaso
normalize our ggH Monte Carlo based on the inclusivez
cross-section calculations described above, but assign dif-2s
ferential uncertainties incorporating calculations of thesss
exclusive one-or-more parton jet and two-or-more partonas
jet cross sections from Refs. [50] and [51], respectively.zes
We follow the prescription of Refs. [52] and [53], prop-sss
agating scale uncertainties associated with the inclusivess
cross section, the one-or-more parton jet cross section,ss
and the two-or-more parton jet cross section through the
subtractions needed to obtain the exclusive zero-, one-,**
and two-or-more parton jet cross sections. We follow the*
prescription of Refs. [54] and [55] in evaluating the effects
of PDF uncertainties on the production cross sections.

This search includes substantial additional acceptance™
for the Higgs boson by incorporating potential signal con-""
tributions from VH and VBF production. The cross sec-"
tions for these production processes are roughly (9(0.1)296
of those for ggH production. In the mass range between”"
110 to 200 GeV/c?, the WH, ZH, and VBF production™
cross sections vary from 204 to 19.1 fb, 120 to 13.0 fb, and™
82.8 to 21.7 fb, respectively, as summarized in Table I.

The cross sections for VH and VBF production havezzz
been calculated at NNLO in Refs. [56-60] and [58, 61, 62],,
respectively. The VBF cross sections are adjusted for
electroweak corrections computed at NLO in Refs. [63]s0
and [64]. All calculations are based on MSTW2008:s
NNLO parton distribution functions [44]. Uncertaintiessos
on VH and VBF production cross sections are typicallysor
much lower than those associated with ggH cross-sectionsos
calculations due to the smaller amount of color in thesop
quark initial states, the pure tree-level electroweak naturesio
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4
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of the lowest-order amplitudes, as well as their depen-
dence on quark PDFs, which are known more precisely
than the gluon PDF at high Bjorken x.

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

The decay branching ratios used in this search are
listed in Table I [55]. The partial widths for all decay
processes are computed with HDECAY [16] with the ex-
ception of the H — WHtW~ — 4f and H — ZZ — Af
processes, for which the partial widths are computed with
PROPHECY4F [65, 66]. Branching ratios are computed
from the relative fractions of the total partial widths.
The SM branching ratio for a Higgs boson decaying to a
pair of W bosons, which is 4.82% at my = 110 GeV/c?,
becomes dominant for my > 135 GeV/c?, increasing to
above 90% near the threshold to produce both W bosons
on mass shell at my = 160 GeV/c? and decreasing to
73% at my = 200 GeV/c?, where decay to two Z bosons
becomes significant.

Extensions to the SM can significantly modify the
Higgs boson production cross sections and H — WTW
branching ratio. If the SM is extended to include a
fourth sequential generation of heavy fermions (SM4),
ggH production of a SM-like Higgs boson is sig-
nificantly enhanced and branching ratios are modi-
fied [67]. Table I lists ggH production cross sections
for the SM4 model assuming masses of 400 GeV/c? and
450 GeV/c?>+101In(my/115) GeV/c? for fourth gener-
ation down-type and up-type quarks, respectively [68].
Modified branching ratios for H — WTW ™ within the
SM4 model assuming that the fourth generation charged
lepton and neutrino are sufficiently heavy to not be ac-
cessible as Higgs boson decay products are also listed in
Table 1.

In the case of a fermiophobic (FHM) Higgs boson, the
ggH production cross section is negligible, but as shown
in Table I, the H — WTW ™~ branching ratio is signif-
icantly larger than in the SM, particularly in the mass
range 110 < mpy < 150 GeV/c? [69]. In the FHM model,
the WH, ZH, and VBF production cross sections are as-
sumed to be the same as those in the SM.
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TABLE I: (N)NLO production cross sections and decay branching ratios to W W™ for the SM Higgs boson; ggH production
cross sections and decay branching ratios to W1TW ™ for the SM-like Higgs boson in SM4; and the decay branching ratios to
WTW ™ for the fermiophobic Higgs boson in FHM as functions of Higgs boson mass.

B(H—-WwWtw~) oM

BSNM(H—>W+W7) BFHM(H—>W+W7)

mpg OggH OWH OZH OVBF 99 H

(GeV/c?)  (fb) (fb) (fb)  (fb) (%) (fb) (%) (%)
110 1385 204 120 82.8 4.82 12310 2.83 85.3
115 1216 175 104 76.5 8.67 10730 5.05 86.6
120 1072 150 90.2 70.7 14.3 9384 8.34 86.9
125 949.3 130 78.5 65.3 21.6 8240 12.9 86.8
130 842.9 112 68.5 60.5 30.5 7259 18.8 86.7
135 750.8 97.2 60.0 56.0 40.3 6414 26.0 86.6
140 670.6 84.6 52.7 51.9 50.4 5684 34.6 86.8
145 600.6 73.7 46.3 48.0 60.3 5050 44.3 87.4
150 539.1 64.4 40.8 44.5 69.9 4499 55.3 88.6
155 484.0 56.2 35.9 41.3 79.6 4018 68.1 90.9
160 432.3 48.5 314 38.2 90.9 3595 85.0 95.1
165 383.7 43.6 28.4 36.0 96.0 3221 94.2 97.5
170 344.0 38.5 25.3 33.4 96.5 2893 95.2 97.5
175 309.7 34.0 22.5 31.0 95.8 2604 94.8 96.6
180 279.2 30.1 20.0 28.7 93.2 2349 92.5 93.9
185 252.1 26.9 17.9 26.9 84.4 2122 83.1 84.8
190 228.0 24.0 16.1 25.1 78.6 1920 77.1 78.8
195 207.2 21.4 14.4 23.3 75.7 1740 74.5 75.9
200 189.1 19.1 13.0 21.7 74.1 1580 73.0 74.2

III. ANALYSIS STRATEGY 35 signal and background events. To obtain the best pos-

337

The single most challenging aspect of searching for the®™

Higgs boson in the H — WHW~ — (Tvl~v ({ = e, u)™*
decay channel is the very small production rate of these™
events. Even when incorporating tau lepton decays to™
electrons and muons, we expect, based on production®
cross sections and branching ratios, 170 signal events to’”
be produced in Tevatron collisions corresponding to an™
integrated luminosity of 10 fb=!, for a SM Higgs boson™
of mass my = 125 GeV/c?. The search sensitivity de-°
pends on the fraction of these events that can be retained*”
for final analysis. We select events containing two re-

constructed charged leptons and an overall imbalance in

measured transverse energies originating from the mul-3
tiple neutrinos. After applying a loose set of kinematic

criteria to the most inclusive two-charged-lepton candi-,,
date sample, we select about 25% of the available signal. s,

1

4

Since the remaining background contributions are typ-ss
ically O(10?) times larger than that of the expected sig-ss
nal, simple event counting is not feasible. Instead, wesss
construct detailed models for the kinematic distributionssss
of events originating from each of the various signal andsss
SM background processes. Based on these models, poten-sss
tial signal events within the data sample are identified bysss
exploiting differences between the kinematic properties ofsss

sible signal-to-background separation, candidate events
are classified into multiple subsamples tailored at iso-
lating contributions from specific signal and background
production processes. Potential signal in each sample
is then isolated using multivariate techniques, which of-
fer increased search sensitivity relative to conventional
approaches based on one-dimensional selection require-
ments on directly observed quantities. The multivariate
techniques allow for simultaneous analysis of multiple
kinematic input variables and the correlations between
them.

IV. THE CDF DETECTOR

The Collider Detector at Fermilab (CDF) [70-74] is a
general-purpose particle detector with a cylindrical lay-
out and azimuthal and forward-backward symmetry [75].

The silicon tracking system (SVX) [76-79] and open-
cell drift chamber (COT) [80] are used to measure the
momenta of charged particles and identify secondary ver-
tices from the decays of bottom quarks, which have fi-
nite lifetimes. The COT is segmented into eight con-
centric superlayers of wire planes with alternating axial
and +2° stereo angle stringing. The active volume cov-



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

ers the radial range from 40 to 137 cm and is locatedasr
within a superconducting solenoid with a 1.4 T magneticas
field parallel to the beam axis. Tracking efficiency withinae
the COT is nearly 100% in the range |n| < 1; and withao
the addition of silicon detector information, tracks camnax
be reconstructed within the wider range of |n| < 1.8.42
The momentum resolution is o(pr)/p3 ~ 0.1 GeV~! forss
tracks within |n| < 1 and degrades with increasing |n]. s

Electromagnetic (EM) and hadronic (HAD) calorime-+s
ters [81-83], which are lead-scintillator and iron-ss
scintillator sampling devices, respectively, surround thesr
solenoid and measure the energy flow of interacting parti-+s
cles. They are segmented into projective towers, each ones
covering a small range in pseudorapidity and azimuth.so
The calorimeters have complete azimuthal coverage overss
In| < 3.6. The central region |n| < 1.1 is covered bys
the central electromagnetic calorimeter (CEM) and thess
central and end-wall hadronic calorimeters (CHA andss
WHA). The forward region 1.1 < |n| < 3.6 is coveredss
by the end-plug electromagnetic calorimeter (PEM) andss
the end-plug hadronic calorimeter (PHA).

Energy deposition in the electromagnetic calorimeters
is used to identify and measure the energy of electrons®’
and photons. The energy resolution for an electron
with transverse energy Er (measured in GeV) is givenus
by o(Er)/Er ~ 13.5%/v/Er ® 1.5% and o(E7)/Ep =
16.0%/v/Er & 1% for those identified in the CEM andao
PEM, respectively. Deposits in the electromagnetic andau
hadronic calorimeter towers are used to identify andas
measure the energies of the clustered groups of parti-ss
cles originating from parton showers (jets). The resolu-us
tion of calorimeter jet-energy measurements is approxi-sss
mately o(FEr) ~ 0.1E7 + 1.0 GeV [84]. The CEM andus
PEM calorimeters also contain strip detectors with two-a
dimensional readout, which are located at the depth cor-ss
responding approximately to the maximum shower de-so
velopment for an electron. These detectors aid in theaso
identification of electrons and photons by providing po-ss
sition information that helps to distinguish them from s
decays. 453

Beyond the calorimeters are muon detectors [85], whichass
provide muon identification in the range |n| < 1.5. Muonssss
are detected in four separate subdetectors. Centralsss
muons with pr > 1.4 GeV/c penetrate on average thess
five absorption lengths of the calorimeter and are de-4s
tected in the four layers of planar multiwire drift cham-4so
bers of the central muon detector (CMU). A second set ofsso
drift chambers, the central muon upgrade (CMP), sits be-st
hind an additional 60 cm of steel and detects muons withs«e
pr > 2.2 GeV/e. The CMU and CMP chambers covers3
an equivalent range in pseudorapidity, |n| < 0.6. Central
muon extension (CMX) chambers cover the pseudorapid-
ity range from 0.6 < |n| < 1.0 and thus complete muonsss
system coverage over the full fiducial region of the COT.
Muons in the pseudorapidity range 1.0 < |n| < 1.5 are,
detected in the forward barrel muon (BMU) chambers. 4

The Tevatron collider luminosity at the CDF interac-ss
tion point is determined using multicell gas Cherenkovaes

detectors [86] located in the pseudorapidity range 3.7 <
In| < 4.7, which measure the average number of inelas-
tic pp collisions per bunch crossing. The uncertainty in
the measured luminosity is 4+ 6.0%, of which 4.4% comes
from detector acceptance and operation of the luminosity
monitor and 4.0% comes from uncertainty on the inelas-
tic pp cross section.

The CDF online event selection system (trigger) is de-
signed with three sequential decision levels to cope with
high event rates. The first level relies on dedicated hard-
ware to reduce high event rates from the effective beam-
crossing frequency of 1.7 MHz to roughly 15 kHz. The
second level uses a mixture of dedicated hardware and
fast software algorithms to analyze more completely the
available trigger information. This level reduces the event
rate to roughly 1 kHz, the maximum detector-readout
rate. The third level is an array of computers that run a
fast version of the offline event reconstruction algorithms
on the full detector readout, selecting events for perma-
nent storage at a rate of up to 150 Hz.

V. EVENT SELECTION

The search is based on events containing two or three
charged lepton candidates with py > 10 GeV/c. Events
are recorded online if they meet the criteria of either
one of two single-electron triggers or one of four single-
muon triggers. The central electron trigger requires a
CEM energy cluster with Ep > 18 GeV matched to
a reconstructed COT track with pr > 8 GeV/c. The
forward electron trigger requires a PEM energy clus-
ter with EFr > 20 GeV and an overall missing trans-
verse energy of at least 15 GeV in the calorimeter. The
four muon triggers are based on track segments in one
or more muon chambers (CMU + CMP, CMU, CMP,
and CMX) matched to reconstructed COT tracks with
pr > 18 GeV/c. For each event, the charged lepton
consistent with having satisfied the trigger is required to
have pr > 20 GeV /¢, to ensure uniform trigger efficiency.
Trigger efficiencies are measured from observed W — (v
and Z — ¢ decays [87]. To ensure that the charged lep-
ton candidates are consistent with having been produced
in a single interaction, the z positions of each candidate’s
reconstructed track at the point of closest approach to
the beamline are required to lie within 4 cm of one an-
other. In addition, the few events (less than 0.1% of
total) containing reconstructed leptons with energies in
excess of 400 GeV are attributed to mismeasurements
and removed.

A. Lepton identification

Electron and muon candidates are constructed from
combinations of measurements in the subdetectors. Be-
cause the coverage of these subdetectors varies over n and
¢, selection criteria for individual lepton candidates de-
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pend on their trajectory within the detector. The generalsx
goal is to use all available information to suppress con-sx
tributions from jets misidentified as leptons, while nots:
rejecting candidates just because they are detected ins
less instrumented portions of the detector. As a result,ses
we use four categories of electron candidates, eight cat-sx
egories of muon candidates, and two final categories ofs2
candidates likely to be either an electron or muon butss
indistinguishable on the basis of available information. s
530

531

1. Electron identification 532

533

Identification of electron candidates is based on recon-5*
structed showers in the EM calorimeter with a Ep of at®
least 10 GeV after correcting for energy leakage into the®®
HAD calorimeter. For the central region (|n| < 1.1), we®’
employ both a cut-based and a multivariate likelihood-°%®
based method, combining information from the calorime-
ter, tracking, and shower-maximum detectors. The cut-
based method requires that the shower energy within thes®
HAD calorimeter (Epap) must be less than 5% of that
in the EM calorimeter (Fgys) and that the distributionso
of shower energies in the calorimeter towers and showersa
maximum detector is consistent with those of an electron.s«
The shower must be matched to a reconstructed tracksas
with a measured pr such that the ratio of the shower Epsas
to the track pr lies between 0.5 and 2.0. The track issss
also required to pass standard quality requirements. 546

If a central electron candidate fails the above selec-ss
tion, it can still be used as a likelihood-based electron.ss
The likelihood function is constructed based on variablessso
used in the cut-based version such as the ratio of Egap tosso
Egn, the ratio of Ep to pr, and the shapes of calorimeterss:
and shower-maximum energy distributions. Signal likeli-ss
hood templates are constructed from the unbiased elec-sss
tron candidates in Z — ee events. Background likelihoodsss
templates are constructed from loose electron candidatessss
in inclusive dijet events. 556

A combination of cut-based and likelihood-based selec-ssz
tions is used to identify electron candidates in the forwardsss
region of the calorimeter, 1.2 < || < 2.0. A special-sso
ized track-finding algorithm, which uses locations of thesso
reconstructed calorimeter shower and primary vertex tose
define a search road for hits in the SVX, is required forse
high selection efficiency. A similar set of kinematic andses
shower shape variables to those employed in central elec-se
tron selection are used as the basis for cut-based selectionsess
and as inputs in the formation of a forward-candidatesess
likelihood function.

567
2. Muon identification

568

Muon candidates are constructed from reconstructedses
tracks with pr > 10 GeV/c. Eight separate categories ofswo
reconstructed muon candidates are used. In six of these,sn
the track can be matched with hits from one or more ofsn

the muon detector systems. The separate categories are
for candidates associated with hits in both central muon
detectors, in only the inner or outer central muon detec-
tors, where the track trajectory is consistent with having
passed through a gap in the other, in one of two por-
tions of the extended muon detector, and in the forward
muon detector. This categorization provides a mecha-
nism for matching muon candidates with specific sets of
event triggering criteria. Muon candidate tracks are also
required to point toward calorimeter energy depositions
consistent with those expected from a minimum-ionizing
particle. The last two muon categories apply to tracks
matched only to energy depositions consistent with hav-
ing originated from minimum-ionizing particles in either
the central (Jn] < 1.1) or forward (1.2 < |n| < 2.0)
calorimeters. The inclusion of these categories ensures
high selection efficiencies for muons that pass through
regions of missing muon detector coverage.

3. Isolation requirements

To improve separation of charged leptons produced in
the decays of W and Z bosons from those produced in the
decays of heavy-flavor hadrons, electron and muon can-
didates are required to be isolated from other observed
particle activity within the event. In particular, we re-
quire lepton candidates to satisfy both calorimeter and
track isolation such that sums over measured transverse
energies in individual calorimeter towers and the trans-
verse momenta of reconstructed particles whose trajec-
tories lie within a cone of AR = /(An)?2 4+ (A¢)? <04
around the candidate are less than 10% of the electron
E7 or muon pp. An exception is the case of likelihood-
based electron selection, for which the isolation variables
are included as additional inputs in the construction of
the likelihood function.

For the targeted H — WTW ™ decay process, spin
correlations between the two leptonically-decaying W
bosons tend to result in leptons with trajectories close
to one another. In roughly 10% of cases, the leptons
actually lie within each other’s isolation cones, and the
energy deposits and tracks associated with one lepton
cause the other lepton to fail its isolation requirements.
To avoid this issue and recover lost signal acceptance,
isolation calculations are modified to exclude from the
search cone all calorimeter tower energies and recon-
structed tracks associated with other lepton candidates
that meet nonisolation-related criteria.

4. Isolated tracks

Two additional lepton categories are defined for tracks
that extrapolate to noninstrumented regions of the
calorimeters and have no matches with track segments
in the muon detectors. Such tracks, which meet qual-
ity and isolation requirements, comprise one further lep-
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ton category. Since the candidates in this category arees
not distinguishable as electrons or muons, either of thess
possibilities are allowed in each event. Electrons thates
pass though nonactive regions of the calorimeter, mayss:
radiate bremsstrahlung photons thus failing isolation re-ss
quirements because of photon energy deposition in sur-es
rounding EM towers. Such electrons are recovered into asss
second track-based category, containing track candidatesess
that fail the standard calorimeter isolation criteria butess
satisfy a modified criterion, in which EM energy depo-es
sitions from towers adjacent to the track candidate aress
subtracted from the total measured energy within thees:
isolation cone. 640
641

642

B. Lepton identification efficiency determination 64
644

Selection requirements reduce the probability for elec-**

trons and muons to be identified as lepton candidates.*
In order to account for a potential mismodeling of this*”
efficiency in the simulation, the efficiency is measured*®
from observed Z — ¢/ decays. The events are collected*”’
using the single central electron and muon trigger paths.*
One of the reconstructed lepton candidates (referred to as®
the tag) must satisfy all cut-based selection criteria and*
be identified as consistent with the lepton that triggered®
the online selection of the event. The second candidate™
(known as the probe) is only required to pass minimal re-*
quirements, for which the expected efficiency approaches™
100% and is therefore assumed to be well modeled in the®’
simulation. The dilepton invariant mass is required to lie
within 415 GeV/c? of the Z boson mass to ensure that®™
the event samples contain primarily real dilepton events™
from Z — ¢¢ production.

