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We present a search for standard model (SM) Higgs boson production using pp collision data at
s = 1.96 TeV, collected with the CDF II detector and corresponding to an integrated luminosity of
4.8 fb~!'. We search for Higgs bosons produced in all processes with a significant production rate and
decaying to two W bosons. We find no evidence for SM Higgs boson production and place upper limits at
the 95% confidence level on the SM production cross section (o) for values of the Higgs boson mass
(my) in the range from 110 to 200 GeV. These limits are the most stringent for my > 130 GeV and are
1.29 above the predicted value of oy for my = 165 GeV.
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The standard model (SM) of particle physics unifies the
electromagnetic and weak interactions into a single elec-
troweak theory. However, experimental evidence and cal-
culations in the framework of the SM show a difference of
orders of magnitude in the cross section of electromagnetic
and weak interactions at low energy. This fundamental
difference is explained by the masses of the weak W and
Z intermediate bosons that mediate the weak interactions.
These massive bosons are a result of electroweak symme-
try breaking, which in the SM occurs through the Higgs
mechanism. This theory is directly testable by the experi-
mental observation of the Higgs boson, which is one of the
primary objectives of modern particle physics. The pro-
duction of Higgs bosons is expected to be observable at the
Tevatron [1] where the Higgs boson has a large enough
cross section as calculated at next-to-next-to-leading order
(NNLO) [2-4] for exclusions or evidence to be seen with
current data sets.

In this Letter we present a search for the production of
SM Higgs bosons with subsequent decay to two oppositely
charged W*) bosons, where the asterisk indicates that W
bosons can be virtual. This search is most sensitive at high
SM Higgs boson mass, my > 135 GeV [5], where the
Higgs boson decay to W bosons is dominant [6].
Previous published searches for high-mass SM Higgs bo-
sons set upper limits at the 95% confidence level (C.L.) on
the production cross section for a SM Higgs boson (o) of
at best 1.7 times greater than the predicted value [7]. The
DO collaboration is concurrently reporting an updated
search of comparable sensitivity in this channel [8]. The
results presented here improve the sensitivity of previous
published searches by including new data, new search
topologies, and by performing an inclusive search for all
SM Higgs boson production processes with significant
rate: gluon-gluon fusion through virtual-quark loops
(ggH) [9,10]; production in association with a W or Z
vector boson (VH) [11-13]; and vector boson fusion
(VBF) [11,14]. The SM values of oy for these processes
at my =160 GeV are o,y = 0439 pb, oyy =
0.051 pb, o2y = 0.033 pb, and oygg = 0.039 pb. This
inclusive search expands the acceptance by 50% for my =
160 GeV compared to searching for only the ggH produc-
tion process as done previously by CDF [7].

The CDF II detector consists of a solenoidal spectrome-
ter with a silicon tracker and an open cell drift-chamber
(COT) surrounded by calorimeters and muon detectors
[15]. The geometry is characterized using the azimuthal
angle ¢ and the pseudorapidity 7 = — In[tan(#/2)], where
0 is the polar angle relative to the proton beam axis.
Transverse energy, E7, is defined to be E sinfl, where E is
the energy of an electromagnetic (EM) and hadronic calo-
rimeter energy cluster. Transverse momentum, py, is the
track momentum component transverse to the beam line.

PACS numbers: 14.80.Bn, 13.85.Rm

This analysis uses physics objects identified as jets,
electrons, and muons as well as the estimated missing
transverse energy. Electron and muon candidates (called
electrons and muons for simplicity) are typically identified
using the COT and EM calorimeter or muon chambers,
respectively, and are described in detail below. Jet candi-
dates (jets) are measured using the calorimeter towers with
corrections to improve the estimated energy [16] and are
required to have a measured Er greater than 15 GeV and

|pl < 2.5. The missing transverse energy vector, Fr, is
defined as the opposite of the vector sum of the E7 of all
calorimeter towers, corrected to produce the correct aver-
age calorimeter response to jets and for the calorimeter
response to muons.

The search is based on the requirement that events
contain two charged leptons resulting from the decays of
the final-state vector bosons. These leptons have opposite
charge except in the case of the VH channel where they can
have the same charge. We also make requirements on the
F+ (explained below), which is indicative of the presence
of neutrinos, in opposite-charge dilepton events. The Higgs
boson signature can also involve jets of hadrons produced
from the decay of one of the vector bosons in the VH
process, forward quarks in the VBF process, or from the
radiation of gluons.

