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A search is performed for the standard-model Higgs boson in 6.4 fb~! of pp collisions at
Vs = 1.96 TeV, collected with the DO detector at the Fermilab Tevatron Collider. The fi-
nal state considered is a pair of b jets and an imbalance in transverse energy, as expected from
pp — ZH — vibb production. The search is also sensitive to the WH — fvbb channel when the
charged lepton is not identified. For a Higgs-boson mass of 115 GeV, a limit is set at the 95% C.L.
on the cross section multiplied by branching fraction [pp — (Z/W)H](H — bb) that is a factor of
3.4 larger than the standard-model value, consistent with the expected factor of 4.2.
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I. INTRODUCTION

The existence of the Higgs boson is the only fundamental element of the standard model (SM) that has yet to
be confirmed. Its observation would be a key step in establishing the mechanism of electroweak symmetry breaking
and mass generation. Associated ZH production in pp collisions, with Z — v and H — bb, is among the most
sensitive processes for seeking a Higgs boson with a mass my < 135 GeV at the Fermilab Tevatron Collider [1].
The DO Collaboration published a search for this process based on 5.2 fb~! of integrated luminosity [2]. A lower
limit of 114.4 GeV was set by the LEP experiments on the mass of the Higgs boson from searches for the reaction
ete™ — ZH [3], while an indirect upper limit of 157 GeV can be inferred from precision electroweak data [4]. These
limits and those given below are all defined at the 95% level of confidence (C.L.).

This note presents a new search using an integrated luminosity of 1.3 fb~! beyond that used in Ref. [2]. The final-
state topology consists of a pair of b jets from H — bb decay and missing transverse energy (Er) from Z — vi. The
search is therefore also sensitive to the W H process when the charged lepton from W — /fv decay is not identified.
The main backgrounds arise from (W/Z)+heavy-flavor jets (jets initiated by b or ¢ quarks), top-quark production,
and multijet (MJ) events with Er arising from mismeasurement of jet energies.

II. DATA AND SIMULATED SAMPLES

The DO detector is described in [5]. The data used in this analysis were recorded using triggers designed to select
events with jets and Zr [6]. The data taking period prior to March 2006 is refered to as Run Ila, while ITb denotes the
period after. This division corresponds to the installation of an additional silicon vertex detector, trigger upgrades,
and a significant increase in the rate of delivered luminosity. For the result described in this note the Run IIb dataset
was increased in integrated luminosity and the double b tag sample was re-analyzed. The Run ITa part of the analysis
and the single b tag Run IIb sample is taken from [2]. This note focusses solely on the re-analysis of the upgraded
double b tag Run IIb analysis, but the limits presented incorporate also the Run Ila result and single b tag Run IIb
result of [2]. After imposing data quality requirements, and combining Run ITa and Run IIb data, the total integrated
luminosity [7] is 6.4 fb~!for double b tag and 5.2 fb~'for single b tag.

The analysis relies on (i) charged particle tracks, (ii) calorimeter jets reconstructed in a cone of radius 0.5, using
the iterative midpoint cone algorithm [8], and (iii) electrons or muons identified through the association of tracks
with electromagnetic calorimeter clusters or with hits in the muon detector, respectively. The Fr is reconstructed
as the opposite of the vectorial sum of transverse components of energy deposits in the calorimeter and is corrected
for identified muons. Jet energies are calibrated using transverse energy balance in photon+jet events [9], and these
corrections are propagated to the Er.

Backgrounds from SM processes are determined through Monte Carlo simulation, while the instrumental MJ back-
ground is estimated from data. Events from (W/Z)+jets processes are generated with ALPGEN [10], interfaced with
PYTHIA [11] for initial and final-state radiation and for hadronization. The pr spectrum of the Z is reweighted to match
the DO measurement [12]. The pr spectrum of the W is reweighted using the same experimental input, corrected for
the differences between the Z and W pr spectra predicted in next-to-next-to-leading order (NNLO) QCD [13]. For ¢t
and electroweak single top quark production, the ALPGEN and COMPHEP [14] generators, respectively, are interfaced
with PYTHIA, while vector boson pair production is generated with PYTHIA. The ZH and W H signal processes are
generated with PYTHIA for Higgs boson masses (my) from 100 to 150 GeV, in 5 GeV steps. All these simulations use
CTEQG6L1 parton distribution functions (PDFs) [15].

