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We report on a search for a Higgs boson produced in association with a Z boson at D@ in
pp collisions at /s = 1.96 TeV at the Fermilab Tevatron collider. Events containing Z — ete™
or utp~, and two b-tagged jets are considered. Based on the integrated luminosity of 389 pb~!
(320 pb™') in the dielectron (dimuon) channel, good agreement between data and the expected
background has been observed. The combined result for both dielectron and dimuon final states

provides an upper limit on the ZH production cross section ranging from 4.5 pb to 6.1 pb for Higgs
masses between 105 and 145 GeV.

Preliminary Results for Summer 2006 Conferences



I. INTRODUCTION

One of the most sensitive production channels at the Tevatron for a Standard Model Higgs boson with a mass below
approximately 140 GeV is the associated production of a Higgs boson with a Z boson. The Z boson decays into quark
and anti-quark pair 69.8% of the time, but this four jet (additional two jets from H — bb) final state is overwhelmed
by a large background of multijet production. A search for ZH production in the vwbb final state, which has the
next largest branching fraction, has been reported [1]. In this note we present for the first time a search for the ZH
production in I+~ bb final states, where the [ is either an electron (dielectron channel) or a muon (dimuon channel).
The product of cross section and branching fraction (o(pp — ZH) x Br(H — bb)) is predicted to be 0.12-0.012 pb
for a Standard Model Higgs boson with a mass between 105 and 145 GeV.

The Z boson is reconstructed and identified from a pair of high pr isolated dilepton with an invariant mass
constraint. Events are required to have at least two b-tagged jets. We search for a H — bb resonance in the b-tagged
dijet mass distribution. The dominant backgrounds result from the associated production of a Z boson with jets,
among which the Zbb production is an irreducible background. The other main backgrounds are tt, ZZ, W Z, and
multijet production from QCD processes. In order to isolate these background sources, an efficient b-tagging algorithm
and a good dijet mass resolution are essential. The b-tagging efficiency and its fake rate are crucial elements of this
analysis.

II. DATA SAMPLE AND EVENT SELECTION

The D@ detector has a central-tracking system, consisting of a silicon microstrip tracker (SMT) and a central fiber
tracker (CFT), both located within a 2 T superconducting solenoidal magnet [2], with designs optimized for tracking
and vertexing at pseudorapidities |n| < 3 and || < 2.5, respectively. A liquid-argon and uranium calorimeter has a
central section (CC) covering pseudorapidities |n| up to = 1.1, and two end calorimeters (EC) that extend coverage
to |n| ~ 4.2, with all three housed in separate cryostats [3]. An outer muon system, at || < 2, consists of a layer of
tracking detectors and scintillation trigger counters in front of 1.8 T toroids, followed by two similar layers after the
toroids [4]. Luminosity is measured using plastic scintillator arrays placed in front of the EC cryostats. The trigger
and data acquisition systems are designed to accommodate the high luminosities of Run II.

The analyses are based on 389 pb~! and 320 pb~! of integrated luminosities for the dielectron and the dimuon
channels, respectively, after the requirement of good data quality. The uncertainty of the luminosity measurement
is 6.5% [5]. The dielectron sample is collected by the OR of unprescaled single electron triggers, while the dimuon
sample uses one single muon trigger [6, 7).

In the subsections below, we describe event selection specific to each channel. The selection of hadronic jets is
common to both analyses. A jet is reconstructed using the Run II cone algorithm with AR = 0.5 [8]. The jet must
have pr > 20 GeV after the jet energy scale correction and a pseudorapidity of || < 2.5.

A. Dielectron Sample

The dielectron events are selected by requiring two isolated electromagnetic (EM) clusters in the calorimeter. Each
EM cluster must have pr > 20 GeV, and |ngetector| < 1.1 01 1.5 < |Ngetector| < 2.5, where ngetector i the pseudorapidity
measured at the calorimeter with respect to the coordinate origin, with at least one satisfying |Dgetector| < 1.1. In
addition, the shower shape developed in the calorimeter must be consistent with the expected behavior of an electron.
At least one of the two EM clusters is also required to have an associated track with a momentum close to the EM
cluster energy measured in the calorimeter. Figure 1 shows the invariant mass distribution reconstructed from the
two electron candidates. Events with 75 < M,, < 105 GeV are selected as Z candidates.

After selecting the Z candidates, we require the presence of at least two jets. The jets and electrons must be
separated by AR > 0.5.