Based on these samples the measured efficiency for an
additional set of test criteria applied on the probe lep-**
ton is simply the fraction of the probes that satisfy the
full criteria. A small complication arises, when taggedss:
leptons also satisfy probe-lepton criteria due to overlap-ess
ping selection requirements. For these cases events, iness
which both candidates are identified as tags, need to besess
counted twice in the efficiency calculation. Events thatess
do not meet the test criteria have nonnegligible back-sr
ground contributions from W+jet and multijet produc-eess
tion. Measured efficiencies need to be corrected to ac-eso
count for the presence of background within these events.sno
The background contributions are estimated using a lin-en
ear extrapolation across the Z boson signal mass rangee
based on events counts within sideband regions on bothes
sides of the signal range. 674

Separate efficiency calculations are made for each ofers
the lepton categories. The measured efficiencies are de-er
fined as an average over those for each of the individ-err
ual probe candidates from the Z — /¢¢ sample. Hence,es
the measured efficiencies are applied as corrections to theero
detector simulation, relying on its description of pr, 7,680
and ¢ dependence, but correcting the average efficiencyes:
to that measured directly from observed events. Mea-es

6

1

5

658

surements based on observed events deviate from those
obtained in simulation by up to 6% with uncertainties of
1-2%. The efficiencies are measured separately for sev-
eral data taking periods and observed effects of additional
pp collisions within individual beam crossings ( “pile-up”)
are found to be well modeled in the simulation.

We validate the estimate of trigger and lepton selec-
tion efficiencies and their proper inclusion in the simu-
lation by making DY production cross-section measure-
ments from independent, inclusive dilepton samples, each
corresponding to one possible same-flavor combination of
the lepton categories. In the case of Z — ee, we measure
cross sections from 11 independent samples constructed
from two triggerable electron categories, two nontrigger-
able categories, and two isolated track categories. For
Z — pp events we extract measurements from 35 in-
dependent samples based on five triggerable muon cate-
gories, three nontriggerable categories, and one isolated
track category. The 46 independent measurements are
found to agree at the + 5% level, consistent within the
+ 3% uncertainties assigned to the trigger and lepton se-
lection efficiency measurements. The cross sections mea-
sured from samples containing events with one forward
electron candidate are observed to be on average about
10% below those of the other samples. This effect is at-
tributed to reduced track reconstruction efficiency in the
forward region of the detector (|n| > 1.2), where COT
coverage is reduced. Since track reconstruction, which is
used to define probe leptons in this region, is not fully ef-
ficient, an additional correction is required. This factor is
obtained directly from the extracted DY cross sections as
the ratio of averaged measurements from event samples
with and without forward electron candidates.

C. Tau lepton identification

Decays of tau leptons to electrons and muons (roughly
35% of total branching ratio) are identified within the lep-
ton categories, and the additional acceptance from lep-
tonic 7 decays is included within all background and sig-
nal estimates. In the remaining 65% of cases, tau leptons
undergo a hadronic decay 7 — Xpv,, where X}, can be
a charged pion, kaon, or a short-lived intermediate res-
onance that decays to final states containing neutral or
charged pions and kaons. Additional signal acceptance is
obtained by identifying tau lepton candidates produced
via these decay modes.

The pions and kaons produced in tau lepton decays
are expected to deposit significant energy in neighboring
calorimeter towers. The reconstruction of hadronically-
decaying tau lepton candidates is therefore based on a
narrow calorimeter cluster with a maximum of three
matched tracks. The track with highest pr is referred to
as the tau lepton seed track. Signal and isolation cones
are defined around the seed track direction where the
opening angle of the signal cone depends on the calorime-
ter cluster energy, 65, = min(0.17, 5/E7, . [GeV]) ra-

clus
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dians, and the opening angle of the isolation cone isrs
fixed at 0.52 radians. Neutral pions within the signalss
cone are reconstructed combining position informationrs
from the shower-maximum detector with energy deposi-rss
tions measured in the EM calorimeter. Tracks and recon-7s
structed ¥ candidates matched to the calorimeter clusterso
are combined to reconstruct the visible momentum of ther
tau lepton candidate. A detailed description of the tech-7a
niques used for reconstructing hadronically-decaying tauras
leptons is provided in Ref. [88]. 744
Additional requirements are imposed to improve the
purity of hadronically-decaying tau lepton candidates.
Candidates are required to have one track (1-prong) or
three tracks (3-prong), where the absolute value of the
sum of the charges of the reconstructed particles is one.
The transverse visible momentum of the candidate is re-
quired to exceed 15 GeV/c or 20 GeV /¢ for 1-prong and
3-prong tau lepton candidates, respectively. The mass
reconstructed from the visible momentum must also be
consistent with the tau lepton mass. To reduce back-
ground contamination from parton jets, which are ex-
pected to produce wider energy clusters than those of
hadronically-decaying tau leptons, low activity in both745
the calorimeter and tracking systems is required in the
region between the outer edges of the signal and isolation™®
cones. Contamination from electrons is reduced by limit-"
ing the relative fractions of EM and HAD energy within™®
the reconstructed calorimeter cluster. 7490

750

751

D. Jet identification

Calorimeter jets are reconstructed using a fixed coners
algorithm [84] with a radius of AR = \/A¢? + An? =
0.4. Corrections are applied to measured jet energies,,,
to compensate for nonlinearities and nonuniformities in,,
the response of the calorimeter, excess energy deposited,,,
within the jet cone from sources other than the assumed.,,
parent parton, and missing energy from the parent par-,,
ton deposited outside the jet cone [84]. In this search,
we only consider jets with corrected Er > 15 GeV and,,
within the pseudorapidity region |n| < 2.5. Jets are also,,
required to be separated (AR > 0.4) from identified lep-,,
tons. 62

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

hadronization of heavy quarks [89]. 0
771

772

E. Missing transverse energy -

774
Neutrinos escape detection and their energies cannots

be directly measured. Their presence is inferred from thers

imbalance in the total transverse energy of the event,
, which is defined as the magnitude of —%; E%n;, where
n; is the unit vector in the azimuthal plane that points
from the beamline to the ith calorimeter tower. The
Hy is corrected by subtracting the energy deposited in
the calorimeter by minimum-ionizing muons and adding
back their measured pp. Energy corrections applied to
calorimeter jets are also accounted for in the K, deter-
mination through the subtraction of raw jet energies and
addition of corrected jet energies.

The primary purpose of B, requirements is to signif-
icantly reduce backgrounds from DY processes, which
have large production cross sections but result in charged
dilepton final states without neutrinos. Since any remain-
ing DY background after the application of K, require-
ments necessarily results from detector energy mismea-
surements, we also use a modified I;Z’;pec variable defined
as

INENNTE

spec __ ET T
T - ET Sin(A¢¢ ) if A¢¢

onearest ’

(1)

nearest is the angle between the H; and the

closest lepton or jet transverse momentum vector. An

undermeasurement of the lepton or jet momentum leads

the H1 to be aligned with the direction of the correspond-

ing candidate, and for these cases the sin(A¢ 7 )
T

term significantly reduces the value of E;pec with respect
to the nominal #.

T ,nearest

where A¢ #
T

,nearest

F. Data sample selections

We define multiple independent data samples based
on various kinematic selection requirements such as the
number of reconstructed jets and leptons and the mea-
sured By or HX°. The construction of multiple sam-
ples enhances the ability to separate potential signal
and background contributions. Statistical independence
of the samples allows convenient combination of results
based on distinct subsamples to preserve maximum sen-
sitivity. Additional control samples are constructed to
tune or test modeling of specific background processes.
Typically, these control samples are based on the kine-
matic selections used for defining one of the search sub-
samples, where one or more criteria has been modified
to further enhance the dominant background contribu-
tion. Tuning parameters used to improve the agreement
between data and simulation are obtained from specific
control regions and incorporated, where applicable, into
background modeling across all data samples used in the
search.

Table II summarizes the 13 data samples used in this
search as well as the 15 associated control samples. The
specific kinematic criteria associated with each grouping
of search samples and its associated control sample(s) are
described in the following subsections.
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TABLE II: Summary of names assigned to the Higgs boson search samples and their associated control samples along with the

background processes targeted by each control sample.

Search sample(s) Associated control sample(s) Background
targeted
OS Base (0 Jet, high s/b Leptons) SS Base W +jets
OS Base (0 Jet, low s/b Leptons) OS Base (Intermediate K} ) DY
OS Base (1 Jet, high s/b Leptons)
OS Base (1 Jet, low s/b Leptons)
OS Base (2+ Jets) SS Base (2+ Jets) W+jets
OS Base (2+ Jets, Intermediate K} ) DY
OS Base (2+ Jets, b-tagged) tt
OS Inverse My, SS Inverse My We
OS Inverse M, (Intermediate H7>°°) DY
OS Hadronic Tau (e + Thad) OS Hadronic Tau (e + Thaa, high Ap(pr(7),pr(£))) W +jets
OS Hadronic Tau (¢ + Thad) OS Hadronic Tau (e + Thad, low Ep) Multijet
OS Hadronic Tau (g + Thad, low K, low Ap(pr(€), E_‘T)) Z/y =TT
SS (1+ Jets) SS (1+ Jets, low H;) DY
SS (0 Jet) W +jets
Trilepton WH Trilepton WH (Intermediate H1) VA
Trilepton WH (£ + £ 4 Thad) Trilepton WH (£ + £ + Thaa, Intermediate K1) Z+jets
Trilepton ZH (1 Jet) Trilepton ZH (0 Jet) wZz
Trilepton ZH (2+ Jets)
1. Opposite-sign base selection (0 or 1 jet) a3 1s significantly different for events with and without a re-

804
805
Events with exactly two opposite-sign (OS) electronsy
or muon candidates and one or zero reconstructed jetsg:
are included in the base selection. The main backgroundg
contributions to this event sample are from the DY pro-g,
cess, where the observed ET originates from mismeasure-g,
ments of lepton or jet energies; W~ and W +jets, whereg;
a photon or jet is misidentified as a lepton; and directg,
WFW = ¢*Tvé~ v production, which has an equivalent fi-y;
nal state as the signal. To suppress DY background, weg,
require ESTPCC > 25 GeV. This criterion is released togs
2 > 15 GeV for electron-muon events, for which the
DY background contribution is inherently smaller. We
also require the candidates to have My > 16 GeV/ c? to81

suppress W+~ background contributions. )

We separate the selected events into four further sam-sir
ples based on whether they contain a reconstructed jetes
and the qualities of the two lepton candidate types.so
Events with central lepton candidates are considered assxo
having high signal-to-background (high s/b), while eventssx
with one or more forward lepton candidates are consid-sx
ered as having low signal-to-background (low s/b). Thess
additional subdivision of events is done to further isolates:
specific background contributions. Contributions fromses
W~ and W+jets are more significant in the low s/b sam-sz
ples, while the relative mix of WW and DY contributionss:

constructed jet.

We construct two additional control samples based on
the generic selection criteria associated with these search
samples. Events containing same-sign (SS) dileptons that
otherwise satisfy the signal sample criteria form the SS
Base control region, which is used to test W+jets back-
ground modeling. The OS Base (Intermediate K7} )
control sample contains events with same-flavor (etTe™
or utu~) dileptons and EF° between 15 and 25 GeV
that otherwise satisfy search sample criteria. This con-
trol sample is used to tune the DY modeling applied to
the associated search samples.

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

Events that satisfy the criteria for the OS Base selec-
tion but contain two or more reconstructed jets are clas-
sified separately. The largest background contribution to
this sample is from tt — blTvbl~ . To help reduce this
background, events are rejected from the search sample
if any of the reconstructed jets are tagged as consistent
with having originated from a bottom-quark decay by the
SECVTX algorithm [89], which identifies displaced track
vertices within jets. Even after application of this veto, ¢t
production is still the single largest source of background
events to this search sample.
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To test background modeling, three additional controlss
samples associated with this search sample are defined.ss:
Same-sign dilepton events, which otherwise satisfy thess
signal sample criteria, form the SS Base (24 Jets) con-sss
trol sample, which is again used to test W +jets back-ss
ground modeling. Similarly, the DY modeling for thissss
search sample is tested using the OS Base (2+ Jets, In-g,
termediate H>'°°) control sample, which contains same-,,
flavor dilepton events with F77° between 15 and 25 GeV,,,
that satisfy remaining search sample criteria. Events that,,
are rejected from the search sample exclusively due tog,
the identification of one or more jets as being consistent,,,
with bottom-quark decays form the OS Base (2+ Jets,q,
b-tagged) control sample and are used to test t¢ modeling.,,

894
895
3. Opposite-sign inverse My, selection a6
897

Events that fail the My, > 16 GeV/c? requirementess
but otherwise satisfy OS Base (0 or 1 jet) selection crite-seo
ria are collected into another independent search sample.oo
The primary source of background events in this searcheo
sample is W+ production, where the photon is misiden-cep
tified as an electron. Dilepton events originating fromaos
the decays of heavy-flavor hadrons are mostly removed,,
by tighter ¥ requirements on events with reconstructed,,,
dilepton mass (M) consistent with J/1¢ and T decays.
We define By significance as the ratio of the measured™”
K, to the scalar sum of measured transverse energies’”
for all reconstructed jets and leptons. For events with™
My < 6 GeV/c? and 8.5 < My, < 10.5 GeV/c?, the B,
significance is required to be greater than four.

Same-sign dilepton events that pass the other selection
requirements of this search sample form the SS Inverseso
My, control sample, which is used to tune the W~ back-
ground modeling. Validation of the DY modeling used in,,,
association with this search sample is based on the OS,,,
Inverse My, (Intermediate 7 °°) control sample made up,,,
of same-flavor events with F'°° between 15 and 25 GeV,,,
that otherwise satisfy sample selection criteria. o1s

916

917

4. Opposite-sign Hadronic Tau selection o8

919

While tau lepton decays to electrons and muons are in-o2o
corporated within the search samples, signal acceptanceox
is enhanced by including events containing one electrone
or muon candidate and one hadronically-decaying tates
lepton candidate in separate search samples. Becauseo
events in these samples are collected by the same triggeros
selections, the single electron or muon is necessarily re-ox
sponsible for having triggered the event and is thereforesr
required to have pp > 20 GeV/ec. o8
Additional selection criteria are applied to reducess
background contributions, which are significantly largeros
in this sample. To minimize contributions from processesos
with final states without neutrinos such as DY Z/~* — (lss
(¢ = e or pu), multijet, and y+jet production, the ob-os

10

served K is required to exceed 20 GeV. Dilepton invari-
ant mass, M (1), is also required to be above 20 GeV /c?
to reduce backgrounds from the decays of heavy-flavor
hadrons. The DY Z/v* — 77 background contribution
is removed by requiring a minimum angle of 1.5 radi-
ans between the dilepton transverse momentum and the
missing transverse energy, Ap(pr(¢) + pr(r), B). Sim-
ilarly, the dominant W+jets background contribution is
suppressed by requiring a maximum angle of 1.5 radi-
ans between the transverse momenta of the two lep-
tons, Ap(pr(r),pr(f)). To take advantage of differing
background compositions, events are separated into two
search samples based on the presence of an electron or
muon candidate.

Background modeling for these search samples is
validated using three control samples. The W4jets-
dominated OS Hadronic Tau (high Ae(pr(7), pr(f)))
sample is constructed by selecting events with
Ap(pr(T),pr(€)) > 2.0 radians that otherwise sat-
isfy search sample criteria. The multijet-dominated OS
Hadronic Tau (e + Thaa, low H,) sample is composed
of events containing electron candidates, which fail the
search sample criteria solely on the basis of an observed
K, < 20 GeV. The OS Hadronic Tau (p + Thaa, low B,

low Ap(pr(f), Hy)) sample contains events with muon
candidates, for which the observed F, < 20 GeV and

Ap(pr(t), By) < 0.5 radians. This control sample is
used to validate DY Z/v* — 77 background modeling
and hadronically-decaying tau lepton reconstruction
efficiencies.

5. Same-sign dilepton selection

Events with exactly two same-sign electron or muon
candidates form an additional search sample. Higgs bo-
son production in association with a W or Z boson can
result in a final state containing same-sign leptons when,
for example, two W™ bosons (one from the original as-
sociated production and the other from a subsequent
H — W*W~ decay) decay leptonically. The remaining
W boson from the Higgs boson decay most often decays
hadronically, leading to the production of jets within the
event. Hence, events in this search sample are required
to have at least one reconstructed jet.

An important background contribution to the same-
sign event sample is DY Z — (¢~ production, where
one of the lepton charges is misreconstructed, or a
bremsstrahlung photon converts into a eTe™ pair within
the detector, creating the potential for the original lep-
ton to be incorrectly associated with an oppositely-signed
track candidate (referred to as a trident). To help re-
duce DY background contamination, events containing
forward electron candidates, which are affected by sig-
nificant charge mismeasurement rates, are rejected. In
addition, since looser likelihood criteria tend to select
trident candidates, central electrons in these events are
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required to pass tight cut-based selection. DY back-ess
grounds are further reduced by requiring events to have

K > 10 GeV. The other significant sources of back-,
ground events for this sample are W+jets and W+ pro-,,
duction, where a jet or photon is misidentified as a lep-,,
ton. To reduce backgrounds from these sources, events,,
are required to have My, > 16 GeV/ ¢® and the minimum,,,
pr criterion on the nontriggered lepton in these events is_,
increased from 10 to 20 GeV/c.

Two associated control samples are formed to validatesss
background modeling for this search sample. Events thatess
satisfy the search sample criteria apart from containingsss
no reconstructed jets form the SS (0 Jet) sample, whichos
is dominated by background contributions from W +jetses
production. The SS (14 Jets, low H) control sample iss
composed of events with B, < 10 GeV that otherwiseoo
satisfy the search sample criteria. This sample is usedoon
to test DY background modeling and the modeling ofoo
trident events.

993

1003
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1006
1007
6. Trilepton WH selection

1008

1009

We also incorporate separate search samples for eventsom
containing exactly three charged lepton candidates. Such
final states are contributed by Higgs boson productlon o
in association with a W(— £v) boson and decaying as 3
H — W(— w)W(— fv). Events containing three lep—x:
tons of the same charge are not consistent with the cor-
responding final state and are rejected. To increase s1g— oe
nal acceptance, events with a single tau lepton candidate’
serving as one of the three lepton candidates are 1ncluded °

019
in this search sample.
1020

Because of differing background contributions, eventsg
are classified into two separate search samples based
on whether they contain a tau lepton candidate. In
addition, events containing a same-flavor, opposite-signo,,
pair of lepton candidates with an invariant mass within
+15 GeV/c? of the Z boson mass are removed and as-
signed to Trilepton ZH search samples described in the
following section. The dominant backgrounds to the
Trilepton WH search samples are Zv and Z+jets pro-

1026
duction, where the Z is produced off-shell and a jet or
photon is misidentified as a lepton. Because these pro;
cesses lead to final states without neutrinos, we require,

events in these samples to have K, > 20 GeV

029
1030

To validate modeling of the primary backgrounds, weos
construct two associated control samples from eventsos
with B, between 10 and 20 GeV that otherwise satisfyos
the search sample criteria. The Trilepton WH (intermesoss
diate K ) control sample contains events with no tauoss
lepton candidates and is used to validate Z+ backgroundoss
modeling. Events containing a tau lepton candidate formosr
the Trilepton WH (£ + £ + Thqa, intermediate H;) controlos
sample used for testing Z+jets background modeling.