The absolute normalizations for (W/Z)+jets production are obtained from NNLO calculations of total cross sections
based on [16], using the MRST2004 NNLO PDFs [17]. The heavy-flavor fractions are obtained using MCFM [18]. Cross
sections for other SM backgrounds are taken from [19], or calculated with MCFM, and the cross sections for signal are
taken from [20].

Signal and background samples are passed through a full GEANT3-based simulation [21] of the detector response
and processed with the same reconstruction program as used for data. Events from randomly selected beam cross-
ings are overlaid on simulated events to account for detector noise and contributions from additional pp interactions.
Parametrizations of trigger efficiency are determined using events collected with independent triggers based on infor-
mation from the muon detectors. Weight factors compensating for residual differences between data and simulation
are applied for electron, muon and jet identification. Jet energy calibration and resolution are adjusted in simulated
events to match those measured in data.



IIT. EVENT SELECTION

A preselection that greatly reduces the overwhelming background from multijet events is performed as follows. The
primary vertex must be reconstructed within the acceptance of the silicon vertex detector, and at least three tracks
must originate from that vertex. Jets with associated tracks (using only tracks that meet minimal quality criteria
to ensure that the b-tagging algorithm operates efficiently) are denoted as “taggable” jets. The leading (highest pr)
jet must be taggable with no more than three taggable jets in total. These jets must have transverse momentum
pr > 20 GeV and pseudorapidity |n| < 2.5 [22]. The two leading jets must not be back-to-back in the plane transverse
to the beam direction: Ag(jet,,jety) < 165°. Finally, Er > 30 GeV is required.
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FIG. 1: Representative variable distributions in the analysis sample before the multijet veto and before b tagging: (a) Dijet
invariant mass, (b) Taggable jet multiplicity, (¢) Missing FEr, (d) Missing Er significance without the requirement that it be
larger than 5. The distributions for signal (VH) are multiplied by a factor of 500 and include ZH and W H production for
myg = 115 GeV.

Additional selection criteria define four distinct samples: (i) an analysis sample used to search for a Higgs boson
signal, (ii) an electroweak (EW) control sample, enriched in W (— pv)+jets events where the jet system has a topology
similar to that of the analysis sample, that is used to validate the SM background simulation, (iii) a “MJ-model”
sample, dominated by multijet events, used to model the MJ background in the analysis sample, and (iv) a large
“MJ-enriched” sample, used to validate this modeling procedure.

The analysis sample is selected by requiring £ > 40 GeV and a measure of the Fr significance S > 5 [23]. Larger
values of S correspond to Er values that are less likely to be caused by fluctuations in jet energies. In signal events,
the missing track pr, pr, defined as the opposite of the vectorial sum of the charged particle transverse momenta,



is expected to point in a direction close to that of F7. Such a strong correlation is not expected in multijet events,
where 1 originates mainly from mismeasurement of jet energies. Advantage is taken of this feature by requiring
D < w/2, where D = A¢(Er,pr). Events containing an isolated electron or muon [24] with pr > 15 GeV are rejected
to reduce backgrounds from W+jets, top quark, and diboson production. Distributions in the analysis sample are
shown in Fig. 1.

The EW-control sample is selected in a way similar to the analysis sample, except that an isolated muon with
pr > 15 GeV is required. The multijet content of this sample is rendered negligible by requiring the transverse mass
of the muon and Er system to be larger than 30 GeV. To ensure similar jet topologies for the analysis and EW-control
samples, Fr, not corrected for the selected muon, is required to exceed 40 GeV. Excellent agreement with the SM
expectation is found for the number of selected events. The agreement for all kinematic distributions is also very
good once a reweighting of the distribution of An between the two leading taggable jets is performed, as suggested
by a simulation of (W/Z)+jets using the SHERPA generator [25]. Distributions in the EW-control sample are shown
in Fig. 2
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FIG. 2: Representative variable distributions in the EW-contol sample before b tag requirement: (a) Dijet AR, (b)
max A¢(Er, jeti) + min Ap(Er, jets).
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FIG. 3: Representative variable distributions in the MJ-enriched sample before b tag requirement: (a) Dijet AR, (b)

max A¢(Er, jeti) + min Ap(Er, jets).