One lepton must be identified by a trigger which per-
forms real time selection of electrons or muons. One
electron trigger requires an EM energy cluster in the cen-
tral calorimeter (|| < 1.1) with E; > 18 GeV pointed to
by a COT track with p; > 8 GeV. A second electron
trigger requires an EM energy cluster with E; > 20 GeV
in the forward calorimeter (1.2 < |n| <2.0) and uncor-
rected F; > 15 GeV. Muon triggers are based on track
segments in the muon chambers that are matched to a
COT track with py > 18 GeV. Trigger efficiencies are
measured using samples of observed leptonic Z decays
[17].

The selected events consist primarily of background SM
processes from three categories. The first category contains
processes that like the signal result in two charged leptons,
F 1, and possible jets, such as two W bosons contributed by
direct production (WW), production of two Z bosons (ZZ)
where one Z boson decays to neutrinos, and top-quark pair
production (¢7) where the W bosons from top-quark decay
subsequently decay leptonically. The second category con-
sists of processes such as Drell-Yan (DY) production with
possible jets where the observed J; originates from the
mismeasurement of lepton or jet energies. Also in this
category are ZZ and WZ production where one or more
of the final-state charged leptons are unobserved. The third
category includes W + jets (Wj) and W<y production
where a final-state jet or gamma is misidentified as a
charged lepton.
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Higgs boson candidates are selected and contributions
from the last two categories of background are reduced by
applying the following initial selection. At least one
charged lepton is required to match the lepton found in
the trigger and have E;(py)>20 GeV for electrons
(muons). The second charged lepton is required to have
Ey(pr) > 10 GeV except in events with same charge lep-
tons, where both leptons are required to have E;(py) >
20 GeV. To reduce backgrounds from processes resulting
in objects misidentified as charged leptons from vector
boson decay (fake leptons), we employ a modified version
of the lepton identification strategy developed for the WZ
observation analysis [7,18]. Candidate leptons are sepa-
rated into seven categories: two for electrons; four for
muons; and one for isolated tracks that project to detector
regions with insufficient calorimeter coverage for energy
measurements. The electron categories are distinguished
by whether the electron is found using the central or the
forward calorimeter. Electrons are further purified by a
likelihood selection based on track quality, track-
calorimeter matching, calorimeter energy, calorimeter pro-
file shape, and isolation information. Two of the muon
categories use muons found in the central or forward
muon chambers and the other two use tracks consistent
with originating from minimum ionizing particles in either
the central or forward calorimeters. Leptons are selected to
be isolated by requiring that the sum of the E; for the
calorimeter towers (or for central muons the sum of track

momenta) in a cone of AR =+/(An)>+ (A¢p)*> <0.4

around the lepton is less than 10% of the electron Ep
(muon py). Backgrounds involving mismeasured f, are
reduced by requiring £7 . > 25 GeV for dielectrons, di-
muons or events involving isolated tracks and K7 >
15 GeV for electron-muon events, where Fr . = Er if
Adp i > 7+ Frsinddy, ey if Ady, rjey <7 and
Ady, @jey is the angle between the F; direction and the
nearest lepton or jet. The £ selection is not applied for
same charge lepton events since mismeasured J; back-
grounds are not large. We reduce DY production and heavy
flavor backgrounds by requiring that the invariant mass of
the lepton pair be greater than 16 GeV.

We further subdivide the observed events into six analy-
sis channels based on jet multiplicity, lepton categories,
and lepton charge combinations. The division is designed
to optimize the sensitivity to the various Higgs boson
production mechanisms [19]. Five of the channels have
signatures with opposite-charge leptons. Events with zero
jets and two central leptons are most sensitive to the
leading order (LO) ggH process and have WW production
as the dominant background. Events with zero jets, in
which one lepton is identified as a forward electron or
forward minimum ionizing track have an additional sig-
nificant background from fake lepton sources. As in the
zero jet case, we define two categories with one jet which
are additionally sensitive to VH and VBF Higgs boson

production. Events with two or more jets with any combi-
nation of opposite-charge leptons can originate from any
Higgs boson production process and have ¢7 as the domi-
nant background. To reduce the ¢7 background we reject
events with b-quark jets [20], which are identified by
finding displaced vertices from tracks in the jets. We define
a separate channel for same charge dilepton events with
one or more jets. Here we exclude forward electrons as the
charge misidentification rate in the forward region is high.
This category consists of signal events from VH produc-
tion, where one lepton originates from the associated vec-
tor boson decay, and Wj events, where the jet is
misidentified as a lepton. In addition to extended accep-
tance for VH and VBF production the final two channels
add search topologies which are new compared to Ref. [7].