B. Dimuon Sample

In the dimuon sample selection, two isolated muons are required to be of opposite charge, have pr > 15 GeV, and
|| < 2.0. The muon trajectories in the muon detector must be matched to tracks found in the central tracking system
(i.e. SMT+CFT), where the central track must have at least one hit in the SMT. In addition, the central tracks
are required to have a distance of closest approach smaller than 0.25 cm with respect to the interaction vertex. The
isolation is based on the measured energy in the calorimeter around the muon candidate, and the sum of py of tracks
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FIG. 1: The invariant mass distributions reconstructed from dielectron (left) and dimuon (right).

within the cone of AR < 0.5 with respect to the muon candidate. In order to select Z candidates, the opening angle
of the dimuon in the transverse plane is required to be A¢ > 0.4. Figure 1 shows the dimuon invariant mass. For the
selection of Z candidates, the invariant mass of the dimuon system must be in range between 65 and 115 GeV. After
selecting Z candidates, events are required to have at least two jets.

III. SIMULATED EVENT SAMPLE

Using the CTEQSL [9] leading-order parton distribution function, the following physics processes are simulated
to estimate the signal acceptance and the number of background events: Z(— It17)H(— bb) by PYTHIA [10],
Z(— IT17)bb by ALPGEN [11], Z(— I*17)jj including Z(— 1717 )cc by ALPGEN, tt — [*vbl~ b by ALPGEN,
tt — bbjjlv by ALPGEN, inclusive ZZ by PYTHIA, and inclusive WZ by PYTHIA. The samples generated by
ALPGEN are interfaced with PYTHIA for parton showering and hadronization. All these events are processed
through the D@ detector simulation based on GEANT, the simulation of detector readout, and the reconstruction
software. Finally the simulated events are weighted by the measured trigger efficiency and the ratio of selection
efficiencies between data and simulation.

The absolute normalization of the background is according to NLO cross sections calculated by MCFM [12] with
CTEQ6M, and the measured luminosity, except for Z(— ete™)jj. The normalization factor for the Z(— ete™)j; process
is determined so that the number of events in data before b-tagging is consistent with the sum of the background
events obtained by the absolute normalization and Z(— ete™)jj events. The systematic uncertainty on the NLO
cross sections due to the scale dependence is estimated by varying the renormalization and factorization scales. The
uncertainty due to the PDF is estimated by taking the maximum variation when the different eigenvectors for the
parameterization are used. These two uncertainties are added in quadrature, leading to a total uncertainty of 6-19%,
depending on the background process.

IV. ANALYSIS

A. Multijet (QCD) Background

There are 463 Z+ > 2 jets events in the dielectron sample. The size of the multijet (QCD) contribution is estimated
by fitting the dielectron mass distribution by a Breit-Wigner function convoluted with a Gaussian for the Z peak
(Nz), and an exponential shape for QCD and Drell-Yan process (Ngcp + Npy). The fraction of Drell-Yan events is
determined from the simulation. Out of 463 events, 28.0 events are estimated to be from multijet background.

The shape of the QCD background is obtained from data where the QCD contribution is enhanced by inverting the
shower shape requirements for electron identification, and by removing the track match requirements. This sample
does not have a Z peak in the dielectron mass distribution, and is used to predict the QCD background contribution
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FIG. 2: Jet pr (left) and n (right) distributions in Z(— IT17)+ > 2 jets events. The dots with error bars show data, and the
open histogram shows the sum of expected contributions from signal and all backgrounds.

in the kinematical distributions.

There are 545 Z+ > 2 jets events in the dimuon sample. The size of the QCD background contribution is estimated
using two data samples; one with the muon isolation requirement, and the other without such a requirement. Assuming
an identical muon isolation efficiencies for events from Z and Drell-Yan production, the unknowns before the b-tagging
requirement are the number of QCD events (Ngop) and the sum of number of Z and Drell-Yan events (N7, py),
if the isolation efficiencies can be measured from the other sample. The isolation efficiency for Z events is measured
by taking the ratio of the Z yield in data with and without the isolation cut. The Z yield is obtained by fitting the
dimuon mass distribution with a Gaussian for the Z peak and an exponential for the QCD and Drell-Yan events. The
isolation efficiency for QCD events is estimated using QCD enhanced data, i.e. the data are collected by jet trigger,
and selected by requiring at least one muon plus two or more jets. Since there are two equations for two unknowns,
the system can be solved. Out of 545 events, 16.1 events are expected to result from QCD background.

Once we measure the isolation efficiency for the Z and Drell-Yan processes, we solve the similiar equations after the
b-tagging requirement. The unknowns this time are the isolation efficiency for QCD events, and the number of QCD
events, because the isolation efficiency for Z or Drell-Yan processes, and the Z to Drell-Yan ratio do not depend on the
b-tagging requirement, while the isolation efficiency for the QCD background depends on the b-tagging requirement.