1039

11
7. Trilepton ZH selection

A similar production mode for signal events with ex-
actly three leptons is associated Higgs boson production
with a Z boson and subsequent H — W+W ™ decay. A
same-flavor, opposite-sign lepton pair is produced in a
leptonic decay of the Z boson. A third lepton can origi-
nate from the leptonic decay of either W boson produced
in the Higgs boson decay. Events containing three leptons
with the same charge are inconsistent with the signal final
state and rejected from the search sample. The remain-
ing W boson from the Higgs boson decay must decay
hadronically, leading to the production of jets. Hence,
events in this search sample are required to have at least
one reconstructed jet.

Events with exactly one and two or more jets are sepa-
rated into two search samples. Determination of a trans-
verse Higgs boson mass is possible in events containing
at least two jets due to the availability of all decay prod-
ucts in the assumed final state (the transverse energy of
the single neutrino is inferred from the K;). The statis-
tical independence of these search samples with respect
to the Trilepton WH samples is maintained by selecting
only the events that contain a same-flavor, opposite-sign
lepton pair within 415 GeV/c? of the Z boson mass.
Because of large background contributions from on-shell
Z+jets production, events containing tau lepton candi-
dates are not included within the Trilepton ZH search
samples. Events in these samples are also required to
have observed K > 10 GeV to further reduce Zvy and
Z+jets background contributions.

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

VI. BACKGROUND MODELING

We exploit differences between the kinematic features
of signal and background events to enhance search sensi-
tivity. Hence, accurate modeling of all contributing pro-
cesses is essential. We model contributions from all signal
and most background processes using Monte Carlo event
generators interfaced to a GEANT-based simulation of the
CDF detector [90]. Events that contain a falsely identi-
fied (fake) lepton candidate produced within the shower
of a parton jet are more difficult to model using sim-
ulation. Therefore, data-driven methods are generally
employed for modeling these backgrounds.

Many of the relevant signal and background processes
are modeled with PYTHIA [91], which is a leading or-
der (LO) event generator that incorporates higher-order
corrections through parton-shower algorithms. Events
are generated with PYTHIA version 6.216 using the
CTEQSL [92, 93] parton distribution functions (PDFSs)
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and the set of input parameters that best match undersoss
lying event distributions in CDF data [94]. For backsee

ground processes more sensitive to higher-order contris,

butions, next-to-leading order (NLO) generators are used,,,
and interfaced with PYTHIA to model the showering and,,

fragmentation of generated initial and final state partis,,

cles. We incorporate simulated event samples generated,,,
with both MC@NLO [95] and MADGRAPH [96]. Becausg,,
NLO event generators include first-order radiative effects,,
the scale of radiative corrections applied in subsequent,,
PYTHIA shower modeling is cut off at the lower bound,,
of that applied within the original event generation. In

1109
other cases, contributions from orders above NLO play an |
important role and ALPGEN [97] interfaced with PYTHIA

is used for generating samples. Here, independent sam-

ples for the LO process plus n = 0, 1, 2, and 3 or more

additional partons are generated, and a matching algo;

rithm is used to remove overlapping contributions. These
contributions originate from, for example, an ALPGEN LO

plus 0 parton event which gains an additional hard radi
ation through the PYTHIA showering and becomes a LO

plus 1 parton event. Modeling of the W~ and Z~ pro-

duction processes is generally achieved with a dedicate(iz
LO generator [98] interfaced with PYTHIA to incorporate ,
initial state radiative effects. Normalizations of predicted
event rates are based on theoretical cross-section calcu-

lations performed at the highest available order. "

0

5

1

1124

Nonresonant WW production in conjunction with sub
sequent leptonic decays of both W bosons results in &2
final state similar to that of the primary signal. Becauseizr
of the relevance of WW backgrounds, NLO generatorss
are generally used to model it. In particular, MCQNLO isio
used to simulate events originating from WW productioniso
in the OS Base (0 Jet and 1 Jet), OS Inverse My, andin
SS (1+ Jets) search samples. MCQNLO does not simuss
late the small but potentially signal-like contributions tass
WW production originating from gluon fusion [99]. Taiss
account for this contribution, events are reweighted asis
a function of the angular separation in the transversess
plane between the two generator-level leptons, Agyy, tair
incorporate the extra contribution predicted in Ref. [99]uss
Uncertainties on the correction are obtained from altersis
nate re-weightings that correspond to halving or doublingo
the predicted contribution of the unmodeled productionia
modes. In the OS Base (2+ Jets) search sample, thai
presence of multiple reconstructed jets requires inclusionias
of NNLO contributions in the WW background modelii
Therefore, events generated with ALPGEN are used forus
modeling the WW contribution. For the OS Hadroniaus
Tau (e + Thaa and g + Theq) search samples, WIW backsiar
ground contributions have a reduced significance with resus
spect to those from other sources and are therefore mod+iso
eled using PYTHIA. Because events originating from diso
rect WW production share the same final states withis
potential signal events, it is not possible to define indeus:
pendent WW background-rich data control regions foriss
testing the modeling. Instead, the primary validation ofiss
this modeling comes from using it to extract a measuresss

12

ment of the WIW production cross section directly from
the search samples (see Sec. X).

Backgrounds from WZ and ZZ production in the dilep-
ton sample are significantly smaller than those from WW
production. In addition, when two leptons are produced
in the decay of one Z boson, the most probable hadronic
decay of the extra Z or W boson leads to events con-
taining multiple jets at LO. We therefore mostly rely on
events generated with PYTHIA to model event contribu-
tions from these processes. The PYTHIA WZ and ZZ event
samples include v* contributions based on lower mz,. -
thresholds of 2 and 15 GeV/c?, respectively. Event con-
tributions from WZ and ZZ production to the trilepton
search samples are more significant and higher-order con-
tributions are more relevant in the modeling of events
containing multiple jets. Hence, independent ALPGEN
WZ and ZZ event samples are used for modeling event
contributions from these processes in the Trilepton ZH
(24 Jets) search sample. The PYTHIA WZ background
model is tested in the Trilepton ZH (0 Jet) control sam-
ple. An example of the agreement between observed and
predicted kinematic distributions for this control sam-
ple is shown in Fig. 1(a). The background model is fur-
ther validated by determining the WZ production cross
section directly from the Trilepton WH search sample
(see Sec. X). The modeling of ZZ background contribu-
tions is similarly tested by measuring the ZZ cross section
in ZZ — 0lvv within the OS Base search samples (see
Sec. X).

Samples produced using the Baur LO event genera-
tor [98] are used in most cases for modeling W~ and Z~
contributions to the search samples. Generated events
are required to have a minimum angular separation of 0.2
radians between the photon and charged lepton(s) pro-
duced in the boson decay. The photon is also required
to have a minimum pr of at least 4 GeV/c. Modeling of
the W+ background is tested using the SS Inverse My,
control region, for which the W+ event contribution is
expected to be greater than 75%. Based on this control
sample, a scale factor of 0.71 on the overall normalization
of the W+ sample is obtained. An example of the agree-
ment between observed and predicted kinematic distri-
butions in this sample (for the Baur model after scaling)
is shown in Fig. 1(b). The W~ background contribu-
tions are of particular importance in the OS Inverse My,
search sample. For this sample only, MADGRAPH is used
to model W+ background contributions. The minimum
threshold on the angular separation between the photon
and charged lepton(s) is reduced to 0.1 radians, which
expands the search reach in the low My, region. The
MADGRAPH model is also validated with the SS Inverse
My, control sample. In this case, the normalization of
the model agrees with data, and no scaling is needed.
An example of the agreement between observed and pre-
dicted kinematic distributions for this control sample (for
the MADGRAPH model) is shown in Fig. 1(c). Validation
of the Baur modeling of the Z~v process is obtained from
the Trilepton WH (intermediate ¥;) control sample, and
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an example of the agreement between observed and press
dicted kinematic distributions for this control sample isiz
shown in Fig. 1(d).

1175

1176
Dilepton events originate from the process tt —i;

WHbW—b — ¢tuvbl~b. The presence of two bottom,y
quarks in the final state implies LO contributions to all;;
search samples including those that contain events withg,
multiple reconstructed jets. Event samples obtained from,g,
PYTHIA are therefore used for modeling t# background,g,
contributions across all search samples. Events contain-

ing jets tagged as b-quark candidates are removed fromiss
the OS (2+ Jets) search sample. For the special casaiss
of modeling the t¢ background contribution within thisiss
sample, a standard CDF scale factor (1.04) that corsss
rects Monte Carlo b-tagging inefficiency to match thatis
observed in data is applied. A second scale factor (1.02)uss
is also used to account for the small fraction of eventsis

in data, in which silicon-tracker information required for
tagging b-quark jets is missing. The OS Base (2+ Jets,
b-tagged) control sample, which is expected to have a ¢t
contribution greater than 95%, is used to validate the
modeling. Since events in this control sample are re-
quired to have at least one b-tagged jet, a reciprocal set
of scale factors are applied to the modeled tt contribu-
tion. An example of the agreement between observed and
predicted kinematic distributions for this control sample
is shown in Fig. 2(a).

Modeling of background contributions in the search
samples associated with DY (Z/~4*) production is partic-
ularly complicated. Inclusive production is generally very
well-modeled with PYTHIA. However, because of mini-
mum missing transverse energy requirements, the search
samples contain DY background contributions originat-
ing from only a small subset of this inclusive production.
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FIG. 2: Comparisons of observed and predicted kinematic distributions from independent data control samples used for
validating the modeling of individual background processes contributing to search samples. (a) Sum of measured lepton and
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from OS Base (2+ Jets, Intermediate £75°
(Intermediate 77

In particular, since dilepton events originating from D Yo
production do not involve neutrinos, missing transversesor
energy is necessarily generated from the mismeasurementoos
of lepton and jet energies. For the OS Base (0 Jet and
1 Jet) search samples, DY modeling is based on PYTHIA1200
generated event samples. The OS Base (Intermediateaio
%) control sample is used to validate and tune thesezu
samples. Initially, we observe poor modeling of the maxs2
imum measured missing transverse energies associatedais
with specific values of Z/v* transverse momenta. At thexu.
level of the hard interaction, missing transverse energyois
is primarily limited to mismeasurements in the energieszs
of recoil particles produced in balance with the Z/~%a
transverse momentum. However, additional event enerszs
gies originating from soft scattering processes not necsao
essarily well-modeled in the simulation provide an addiszzo

1221

) control sample testing ALPGEN DY event model. (d) AR(¢¢) from OS Inverse My,
) control sample testing MADGRAPH DY event model.

tional source of mismeasurements in data and can pro-
duce events with larger missing transverse energies than
expected from simulation.

To mimic these unmodeled effects, a constant offset is
added to the missing transverse energy within each simu-
lated event. The value of this offset is such that the best
match is achieved in the relevant kinematic distributions
between data and simulation within the OS Base (Inter-
mediate 7 °) control sample. The resulting offset is
+4 £ 2 GeV. The tuned simulated events are reweighted
to reproduce observed event counts correctly in the OS
Base (Intermediate %7 °°) control sample. Independent
reweightings are obtained for simulated events within the
dilepton invariant mass ranges of 16-36, 36-56, 5676,
76-106, and greater than 106 GeV/c?>. An example of
the agreement between observed and predicted kinematic
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distributions for the control sample after applying thissso
tuning procedure is shown in Fig. 2(b). 1261

In the OS Base (2+ Jets) search sample, DY contribusze
tions from NNLO are significant and ALPGEN-generatedzss
events are used for modeling the background. A simiazes
larly defined OS Base (2+ Jets, Intermediate £7°°) datass
control region is used to validate the ALPGEN event mod+zss
eling. Owing to the presence of two high-Er jets withinoe
each event, effects from unmodeled energies associatedass
with soft scatter processes are reduced, and the untunedas
event model is found to be sufficient. An example ofz
the agreement between observed and predicted kinematigeo
distributions for this control sample is shown in Fig. 2(¢)e

A unique set of production processes is associated withaos
DY contributions to the OS Inverse My, search sample;,
In this sample, events originate primarily from simpl@aes
2 — 2 scattering processes, in which the Z/~* is radiise
ated from a final state quark. This mechanism allows,,
for the production of events with low mass Z/v* bosons,es
of sufficient py such that significant missing transversgse
energy can be obtained through the mismeasurement ofs
associated recoil particle energies. Since this process igs
not modeled by PYTHIA, MADGRAPH is used to model D ¥,
contributions in this sample. This modeling is validateds;
using the OS Inverse My (Intermediate E;pcc) controlse,
sample. The lack of e—u dilepton events within this samqsgs
ple indicates that cascade decays of bottom quarks argsy
not an appreciable background. Dileptons from charmors
nium and bottomonium decays can be observed withinsg
this control sample but are vetoed as described in Sec. Vs
An example of the agreement between observed and press;,
dicted kinematic distributions for this control sample iss;
shown in Fig. 2(d). 1312

Finally, DY background contributions to the SS (14
Jets) search sample come primarily from Z — eV
production, in which a photon radiated from one ofss
the electrons subsequently converts into an additionalsis
ete™ pair within the detector material. Resulting elecas
tron candidates with three neighboring charged particlesss
are referred to as “tridents” and often have misreconqs,
structed charges due to issues associated with the sharings,,
of hits between tracks. Since background contributionssy
from tridents can be significant in this search sample,,.,
electron candidates in these events are required to satys;
isfy tight selection criteria. With this requirement, trigs,,
dent event contributions are substantially reduced andss
PYTHIA-generated samples are found to provide a gooda
model for the remaining background. The model is valiys,y,
dated with the SS (14 Jets, low H) control sample, and.,,
an example of the agreement between observed and preqs,
dicted kinematic distributions for this sample is shownas,
in Fig. 3(a). 1331

DY background contributions from Z/v* — 7777 dess»
cays represent another special case. This process resultssss
in nonnegligible event contributions to both OS Hadronias:
Tau search samples and the e—p components of othersss
dilepton search samples. The neutrinos produced in subs+sss
sequent decays of the 7 leptons into electrons and muonsss

€ 1314
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introduce missing transverse energy in these events, in-
creasing the chance they get accepted into one of the
search samples even without significant energy mismea-
surements. We use PYTHIA-generated samples to model
this process and validate the modeling using_’the oS

Hadronic Tau (g+Thad, low Ho, low A¢(pr (), H1)) con-
trol sample. Figure 3(b) shows an example of the agree-
ment between observed and predicted kinematic distri-
butions for this sample. The overall agreement within
this control region is also used for assigning uncertain-
ties on the efficiency for reconstructing and identifying
hadronically-decaying tau lepton candidates, which is ob-
tained directly from simulation.

Dilepton background contributions from events con-
taining one real lepton and a second jet misidentified as
a lepton originate from a high-production cross-section
process, W bosons produced in association with addi-
tional partons, in combination with low probability and
hard-to-simulate detector-level effects that allow a par-
ton jet to be reconstructed as a lepton. Trilepton back-
ground contributions from events with two real leptons
and a third jet misidentified as a lepton originate in the
same way starting from Z boson production in associ-
ation with jets. Because of the difficulties associated
with simulating these processes, we rely mostly on data-
driven background modeling. However, the probability
for a parton jet to mimic the signature of a hadronically-
decaying tau lepton candidate is significantly larger than
that of an electron or muon candidate. We are there-
fore able to rely on ALPGEN-generated events for mod-
eling W+jets contributions in the OS Hadronic Tau
search samples and the Z+jets contribution in the Trilep-
ton WH (¢ + ¢ + Theq) sample. We rely on the OS
Hadronic Tau (high A¢(pr(7), pr(€))) and Trilepton WH
(0 + € + Thad, Intermediate H) control samples, respec-
tively, for validating the two ALPGEN background models.
Examples of the agreement between observed and pre-
dicted kinematic distributions for the two samples are
shown in Figs. 3(c) and 3(d).

For the remaining search samples, in which a parton jet
is misidentified as an electron or muon candidate, a data-
driven technique is used for modeling contributions from
W+jets and Z+jets production. The technique relies on
parametrization of the probability for a jet to be misiden-
tified as a lepton. This parametrization is obtained from
data using events collected by single-jet triggers with
varying energy thresholds. For each electron and muon
category used in the searches, an associated fakeable lep-
ton candidate is defined based on relaxed identification
requirements. To avoid trigger biases, we ignore the high-
est Er jet reconstructed within each single-jet triggered
event. The total number of remaining jets that satisfy
the fakeable-lepton selection criteria forms the denomi-
nator of the jet fake rate for the associated lepton type.
The number of these jets that additionally satisfy the full
charged-lepton identification selection forms the fake rate
numerator, which is corrected for the expected contribu-
tion of real high-pr leptons in these samples from simu-
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FIG. 3: Comparisons of observed and predicted kinematic distributions from independent data control samples used for

validating the modeling of individual background production processes contributing to the search samples.

(a) Transverse

energy of leading jet, Ex(j1), from SS (14 Jets, low ;) control sample testing PYTHIA DY event model for “tridents”. (b)

Invariant mass of muon and tau pair, M, » from OS Hadronic tau (p+Thaa, low K, low Ad(Pr(£), E})) control sample testing
PYTHIA DY Z/v* — 777 event model. (c) Invariant mass of electron and tau pair, M. , from OS Hadronic tau (e+ Thqa, high
A¢(Pr(e), Pr(r))) control sample testing ALPGEN W+Jets event model. (d) Trilepton invariant mass, Myer,,,, 4, from Trilepton
WH (€ 4 £ + Thaa, Intermediate ET) control sample testing ALPGEN Z+Jets event model.

lated W and Z boson events. Fake rates are parametrizedsss
as a function of lepton pr and are typically of the order ofss
a few percent. Modeling of dilepton W+jets backgroundsss
contributions is obtained by applying the measured fake

rates as weights to events collected using standard high?**
pr single-lepton triggers that are found to contain ex**”
actly one fully-selected lepton candidate and one or moré*®
fakeable lepton candidates. Similarly, modeling of trilep**
ton Z+jets background contributions is obtained starting®®
from a sample of events with exactly two fully-selected®"

lepton candidates and one or more fakeable candidates?®

A correction is applied to the weights of individual events!*®

for which the fakeable candidate is associated with a lep**
ton category that cannot be responsible for triggering®®

collection of the event. This correction accounts for thé*®
1367

missing contribution of events containing leptons from
the same categories, in which the triggered lepton is the
fake lepton.

Several control samples are used to validate the data-
driven background modeling for W+jets production. We
use the SS Base and SS Base (24 Jets) control samples
to validate W+jets modeling in the OS dilepton search
samples. Examples of the agreement between observed
and predicted kinematic distributions for the two sam-
ples are shown in Figs. 4(a) and 4(b). Although we use
the same data-driven technique to model W +jets back-
grounds in the SS (14 Jets) search sample, several of the
looser lepton categories, which are a dominant source of
fake backgrounds in the OS dilepton search samples, are
not used for selecting events for the SS dilepton sam-
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FIG. 4: Comparisons of observed and predicted kinematic distributions from independent data control samples used for
validating the modeling of individual background production processes contributing to the search samples. (a) AR(¢() from
SS Base control sample testing data-driven W+jets event model. (b) AR(¢¢) from SS Base (2+ Jets) control sample testing
data-driven W+jets event model. (c) Azimuthal opening angle between missing transverse energy and nearest lepton or jet,
A¢(Hp L or jet), from SS (0 Jet) control sample testing data-driven W+jets event model. (d) Azimuthal opening angle between
tau lepton transverse momentum and missing transverse energy, A¢(E ., 7), from OS Hadronic Tau (e 4 Thqd, low E) control

sample testing data-driven multijet event model.

ple. Therefore, we independently validate W+jets mod+ss
eling for this sample using the SS (0 Jet) control sampleisss
An example of the agreement between observed and prexsss
dicted kinematic distributions for this sample is shown
in Fig. 4(c).