The acceptances, efficiencies and kinematic properties
of the signal and background processes are determined
primarily using simulation. Events are simulated with the
MC@NLO program for WW [21], PYTHIA for H — WW®),
DY, WZ, ZZ, and tf [22], and the generator described in
Ref. [23] for W+y. The response of the CDF II detector is
then estimated with a GEANT-based simulation [24]. The
cross sections for each process are normalized to NNLO
calculations with logarithmic resummation (ggH [9,10]),
NNLO (VH [11-13] and #f for a top-quark mass of
172.4 GeV [25]), and next-to-leading order calculations
(VBF [11,14], WW [21], WZ and ZZ [26], and Wy [27]).
Efficiency corrections for the simulated CDF II detector
response for lepton, photon conversion, and b-jet recon-
struction and identification are determined using samples
of observed Z — €*{¢~, photon conversions, and b-jets
events, respectively. The probability that a jet will be
misidentified as a lepton is measured using a sample of
observed events collected with jet-based triggers and cor-
rected for the contributions of leptons from W and Z
decays. These probabilities are applied to each jet in a
W enriched sample to estimate the number of W events
that pass the selection [28].

Based on the selection described above we expect 594 =
63 WW, 97 £ 13 WZ and ZZ, 196 = 32 11, 339 = 61 DY,
and 404 = 72 W+ and W events, for a total of 1630 = 140
estimated background events. As an example, for a SM
Higgs boson with my = 160 GeV we expect 21.5 =
4.7 ggH, 438 = 0.57 WH, 1.59 £ 0.21 ZH, and 1.61 =
0.26 VBF events, for a total of 29.1 = 4.9 Higgs boson
events. We observe 1648 events. The indicated uncertain-
ties are systematic and are described below.

After the initial selection the proportion of expected
signal versus background is not sufficient to allow a sig-
nificant result to be extracted quantifying the amount of
signal present. Discrimination of signal from background
is greatly enhanced by employing multivariate techniques.
We train neural networks (NNs) using the NEUROBAYES
[29] program with a combination of background events and
simulated signal events for each analysis channel and at
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FIG. 1 (color online). The combined distribution of NN scores
for backgrounds and a my = 160 GeV Higgs boson compared to
the observed data shown with statistical uncertainties. The Higgs
boson distribution is normalized to 10 times the SM expectation.

each of 14 hypothesized my values in the range 110 =
mpy = 200 GeV. The inputs to the NNs are based on kine-
matic quantities selected to exploit features such as the spin
correlation between the W bosons in Higgs boson decay,
which results in the charged leptons from the W decays
tending to be more collinear than in WW events, the
presence of large F; from the neutrinos, the transverse
mass of the Higgs boson, which can be reconstructed from

the leptons’ four-momenta and £, and the modest total
energy of the Higgs boson decay products compared to 7
decay [19]. In the zero jet categories we additionally
classify each event by evaluating the observed kinematic
configuration in a likelihood ratio of the signal probability
density divided by the sum of the signal and background
probability densities. These probability densities are deter-
mined from LO matrix element calculations of the cross
sections [18,28].

An example NN discriminant distribution for the com-
bination of all categories is shown in Fig. 1. Signal and the
a priori background expectations for a 160 GeV Higgs
boson are shown compared to the observed data.

We do not observe a significant excess of events and set
upper limits at the 95% C.L. on oy, expressed as a ratio to
the expected SM rate as a function of my. We employ a
Bayesian technique [30] using a likelihood function con-
structed from the joint Poisson probability of observing the

data in each bin of the discriminant NN output variables in
each channel, integrating over the uncertainties of the
normalization parameters using Gaussian priors. A con-
stant prior in the signal rate is assumed.