Figure 2 shows the pr and 7 distributions for jets in the Z+ > 2 jets events, where the dielectron and dimuon
samples are combined. Figure 3 shows AR between the two jets, and the dijet invariant mass distributions. The
reasonable agreements between the data and the expectation are observed in these distributions.

B. b-jet Tagging

The hadronic jet is defined as “taggable” if it is associated with a cluster of tracks (= track jet) within AR < 0.5.
The track jet is found by applying a cone track clustering algorithm with the size AR = 0.5. The track jet is required
to have at least two tracks, where the seed track must have pr > 1 GeV, and the other pr > 0.5 GeV. Each track
must be within 2 cm of the interaction vertex in z and have at least one SMT hit.

The b-jet tagging algorithm used in both the dielectron and the dimuon samples is based on the probability to observe
the lifetime of b-hadrons estimated from the tracks associated with a given taggable jet [13]. A small probability (p)
corresponds to jets having tracks with large impact parameters resulting from b-hadron decays. We have studied
different requirements on the jet lifetime probability between p < 0.001 (tightest) and p < 0.04 (loosest).

The statistical significance, defined as the number of expected ZH events divided by the square root of the number
of total background events, is investigated by comparing six different requirements on the jet lifetime probability and
the number of b-tagged jets, leading to 12 combinations. The optimal selection has been identified as double b-tagging
with a requirement on the lifetime probability smaller than 0.04. With this requirement, the b-jet tagging efficiency
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FIG. 3: AR between two jets (left) and dijet mass invariant mass (right) in distributions in Z(— ITI7)+ > 2 jets events.
The dots with error bars show data, and the open histogram shows the sum of expected contributions from signal and all
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FIG. 4: Dijet invariant mass distributions reconstructed from the two leading pr jets before the b-tagging requirement (left),
and the same distribution reconstructed from b-tagged jets (right). The dielectron and dimuon samples are combined.

per taggable jet is measured to be 69%, while the light jet tagging rate per taggable jet is 4%, for any taggable jets
with 35 < pr < 55 GeV and |n| < 1.2 [13].
After the application of the selection criteria, the acceptance for a Higgs signal (Mg = 115 GeV) including all of the
efficiency corrections multiplied by the branching fraction of Z — [T1~ is 0.15% for the dielectron sample, and 0.17%
for the dimuon sample. Figure 4 shows the dijet invariant mass distribution reconstructed from two leading pr jets
before b-tagging, and from two b-tagged jets where two leading pr jets are used when two or more jets are b-tagged.
In Table I, the number of observed events along with the expected number of background events are summarized.

TABLE I: Number of observed and expected background events.

Z+ 2> 2 jets with 2 b-tags
Zoete” Zoptpy Zo1M|Zsete” Zsutp™ Z 1710
Zbb 7.9 8.9 16.8 1.7 1.4 3.1
Zjj 416 521 937 15 3.0 4.5
tt 2.4 9.0 11.4 0.8 2.9 3.7
ZZ+WZ 8.1 18.3 26.4 0.22 0.37 0.59
QCD 28.0 16.1 44.1 0.18 0.41 0.59
Expected total background 463 573 1048 4.5 8.1 12.6
Observed events 463 545 1008 5 10 15




C. Systematic Uncertainties

The following are the sources of the systematic uncertainties.

e Trigger efficiency: Because the single lepton triggers are used for the process involving two leptons, the trigger
efficiency is very high, especially for the leptons from Z decays due to its high pr. The resulting uncertainty is
about 1%.

e Lepton reconstruction and identification efficiencies: This includes the uncertainty of the central track matching
efficiency that is used in both electron and muon identification. The uncertainty in the dielectron sample is 4-5%
for signal depending on the Higgs mass, and 4-6% for background depending on the process. The uncertainty
in the dimuon sample is 11-12% for signal depending on mass, and 11-16% for background depending on the
process.

e Lepton energy and resolution: 2%.

e Jet reconstruction and identification efficiencies: 8% for signal, and 5-11% for background.
e Jet energy scale: 7% for signal, and 10% for background.

e Taggability: 4%.

e b-tagging rate: 8% for signal, and 9-11% for background.

e Cross sections for the simulated events: 7% for signal, and 6-19% for background.

¢ QCD background estimation: 50% in the dielectron sample, and 275% in the dimuon sample. Although the

relative uncertainty is large, the absolute uncertainty is small because of the small contributions.

For a Z H signal or a given background process, the total uncertainty is obtained by adding each contribution above
in quadrature. The total systematic uncertainty for ZH production is 19%. In order to get the total uncertainty for

the

background processes, the correlations among the individual uncertainties must be properly taken into account.

