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A search for the Higgs boson in H — WW"* — puu decays in pp collisions at a center-of-mass
energy of v/s = 1.96 TeV is presented. The data, corresponding to an integrated luminosity of
~ 930 pb~!, have been collected from April 2002 to February 2006 with the Run II D@ detector.
No significant excess above the Standard Model background has been observed.
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I. INTRODUCTION

In this note a search for Higgs bosons decaying to the WW* final state in the D@ experiment at the Tevatron is
presented. To achieve a good signal-to-background ratio, the leptonic decay mode H — WW* — puvv is considered,
leading to a final state with two muons and missing transverse momentum. Searches in this decay mode are particularly
sensitive to a Higss Bosons with mass around 160 GeV [1-3]. If combined with searches exploiting the WH and ZH
associated production, this decay mode also increases the sensitivity for the Higgs boson searches in the low mass
region My ~ 120 GeV.

Upper limits on the H — WW™* — puu cross section with smaller data sets have already been presented in Ref. [4].
In the present analysis the larger D@ dataset available is included. An analysis of H — WW* — I’ (I,I' = e, u)
using 1 fb~! of data can be found in Ref. [5]. The data sample used in this analysis has been collected between April
2002 and February 2006 by the D@ detector at the Fermilab Tevatron collider at /s = 1.96 TeV.

The main components of the D@ Run II detector [6] important to this analysis are described briefly. The main
detector systems include a magnetic spectrometer, a calorimeter and a muon detector.

The central detector consists of the silicon microstrip tracker (SMT) and the central fiber tracker (CFT) within a
2 T solenoidal magnetic field. In the central region the SMT is composed of six alternating axial barrel and radial
disk detector components. Five additional disks on either side extend the forward tracking up to pseudo-rapidities of
[ndet| ~ 2.5 for particles originating from the center of the detector. The six barrel segments consist of 4 super-layers
of silicon detectors covering a radius from 2.7 to 9.4 cm. The SMT is encased by the CFT with an outer radius of
52 cm. The CFT consists of eight layers of scintillating fiber strips. Each of the layers is composed of 2 doublet layers.
Light signals are transferred using fibers to solid-state photon counters (VLPC) that have a quantum efficiency of
about 80%.

The calorimeter is a liquid argon sampling calorimeter. It is comprised of a central calorimeter (CC) covering a
region up to a pseudo-rapidity of |nget| & 1.1 and two end calorimeters (EC) extending the coverage to |nget| =~ 4.2.
The calorimeter is separated into an electromagnetic section (20 radiation lengths), a fine hadronic layer and a coarse
hadronic layer.

The muon system consists of one layer inside and two layers outside of an iron toroid magnet with a field strength of
1.8 T inside the iron. Each layer consists of scintillators for fast triggering and drift tubes for position and momentum
measurement. Tracking in the muon system for |n| < 1 relies on 10 cm wide drift tubes [7], while 1 cm mini-drift
tubes are used for 1 < |n| <2 [8].

II. EVENT SELECTION

The H — WW?* — pu candidates are selected by triggering on single or di-muon events using a three level trigger
system. The first trigger level selects muon candidates formed by hits in two layers of the muon scintillator system.
Digital signal processors in the second trigger level form muon track candidate segments defined by hits in the muon
drift chambers and scintillators. At the third level, software algorithms running on a computing farm and exploiting
the full event information are used to make the final selection of events which are recorded for offline analysis.

In the further offline analysis Muon tracks are reconstructed from hits in the wire chambers and scintillators in
the muon system and must match a track in the central tracker. To select isolated muons, the scalar sum of the
transverse momentum of all tracks other than that of the muon in a cone of R = 0.5 around the muon track must be
less than 4 GeV, where R = 1/(A¢)? + (An)? and ¢ is the azimuthal angle. In addition the energy Eis, deposited in
a hollow cone with radius 0.1 < R < 0.4 around the position of the muon track in the calorimeter must be lower than
4 GeV for the leading muon. For the next-to-leading muon this requirement increases linearly from FEjy, < 1.0 GeV
for 10 GeV muons to Ejs, < 2.5 GeV for muons with a momentum of 30 GeV or more. This selection is designed
to reject background from W + jet — pv + jet events where the second muon comes from a jet. QCD background
is selected from data by inverting the isolation criteria to 4 GeV < Ejs, < 15 GeV. Muon detection is restricted to
the coverage of the muon system |n| < 2.0. Muons from cosmic rays are rejected by requiring a timing criterion on
the hits in the scintillator layers as well as applying restrictions on the position of the muon track with respect to the
primary vertex.