Finally, background contributions from dijet and
photon-jet production to the OS Hadronic Tau search
samples are also modeled directly from data. Events”
containing an electron or muon candidate and a
hadronically-decaying tau lepton candidate with thasss
same charge that otherwise satisfy search sample criteriass
are used to model these background sources, which consssp
tribute events containing two fake leptons. Electroweakso
contributions to the same-sign sample are removed basedse
on estimates obtained from simulated event samplesizs
This background model is tested using the OS Hadroniass

Tau (e + Thad, low H) control sample. An example of
the agreement between observed and predicted kinematic
distributions for this sample is shown in Fig. 4(d).

VII. MULTIVARIATE TECHNIQUES

Three multivariate techniques are used to obtain the
best possible separation of event contributions from a
potential signal from those originating from background
processes. These are the matrix element method, arti-
ficial neural networks, and boosted decision trees. One,
or a combination of these techniques, are applied to the
analysis of each search sample.
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A. Matrix-element method 1425

1426

The Matrix Element Method (ME) uses an event-by2+
event calculation of the probability density for each con+?®
tributing process to produce the observed event. Thid*®
method is based on simulation of the relevant processe$*®
and has been applied to a number of other measurel*!
ments [100-110]. If all details of the collision propertied*®
and the detector response are modeled in the ME calcula*
tion, this method provides the optimal sensitivity to thé**
signal. However, there are several approximations used iri*®
the calculations: theoretical differential cross sections aré+*
implemented only at leading order, a simple parametrizal*’
tion of the detector response is used, and for some small*
(WZ and tt) or difficult-to-model (DY) backgrounds, &%
probability density is not calculated. In addition, sysi*°
tematic uncertainties associated with this approach aré

difficult to determine. 1442
The event probability density for a given process id*?
calculated as 1444

1445
1 doro(y

o [ D Gt i, )
where the elements of ¥ (Zbs) are the true (observedi:j
values of the lepton momenta and Ky, dopo/dy is,,
the parton-level differential cross section from MCFM,,
v3.4.5 [111], €(¥) is a parametrization of detector accep-
tance and efficiency function, and G(Zops, %) is the trans-
fer function representing the detector resolution and g,,,
PYTHIA-based estimate of transverse momentum of the
UlH; system due to the initial state radiation. The
constant (o) normalizes the total event probability t6™”
unity. This calculation integrates the theoretical differen-""
tial cross section over the missing information due to two"
unobserved neutrinos in the final state. We form a likeli-**
hood ratio (L) discriminant, which is the signal probabil-""
ity density divided by the sum of signal and background™
probability densities, 1

P(fobs) =

1460
PH(fobs) (3)1461
PH(fobs) + Zi kiPi(fobs) ’ oz

1463

Lggr(Tobs) =

where k; are the expected background fractions of W Vi
77, W=, and W+jets. An analogous likelihood ratio4ss
Ly, is similarly formed by treating direct WW proes
duction as the signal. The Matrix Element method ig+7
used in conjunction with an artificial neural network andses
only in the OS Base (0 Jet) search samples as defined i
Sec. V.

1470

B. Neural networks

1471

Artificial neural networks [112] are used to discrimisrn
nate potential signal events from background events. Aurs
three-layer feed-forward network is constructed with Npara
input nodes in the first layer, Ny + 1 nodes in the secondss
layer, and one output node in the third and final layeras
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for each search sample relying on this approach. The sin-
gle output parameter of the network, referred to as the
discriminant, is used to enhance the separation between
signal and background. The number of variables being
considered, Ny, varies depending on the search sample.
Events in the simulated or data-driven background sam-
ples are weighted such that the sum of the weights is
equal to the number of generated and simulated signal
events. Only input variables accurately modeled by the
simulation are used. A separate neural network is trained
for each Higgs boson mass considered. Less discriminant
variables are determined for each value of mpy and re-
moved, resulting in differing sets of network inputs for
each value of my. The selection of kinematic input vari-
ables for the neural network is based on kinematic proper-
ties of the production and decay of the Higgs boson. Vari-
ables that are highly correlated are discarded, resulting
in the minimal set of discriminant variables. For the OS
Base (0 Jet) search samples, Matrix Element likelihood
ratios were included as inputs to the neural network and
resulted in only 5% improvements in overall search sen-
sitivity, demonstrating that the neural network is able to
determine the input variables needed to describe the full
kinematic properties of the events and efficiently separate
signal and background. Comparable results are obtained
using an alternative neural network algorithm [113] fur-
ther demonstrating the robustness of the technique.

C. Boosted decision trees

To discriminate signal from backgrounds in the OS
Hadronic Tau and Trilepton WH (£+{+7p,,4) search sam-
ples, a boosted decision tree (BDT) algorithm [113, 114]
is used. The use of BDTs for these samples pro-
vides a simple mechanism for incorporating hadronically-
decaying tau lepton identification variables, which have a
significant role in separating potential signal from domi-
nant W+jets background contributions. A set of criteria
is applied sequentially to the variables provided as input
to the tree. A boosting procedure is applied to enhance
the separation performance and make the decision robust
against statistical fluctuations in the training samples.
New trees are derived from the same training sample by
reweighting the events, which are misclassified. In this
way, each tree is extended to a forest of trees and the
final decision is based on a weighted majority vote of all
trees within the forest [115].

VIII. ANALYSIS OUTCOMES

Higgs boson search results from the 13 search samples
defined in Sec. V using the multivariate techniques de-
scribed in Sec. VII are presented here. Kinematic event
variables used as inputs to the multivariate algorithms
are chosen to achieve the best possible separation of po-
tential signal within each search sample from background
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TABLE III: Summary of predicted and observed event yields for seven dilepton search samples formed from electron and muon
candidates. Expected signal yields are shown for potential SM Higgs boson masses of 125 and 165 GeV /c?.

Process OS 0 Jet OS 0 Jet OS 1 Jet OS 1 Jet OS 2+ Jets OS Inverse My, SS 1+ Jets
High s/b Lep. Low s/b Lep. High s/b Lep. Low s/b Lep.
tt 2.93 4+ 0.93 0.99 4+ 0.26 75 + 15 24.5 + 4.6 287 £ 42 1.82+0.35 0.584+0.08
DY 230 £+ 63 230 £+ 63 239 £+ 55 176 + 41 155 + 66 23.94+4.9 16.4+4.6
WWw 661 + 66 308 £+ 31 183 + 22 78.0 £ 9.6 53 + 12 37.54+3.6 0.0740.02
Wz 29.1 + 4.4 15.5 £ 2.4 26.44+ 3.6 16.1 £+ 2.2 11.7+ 2.2 0.96+0.13 14.6£2.0
YA 42.1 £ 6.0 21.4 £+ 3.0 11.5+ 1.7 5.71 4+ 0.82 53+ 1.0 0.2940.04 2.434+0.33
W +jets 137 £+ 33 443 + 67 54 + 15 163 + 26 80 + 15 56.3+7.8 45+17
W~ 68.3 + 8.6 181 + 23 99 + 1.5 31.6 + 4.9 77+ 1.9 171 £ 14 5.5940.85
Total Background 1170+120 12004110 599478 495 £+ 56 600 £ 98 291 £ 19 85+18
My = 125 GeV/c?
ggH 6.9 + 2.1 2.4 4+ 0.7 28 £1.2 0.91+ 0.39 1.07£0.53 1.81+0.30 -
WH 0.41 + 0.07 0.16 4+ 0.03 0.87 + 0.14 0.30% 0.05 1.59+0.22 0.1040.02 1.25+0.17
ZH 0.25 + 0.04 0.08 £+ 0.01 0.27 + 0.04 0.104 0.02 0.76+0.10 0.06+0.01 0.184+0.02
VBF 0.04 + 0.01  0.013 £ 0.003 0.23 £ 0.04 0.07+ 0.01 0.55+0.09 0.05+0.01 -
Total Signal 7.6 £ 2.1 2.6 £0.7 42 £ 1.2 1.4+ 04 3.984+0.71 2.0240.30 1.43+0.17
My = 165 GeV/c?
ggH 21.6 £ 64 7.3 £22 109 £ 4.6 3.0+ 15 5.0£2.5 4.0240.66 -
WH 0.53 + 0.09 0.19 4+ 0.03 1.47 £ 0.23 0.47+ 0.08 4.354+0.61 0.1440.02 2.6940.36
ZH 0.55 + 0.08 0.15 4+ 0.02 0.57 + 0.09 0.18+ 0.03 2.16+0.29 0.11+0.02 0.39+0.05
VBF 0.19 + 0.04 0.06 £+ 0.01 1.05 £ 0.18 0.30% 0.05 2.514+0.41 0.1540.03 -
Total Signal 229 £ 6.5 77 £ 2.2 14.0 4+ 4.7 44+ 1.5 14.042.9 4.4140.68 3.084+0.41
Data 1136 1402 545 488 596 319 87

contributions. Relative contributions of different signalass
and background production processes vary significantlyiase
across samples. Therefore, the multivariate outputs usedsoo
to classify events within each search sample are based onsa
unique sets of kinematic input variables, designed to takeso
advantage of the distinct kinematic properties of potenssos
tial signal and background events within each sampleisos
Each multivariate output is trained to distinguish pouses
tential signal from backgrounds based on the modelingsos
described in Sec. VI. 1507
1508

1509

A. Dilepton search samples 1:?

1512

The numbers of expected events from each contributys;
ing signal and background process are compared in Tazs,
ble IIT with the total number of observed events in each ofs;s
the seven dilepton search samples formed from electronss
and muon candidates. Background and signal predicqs;
tions, which are shown for potential Higgs boson massesss
of 125 and 165 GeV/c?, come directly from the modelings,
described in Sec. V1. 1520
A summary of the kinematic variables used as inputs tasa
the multivariate algorithms for separating potential sig1sz

nal from background contributions in these seven search
samples is shown in Table IV. Important input variables
for the diboson search samples include the charged-lepton
transverse momenta, the angular separation of the lep-
ton trajectories, and angles between the lepton and jet
momenta in the events. The scalar sums of transverse
momenta, including or excluding H, are also considered.

The OS 0 Jet search samples have the best individ-
ual sensitivity to a potential Higgs boson signal. The
dominant Higgs boson production process contributing
to these samples is ggH, but small (=~ 5%) contributions
from other production mechanisms are considered. The
primary background contribution (over 40%) to these
samples is from direct W+W ™ production and neu-
ral networks are trained specifically to distinguish this
background from potential ggH-produced Higgs boson
events. In this case, the neural network input variables
include matrix-element likelihood ratios, LR(HWW)
and LR(WW), along with the following eight kine-
matic event variables: A¢(€f), AR(¢L), M(LL), pr(ty),
pr(la), Hr, Mr(¢,4,E7), and FX°°. Distributions of the
most discriminating among these variables, A¢(¢¢) and
LR(HWW), are shown in Figs. 5(a) and 5(b) for the
High s/b Leptons sample and in Figs. 5(c) and 5(d) for
the Low s/b Leptons sample. These variables are sensi-
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TABLE IV: Summary of kinematic variables used as inputs to the multivariate algorithms for separating signal and background

contributions in the dilepton search samples.

Variable Definition os os os os SS os
0Jet 1Jet 2+ Jets Inverse My, 1+ Jets Hadronic Tau
E(¢y) Energy of the leading lepton v v
E(¢2) Energy of the subleading lepton v
pr(€1) Transverse momentum of the leading lepton v v v v v v
pr(€2) Transverse momentum of the subleading lepton v v v v v v
A¢p(el) Azimuthal angle between the leptons v v v v
An(el) Difference in pseudorapidities of the leptons v
AR(£0) ((An(e0)* + (Ap(e0))*)!/? v v v v v
M (£0) Invariant mass of dilepton pair v v v v
Er(j1) Transverse energy of the leading jet v v
Er(j2) Transverse energy of the subleading jet v
n(j1) Pseudorapidity of the leading jet v
n(j2) Pseudorapidity of the subleading jet v
A¢p(j7) Azimuthal angle between two leading jets v
An(j37) Difference in pseudorapidities of two leading jets v
AR(jj) ((An(i5)* + (A¢(i)N*)"/? v
M(j57) Invariant mass of two leading jets v
Njets Number of jets in event v
SEr(jets) Scalar sum of transverse jet energies v v
SEr(£,jets) Scalar sum of lepton py and jet (if any) Ep v v
|SET| Magnitude of vector sum of lepton pr and jet (if any) Er v
Br Missing transverse energy v v
SEr (LB Scalar sum of transverse lepton momenta and the ¥ v v
A¢(H,,0) Azimuthal angle between e or p candidate and H . v
AG(B 1) Azimuthal angle between 7 candidate and K. v
AP, K1) Azimuthal angle between pr(£1) + pr(¢2) and the B, v v
A¢(H L or jet) Azimuthal angle between the ;. and nearest lepton or jet v v v
BPee Projection of K on nearest lepton or jet v v v v v
or By if A¢p(H .0 or jet) > /2

P Br/(SEr(£,jets))t/? v v v v v
My (0B 1) Transverse mass of e or u candidate and K. v
My (7, K1) Transverse mass of 7 candidate and K. v
Mr(¢,0,E 1) Transverse mass of the two leptons and the ¥ v v v
My (£,6,F 1 jets) Transverse mass of the two leptons, all jets, and the K. v
Hr Scalar sum of lepton pr, jet Er, and the K. v v v
C Centrality based on leptons, jets and the H . v
A Aplanarity based on leptons, jets and the K. v
LR(HWW) ME-based likelihood for ggH Higgs boson production v
LR(WW) ME-based likelihood for nonresonant W W~ production v
cos(Ap(l))cm Cosine of the azimuthal angle between the leptons in the v v

Higgs boson rest frame

cos(v(€2))em Cosine of angle between subleading lepton and Higgs boson v

in Higgs boson rest frame

tive to the spin correlations between the two W bosonssss
produced in the decay of the spin-0 Higgs boson, whichsss
tend to result in events with collinear leptons. Sepassss
rate neural networks are trained for each tested Higgssss
boson mass using combined samples of modeled signalss
and background events containing both high and low s/bsss
lepton candidates. These networks are then applied insss
dependently to both the high and low s/b lepton search,,
samples. Examples of neural network output distribu-

1541
tions for these two search samples are shown in Figs. 7(a),,,

and 7(b) and in Figs. 8(a) and 8(b) for Higgs boson
masses of 125 and 165 GeV /c?, respectively. These distri-
butions illustrate the ability of the neural network to effi-
ciently separate potential signal events from background
contributions with the exception of direct W+W ™ pro-
duction, which is indistinguishable from signal, in a por-
tion of phase space.

For the OS Base 1 Jet search samples, the VH and VBF

Higgs boson production mechanisms contribute more sig-
nificantly, accounting for &~ 25% of the potential signal.
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FIG. 5: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
signal and background contributions in the (a,b) OS Base (0 Jet, high s/b Leptons), (c,d) OS Base (0 Jet, low s/b Leptons), (e,f)
OS Base (1 Jet, high s/b Leptons), and (g,h) OS Base (1 Jet, low s/b Leptons) search samples. The overlaid signal predictions
correspond to the sum of four production modes (ggH, WH, ZH, and VBF) for a Higgs boson with mass of 165 GeV/c? and
are multiplied by a factor of 10 for visibility.
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FIG. 6: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
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Higgs boson with mass of 165 GeV/c? and are multiplied by factors of 10 to 15 for visibility.

Background contributions from DY events, which consss
tain significant missing energy due to jet energy misy,,
measurements, are also relevant. Neural networks for,,,
these search samples are based on the following 12 kines,,
matic input variables: AR(€0), M(£L), pr(£1), pr(€2)ss

spec

MT(&&ET)? T ’.E(gl)v Ad)(ETvé or jet)a A¢(£€,ET),
cos(Ag(L))onr, B7® , and C. Distributions of the most
discriminating among these variables, AR(¢¢) and 7,
are shown in Figs. 5(e) and 5(f) for the High s/b Lep-

tons sample and in Figs. 5(g) and 5(h) for the Low s/b
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FIG. 7: Predicted and observed distributions of neural network output variables for networks trained to separate potential
Higgs boson (mz = 125 GeV/c?) events from background contributions in the (a) OS Base (0 Jet, high s/b Leptons), (b) OS
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FIG. 8: Predicted and observed distributions of neural network output variables for networks trained to separate potential
Higgs boson (mz = 165 GeV/c?) events from background contributions in the (a) OS Base (0 Jet, high s/b Leptons), (b) OS
Base (0 Jet, low s/b Leptons), (¢c) OS Base (1 Jet, high s/b Leptons), (d) OS Base (1 Jet, low s/b Leptons), (e) OS Base (2+
Jets), (f) OS Inverse My, and (g) SS (1+ Jets) search samples. The overlaid signal predictions correspond to the sum of four
production modes (9gH, WH, ZH, and VBF) and are multiplied by factors of 10 to 15 for visibility.
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Leptons sample. The AR(¢() variable provides goodsu
discrimination against significant W+W = contributionsse
while the F7X° variable is useful for separating the sigses
nal from larger DY contributions. Training of the neuseu
ral networks is based on combined samples containinges
events with both high and low s/b lepton candidatesies
The resulting networks are then applied separately to thee,
two search samples containing the events with the highes
and low s/b leptons. Examples of neural network outputs,
distributions for these two search samples are shown iney
Figs. 7(c) and 7(d) and in Figs. 8(c) and 8(d) for Higgse
boson masses of 125 and 165 GeV/c?, respectively.

1622

In the OS 24 Jets search sample the VH and VBF#
Higgs boson production mechanisms account for ~ 65%¢
of the total expected signal. Even after rejecting eventg®®
with a jet tagged as likely to have originated from ass
bottom quark, roughly 50% of background events araer
estimated to originate from t## production. Two neuses
ral networks are trained to distinguish signal from backiezo
ground. One network distinguishes ggH production fromsso
background contributions without using jet kinematic inses
formation. The second network incorporates jet-relatedss
variables as inputs and is trained to separate VH andes:
VBF production, which result in events with multiplges
jets at LO, from background contributions. A single, finalss
discriminant is obtained by taking the higher of the twQgs
discriminant values obtained from the individual neuralg,
networks. We follow this approach to avoid dependencgg,,
on the PYTHIA modeling of the higher-order processesgs,
within ggH production, which yield the small fraction ofg,,
ggH events containing multiple jets. Higgs boson eventse,,
from ggH production are dominantly selected by theg,,
first network minimizing any potential mismodeling efs,,
fects. The 17 kinematic input variables used for boths,
networks are A¢(00), ARL), M(LL), pr(f1), pr(€2)es
Hr, My (60,B1), Mr(CL . jets), B, SEr (0B 1)y
Ap(tl B 1), SET (L jets), cos(Ag(Ll)) o, cos(vh(b2))onry,,

78, A, and Y Er(jets). The additional 8 jet-related variig,
ables used as inputs to the network trained for separating_
VH and VBF production are M(jj), A¢(jj), An(ji),,,
AR(]])? ET(jl)v ET(jQ)a n(jl)v and W(jZ)- In the case.
of this second network, the 4 combinations of the total
23 variables most discriminating for Higgs boson mass_
of 125, 140, 160, and 185 GeV/c?, are reused as inputs_,
to networks trained for neighboring mass values. Dis-
tributions of the variables found to contain the largest
discriminating power, M (¢¢) and A¢(¢¢,E ), are shown
in Figs. 6(a) and 6(b). Using a large number of net-
work input variables makes it possible to separate the
large number of signal and background processes thate”
contribute to this sample. Specific variables are targeted®®
for example, at identifying the W boson spin correlation
associated with the decay of the spin-0 Higgs boson, thasse
hadronic decay of a third vector boson associated witheeo
VH production, the large rapidity gap present betweense
the additional jets originating from VBF production, thess:
high overall energy in events from top-quark pair producsess
tion, and the Z boson associated with either DY or diess
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rect WZ and ZZ production. Examples of neural network
output distributions for this search sample are shown in
Figs. 7(e) and 8(e) for Higgs boson masses of 125 and
165 GeV/c?, respectively.