This is performed when getting the combined cross section limit.
There is an additional 6.5% uncertainty from the luminosity measurement.

V. CROSS SECTION LIMIT

We search for an excess of events in the dijet invariant mass distribution. The search window is defined to be +1.50,
where the o is the dijet mass resolution obtained in the simulated events around the expected peak by Higgs for a
given hypothetical mass. The search windows are summarized in Table II. The mass peak in the dijet mass spectrum

TABLE II: The dijet mass window to search for Higgs signal.

Higgs mass (GeV) dielectron sample (GeV) dimuon sample (GeV)
105 65-113 65-118
115 72-125 70-128
125 75-136 78-137
135 82-143 84-147
145 87-156 92-160

is expected to be smaller than the hypothetical Higgs mass because the jet energy is corrected to the particle level,

e.g.
the
any

energy leakage outside the cone due to final state radiation is not corrected. The observed number of events and
expected background contributions are summarized in Table III, IV, and V. No significant excess is observed in
mass window, and hence the upper limits on o(pp — ZH) x Br(H — bb) are set at the 95% confidence level, as

also shown in Table III, IV, and V. Based on C'L; method, the dijet invariant mass distributions are used to calculate
all the limits in these Tables, i.e. both in the individual analyses and in the combined result [14].
Figure 5 shows the observed and expected cross section limits obtained from the combination of the dielectron and

the

dimuon channels as a function of the Higgs mass. The Standard Model prediction is also shown.



TABLE III: The results of Z(— eTe™)H search for various hypothetical Higgs masses. The number of observed and expected
events are listed, as well as the observed and expected upper limits on o(pp - ZH) X Br(H — bb).

Higgs mass (GeV) 105 115 125 135 145
Expected ZH 0.07 0.05 0.04 0.02 0.01
Zbb 0.6 0.6 0.6 0.6 0.6
Zjj 0.4 0.2 0.3 0.4 0.4
tt 0.3 0.3 0.3 0.3 0.3
ZZ+WZ 0.1 0.1 0.1 0.1 0.1
QCD 0.04 0.03 0.09 0.04 0.09
Expected total background 14 1.3 14 1.4 1.5
Observed events 2 2 2 2 1
Observed cross section limit (pb) 7.8 7.9 5.5 4.5 4.1
Expected cross section limit (pb) 6.0 6.5 5.3 4.4 4.0

TABLE TV: The results of Z(— pu*u~)H search for various hypothetical Higgs masses. The number of observed and expected
events are listed, as well as the observed and expected upper limits on o(pp — ZH) x Br(H — bb).

Higgs mass (GeV) 105 115 125 135 145
Expected ZH 0.06 0.05 0.03 0.02 0.01
Zbb 0.6 0.6 0.5 0.5 0.4
Zjj 1.2 1.1 0.9 1.0 0.9
tt 1.0 1.1 1.1 1.2 1.2
ZZ+WZ 0.3 0.2 0.2 0.2 0.1
QCD 0.04 0.04 0.03 0.03 0.04
Expected total background 3.1 3.1 2.8 2.8 2.7
Observed events 3 3 4 5 6
Observed cross section limit (pb) 11.9 11.2 11.7 10.7 11.1
Expected cross section limit (pb) 10.3 12.6 11.4 6.2 5.7

VI. SUMMARY

Using 320-389 pb~! of data, a search for ZH production followed by the decays of Z — It1~ and H — bb has been
conducted. In events with Z boson + > 2 jets, a search for an excess over the expected background level has been
performed in the dijet invariant mass spectrum of the two leading b-tagged jets. Both the number of events and the
kinematical distributions are consistent with the expectation of the background hypothesis. In absence of a signal,
95% confidence level upper limits on o(pp — ZH) x Br(H — bb) are set to 4.5-6.1 pb for Higgs boson with masses
between 105 GeV and 145 GeV.

TABLE V: The results of Z(— ITI17)H search for various hypothetical Higgs masses. The number of observed and expected
events are listed.

Higgs mass (GeV) 105 115 125 135 145
Expected ZH 0.13 0.09 0.07 0.04 0.02
Zbb 1.2 1.2 1.1 1.0 1.0
Zjj 1.6 1.3 1.2 1.4 1.3
tt 1.3 14 14 1.5 1.5
ZZ+WZ 0.4 0.3 0.3 0.3 0.2
QCD 0.09 0.07 0.12 0.07 0.13
Expected total background 4.6 4.3 4.1 4.3 4.1
Observed events 5 5 6 7 7
Observed cross section limit (pb) 6.1 6.1 5.0 4.5 4.7

Expected cross section limit (pb) 4.7 4.7 4.0 3.2 2.9
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