The MJ-model sample, used to determine the MJ background, is selected as the analysis sample, except that the
requirement of D < m/2 is inverted. The small contribution from non-MJ SM processes in the D > 7/2 region



is subtracted, and the resulting sample is used to model the MJ background in the analysis sample. After adding
contributions from SM backgrounds, the MJ background is normalized so that the expected number of events is
identical to the number observed in the analysis sample.

The MJ-enriched sample is used to test the validity of this approach and is defined as the analysis sample, except
that the Er threshold is reduced to 30 GeV and no requirement is imposed on S. As a result, the MJ background
dominates the entire range of D values, and this sample is used to verify that the events with D > 7/2 correctly
model those with D < 7/2. Distributions in the MJ-enriched sample are shown in Fig. 3.

The large branching fraction for H — bb is exploited by requiring that both of the two leading taggable jets be b
tagged. The double-tag sample is selected with asymmetric requirements on the outputs of a b-tagging neural network
algorithm [26], such that one jet is tagged with an efficiency of = 70% (“loose tag”), and the other with an efficiency
of ~ 50% (“tight tag”). These values apply for taggable jets with pr ~ 45 GeV and |n| ~ 0.8. The mistag rates , i.e.,
the probablilities to tag light (u,d, s, g) jets as b jets, are ~ 6.5% and ~ 0.5% for the loose and tight tags, respectively.
The flavor-dependent b-tagging efficiencies are adjusted in simulated events to match those measured in dedicated
data samples. Fig. 4 shows the dijet invariant mass for the control samples for the double tag selections.
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FIG. 4: (a) Dijet invariant mass with double b tag in the EW-control sample, (b) Dijet invariant mass with double b tag in the
MJ-control sample.

IV. ANALYSIS USING DECISION TREES

A boosted decision tree (DT) technique [27] takes advantage of different kinematics in signal and background
processes. For each mpy, a “MJ DT” (multijet-rejection DT), used to discriminate between signal and MJ-model
events, is trained using 20 kinematic variables before b tagging is applied. These variables include the number of jets,
jet pr, dijet pr, Fr, angles between jets, between second jet and Er, and the dijet mass, where the dijet system
is defined by the two leading taggable jets. New variables in this updated result include: (i) a color-flow variable
proposed in Ref. [28] to estimate if the jets are from decays of color singlets, or initiated by gluons, (ii) the cosine of
the angle between the direction of the Higgs candidate and the leading jet, boosted to the rest frame of the Higgs
candidate; this distribution is expected to be flat for the decay of a scalar, in contrast to gluon splitting, and (iii) the
pr weighted distance in (n — ¢) space between the second leading jet and other jets. The full list of input variables
to the Decision Trees is given in Table I.

The MJ-DT output (multijet discriminant) is shown in Fig. 5 for mpy = 115 GeV. A value of the multijet discriminant
in excess of 0 is required (multijet veto), which removes over 95% of the multijet background and 65% of the non-M.J
SM backgrounds, while retaining 70% of the signal. The number of expected signal and background events, as well as
the number of observed events, are given in Table II, after imposing the multijet veto. Distributions in the analysis
sample after the multijet veto are shown in Fig. 6, before b-tag requirement and in Fig. 7 for double tagged events.

To discriminate signal from SM backgrounds, additional “SM DT” (SM-rejection DT) are trained, using the same
kinematic variables as in the MJ DT. The output of the SM DT after the multijet veto (final discriminant) is shown
in Fig. 8(a) for my = 115 GeV.
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FIG. 5: MJ-Decision tree output for mpyg = 115 GeV. The distribution for signal (VH) is multiplied by a factor of 500 and
includes ZH and W H production.