Two muons are required to be of opposite charge, and must have pp > 15 GeV for the leading muon and pp >
10 GeV for the trailing one. At least one of the muons must have an SMT hit.

A cut on the missing transverse energy in the event ¥ . > 20 GeV is applied to suppress the large Z/+* background.
Fig. 1 (left) shows the missing transverse energy distribution after preselection.

Events are removed if the £ . could have been produced by a mis-measurement of jet energies. A ¥ | significance

variable is defined by normalizing the I 1 to O’(E% | 1), a measure of the jet energy resolution projected onto the
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FIG. 1: Distribution of the leading muon momentum and the invariant mass after preselection for data (points) and sum of all backgrounds
(filled histograms). The expected signal, multiplied by a factor of 10, for the Standard Model Higgs is also shown.
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FIG. 2: Distribution of the sum of the lepton transverse momenta and the transverse mass of the next-to-leading muon after preselection.
The expected signal, multiplied by a factor of 10, for the Standard Model Higgs is also shown.

K+ direction:

Er
2 9
V2 T

where the sum is over all good jets in the event. Sig(¥ 1) is required to be greater than 7.

If the J  in an event comes from a mismeasured lepton the transverse mass of that lepton My (u, 1 ) will be
small. A selection of My (u, 1) > 55 GeV is applied for both muons.

A cut on the invariant dimuon mass 15 GeV < M, < 80 GeV removes remaining background from Z/y% — puu
decays. Fig. 1 shows the invariant mass distribution at preselection.

The distribution of the sum of the lepton transverse momenta and the missing transverse energy pr(ul) + pr(p2) +
K . after preselection is shown in Fig. 2. Selecting events with a pr sum between 100 GeV and 160 GeV removes

Sig(F T )=



Selection criterion Value

Cut 1 Preselection Trigger, ID, leptons with opposite charge
and pr(p1) > 15 GeV and pr(p2) > 10 GeV

Cut 2 Missing transverse energy I . Er >20GeV

Cut 3 Sig(¥ 1) Sig(¥ ) > 7 (for Nyt > 0)

Cut 4 M., (ILE ;) MY, (W) > 55 GeV

Cut 5 Invariant mass M, 15 GeV < M, < 80 GeV

Cut 6 Sum of pl + pY + B 100 GeV < pr(p1) + pr(p2) + B+ < 160 GeV

Cut 7 Hr (scalar sum of prfpet) Hr < 70 GeV

Cut 8 Lepton opening angle A¢uu Aduu < 2.0

TABLE I: Summary of the selection criteria for a Higgs mass My dependent selection.

further background.

tt events are further rejected by a Hr < 70 GeV, the scalar sum of the pr of good jets in the event.

Finally, the spin correlations in the decay of the Higgs boson are used. The leptons of the Higgs decay tend to
have a small opening angle, whereas leptons from most of the backgrounds are expected to be back-to-back. Thus it
is required that the opening angle between the leptons in the transverse plane A¢,,, is smaller than 2.0. The angle
Ag,,,, after preselection is shown in Fig. 3.
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FIG. 3: Distribution of the lepton opening angle after preselection (left) and after all other cuts are applied (right). The expected signal,
multiplied by a factor of 10, for the Standard Model Higgs is also shown.

III. MONTE CARLO SIMULATION OF SIGNAL AND BACKGROUND

The signal and Standard Model background processes have been generated with PYTHIA 6.319 [9] using the CTEQ6L
parton distribution functions, followed by a detailed GEANT-based [10] simulation of the D@ detector. The overall
detection efficiency ranges from (3.5 +0.1)% to (13.8 +0.3)% depending on the Higgs mass. Table IT summarizes the
event numbers for different Higgs masses. Using the NLO cross sections calculated with HDECAY [11] and HIGLU [12]



and branching fractions BR of 0.1057 £ 0.0022 for W — pv [13], the expected number of events for H — WW* — uu
is 0.351 £ 0.006(stat) events.