Including the OS Inverse My search sample leads to an
overall gain in signal acceptance of approximately 35%,
with respect to that of the combined OS Base search
samples, for a Higgs boson with my = 125 GeV/c%. In
this sample the dominant signal contribution is from ggH
production, although smaller contributions from VH and
VBF production are considered. The largest background
contribution is associated with W~ production. The 13
kinematic variables used as inputs to the neural network
trained for separating signal and background are A¢(££),
AR([@), p_T(fl)a pT(fg), HT, ;?ecj E(fl), E(fg), EET,
ISE7|, B®, A¢(Ep L or jet), and SEqp(£,jets). Distribu-
tions of the most discriminating among these variables,
Y Er(f,jets) and H7F, are shown in Figs. 6(c) and 6(d).
The two variables exploit the higher total event energy
expected from a high-mass Higgs boson decay and the
absence of neutrinos within events originating from W-y
production. Examples of neural network output distri-
butions for this search sample are shown in Figs. 7(f)
and 8(f) for Higgs boson masses of 125 and 165 GeV/c?,
respectively.

The SS 14 Jets search sample focuses solely on sig-
nal contributions from VH production, in which like-sign
charged leptons result from the decays of the associated
vector boson and one of two W bosons produced in the
Higgs boson decay. Over 50% of background events in the
sample are predicted to originate from W+jets produc-
tion, where the lepton candidate, misidentified from the
decay products of the jet, is assigned the same charge
as the lepton produced in the W boson decay. The 9
kinematic variables used to train the neural network used
for separating signal and backgrounds are pr(¢1), pr(f2),

7 B Ap(Hp L orjet), B2, Y Er(jets), Er(j1), and
Njets. Distributions of the most discriminating among
these variables, B} and Njes, are shown in Figs. 6(e)
and 6(f). These variables are sensitive to the presence of
neutrinos and jets associated with leptonic and hadronic
decays of the multiple vector bosons originating from the
VH production process. Examples of neural network out-
put distributions for this search sample are shown in
Figs. 7(g) and 8(g) for Higgs boson masses of 125 and
165 GeV/c?, respectively.

B. Dilepton search samples with
hadronically-decaying tau leptons

The numbers of expected events from each contribut-
ing signal and background process are compared in Ta-
ble V with the total number of observed events in each
of the two dilepton search samples formed from one elec-
tron or muon candidate and one hadronically-decaying
tau lepton candidate. Background and signal predic-
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tions, referring to potential Higgs boson masses of 125
and 165 GeV/c?, come directly from the modeling de-
scribed in Sec. VI.

Signal and background kinematic properties of events
in these samples are similar to those in the other dilepton
search samples and the multivariate techniques applied
to these samples for separating signal and background
contributions use a subset of the kinematic variables
in Table IV as inputs. In addition, identification vari-
ables associated with the hadronically-decaying tau lep-
ton candidate are strongly discriminating against domi-
nant W+4jets background contributions, in which a parti-
cle jet is misidentified as a hadronically-decaying tau lep-
ton candidate. The additional tau lepton identification
variables used as inputs to the BDT algorithms applied
to these samples are listed in Table VI.

The dominant signal contributions to the OS Hadronic
Tau search samples originate from ggH production, al-
though contributions from the VH and VBF production
mechanisms are also considered. Over 80% of events in
these samples are predicted to originate from W+jet pro-
duction. A BDT algorithm, with a combined set of dilep-
ton kinematic and tau lepton identification variables as
inputs, is used to provide a single output variable for dis-
tinguishing potential signal events from the large back-
ground contributions. The best separation is obtained,
when the BDT algorithm is trained solely to distinguish
ggH signal from W+jet background contributions. Al-
though the same set of input variables are used, inde-
pendent BDT algorithms are trained for the e47,,4 and
U~+Thaq search samples to exploit differences in the distri-
butions of reconstructed electron and muon candidates.

The 12 kinematic variables used as inputs to the BDT
algorithms are A¢(£0), An(ee), AR(¢), M(LL), pr(4y),
ET? ;l’ga EET(EujetS)u A¢(ET7€)7 A¢(ET7T)7 MT(guET)a
and Mrp(r,Hy). All 12 tau lepton identification vari-
ables listed in Table VI are also used. Distributions
of the most discriminating variables, ¥ Pr(iso cone) and
gslosest - are shown in Figs. 9(a) and 9(b) for the e+Thqq
sample and in Figs. 9(c) and 9(d) for the pu+7444 sample.
These variables primarily separate events containing real
and misidentified hadronically-decaying tau lepton can-
didates. Examples of BDT output distributions for the
two search samples are shown in Figs. 10(a) and 10(b)
and in Figs. 10(c) and 10(d) for Higgs boson masses of
125 and 165 GeV/c?, respectively.
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TABLE V: Summary of predicted and observed event yields
for two dilepton search samples formed from one electron
or muon candidate and one hadronically-decaying tau lepton
candidate. Expected signal yields are shown for potential SM
Higgs boson masses of 125 and 165 GeV /c?.

OS Hadronic
Tau (e+Thad)

OS Hadronic
Tau (p+Thad)

Process

tt 15.6+2.3 11.3£1.7
WW, WZ, and ZZ 25.1+3.7 19.5+£2.9
Multijet and ~v+jet 0£34 0+29
DY (Z — 771) 0.5+0.2 1.2+0.8
DY (Z — ee, pp) 14.443.6 78+12
W+jets 745+123 514+85
Wey 2.54+0.4 2.3+0.3
Total Background 803126 62689
My = 125 GeV/c?
ggH 0.12+0.02 0.09+£0.02
WH 0.07£0.01 0.05+0.01
ZH 0.04+0.01 0.03+0.01
VBF 0.01£0.00 0.01+£0.00
Total Signal 0.24+0.03 0.18+0.02
Mpg = 165 GeV/c?

g9H 1.07£0.18 0.80+0.13
WH 0.25+0.03 0.17+0.02
ZH 0.15+0.02 0.11+0.02
VBF 0.10+0.02 0.08+0.01
Total Signal 1.5640.21 1.16£0.15
Data 792 598




TABLE VI: Summary of identification variables associated with a hadronically-decaying tau lepton candidate used as inputs

to the multivariate algorithms for separating signal and background contributions.

Variable Definition OS Trilepton
Hadronic Tau WH L+4+Thaa
p}“d Transverse momentum of tau candidate seed track v v
dfje’e’d Impact parameter of tau candidate seed track with respect to primary vertex v v
EYis Tau candidate visible transverse energy v v
]W;iis Tau candidate visible mass v v
Tirack Tau candidate track isolation v v
3 Pr(iso cone) Scalar sum of track pr for all tracks within isolation cone not used in v v
reconstruction of tau candidate
S Er(iso cone) Scalar sum of 7° candidate E7 for all candidates within isolation cone v v
not used in reconstruction of tau candidate
%OSCSJ‘ pr of track closest to direction of tau candidate visible momentum v v
E'%loses* Er of ©° candidate closest to direction of tau candidate visible momentum v v
gelosest Angle between tau candidate and the closest track v v
G;ZOOSCSt Angle between tau candidate and the closest 7° candidate v v
> o
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FIG. 9: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
signal and background contributions in the (a,b) OS Hadronic Tau (e+7heq) and (c,d) OS Hadronic Tau (p+7heq) search
samples. The overlaid signal predictions correspond to the sum of four production modes (9gH, WH, ZH, and VBF) for a
Higgs boson with mass of 165 GeV/c® and are multiplied by factors of 100 for visibility.
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FIG. 10: Predicted and observed distributions of output variables from BDTs trained to separate potential Higgs boson events
from background contributions in the (a,c) OS Hadronic Tau (e+7haq) and (b,d) OS Hadronic Tau (p+7haq) search samples
for 125 and 165 G-eV/c2 Higgs boson masses. The overlaid signal predictions correspond to the sum of four production modes
(ggH, WH, ZH, and VBF) and are multiplied by factors of 100 for visibility.
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C. Trilepton search samples 1768

1769

The numbers of expected events from each contributt™
ing signal and background process are compared in Ta?’"
ble VII with the total number of observed events in each’”
of the four trilepton search samples. Background and sigt™
nal predictions, referring to potential Higgs boson masse$’™
of 125 and 165 GeV/c?, come directly from the modeling™
described in Sec. VI. 1776

A summary of the kinematic variables used as int™™
puts to the multivariate algorithms in these four search’™
samples is shown in Table VIII. For the Trileptort™
WH ({+{+Thaq) sample, identification variables associi™
ated with the hadronically-decaying tau lepton candidaté™
are also important for suppressing the dominant Z+jets™
background contribution and are included as inputs td™
the multivariate algorithm. These variables are listed irt"
Table VI. 1785

In all Trilepton search samples signal contribution
from ggH and VBF production are negligible, and wé™
consider potential event yields from VH production only*®
For the Trilepton WH search sample, approximately™
50% of background events originate from direct WZ™
production. The neural network trained for this sam!™
ple uses the following 14 kinematic variables as int™?
puts: pT(fg), AR(f-’_[_)near, AR(€+€_)far, MT(&[,[)?%
Njetsa ET? A¢(£2;ET)) MT(£3;ET)7 MT(K,K,K,ETJetS)}w“
M(ég,ET,jetS), M(€17€2,ET), M(éJrg*)nem«, Hyp, and™
F(¢¢¢). Distributions of the most discriminating among’®
these variables, AR({T47),eqr and Hp, are shown i’
Figs. 11(a) and 11(b). The purpose of these variables™®
is to isolate the collinear leptons originating from thé™
spin correlations between the two W bosons produced irt*®
the decay of the spin-0 Higgs boson and the large missing®*
transverse energy associated with the neutrinos produced®?
in the leptonic decays of three W bosons. Examples of*®
neural network output distributions for this search sam?®*
ple are shown in Figs. 12(a) and 13(a) for Higgs bosor®®
masses of 125 and 165 GeV/c?, respectively. 1806

For the Trilepton WH ({4+€+Thqq) search samplé®
~ 80% of background events originate from Z+jetd®®
production. A BDT is used to combine both kine®®
matic and tau lepton identification variables as in*®*°
puts to the multivariate algorithm. The 16 kine!®"
matic variables used as inputs to the BDT al-
gorithm are pT(él)a pT(€2)7 pT(KS)a AR(£+£7>nearv
AR(€+£7)fah MT(K,K,K), M(ﬁé@), ET) A¢(£2;ET)7

;igy MT(K&ET)’ MT(évévévETajets)a M(€37ET7jets)v
M(l1,09,H7), M(£747 ) pear, and Hy. The 12 tau lepton
identification variables listed in Table VI are also used.
Distributions of the most discriminating among these
variables, AR({1(7) ¢4, and H, are shown in Figs. 11(c)
and 11(d). Examples of BDT output distributions are
shown in Figs. 12(b) and 13(b) for Higgs boson masses
of 125 and 165 GeV/c?, respectively.

For the Trilepton ZH search samples, the presence
of an opposite-sign dilepton pair with a mass consis-
tent with the Z boson mass ensures that potential sig-

é786
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nal contributions originate almost exclusively from ZH
production. Likewise, most background event contribu-
tions originate from processes containing a real Z boson
(= 50% from direct WZ and ZZ production). Neural net-
works are trained to separate these background contribu-
tions from signal. Typically, one of the W bosons decays
hadronically yielding potentially multiple reconstructed
jets within each event. Hence, potential signal contribu-
tions in the (1 Jet) search sample are smaller than those
in the (2+ Jets) sample. In addition, the possibility of
reconstructing all Higgs boson decay products in the (2+
Jets) sample events allows for the full reconstruction of a
Higgs boson mass, which provides an additional highly-
discriminating variable to enhance signal-to-background
separation.

For the Trilepton ZH (1 Jet) sample a large num-
ber of kinematic variables are used as inputs to the
neural network in an attempt to constrain as much
as possible the missing kinematic information associ-
ated to the unreconstructed jet. The 16 kinematic in-
put variables to the neural network are AR((TL7 ) pear,
AR(€+£7)JCGT7 M(égé)v ET(jl)v ET? A(b(gl + by +
e3uET)7 A(b([?uET)a MT(ﬂ,ﬂ,ﬂ,ET,jets), M(g?nETujetS)u
HT7 F(f(ﬂ), A¢(£noZvET)u AR(£n0Z7j1)7 MT(EnoZagT)v
Mr(bpoz Brp.jets), and M({yoz, ).  Distributions
of the most discriminating among these variables,
AR(lyoz,71) and B, are shown in Figs. 11(e) and 11(f).
Examples of neural network output distributions for this
search sample are shown in Figs. 12(c) and 13(c) for Higgs
boson masses of 125 and 165 GeV/c?, respectively.

Fewer kinematic input variables are required for
the neural network used in the Trilepton ZH (2+
Jets) sample due to the additional discrimination con-
tributed by variables related to the reconstructed Higgs
boson mass. The following 10 kinematic variables
are used as inputs to the net: Er(ji1), Er(j2),
M(]J)a ETa F(€€€)7 AR(gnoZvjet)neara MT(gnoZvET)v
Mr(bnoz Br.jets), M(lnoz, Br), and AR(WW). Dis-
tributions of the most discriminating among these vari-
ables, AR({p0z,jet)near and K, are shown in Figs. 11(g)
and 11(h). Examples of neural network output distri-
butions for this search sample are shown in Figs. 12(d)
and 13(d) for Higgs boson masses of 125 and 165 GeV/c?,
respectively.



TABLE VII: Summary of predicted and observed event yields for four trilepton
shown for potential SM Higgs boson masses of 125 and 165 GeV/c>.
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search samples. Expected signal yields are

Process Trilepton WH Trilepton WH Trilepton ZH Trilepton ZH
L4+ 04-Thaa 1 Jet 2+ Jets
tt 0.75 £ 0.23 21+04 0.12+£0.05 0.2+0.04
WZ and ZZ 10.1£1.2 3.7+£0.7 19.9+24 10.0£1.6
Z+jets 49+1.1 31.6 £6.1 9.94+2.3 78+14
Zy 4.87 £ 0.97 2.6 +0.4 7.8+ 1.6 3.0+0.8
Total Background 20.6 £2.2 40.0 £6.5 37.7+4.6 209+3.1
Mg = 125 GeV/c?
WH 0.49 £ 0.07 0.11 £0.02 0.02 £0.01 0.01 £0.01
ZH 0.11 £0.02 0.05 £ 0.01 0.24 £0.04 0.30 £0.04
Total Signal 0.60 £ 0.08 0.16 £ 0.02 0.26 £ 0.04 0.30 £0.04
My = 165 GeV/c?
WH 1.03 +0.14 0.30 £0.04 0.04 £0.01 0.02 £0.01
ZH 0.24 £0.03 0.11 £0.02 0.31 £0.05 0.8+0.1
Total Signal 1.27+0.17 0.41 £0.06 0.35 £ 0.05 0.8+0.1
Data 20 28 38 26
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TABLE VIII: Summary of kinematic variables used as inputs to the multivariate algorithms for separating signal and background
contributions in the trilepton search samples.

Variable Definition Trilepton Trilepton Trilepton Trilepton
WH WH ZH ZH
C4-l+Thad 1 Jet 2+ Jets
pr(€1) Transverse momentum of leading lepton v
pr(€2) Transverse momentum of subleading lepton v v
pr(€3) Transverse momentum of subsubleading lepton v
AR(éJré*)nem Minimum AR(¢{) among opposite-sign lepton pairs v v v
AR L) par Maximum AR(¢f) among opposite-sign lepton pairs v v v
M (2,0,0) Transverse mass of the three leptons v v
M(eee) Invariant mass of the three leptons v v
Er(j1) Transverse energy of the leading jet v v
Er(j2) Transverse energy of the subleading jet v
M(j57) Invariant mass of the two leading jets v
Njets Number of jets in event v
By Missing transverse energy v v v v
A¢(l2, Br) Azimuthal angle between the subleading lepton and the H,. v v v
A¢(ly + Lo + L3, B 1) Azimuthal angle between pTzll)+pT(62)+pT663) and the K v
e B /(SEr(Ljets))/? v
My (L3,H 1) Transverse mass of the subsubleading lepton and the ¥ . v v
My (€,0,0,H 1 ,jets) Transverse mass of the three leptons, all jets and the H . v v v
M (L3,H 1, jets) Invariant mass of the subsubleading lepton, all jets and the K. v v v
M(£1,02,H 1) Invariant mass of the leading and subleading leptons and the K. v v
M(E+Zf)nmr Invariant mass of opposite-sign lepton pair closest in A¢ v v
Hr Scalar sum of lepton pr, jet Er, and the K. v v v
F(eee) Trilepton flavor combination (3 X e, p, or unspecified track) v v v
Ap(lnoz. Br) Azimuthal angle between the lepton not associated with the Z v
and the K.
AR(lnoz, 1) AR between lepton not associated with Z and leading jet v
AR(lnoz,jet)near AR between lepton not associated with Z and closest jet v
My (lnoz,Br) Transverse mass of lepton not associated with Z and the H . v v
Mr (Unoz, B r.jets) Transverse mass of lepton not associated with Z, all jets and v v
the B,
M(lnoz, Br) Invariant mass of lepton not associated with Z and the K. v v
AR(WW) AR between hadronically and leptonically decaying W bosons v
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FIG. 11: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
signal and background contributions in the (a,b) WH Trilepton, (c¢,d) WH Trilepton (¢4+f +Thaa), (e,f) ZH Trilepton (1 Jet),
and (g,h) ZH Trilepton (2+ Jets) search samples. The overlaid signal predictions correspond to the sum of two production
modes (WH and ZH) for a Higgs boson with mass of 165 GeV/c¢? and are multiplied by factors of 10 to 20 for visibility.
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FIG. 12: Predicted and observed distributions of multivariate algorithm output variables for algorithms trained to separate
potential Higgs boson events from background contributions in the (a) WH Trilepton, (b) WH Trilepton ({+¢+Thqa), (c) ZH
Trilepton (1 Jet), and (d) ZH Trilepton (2+ Jets) search samples for the case of a 125 GeV/c® Higgs boson mass. The overlaid
signal predictions correspond to the sum of two production modes (WH and ZH) and are multiplied by factors of 10 for visibility.
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FIG. 13: Predicted and observed distributions of multivariate algorithm output variables for algorithms trained to separate
potential Higgs boson events from background contributions in the (a) WH Trilepton, (b) WH Trilepton ({+¢+Thqa), (c) ZH
Trilepton (1 Jet), and (d) ZH Trilepton (2+ Jets) search samples for the case of a 165 GeV/c* Higgs boson mass. The overlaid
signal predictions correspond to the sum of two production modes (WH and ZH) and are multiplied by factors of 10 for visibility.
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IX. SYSTEMATIC UNCERTAINTIES 1869