When setting these limits we consider a variety of
possible systematic effects including both those that
change the normalization and those that change the shape
of the kinematic distributions. The dominant systematic
uncertainties are those on the theory predictions for the
cross sections of signal and background processes and for
the data driven background estimate used for W . In addi-
tion, we consider the effect of variations from choices of
renormalization and factorization scales, parton distribu-
tion function uncertainties, and differences between LO
and higher order calculations on the acceptance of signal
and background processes. The uncertainties on o are 5%
for WH and ZH, and 10% for VBF. We estimate an addi-
tional channel-dependent uncertainty for the ggH process
of approximately 7%—-70%, to account for scale variation
cross section and acceptance uncertainties as a function of
the number of identified jets, and a gluon PDF error of 8%
following phenomenological NNLO studies [31]. The
cross section uncertainties are 6% for diboson production,
10% for tf production, and 5% for DY production. We
estimate an acceptance uncertainty to account for kine-
matic differences between generating at LO and higher
order of 10% for all simulated processes except WW,
DY, and ggH. We simulate the WW process at higher order
and assess a smaller uncertainty of 5%. The jet multiplicity
and J; distributions for the DY process are not well
modeled by the simulation and we assess uncertainties
from 17%-32% depending on channel. We assess uncer-
tainties of 20% and approximately 20%—30%, depending
on channel, on Wy and W backgrounds, respectively, due
to our modeling of conversion and fake lepton back-
grounds. We also consider uncertainties on lepton identi-
fication and trigger efficiencies, which range from 1.4% to
3.4%. Finally, we assess a 5.9% uncertainty on the inte-
grated luminosity.

In Table I and Fig. 2 we show the median expected and
observed upper limits on o for 14 my hypotheses calcu-
lated using the techniques and uncertainties explained
above for the combination of all analysis categories.

In conclusion, we have performed an inclusive search
for SM Higgs boson production in the two W boson decay

TABLE I. Median expected and observed 95% C.L. upper limits on o presented as a ratio to the predicted SM values of o as a
function of my.

my (GeV) 110 120 130 140 145 150 155
Expected/ogy 26.27 8.85 4.41 2.85 243 2.05 1.67
Observed/ogy 38.89 12.04 6.38 4.21 3.23 2.62 2.04
my (GeV) 160 165 170 175 180 190 200
Expected/agy 1.26 1.20 1.44 1.72 2.09 3.24 453
Observed/ogy 1.34 1.29 1.69 1.94 2.24 4.06 6.74
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FIG. 2 (color online). Expected and observed upper limits at
the 95% C.L. on oy presented as a ratio to the predicted SM
values as a function of my. The dashed line represents the
median expected limits, the green and yellow bands the esti-

mated one and two sigma probability bands for the distribution
of expectations, and the solid line the observed limit.

mode where the final state contains two charged leptons.
We observe no evidence for SM Higgs boson production
and set upper limits on . These limits are the most
stringent to date from a single experiment for high-mass
SM Higgs boson production. We limit (at the 95% C.L.)
SM Higgs boson production to be no larger than 1.34 and
1.29 times the expected SM cross sections for my = 160
and my = 165 GeV, respectively.

We thank the Fermilab staff and the technical staffs of
the participating institutions for their vital contributions.
This work was supported by the U.S. Department of
Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
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
fir Bildung und Forschung, Germany; the World Class
University Program, the National Research Foundation of
Korea; the Science and Technology Facilities Council and
the Royal Society, UK; the Institut National de Physique
Nucleaire et Physique des Particules/CNRS; the Russian
Foundation for Basic Research; the Ministerio de Ciencia e
Innovacion, and Programa Consolider-Ingenio 2010,
Spain; the Slovak R&amp;D Agency; and the Academy
of Finland.

“Deceased

"Visitor from University of Massachusetts Ambherst,
Ambherst, MA 01003, USA.

061803-7

“Visitor from Universiteit Antwerpen, B-2610 Antwerp,
Belgium.

dvisitor from University of Bristol, Bristol BS8 ITL,
United Kingdom.

“Visitor from Chinese Academy of Sciences, Beijing
100864, China

Visitor from Istituto Nazionale di Fisica Nucleare, Sezione
di Cagliari, 09042Monserrato (Cagliari), Italy.

€Visitor from University of California Irvine, Irvine, CA
92697, USA.

"Visitor from University of California Santa Cruz, Santa
Cruz, CA 95064, USA.

iVisitor from Cornell University, Ithaca, NY 14853,
USA.

WVisitor from University of Cyprus, Nicosia CY-1678,
Cyprus.