The Z/~v — Il cross section is calculated with CTEQ6.1M PDFs as o(Z/y — ll) = oo X Kgcp(Q?), with the LO
cross section calculated by Pythia LO PDF and the Kgcp at NNLO with NLO PDF, calculated according to [14, 15].
The cross section times branching ratio of Z/v — Il production in the invariant mass region 60 GeV < M;; < 130 GeV
is 0 x BR = 241.6 pb. The W — puv background level is calculated with NNLO corrections and CTEQ6.1M as listed
in [15]. For inclusive W boson production with decays into a single lepton flavor state this value is o x BR = 2583 pb.
The calculations of Ref. [16] are used for tt production with ¢ x BR = 0.076 pb with single flavor lepton decays
of both W bosons. The NLO WW, WZ and ZZ production cross section values are taken from Ref. [17] with
0 X BR=0.15 pb for WW, 0 x BR = 0.014 pb for WZ and ¢ x BR = 0.002 pb for ZZ production with decay into
a single lepton flavor state. The background due to multijet production is determined from the data using a sample
of di-muon events with inverted muon quality cuts.

The normalization used in this analysis is a factor that scales the NNLO Z/4* — uu cross section (see Fig. 1) to
the data in the mass region 60 GeV< M, <120 GeV. The estimated data sample size was found to be of the order
of ~ 930 pb~!. Data/MC muon correction factors have been applied to MC before normalization to Z/v* — uu. No
data/MC muon correction factors for trigger efficiencies have been applied and they are absorbed in the normalization
to Z/v* — pp. By using this method to estimate data sample size, the limit on the H — WW™* — pu cross section
is calculated relative to the NNLO Z/v* — uu cross section. Systematic uncertainties, coming from the luminosity
determination and from data/MC correction factors are canceled by using this normalization procedure.

A summary of the background contributions together with events observed in the data after the final selection is
shown in Table III.

Various sources of systematic uncertainties affect the background estimation and the signal efficiency of H — WW*
production: theoretical uncertainty of WW, ¢t and Z/v* production cross sections, Jet Energy Scale (JES), muon
reconstruction efficiencies and resolutions. Since the WW production is the dominant background for Higgs bosons,
the uncertainty on the WW production cross section is a major contribution (5%). The uncertainty in the QCD
background determination contributes with 4%. The Jet Energy Scale contributes with 1% and the momentum
resolution with 11%. Until the systematic uncertainties are completely studied, conservative systematic errors of
10% and 16% for the signal and background respectively are used. The systematic uncertainty on the normalization
factor is conservatively taken to be 5%. It results from the NNLO Z/v* — Il cross section uncertainty (4%), PDF
uncertainty (2%) and the statistical error on data/MC normalization factor (1%) .

IV. SUMMARY

A search for the Higgs boson is presented in H — WW™* — uu decays in pp collisions at a center-of-mass energy of
/s = 1.96 TeV. The data, collected from April 2002 to November 2005 with the Run II D@ detector, correspond to
an integrated luminosity of the order of ~ 930 pb~!. The number of events observed is consistent with expectations
from standard model backgrounds.
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H120 H140 H160 H180 H200

0.030+0.001 0.186+0.003 0.351£0.006 0.187+0.003 0.075+0.001

TABLE II: Event numbers with statistical errors for H — WW™* — puu for four different Higgs masses between 120 and 180
GeV.

TABLE III: Number of signal and background events expected and number of events observed after all selections are applied.
Only statistical uncertainties are given.

QCD tt Wbb W+jet/y WW  WZ Y

0.6£0.6 0.484+0.05 0£0 0.97£0.43 6.6+0.1 0.40£0.01 0+0

Zbb YA Z —pp Z — 717 Sum Data

0.044+0.02 0.13+0.01 0.6+0.4 0+0 9.8£0.8 9£3.0