1870

The discriminant output distributions in each of thé*™
13 search samples are combined in a fit to determine thes
Higgs boson signal rate. Inputs to the fit include bothes
rate uncertainties on expected event yields from each speasm
cific background and signal process and also shape uncerass
tainties on the expected distribution of events within thess
discriminant outputs for each process. We perform a sinss
gle simultaneous fit to the 13 data discriminant outputss
obtained from the different search samples. We accountsm
for correlations between uncertainties across the differentsso
search samples and the different background and signalss
processes. 1882

Rate uncertainties on the contributing backgroundss
processes are summarized in Table IX for the seven dilep2ee
ton search samples formed from electron and muon can2ses
didates, Table X for the additional two dilepton searclise
samples formed from one electron or muon candidate andss
one hadronically-decaying tau lepton candidate, and Tazsss
ble XI for the four trilepton search samples. Ranges arése
used to indicate cases, where the effect of a specific uns®
certainty source on the estimated event yield for a con2t
tributing background process varies across the differentso:
search samples grouped within the individual tables.  1s:3

All estimated event yields obtained directly from theso
Monte Carlo simulation are assigned uncertainties fromses
the theoretical cross-section calculation, the data lumizses
nosity measurement, and the lepton identification andss
trigger efficiency measurements used to normalize thess
simulated event samples. In the case of other simusssp
lated background samples, whose normalization is obaso
tained from data control samples, these uncertainties areso
not applicable. 1902

Theoretical diboson production cross sections ares:
taken from MCFM [111] with a renormalization scale ofoo
po = ME +p%(V), where My is the boson mass, and thews
MSTW2008 [44] PDF set. Calculations of WZ and ZZws
production rates necessarily include contributions fronier
~* — £~ processes, where the invariant dilepton masges
from the neutral current exchange is restricted to these
range 75 < my+,~ < 105 GeV/c?. The calculated crosgew
sections are 11.34 pb for WW production, 3.22 pb for WAu
production, and 1.20 pb for ZZ production. We assigno
a 6% uncertainty based on the effects of different scaleos
choices and the application of MSTW2008 PDF uncerio
tainty sets on the calculations. For tf production we as1os
sign a cross section of 7.04 pb [116], based on a top-quarkes
mass of 173.1 + 1.2 GeV/c? and the MSTW2008NNLOY
PDF set, yielding an uncertainty of 7%. Similarly fopos
DY production we rely on a NLO cross-section calculao
tion [117], yielding a central value of 251.3 pb with 5%s2
uncertainty. In the case of Z~ production, simulatede:
samples are generated using specific requirements on theo.
minimum pr of the photon and the minimum separationss
between the photon and the leptons originating from thess
decay of the Z boson. Because the production cross seciozs
tion depends significantly on these requirements, we useaos

35

the cross section determined by the LO generator to nor-
malize the event sample and assign a larger 10% uncer-
tainty.

The measured integrated luminosity of the data sam-
ple is assigned an uncertainty of 5.9%, which incorporates
a 4.0% uncertainty on the inelastic pp cross section and
a 4.3% uncertainty on the efficiency of the CDF lumi-
nosity detector. Electron and muon identification effi-
ciencies are measured from trigger-unbiased final state
leptons reconstructed in Z — ¢7¢~ decays collected with
single lepton triggers, and associated uncertainties origi-
nate from the limited statistical power of these samples.
The lepton-identification uncertainty applied to specific
search samples depends on the required number of re-
constructed leptons in each event. Tau lepton identifi-
cation efficiencies are measured from the OS Hadronic
Tau (i + Thad, low B, low Ag(pr(€), E+)) control sam-
ple with associated uncertainty due to the limited sam-
ple size and subtraction of non DY background contribu-
tions. Single-lepton trigger efficiencies are also measured
from the trigger-unbiased final state lepton in Z — ¢T¢~
decays collected with single lepton triggers, and uncer-
tainties originate from the statistics of the samples.

Acceptance uncertainties originate from approxima-
tions employed within the signal and background process
generators and mismodeling in the detector simulation.
To account for the potential acceptance effects of higher-
order amplitudes not incorporated in event generators,
additional rate uncertainties are included on the pre-
dicted event yields. For samples generated with PYTHIA,
we assign an uncertainty of 10%, which is the observed
acceptance difference obtained from WW event samples
generated at LO with PYTHIA and at NLO using the
MC@NLO [95] program. In the specific case of WW pro-
duction, we use PYTHIA to model observed differences in
the WW pr spectrum, when applying harder and softer
fragmentation scales in the parton shower algorithms
used for modeling higher-order effects. Events from the
simulated MCQNLO WW event sample are reweighted
as a function of WW pr to match the changes in the
spectra obtained from increasing or decreasing the size
of the fragmentation scales, and uncertainties are as-
signed based on changes in acceptance resulting from
these reweightings. Normalization of the simulated W~y
event samples is obtained from a control sample contain-
ing SS dileptons with invariant mass My, < 16 GeV/c?.
Because modeling of higher-order amplitudes can affect
the extrapolation of this normalization to predicted W~y
event yields for the search samples containing dileptons
with My, > 16 GeV/c2, the 10% rate uncertainty is re-
tained for these cases. Because the simulated Zv event
sample is generated with an incomplete luminosity pro-
file, we assign a slightly higher 15% uncertainty.

Event yields obtained from simulated event samples
also have uncertainties associated with mismodelings in
the detector simulation. We vary the energy scale of
reconstructed jets in simulated events within an uncer-
tainty range determined from pr balancing studies per-
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TABLE IX: Uncertainties on background process event yields for seven dilepton search samples formed from electron and muon
candidates. The symbol * indicates uncertainty sources applied only in the SS (14 Jets) search sample. The symbol T indicates
uncertainty sources applied only in the OS Base (24 Jets) search sample. The DY® column corresponds to uncertainties on
the untuned Monte Carlo models of DY background contributions to the OS Inverse My, SS (1+ Jets), and OS Base (24 Jets)
search samples. The DY? column corresponds to uncertainties on the tuned Monte Carlo model of DY background contributions

to the OS Base (0 Jet) and OS Base (1 Jet) search samples.

Uncertainty source ww Wz 7ZZ tt NG DY? Wy W +Jets
Theoretical cross section 6% 6% 6% 7% 5%

Luminosity 5.9% 5.9% 5.9% 5.9% 5.9%

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

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

Higher-order diagrams 23-17%  10% 10% 10% 10% 0-10%

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

Lepton charge mismeasurement” 25% 25%

b-quark jet veto modeling’ 3.6%

B 1 modeling 19-21%

Photon conversion modeling 6.8-8.4%

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

TABLE X: Uncertainties on background process event yields for two dilepton search samples formed from one electron or muon

candidate and one hadronically-decaying tau lepton candidate.

Uncertainty source ww Wz 77 tt DY Wy W +jets
Theoretical cross section 6% 6% 6% ™% 5%

Luminosity 5.9% 5.9% 5.9% 5.9% 5.9%

Lepton (e or 1) identification efficiency 2.8% 2.8% 2.8% 2.8% 2.8%

Lepton (7) identification efficiency 1.3% 1.3% 1.3% 2.0%  3.3-3.5%

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

Higher-order diagrams 10% 10% 10% 10% 10% 10%

Lepton (e or p) to lepton (7) misreconstruction rate 0.1-0.2% 0.1-0.2% 0.1-0.2% 0.1-0.2% 2.1-2.3% 1.2-2.1%

Photon conversion modeling 6.8%

V+jets control region normalization 12.1%
Jet to lepton (7) misreconstruction rate 5.8% 5.8% 58%  4.4-51% 0.1-0.2% 8.8%

formed on v*/Z plus one jet events in data and simulases
tion. The resulting differences in predicted event yieldses
are taken as additional rate uncertainties. Since searchosu
samples are typically defined by the number of reconsoss
structed jets within each event, changes to the jet eniwus
ergy scale can result in simulated events moving fromos
one search sample to another. Hence, correlations andes
anti-correlations are included in the jet energy scale unsso
certainties applied across the different search samplesioso
Modeling of lepton charge mismeasurement rates has a
significant impact on predicted background event yieldses
only in the SS (14 Jets) search sample. Uncertaintiesoss
are obtained from a comparison of the predicted and ob+os
served numbers of SS candidate events contained in anss
inclusive DY control sample. 1056

1957

Other uncertainties related to the detector simulation
include modeling of the b-quark jet tagging algorithm
used for vetoing events in the OS Base (24 Jets) search
sample and modeling of isolated lepton candidates from
b-quark decays in the Trilepton search samples. These
rate uncertainties apply only to background predictions
for tt production, for which resulting events necessar-
ily contain two b-quark jets. As discussed in Sec. VI,
scale factors are applied to simulated events with jets
identified as originating from b-quarks to account for dif-
ferences in tagging algorithm performance between data
and Monte Carlo and the small subset of data events, for
which silicon tracking detector information is not avail-
able. Uncertainties associated with these scale factors
come primarily from the limited size of the data samples
used to estimate them.
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TABLE XI: Uncertainties on background process event yields for four trilepton search samples. The symbol ¥ indicates uncer-
tainty sources applied only in the Trilepton WH (¢+£€+7pqq) search sample. The Z+jets® column corresponds to uncertainties
on the tuned Monte Carlo model of Z+jets background contributions to the Trilepton WH ({+£+Theq) search sample. The
Z+jets? column corresponds to uncertainties on the data-driven model of Z+jets background contributions to the remaining

three trilepton search samples.

Uncertainty source Wz YA tt Z~ Z+jets®  Z+jets?
Theoretical cross section 6% 6% % 10%

Luminosity 5.9% 5.9% 5.9% 5.9%

Lepton (e or i) identification efficiency 3.8-5.0%  3.8-5.0%  3.8-5.0%  3.8-5.0%

Lepton (7) identification efficiency* 2.1% 2.1% 1.1% 1.4%

Trigger efficiency 2.0% 2.0% 2.0% 2.0%

Higher-order diagrams 10% 10% 10% 15% 10%

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

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

Lepton (e or u) to lepton (7) misreconstruction rate* 0.5% 0.5% 0.2% 0.7% 0.3%

V+4jets control region normalization 12.1%

Jet to lepton (e or p) misreconstruction rate 18-24%
Jet to lepton (7) misreconstruction ratet 4.5% 4.5% 5.1% 0.1% 6.5%

For simulated samples normalized to the observeds:
event rate in a specific data control sample, we assign rateso
uncertainties based on the limited control-sample sizaoos
and subtraction of residual background contributionsises
The scale factors applied to W+ simulated event samplesoos
to account for uncertainties in photon-conversion modsess
eling is obtained from the SS Inverse My, control samse
ple. The normalization applied to simulated W+jet andoos
Z+jet event samples, which are used for modeling contrises
butions of these processes to the OS Hadronic Tau andooo
Trilepton WH (¢4+£+7haq) search samples, is obtainedon

— —

from the OS Hadronic Tau (high A¢(pr(7), pr(€))) conze
trol sample. The construction of the PYTHIA sampleoos
tuned to model DY contributions in the OS Base (Qoos
Jet) and OS Base (1 Jet) search samples is describedoos
in Sec. VI. The H in each simulated event is shifted tagos
account for effects of multiple interactions and the resultzoor
ing sample is normalized to event counts in data obtainedoos
from the OS Base (Intermediate F7°) control samplezos
Uncertainties from K, modeling applied to the correo
sponding event yield predictions are obtained throughou
additional £2 GeV shifts with respect to the nominao
K correction and renormalization of the retuned eventos
samples. 2014
2015

The data-driven procedure for modeling W+jet andos
Z+jet contributions to search samples that do not insor
corporate hadronically-decaying tau lepton candidates isos
also described in Sec. VI. Jet-to-lepton misidentificationon
rates are measured in inclusive jet samples collected us=00
ing single jet triggers and applied as weights to eventsox
containing both reconstructed leptons and jets. Differso.
ences in the measured jet misidentification rate fromues
event samples collected with varied E7 thresholds areos

observed due to changes in the relative contributions of
quark and gluon jets in these samples. Rate uncertain-
ties on the predicted event yields are obtained by propa-
gating these differences through the modeling procedure.
For the search samples that incorporate hadronically-
decaying tau lepton candidates, lepton-to-tau and jet-to-
tau misidentification rates are modeled within the event
simulation and validated using data control samples. As-
signed uncertainties are based on differences between pre-
dicted and observed event yields for these control sam-
ples.

In the context of a combined search, assumptions are
needed on the relative sizes of the expected contribu-
tions originating from each production process. We in-
corporate full rate uncertainties on estimated event yields
within the final fit. Rate uncertainties applied to esti-
mated signal contributions from each production mode
are summarized in Table XII. Here, uncertainty ranges
cover variations across all 13 search samples, which de-
pend on the same set of simulated samples for model-
ing potential signal. Contributions from ggH and VBF
production are not considered in the SS (1+ Jets) and
Trilepton search samples.

Theoretical cross-section calculations used to normal-
ize simulated signal event samples and associated uncer-
tainties are described in Sec. II. Uncertainties on ggH
production are much larger for higher jet multiplicity
search samples, and an algorithm is used to assign cor-
related rate uncertainties to each search sample. The
inputs to this algorithm are the theoretical uncertain-
ties associated with calculations of the inclusive, exclu-
sive one or more parton, and exclusive two or more par-
ton ggH production cross sections. The ggH theoretical
cross-section uncertainty range reported in Table XII is
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TABLE XII: Uncertainties on signal process event yields for all search samples. The symbol * indicates uncertainty sources
applied only in the two OS Hadronic Tau and Trilepton WH (¢40+Thqq) search samples.

Uncertainty source ggH WH ZH VBF
Theoretical cross section 14-44% 5% 5% 10%
Luminosity 5.9% 5.9% 5.9% 5.9%
Lepton (e or u) identification efficiency 2.8-3.8% 2.8-5.0% 2.8-5.0% 2.8-3.8%
Lepton (7) identification efficiency™ 4.1% 1.4-2.1% 1.6-2.2% 4.0%
Trigger efficiency 2.0% 2.0% 2.0% 2.0%
Higher-order diagrams 2.3-13% 10% 10% 10%
Jet energy scale 0-15% 0-20% 0-7.8% 0-13%
Lepton (e or u) to lepton (7) misreconstruction rate™ 0.1% 0.1% 0.1% 0.1%
Jet to lepton (7) misreconstruction rate® 3.5-4.5% 2.9-4.2% 0-0.4%

obtained from the quadrature sum of all contributions asos
applied within each of the 13 search samples. The otheboss
rate uncertainties applied to estimated signal event yields
correspond directly to those applied to background pre-
dictions and are obtained following the same methodolses

ogy.

Each source contributing to the rate uncertainties as?*

signed to background and signal predictions can also af2**®
fect the shapes of discriminant outputs associated witli*®
the corresponding processes. The effects of all uncer?
tainty sources on discriminant distributions are studied™
and found to be mostly negligible. In the remaining cases®”
shape uncertainties, which correspond to correlated but®?
nonuniform bin-by-bin rate uncertainties applied acros$”™
a single discriminant distribution, are incorporated. Ini’”
particular, we account for the uncertainty originating”®
from missing higher-order amplitudes to the modeled””
Higgs boson pr spectrum on the shapes of the ggH dis?™®
criminant outputs for each of the six OS dilepton searchi’”

samples. Similarly, the effects of uncertainties from miss?**°

ing higher-order amplitudes to the modeled WW pr spec2®
trum on the shapes of WW discriminant outputs are als3®?
included. Figures 14(a) and 14(b) show resulting exam2**
ples of the bin-by-bin scalings applied in individual searcli®®
samples to generate alternative ggH and WW discrimi®®

nant shapes. 2086
2087

The shapes of DY discriminant outputs are also foundoss
to be significantly altered by uncertainties associatedoss
with B, modeling in the four OS Base (0 or 1 Jet) searchoso
samples and by uncertainties associated with jet energyzon
scale modeling in the OS Base (2+ Jets) search samplezs
Figures. 14(c) and 14(d) show examples of the bin-by-biroes
scalings applied in these search samples to generate theos
alternative DY discriminant shapes. For the SS (14 Jets yoos
search sample, uncertainties associated with jet energysos
scale modeling are determined to significantly affect theos
shapes of discriminant outputs associated with both sigsows
nal (WH and ZH) and background (WW, WZ, and DY}
contributions. Figures 14(e) and 14(f) show resultingioo

examples of the bin-by-bin scalings used to generate al-
ternative signal and background discriminant shapes.

X. RESULTS

The primary goal is to test for the presence of sig-
nal events originating from Higgs boson production and
decay. We adopt a Bayesian approach to estimate or
bound the signal strength most consistent with the ob-
served data. If the SM prediction of the signal strength
for a specific value of my is larger than the observed 95%
C.L. upper limit, that value is excluded at the 95% C.L.
We quantify the search sensitivity using the median of
the expected upper limit distribution as obtained in an
ensemble of experiments simulated without signal.

The extraction of results is complicated by the presence
of multiple signal production processes, each potentially
contributing signal events with differing kinematic signa-
tures. Combination of results from multiple search sam-
ples is pursued to optimize the search sensitivity. Fur-
thermore, predictions of expected signal and background
rates within each bin of the discriminant distributions
associated with the different search samples are affected
by systematic uncertainties. Many of these systematic
uncertainties are correlated across discriminant bins, be-
tween signal and background components, and between
search samples. Uncertainty sources that result in events
migrating between search samples need to be treated as
anti-correlated with respect to those samples. To address
these issues correctly, we use the methodology described
in Ref. [106] as summarized below.

The contents of low signal-to-background (s/b) bins
serve to constrain the values of nuisance parameters, cor-
responding to each of the individual sources of system-
atic uncertainty on signal and background modeling. The
same sources of systematic uncertainty affect predictions
for signal and background yields in the high-s/b bins,
which are more sensitive to the presence of a Higgs bo-
son signal and measuring the signal strength.
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FIG. 14: Example bin-by-bin scalings used to obtain alternative neural network discriminant outputs associated with (a)
higher-order diagrams uncertainty on the ggH contribution in the OS Inverse M, search sample, (b) higher-order diagrams
uncertainty on the WW background contribution in the OS Base (1 Jet, high s/b Leptons) search sample, (c) ¥ modeling
uncertainty on the DY background contribution in the OS Base (0 Jet, high s/b Leptons) search sample, (d) jet energy scale
uncertainty on the DY contribution in the OS Base (2+ Jets) search sample, (e) jet energy scale uncertainty on the WH
contribution in the SS (1+ Jets) search sample, and (f) jet energy scale uncertainty on the WZ contribution in the SS (1+

Jets) search sample.