YVisitor from University College Dublin, Dublin 4, Ireland.
"Visitor from University of Edinburgh, Edinburgh EH9
3JZ, United Kingdom.

MVisitor from University of Fukui, Fukui City, Fukui
Prefecture, Japan 910-0017.

"Visitor from Kinki University, Higashi-Osaka City, Japan
577-8502.

“Visitor from Universidad Iberoamericana, Mexico D.F,,
Mexico.

PVisitor from University of Iowa, Towa City, IA 52242,
USA.

9Visitor from Kansas State University, Manhattan, KS
66506, USA.

"Visitor from Queen Mary, University of London, London,
E1 4NS, United Kingdom.

*Visitor from University of Manchester, Manchester M13
9PL, United Kingdom.

Visitor from Muons, Inc., Batavia, IL 60510, USA.
“Visitor from Nagasaki Institute of Applied Science,
Nagasaki, Japan.

“Visitor from University of Notre Dame, Notre Dame, IN
46556, USA.

“Visitor from Obninsk State University, Obninsk, Russia.
*Visitor from University de Oviedo, E-33007 Oviedo,
Spain.

YVisitor from Texas Tech University, Lubbock, TX 79609,
USA.

“Visitor from IFIC(CSIC-Universitat de Valencia), 56071
Valencia, Spain.

“Visitor from Universidad Tecnica Federico Santa Maria,
110v Valparaiso, Chile.

®Visitor from University of Virginia, Charlottesville, VA
22906, USA.

““Visitor from Bergische Universitit Wuppertal, 42097
Wuppertal, Germany.

ddyjisitor from Yarmouk University, Irbid 211-63, Jordan.

““On leave from J. Stefan Institute, Ljubljana, Slovenia.

[1] T. Han and R.-J. Zhang, Phys. Rev. Lett. 82, 25 (1999).
[2] R.V. Harlander and W.B. Kilgore, Phys. Rev. Lett. 88,

201801 (2002).

[3] C. Anastasiou and K. Melnikov, Nucl. Phys. B 646, 220

(2002).



PRL 104, 061803 (2010)

PHYSICAL REVIEW LETTERS

week ending
12 FEBRUARY 2010

(4]
(5]
(6]
(7]
(8]
(9]
[10]

(11]

V. Ravindran, J. Smith, and W.L. van Neerven, Nucl.
Phys. B 665, 325 (2003).

We use natural units where ¢ and 7 are taken as unity and
momentum and mass are referred to in units of energy.
A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys.
Commun. 108, 56 (1998).

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

V.M. Abazov et al. (DO Collaboration), this issue, Phys.
Rev. Lett. 104, 061804 (2010).

D. de Florian and M. Grazzini, Phys. Lett. B 674, 291
(2009).

C. Anastasiou, R. Boughezal, and F. Petriello, J. High
Energy Phys. 04 (2009) 003.

K. A. Assamagan et al. (Higgs Working Group), arXiv:
hep-ph/0406152.

O. Brein, A. Djouadi, and R. Harlander, Phys. Lett. B 5§79,
149 (2004).

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

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

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

A. Bhatti et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 566, 375 (20006).

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

[18]
[19]
(20]
(21]
[22]

(23]
(24]

[25]
[26]
(27]
(28]
[29]
(30]

(31]

061803-8

A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett.
98, 161801 (2007).

D. Hidas, Ph.D. thesis, Duke University [Fermilab Report
No. FERMILAB-THESIS-2008-83, 2008].

A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett.
97, 082004 (2006).

S. Frixione and B.R. Webber, J. High Energy Phys. 06
(2002) 0209.

T. Sjostrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026.

U. Baur and E. L. Berger, Phys. Rev. D 47, 4889 (1993).
R. Brun, R. Hagelberg, M. Hansroul, and J. Lassalle,
version 3.15, Report No. CERN-DD-78-2-REV.

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

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

U. Baur, T. Han, and J. Ohnemus, Phys. Rev. D 57, 2823
(1998).

S.-C. Hsu, Ph.D. thesis, UC, San Diego [Fermilab Report
No. FERMILAB-THESIS-2008-61, 2008].

M. Feindt and U. Kerzel, Nucl. Instrum. Methods Phys.
Res., Sect. A 559, 190 (20006).

C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

C. Anastasiou, G. Dissertori, M. Grazzini, F. Stockli, and
B.R. Webber, J. High Energy Phys. 08 (2009) 099.