2101

2102

2103

2104

2105

2106

2107

2108

2109

2110

2111

2112

2113

2114

2115

2116

2117

2118

2119

2120

2121

2122

2123

2124

2125

2126

2127

2128

2129

2130

2131

2132

2133

2134

2135

2136

2137

2138

2139

2140

2141

2142

2143

2144

2145

2146

2147

We grouped the systematic uncertainties in three
classes, according to their impact on the interpretation
of results. The first class includes systematic effects af-
fecting the event rates, which uniformly scale the pre-
dicted yields in each bin of the modeled discriminants.
A second category corresponds to uncertainties affect-
ing the shapes of the discriminants’ distributions, which
are also parametrized using common nuisance parameters
and therefore applied as correlated across all bins within
a modeled discriminant. In this case, bin-to-bin scalingg
are not required to be uniform, allowing for distortion§149
in the discriminant shape. A ﬁnal category is for bin;
by-bin independent uncertainties, which arise from the
limited size of simulated and expernnental data samples,
Uncertainties associated with the last two categories re;
duce the constraining power of low-s/b bins on nuisance,,
parameters. arss

The likelihood function, L(datals, b, 7/), is the same ag
that used in Ref. [106], with ©/ representing the nuisancg
parameters. Shape uncertainties are applied first in an
additive fashion, interpolating and extrapolating the con—2159
tents in each bin according to the value of the nuisance
parameter governing the shape distortion and the dif-
ference between the central and alternative shapes of thg,,,
modeled discriminant. The prior probability densities as-
sumed for the systematic uncertainties are Gaussian, ancl161
bin contents are constrained to be positive in this pro-
cedure. Bin-by-bin uncertainties are then applied to the
signal and background predictions as Gaussians that are1 ’
again truncated to prevent negative values of predlctlons "
Finally, rate uncertainties are applied multlphcatlvelyé
scaling all discriminant bins by the same factor. Gaus—
sian prior densities are also used for rate uncertamtles 3
with constraints to avoid negative scale factors. Asym— o
metric rate and shape uncertainties are parametrized as
in Ref. [106]. Correlations in the predictions for dlffelr—170
ent signal and background processes are accounted for -
by applying effects of shared uncertainty sources cons1s—
tently across the modeled discriminants for each search
sample. Because of the requirement for combining the
results from several different search samples, a single pa-
rameter R is used to scale all signal contributions.

We integrate the likelihood function multiplied by the
product of the prior densities for the nuisance parame— "
ters, over the nuisance parameters "

3152

158

162

171

174

2180

2181

L'(data|Rs,b) = /L(data|Rs, b, V)m(P)dP, (4}

2183

where 7(#/)dV is the joint prior probability density for alkss

of the nuisance parameters as described in Ref. [118]. Tuss
this case the joint prior density is the product of individ-
ual prior densities as systematic uncertainty sources are

treated as uncorrelated. 2186
As described in Ref. [118], a limit on R is obtained

from 2187

2188

(53189

2190

Jitmit 1/ (data| Rs, b)m(R)
J,° L'(data|Rs, b)w(R)

0.95 =

40

where 7(R) is a uniform prior density over all positive val-
ues of R. The value of R that maximizes L' (data|Rs,b) is
defined as the best-fit value. The interval for quoting one
standard deviation uncertainties is given by the shortest
interval [Riow, Ruigh] satisfying

[ L/ (data| Rs, b)m(R)

0.68 =
Jo° L'(data| Rs, b)w(R)

(6)

Search sensitivity is estimated by generating multiple
simulated test experiments according to background-only
predictions and determining the observed limits for each
trial. Values of nuisance parameters are separately varied
according to their prior densities for each simulated ex-
periment. The median observed limit, Rjjmi¢, is used as a
gauge of analysis sensitivity. The distribution of possible
limits, quantified as those values of R, for which 2.3%,
16%, 50%, 84%, and 97.7% of background-only simu-
lated experiments fall on one side of those requirements,
are used to illustrate the dispersion of possible outcomes
associated with a single experiment.

A. Diboson cross-section measurements

Measurements of diboson production cross sections us-
ing the same tools and techniques applied within the
Higgs boson search provide an important validation of
the analysis framework. A measurement of the pp —
WHW ™ cross section based on the T/~ v decay mode
was obtained from the OS Base (0 Jet, high s/b) search
sample using 3.6 fb~! of integrated luminosity [119]. A
value of o(pp — WTW~ + X) = 12.1 & 1.8 pb, which
is in good agreement with the NLO prediction, was ob-
tained using the same matrix-element based discrimi-
nants employed within the Higgs boson search. Sim-
ilarly, a measurement of the pp — ZZ cross section
based on the ¢*¢~ vy decay mode was obtained from the
OS Base (0 and 1 Jet) search samples using 6.0 fb~!
of integrated luminosity [120]. Neural network based
discriminants were used to extract a value of o(pp —
ZZ + X) = 1.34 £ 0.56 pb, which is in good agree-
ment with the NLO zero-width calculation, to which the
result was normalized. Finally, a measurement of the
pp — WEZ cross section based on the (Tt ¢~ decay
mode was obtained from the Trilepton WH search sam-
ple using 7.1 fb~! of integrated luminosity [121]. Neural
network discriminants were again used to extract a value
of o(pp — W*Z + X) = 3.93 £ 0.84 pb, in good agree-
ment with the NLO prediction.

B. SM Higgs boson interpretation

We determine limits on SM Higgs boson production
for the combination of all search samples and for groups
of samples with analogous final states. The limit cal-
culations are performed separately for each of the 19
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Higgs boson mass hypotheses considered. Because we
account for potential contributions from all four Higgs
boson production modes, resulting limits are determined
as ratios with respect to SM expectations. Based on the
(N)NLO Higgs boson production cross sections and decay
branching ratios for H — W+W ™ presented in Sec. II,
the largest potential signal contributions would originate
from a Higgs boson with a mass of 165 GeV/c?, and the
best combined search sensitivity is indeed obtained for
this mass hypothesis. The actual sensitivity of an in-
dividual search sample under a specific mass hypothesis
depends both on the signal-to-background ratio of events
in the sample and the ability of the neural network to sep-
arate background contributions from the potential signal
contributions associated with the hypothesized Higgs bo-
SON Mass.

The OS Base (0 Jet) search samples have the highest
sensitivity to SM Higgs boson production. The dom-
inant signal contributions originate from ggH produc-
tion. Similar sensitivity is obtained from the OS Base (1
Jet) and OS Base (2+ Jets) samples, where additional
signal contributions from VH and VBF production have
a more significant impact. The OS Inverse My, search
sample, with dominant signal contributions from ggH**
production, is approximately 50% less sensitive than thé>°
OS Base samples for the my =165 GeV/c? hypothesis?
But for the my =125 GeV/c? hypothesis the sensitiv2>?2
ity is closer since a higher fraction of potential signal*
events satisfy the kinematic criteria of this sample. Thé**
SS (1+ Jets), Trilepton WH, and Trilepton ZH searclis
samples, which focus exclusively on VH production, con2®
tribute sensitivities of typically 20-50% of the best 087
Base samples. However, the inclusion of these samplegs
has a nonnegligible impact on the combined search sen22
sitivity, and important information on the potential cou2®
plings of heavy vector bosons to a potential Higgs bosorzet
can be extracted directly from these samples. Becauséz2
they contain much larger background contributions, thé2s3
OS Hadronic Tau search samples contribute significantly2e
less to the combined search sensitivity. Since the neuz226s
ral networks are unable to separate background and sig2266
nal contributions in these samples for low Higgs bosori?
masses, these samples are incorporated into combined
limits only for mass hypotheses of 130 GeV/c? and above.

Table XIII presents limits on Higgs boson productiorn?®
obtained from combinations of search samples with anal#®
ogous final states and from the combination of all search
samples. Median expected 95% C.L. upper limits assumsaro
ing the background-only hypothesis, and corresponding:n
observed limits on Higgs boson production relative taor
SM expectations are shown for the 125 and 165 GeV /c%xrs
mass hypotheses. Limits obtained from the combination.
of all search samples for 19 Higgs boson mass hypotheseszrs
within the range 110 < my < 200 GeV/c? are presenteders
in Table XIV along with boundaries on the one and twazr
standard deviations assuming the background-only hyszs
pothesis. These limits are also presented graphically ine
Fig. 15(a). SM Higgs boson mass values are excluded atoso
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TABLE XIII: Median expected 95% C.L. upper limits as-
suming the background-only hypothesis, and corresponding
observed limits on Higgs boson production relative to SM ex-
pectations for the my =125 and 165 GeV/c2 mass hypotheses
obtained from combinations of search samples with analogous
final states and the combination of all search samples.

mmg =125 GeV/c?  mmg =165 GeV /c?
Obs/osm Exp/osym Obs/osm Exp/osm

Search sample(s)

OS Base (0 Jet) 4.76 7.30 1.36 1.41
OS Base (1 Jet) 9.86 9.76 1.45 1.85
OS Base (2+ Jets)  18.1 7.34 2.83 1.95
OS Inverse My, 11.9 11.0 1.71 2.76
SS (1+ Jets) 13.9 1.7 4.20 3.95
Trilepton WH 12.1 12.2 4.79 4.36
Trileptons ZH 19.9 23.2 4.94 6.59
OS Hadronic Tau 15.7 11.7
All samples 3.26 3.25 0.493 0.701

the 95% C.L. in the range, over which the observed limits
lie below one (the expected SM production rate). The ob-
served exclusion is for Higgs boson masses in the range
149 < my < 172 GeV/c?, where the median expected
exclusion, assuming the background-only hypothesis, is
155 < mpy < 175 GeV/c?.

We also fit for the Higgs boson production rate most
compatible with the observed data. Best-fit cross sections
normalized to SM expectations are displayed as a func-
tion of the Higgs boson mass in Fig. 15(b). In the cross
section fit, the SM ratios for the relative rates of the four
contributing production mechanisms are assumed. Over
a significant fraction of the tested mass range, the fit
to the data indicates little or no contribution associated
with Higgs boson production. For the mpy = 125 GeV/c?
mass hypothesis, the fitted Higgs boson production rate
relative to the SM expectation is 0.00fé:gg, which is com-
patible at the level of one standard deviation with both
SM Higgs boson and background-only expectations.

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

Because Higgs boson ggH production proceeds at
lowest order via a virtual loop containing strongly-
interacting particles, the production rate from this mech-
anism is sensitive to the existence of particles that may
be too massive for direct observation. The presence of a
fourth generation of heavy fermions beyond the three of
the SM enhances the ggH production cross section by a
factor between seven and nine in the range of my acces-
sible at the Tevatron. The presence of a fourth fermion
generation affects ggH production only, and neither en-
hances nor suppresses WH, ZH, and VBF production.
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TABLE XIV: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on Higgs boson production relative to SM expectations from the combination of all search samples for 19 mass hypotheses
within the range 110 < mp < 200 GeV/ ¢2. The boundaries of the one and two standard deviations assuming the background-
only hypothesis are also provided.

me 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200
—20/osm 711 3.78 247 1.67 1.25 1.04 0.84 0.73 0.64 0.54 0.41 0.37 043 0.53 0.66 0.80 0.98 1.21 1.23
—lo/osm  9.60 5.25 3.25 2.32 1.70 1.37 1.13 0.98 0.85 0.71 0.53 0.50 0.58 0.71 0.87 1.08 1.34 1.54 1.74
Exp./Josm 134 741 451 325 233 189 1.60 1.37 1.16 098 0.74 0.70 0.83 1.00 1.18 1.51 1.88 212 248
+lo/osm 188 104 6.36 4.52 3.20 2.62 2.28 191 1.60 1.38 1.04 0.99 1.18 1.39 1.63 2.15 2.63 3.01 3.49
+20/osm 26.0 14.3 890 6.19 4.34 3.60 3.22 2.62 2.19 194 145 137 1.66 1.92 223 3.01 3.62 4.26 4.81
Obs./osy 141 949 5.26 3.26 2.66 2.01 2.02 1.25 095 0.74 0.60 049 0.84 1.28 1.50 2.53 3.47 4.64 5.65
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FIG. 15: (a) Median expected, assuming the background-only hypothesis, (dashed line) and observed (solid line) 95% C.L.
upper limits on Higgs boson production relative to SM expectations from the combination of all search samples as a function of
the Higgs boson mass. The dark and light shaded bands show the one and two standard deviations assuming the background-
only hypothesis. (b) Best-fit cross section for inclusive Higgs boson production, normalized to the SM expectation, for the
combination of all search samples as a function of the Higgs boson mass. The solid line indicates the fitted cross section, and
the associated dark and light shaded regions show the 68% and 95% credibility intervals.

In order to interpret the search in terms of the SM4ao
and other non SM models that would affect the ggHbsoo
production rate, we first extract upper bounds on thesn
ggH production cross section times decay branching rasse
tio H — WTW™ assuming negligible contributions fromsos
WH, ZH, and VBF production. This assumption ensuresso
that resulting limits are the most conservative with ressos
spect to possible enhancements or suppressions of theses
other production mechanisms within the context of a parssor
ticular new physics model. Because SM4 enhances the
production rates by a significant amount with respect 6"

SM expectations, we extend the search mass range t(i(l’z
300 GeV/c?.

2311

Since these limits correspond to a specific Higgs bosomns:
production and decay mode, no theoretical rate uncersss
tainties associated to signal production and decay aresu
incorporated in the limit calculation. However, becausess
we analyze opposite-sign dilepton events with zero, onesgss

8

and two or more reconstructed jets in different search
samples, uncertainties on the relative fractions of Higgs
boson signal events within these samples are retained.
Median expected 95% C.L. upper limits assuming the
background-only hypothesis, and corresponding observed
limits on o(ggH) x B(H — W*TW™) are listed in Ta-
ble XV along with boundaries of the one and two stan-
dard deviations assuming the background-only hypothe-
sis.

A comparison between observed upper limits on
o(ggH) x B(H — W+W ™) and SM4 expectations based
on the production cross sections and decay branching
ratios listed in Table I as a function of mpy is shown
in Fig. 16(a). To extract SM4 model constraints, rate
uncertainties associated with the theoretical cross sec-
tions and branching ratios are included within the limit
calculation. The resulting median expected 95% C.L.
upper limits assuming the background-only hypothesis,
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TABLE XV: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on o(ggH) x B(H — W*W ™) in picobarns (pb) from the combination of all search samples for 29 mass hypotheses
within the range 110 < my < 300 GeV/ ¢?. The boundaries of one and two standard deviations assuming the background-only
hypothesis are also provided. The WH, ZH, and VBF Higgs boson production mechanisms are assumed to contribute no events

to the search samples.

mgy 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
—20 0.70 0.53 0.52 0.46 0.45 0.43 0.39 0.37 0.32 0.28 0.21 0.18 0.21 0.21 0.23
—lo 0.95 0.77 0.70 0.65 0.61 0.58 0.52 0.51 0.44 0.38 0.28 0.24 0.27 0.29 0.31
Ezxp. 1.32 1.09 0.97 0.92 0.85 0.81 0.74 0.71 0.62 0.52 0.38 0.33 0.37 0.40 0.44
+1o 1.84 1.47 1.36 1.29 1.19 1.14 1.05 1.00 0.86 0.72 0.52 0.46 0.51 0.56 0.61
+20 2.54 1.94 1.86 1.78 1.64 1.59 1.48 1.38 1.17 0.99 0.72 0.64 0.71 0.77 0.85
Obs. 1.42 1.18 1.04 0.97 0.82 0.69 0.71 0.67 0.41 0.33 0.26 0.28 0.33 0.46 0.54
mpy 180 185 190 195 200 210 220 230 240 250 260 270 280 290 300
—20 0.23 0.25 0.27 0.28 0.32 0.32 0.32 0.33 0.35 0.30 0.29 0.27 0.25 0.25 0.22
—1lo 0.31 0.34 0.36 0.39 0.42 0.42 0.44 0.45 0.47 0.41 0.39 0.37 0.33 0.33 0.29
Exp. 0.44 0.47 0.50 0.55 0.58 0.59 0.60 0.62 0.65 0.56 0.53 0.51 0.46 0.46 0.40
+1o 0.61 0.65 0.69 0.77 0.80 0.84 0.83 0.86 0.91 0.79 0.74 0.70 0.64 0.65 0.57
+20 0.85 0.90 0.94 1.05 1.10 1.19 1.12 1.19 1.25 1.10 1.01 0.95 0.89 0.91 0.80
Obs. 0.54 0.66 0.81 1.01 1.01 1.38 1.10 1.14 1.34 1.19 0.97 0.95 0.92 1.01 0.81
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FIG. 16: Median expected 95% C.L. upper limits assuming the background-only hypothesis (dashed line), and corresponding
observed limits (solid line) on (a) o(ggH) x B(H — W*TW ™) in picobarns (pb) and (b) Higgs boson production relative to
SM4 expectations from the combination of all search samples as a function of the Higgs boson mass. The dark and light shaded
bands show the one and two standard deviations assuming the background-only hypothesis. In the (a) panel, the lighter colored
line indicates the SM4 expectation and the hatched region encompasses the associated theoretical uncertainties.

and corresponding observed limits on Higgs boson proszs:
duction relative to SM4 expectations are shown in Tasses
ble XVI. The same limits are shown graphically in

Fig. 16(b). Within the SM4 model we exclude Higgs

boson masses in the range 124 < my < 200 GeV/c?, to

be compared against a median expected exclusion ranges,
of 124 < mpy < 221 GeV/c2. 227
2328
2329
2330
2331

2332

D. Higgs boson constraints in fermiophobic (FHM)
model

Within the FHM model described in Sec. II, the al-
lowed fermiophobic Higgs boson, H¢, production mech-
anisms are WHy, ZH;, and VBF. Contributions from
the dominant SM gluon fusion production mechanism,
ggH, are negligibly small. Despite a smaller overall pro-
duction rate, potential signal contributions of a fermio-
phobic Higgs boson are actually larger for lower Higgs
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TABLE XVI: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on Higgs boson production relative to SM4 expectations from the combination of all search samples for 29 mass hypotheses
within the range 110 < my < 300 GeV/ ¢?. The boundaries of one and two standard deviations assuming the background-only
hypothesis are also provided. The WH, ZH, and VBF Higgs boson production mechanisms are assumed to contribute no events

to the search samples.

muy 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
—20 /osma 198 109 066 045 033 025 020 0.17 013 0.10 0.07 0.06 0.08 0.09 0.12
—1lo/osma 2.69 146 091 062 045 034 027 022 0.18 014 0.09 008 0.10 0.13 0.16
Exp./Josma 383 205 1.29 087 062 047 038 031 025 019 012 011 014 0.18 0.22
+1lo/osma 549 292 1.80 122 0.87 067 053 043 034 027 017 016 020 025 0.31
+20/osma 77T 413 249 1.69 120 092 0.73 059 046 037 024 023 028 035 043
Obs./osma 417 219 129 091 059 039 035 028 016 012 0.09 010 0.13 020 0.27
mu 180 185 190 195 200 210 220 230 240 250 260 270 280 290 300
—20 /osma 0.12 016 0.19 023 029 036 044 053 064 062 0.71 0.74 078 0.83 0.88
—lo/osma 0.16 0.21 026 032 039 049 059 070 0.8 08 093 099 1.03 1.11 1.15
Ezp./Josma 022 029 036 045 053 0.69 0.82 097 1.20 1.22 1.27 1.37  1.43 1.54 1.61
+1lo/osma 0.31 041 0.51 0.64 075 097 1.15 1.38  1.66 1.73 1.75 1.92 2.03 217 2.27
+20 /osma 0.43 058 0.70 090 1.03 1.34  1.60 1.94 228 242 241 2.64 287 3.02 317
Obs./osma 0.27 038 0.56 081 0.78 1.43 1.29 1.58 210 2,07 1.83 206 218 267 237
boson masses due to increases in the branching ratio,
B(Hy — WHW™), relative to the SM. s e

We extract FHM model constraints from the SS (1+ T [ Choerver
Jets) and Trilepton search samples, for which the poten- E 10 T e eected
tial signal contributions originate solely from W H; and 3
Z Hy production. Potential WHy, ZHy, and VBF signal 8
contributions to the OS Base search samples are also in- S
corporated. In the specific case of the OS Base (24 Jets) 3

sample, the discriminant output used is that obtained
directly using the neural network trained specifically for
distinguishing signal events originating from the relevant
production mechanisms. From the combination of these
search samples, we determine 95% C.L. upper bounds on
the fermiophobic Higgs boson production rate normal-
ized to FHM model expectations using the SM theoreti-
cal cross-section predictions for WH, ZH, and VBF pro-
duction and branching ratios as predicted by the FHM
model for Hy — WTW~ listed in Table I. Median ex-
pected 95% C.L. upper limits assuming the background-
only hypothesis, and corresponding observed limits on
fermiophobic Higgs boson production relative to FHM
model expectations are listed in Table XVII. These same
limits are presented graphically in Fig. 17.

XI. CONCLUSION

We present the results of CDF searches for the Higgsse
boson focusing on the H — WTW ™ decay mode. Thess
searches are based on the final CDF II data set corress
sponding to an integrated luminosity of 9.7 fb~!. Tnses
the context of the SM, we exclude at the 95% C.Lasss

110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)

FIG. 17: Median expected 95% C.L. upper limits assum-
ing the background-only hypothesis (dashed line), and cor-
responding observed limits (solid line) on fermiophobic Higgs
boson production relative to FHM model expectations from
the combination of all relevant search samples as a func-
tion of the Higgs boson mass. The dark and light shaded
bands show the one and two standard deviations assuming
the background-only hypothesis.

Higgs bosons with masses in the range 149 < mpy <
172 GeV/c%. The expected exclusion range, in the ab-
sence of a signal, is 155 < mpy < 175 GeV/c®. In
the case of a SM-like Higgs boson in the presence of
a fourth generation of fermions with the lowest possi-
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TABLE XVII: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on fermiophobic Higgs boson production relative to FHM model expectations from the combination of all relevant search
samples for 19 mass hypotheses within the range 110 < mg < 200 GeV/c2. The boundaries of the one and two standard
deviations bands assuming the background-only hypothesis are also provided.

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

—20/orum  0.59 0.61 0.63 0.65 0.74 0.77 0.83 0.86 0.89 0.88 0.89 0.83 0.92 1.03 1.17 145 1.76 1.92 2.04
—lo/orum  0.78 0.85 0.86 0.88 0.98 1.03 1.09 1.14 1.20 1.17 1.11 1.08 1.21 1.37 1.58 1.95 2.33 2.53 2.79
Ezp./orum 1.08 1.18 1.21 1.24 1.35 141 1.51 1.60 1.64 1.61 1.50 1.50 1.69 1.95 2.21 2.72 3.24 3.51 3.90
+lo/opum 153 1.63 1.69 1.76 1.89 1.95 2.12 2.27 225 225 2.12 2.13 238 2.80 3.10 3.83 4.57 4.96 5.45
+20/opum 213 222 233 247 2.61 267 295 3.19 3.04 3.10 299 2.99 3.33 4.00 4.30 5.32 6.39 6.95 7.51

Obs./orum 145 225 190 1.89 1.51 1.85 228 1.98 1.95 1.60 1.58 1.28 1.99 245 3.05 3.94 4.40 548 6.63

ble lepton and neutrino masses, we exclude the rangess
124 < my < 200 GeV/c? at the 95% C.L., where thesn
expected exclusion region is 124 < mpy < 221 GeV/c%ss0
Upper limits on fermiophobic Higgs boson production aress
also presented. 238
2383

2384

XII. ACKNOWLEDGMENTS 2385

2386

We thank the Fermilab staff and the technical staffgss?
of the participating institutions for their vital contribuzsss
tions. This work was supported by the U.S. Departmentss
of Energy and National Science Foundation; the Italiaiss
Istituto Nazionale di Fisica Nucleare; the Ministry ofso

Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the National Science Council of the
Republic of China; the Swiss National Science Founda-
tion; the A.P. Sloan Foundation; the Bundesministerium
fiir Bildung und Forschung, Germany; the Korean World
Class University Program, the National Research Foun-
dation of Korea; the Science and Technology Facilities
Council and the Royal Society, UK; the Russian Founda-
tion for Basic Research; the Ministerio de Ciencia e In-
novacién, and Programa Consolider-Ingenio 2010, Spain;
the Slovak R&D Agency; the Academy of Finland; the
Australian Research Council (ARC); and the EU com-
munity Marie Curie Fellowship contract 302103.

[1] S. L. Glashow, Nucl. Phys. 22, 579 (1961). 2418
[2] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967). 2419
[3] A. Salam, Proceedings of the 8th Nobel Symposium pzs20
367 (1969). .
[4] F. Englert and R. Brout, Phys. Rev. Lett. 13, 32ba
(1964). 2423
[5] P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964). 2424
[6] P. W. Higgs, Phys. Lett. 12, 132 (1964). 2425
[7] G. S. Guralnik, C. R. Hagen, and T. B. W. Kibblez2s
Phys. Rev. Lett. 13, 585 (1964). 2427
[8] T. Aaltonen et al. (CDF and DO Collaborations)zss
arXiv:1204.0042 (2012). 2429
[9] T. Aaltonen et al. (CDF and DO Collaborations), Physzso
Rev. D 86, 092003 (2012). 251

[10] The ALEPH, CDF, DO, DELPHI, L3, OPAL, ands:
SLD Collaborations, the LEP Electroweak Workingass
Group, the Tevatron Electroweak Working Groupzsss
and the SLD Electroweak and Heavy Flavour Groupszsss
arXiv:1012.2367v2 (2011). The most recent valuessss
from March 2012, as quoted, are available fromuas
http://lepewwg.web.cern.ch/LEPEWWG/. 2438

[11] G. Abbiendi et al. (ALEPH, DELPHI, L3 and OPAlass0
Collaborations and LEP Working Group for Higgs bo2so

son searches), Phys. Lett. B 565, 61 (2003). 2441
[12] G. Aad et al. (ATLAS Collaboration), Phys. Lett. Buas
716, 1 (2012). 2013

[13] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett.
B 716, 30 (2012).

[14] ATLAS Collaboration, ATLAS-CONF-2012-158 (2012).

[15] S. Chatrchyan et al. (CMS Collaboration),
arXiv:1304.0213 (2013), submitted to Eur. Phys.
J. C.

[16] A.Djouadi, J. Kalinowski, and M. Spira, Comput. Phys.
Commun. 108, 56 (1998).

[17] J. F. Gunion, H. E. Haber, G. Kane, and S. Dawson,
“The Higgs Hunter’s Guide”, Addison-Wesley, Boston,
Massachusetts (1990).

[18] E. N. Glover, J. Ohnemus, and S. S. Willenbrock, Phys.
Rev. D 37, 3193 (1988).

[19] T. Han and R.-J. Zhang, Phys. Rev. Lett. 82, 25 (1999).

[20] T. Han, A. S. Turcot, and R.-J. Zhang, Phys. Rev. D
59, 093001 (1999).

[21] M. Dittmar and H. K. Dreiner, Proceedings, Ringberg
workshop, Tegernsee 1996, The Higgs puzzle, arXiv:hep-
ph/9703401 (1997).

[22] T. Aaltonen et al. (CDF Collaboration), Phys. Rev.
Lett. 102, 021802 (2009).

[23] T. Aaltonen et al. (CDF Collaboration), Phys. Rev.
Lett. 104, 061803 (2010).

[24] V. M. Abazov et al. (DO Collaboration), Phys. Rev.
Lett. 104, 061804 (2010).

[25] T. Aaltonen et al. (CDF and DO Collaborations), Phys.



2444
2445
2446
2447
2448
2449
2450
2451
2452
2453
2454
2455
2456
2457
2458
2459
2460
2461
2462
2463
2464
2465
2466
2467
2468
2469
2470
2471
2472
2473
2474
2475
2476
2477
2478
2479
2480
2481
2482
2483
2484
2485
2486
2487
2488
2489
2490
2491
2492
2493
2494
2495
2496
2497
2498
2499
2500
2501
2502
2503
2504
2505
2506
2507

Rev. Lett. 104, 061802 (2010). 2508
[26] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Dsoo
85, 072001 (2012). 2510
[27] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Dsu
85, 052002 (2012). 2512
[28] V. M. Abazov et al. (DO Collaboration), Phys. Rev. Dsis
86, 032005 (2012). 2514
[29] V. M. Abazov et al. (DO Collaboration), Phys. Revass
Lett. 105, 251801 (2010). 2516
[30] T. Aaltonen et al. (CDF Collaboration), Phys. Lett. Bsiz
715, 98 (2012). -
[31] T. Aaltonen et al. (CDF Collaboration), Phys. Revasio
Lett. 104, 141801 (2010). 262
[32] V. Abazov et al. (DO Collaboration), Phys. Rev. Lettasa
104, 071801 (2010). -
[33] H. M. Georgi, S. L. Glashow, M. E. Machacek, and D. Vas2s
Nanopoulos, Phys. Rev. Lett. 40, 692 (1978). 2524
[34] S. Dawson, Nucl. Phys. B359, 283 (1991). 2525
[35] A. Djouadi, M. Spira, and P. M. Zerwas, Phys. Lett. Bszs
264, 440 (1991). .
[36] M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwaszss
Nucl. Phys. B453, 17 (1995). 2529
[37] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lettzsso
88, 201801 (2002). 251
[38] C. Anastasiou and K. Melnikov, Nucl. Phys. B646, 220s3:
(2002). 2533
[39] V. Ravindran, J. Smith, and W. L. van Neerven, Nuclzsss
Phys. B665, 325 (2003). .
[40] D. de Florian and M. Grazzini, Phys. Lett. B 674, 29bsss
(2009). 2537
[41] C. Anastasiou, R. Boughezal, and F. Petriello, J. Higlesss
Energy Phys. 04, 003 (2009). 2530
[42] U. Aglietti, R. Bonciani, G. Degrassi, and A. Vicinizso
Phys. Lett. B 595, 432 (2004). 2541
[43] S. Catani, D. de Florian, M. Grazzini, and P. Nason, Jzss
High Energy Phys. 07, 028 (2003). 2543
[44] A.D. Martin, W. J. Stirling, R. S. Thorne, and G. Wattzss
Eur. Phys. J. C 63, 189 (2009). 2545

[45] S. Moch and A. Vogt, Phys. Lett. B 631, 48 (2005). 2546
[46] C. Anastasiou, K. Melnikov, and F. Petriello, Physzss

Rev. Lett. 93, 262002 (2004). s
[47] C. Anastasiou, K. Melnikov, and F. Petriello, Nuclzso
Phys. B724, 197 (2005). 2550
[48] S. Catani and M. Grazzini, Phys. Rev. Lett. 98, 222002ss:
(2007). 2552

[49] M. Grazzini, J. High Energy Phys. 02, 043 (2008). 2553
[50] C. Anastasiou, G. Dissertori, M. Grazzini, F. Stocklizsss

and B. R. Webber, J. High Energy Phys. 08, 099 (2009)2ss5
[61] J. M. Campbell, R. K. Ellis, and C. Williams, Physzsse

Rev. D 81, 074023 (2010). 2557
[52] S. Dittmaier et al. (LHC Higgs Cross Section Workingsss
Group), arXiv:1201.3084 (2012). 2559
[53] I. W. Stewart and F. J. Tackmann, Phys. Rev. D 853560
034011 (2012). 2561
[54] M. Botje et al. (PDF4ALHC Working Group)sse
arXiv:1101.0538 (2011). 2563
[65] S. Dittmaier et al. (LHC Higgs Cross Section Workingsss
Group), arXiv:1101.0593 (2011). 2565
[56] J. Baglio and A. Djouadi, J. High Energy Phys. 10, 064ses
(2010). 2567
[57] G. Ferrera, M. Grazzini, and F. Tramontano, Phys. Revases
Lett. 107, 152003 (2011). 2560

[58] K. A. Assamagan et al. (Higgs Working Group)szswo
arXiv:hep-ph/0406152 (2004). 2571

46

[59] O. Brein, A. Djouadi, and R. Harlander, Phys. Lett. B
579, 149 (2004).

[60] M. L. Ciccolini, S. Dittmaier, and M. Kramer, Phys.
Rev. D 68, 073003 (2003).

[61] P. Bolzoni, F. Maltoni, S.-O. Moch, and M. Zaro, Phys.
Rev. Lett. 105, 011801 (2010).

[62] E. L. Berger and J. M. Campbell, Phys. Rev. D 70,
073011 (2004).

[63] M. Ciccolini, A. Denner, and S. Dittmaier, Phys. Rev.
D 77, 013002 (2008).

[64] M. Ciccolini, A. Denner, and S. Dittmaier, Phys. Rev.
Lett. 99, 161803 (2007).

[65] A.Bredenstein, A. Denner, S. Dittmaier, and M. Weber,
Phys. Rev. D 74, 013004 (2006).

[66] A.Bredenstein, A. Denner, S. Dittmaier, and M. Weber,
J. High Energy Phys. 02, 080 (2007).

[67] G. D. Kribs, T. Plehn, M. Spannowsky, and T. M. P.
Tait, Phys. Rev. D 76, 075016 (2007).

[68] C. Anastasiou, R. Boughezal, and E. Furlan, J. High
Energy Phys. 06, 101 (2010), 1003.4677.

[69] L. Brucher and R. Santos, Eur. Phys. J. C 12, 87 (2000).

[70] R. Blair et al. (CDF Collaboration), FERMILAB-PUB-
96-390-E (1996).

[71] F. Abe et al. (CDF Collaboration), Nucl. Instrum.
Meth. A 271, 387 (1988).

[72] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005).

[73] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
052003 (2005).

[74] A. Abulencia et al. (CDF Collaboration), J. Phys. G
34, 2457 (2007).

[75] Positions and angles are expressed in a cylindrical coor-
dinate system, with the z axis directed along the pro-
ton beam. The origin of the coordinate system lies at
the center of the detector. The azimuthal angle ¢ around
the beam axis is defined with respect to a horizontal vec-
tor running outwards from the center of the Tevatron,
and radii are measured with respect to the beam axis.
The polar angle 0 is defined with respect to the proton
beam direction, and the pseudorapidity 7 is defined to
be n = —In[tan(6/2)]. The transverse energy and mo-
mentum of a particle are defined as Fr = Esinf and
pr = psin @, respectively.

[76] T. Nelson et al. (CDF Collaboration), Int. J. Mod. Phys.
A 16, 1091 (2001).

[77] C. S. Hill (CDF Collaboration), Nucl. Instrum. Meth.
A 511, 118 (2003).

[78] A. Sill (CDF Collaboration), Nucl. Instrum. Meth. A
447, 1 (2000).

[79] A. A. Affolder et al. (CDF Collaboration), Nucl. In-
strum. Meth. A 453, 84 (2000).

[80] A. A. Affolder et al. (CDF Collaboration), Nucl. In-
strum. Meth. A 526, 249 (2004).

[81] L. Balka et al. (CDF Collaboration), Nucl. Instrum.
Meth. A 267, 272 (1988).

[82] M. Albrow et al. (CDF Collaboration), Nucl. Instrum.
Meth. A 480, 524 (2002).

[83] S. Bertolucci et al. (CDF Collaboration), Nucl. Instrum.
Meth. A 267, 301 (1988).

[84] A. Bhatti et al. (CDF Collaboration), Nucl. Instrum.
Meth. A 566, 375 (2006).

[85] A. Artikov et al., Nucl. Instrum. Meth. A 538, 358
(2005).

[86] D. Acosta et al. (CDF Collaboration), Nucl. Instrum.



2572
2573
2574
2575
2576
2577
2578
2579
2580
2581
2582
2583
2584
2585
2586
2587
2588
2589
2590
2591
2592
2593
2594
2595
2596
2597
2598
2599
2600
2601
2602
2603
2604
2605
2606
2607
2608
2609
2610

Meth. A 461, 540 (2001). 2611
[87] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lettas
94, 091803 (2005). 2613
[88] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Dsis
75, 092004 (2007). 2615
[89] D. Acosta et al. (CDF Collaboration), Phys. Rev. D T13s16
052003 (2005). 2617
[90] D. Brun and F. Carminati, CERN Program Libraryss
Long Writeup W5013 (1993), unpublished. 2619
[91] T. Sjostrand, S. Mrenna, and P. Skands, J. High Energyszo
Phys. 05, 026 (2006). 2621
[92] H. L. Lai et al. (CTEQ Collaboration), Eur. Phys. J. Gez
12, 375 (2000). 2623

[93] J. Pumplin et al., J. High Energy Phys. 07, 012 (2002)2624
[94] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Des
82, 034001 (2010). 2626
[95] S. Frixione and B. R. Webber, J. High Energy Phys. 062627
029 (2002). 2628
[96] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, andeo
T. Stelzer, J. High Energy Phys. 06, 128 (2011). 2630
[97] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittauges:
and A. D. Polosa, J. High Energy Phys. 07, 001 (2003)2s32
[98] U. Baur and E. L. Berger, Phys. Rev. D 47, 4889 (1993)2s33
[99] T. Binoth, M. Ciccolini, N. Kauer, and M. Kramer, Jze34

High Energy Phys. 03, 065 (2005). 2635
[100] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Dsss
84, 071105(R) (2011). 2657
[101] T. Aaltonen et al. (CDF Collaboration), Phys. Revasss
Lett. 105, 252001 (2010). 2639
[102] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Dsw
79, 072010 (2009). 2641
[103] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Dss
79, 072001 (2009). soss
[104] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Deas
74, 032009 (2006). s
[105] T. Aaltonen et al. (CDF Collaboration), Phys. Revaes
Lett. 101, 252001 (2008). 2647

[106] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
82, 112005 (2010).

47

[107] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
82, 112001 (2010).

[108] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
85, 052002 (2012).

[109] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
80, 071101 (2009).

[110] S.-C. Hsu, FERMILAB-THESIS-2008-61 (2008).

[111] J. M. Campbell and R. K. Ellis, Phys. Rev. D 60,
113006 (1999).

[112] M. Feindt and U. Kerzel, Nucl. Instrum. Meth. A 559,
190 (2006).

[113] A. Hoecker, P. Speckmayer, J. Stelzer, J. Therhaag,
E. von Toerne, and H. Voss, arXiv:physics/0703039
(2007).

[114] Breiman, L. et al., “Classification and Regression Trees”,
Wadsworth and Brooks, Monterey, California (1984).

[115] For this analysis the maximum number of trees is set
at 400, the maximum allowed depth for each tree is 5
and each node is required to have at least 400 events. At
each node the cut value is optimized by scanning over
the variable range with a granularity of 20 steps. We
use the Gini index as a separation criterion and apply
the adaptive boosting algorithm [122] with a boosting
parameter of 0.2.

[116] S. Moch and P. Uwer, Nucl. Phys. Proc. Suppl. 183, 75
(2008).

[117] A. D. Martin, R. G. Roberts, W. J. Stirling, and R. S.
Thorne, Eur. Phys. J. C 28, 455 (2003).

[118] J. Beringer et al. (Particle Data Group), Phys. Rev. D
86, 010001 (2012).

[119] T. Aaltonen et al. (CDF Collaboration), Phys. Rev.
Lett. 104, 201801 (2010).

[120] T. Aaltonen et al. (CDF Collaboration), PhysRev. Lett.
108, 101801 (2012).

[121] T. Aaltonen et al., Phys. Rev. D 86, 031104(R) (2012).

[122] Y. Freund and R. E. Schapire, Journal of Computer and
System Sciences 55, 119 (1997).