TABLE I: Variables used as input to the Decision Trees. See the auxiliary material for the variable definitions.

Number of taggable jets

leading jet pr

second jet pr

An(jety, jet,)

A¢(jet17jet2)

AR(jet,, jets)

pr weighted AR(jet,, jet;)

Pr

A¢(ET7jet2)

max A¢(Er, jeti) + min Ap(Er, jet;)
max A¢ (£, jeti) — min A¢ (£, jets)
Hr(scalar sum of jet pr)
Hr(vectorial sum of jet pr)

Hr/ Hr

dijet pr

dijet mass

dijet transverse mass

Cos(Higgs decay angle)

color flow leading jet

color flow second jet

V. LIMIT SETTING PROCEDURE

Once systematic uncertainties are taken into account, agreement is found between data and expectation from SM and
MJ backgrounds, both in the number of selected events (Table IT) and in the distribution of final discriminant (Fig. 8).
A modified frequentist approach [29] is used to set limits on the cross section for SM Higgs-boson production, where
the test statistic is a joint log-likelihood ratio (LLR) for the background-only and signal+background hypotheses. The

TABLE II: The number of expected signal and background events, and the number observed after the multijet veto, prior to b
tagging and for double tags. The signal corresponds to mpy = 115 GeV, “Top” includes pair and single top quark production,
and V'V is the sum of all diboson processes. The uncertainties quoted arise from the statistics of the simulation and from the
sources of systematic uncertainties mentioned in the text.

Sample ZH WH W+jets Z+jets  Top vv Multijet  Total background  Observed
Pretag 18.56 + 0.07  18.26 £ 0.11 48 468 14931 2075 1876 3325 70678 £ 246 70815
Double tag ~ 5.30 £ 0.03 4.91 £ 0.05 286 148 336 32 47 £ 17 849 + 21 881
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FIG. 6: Representative variable distributions in the analysis sample after the multijet veto: (a) Dijet invariant mass, (b) Missing
Er, (c) Dijet AR, (d) max A¢(£r, jeti) + min A¢(Er, jet;). The distributions for signal (VH) are multiplied by a factor of 500
and include ZH and W H production for myg = 115 GeV.

result is obtained by summing LLR values over the bins in the final discriminant shown in Fig. 8(a). The impact of
systematic uncertainties on the sensitivity of the analysis is reduced by maximizing a “profile” likelihood function [30]
in which these uncertainties are given Gaussian constraints associated with their priors and the final discriminant
after the maximization is shown in Fig. 8(b). This is further illustrated in Fig. 9 where a comparison of the DT
distribution after profiling between background-subtracted data and the expected signal scaled by the observed limit
in the Run IIb double tag analysis for the my = 115 GeV hypothesis is shown. In this plot the background prediction
and its uncertainties have been determined from the fit to data under the background-only hypothesis.

VI. SYSTEMATIC UNCERTAINTIES

Experimental uncertainties arise from trigger simulation (3%), jet energy calibration and resolution (3% for signal
and 4% — 5% for background), jet reconstruction and taggability (2% — 3%), lepton identification (1% — 2%), and
b tagging (from 2% for signal in the single-tag sample to 8% for background in the double-tag sample). Their
impact is assessed on overall normalizations and shapes of distributions in final discriminants. Correlations among
systematic uncertainties in signal and background are taken into account in extracting the final results, including a
6.1% uncertainty on the integrated luminosity.

Theoretical uncertainties on cross sections for SM processes are estimated as follows. For (W/Z)+jets production,
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ZH and W H production for mpg = 115 GeV.
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for signal (VH) is multiplied by a factor of 10 and includes ZH and W H production for my = 115 GeV. (b) Decision tree
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an uncertainty of 10% is assigned to the total cross sections, and an uncertainty of 20% on the heavy-flavor fractions
(estimated from MCFM). For other SM backgrounds, uncertainties are taken from [19] or from MCFM, and range from
6% to 10%. The uncertainties on cross sections for signal (6% for my = 115 GeV) are taken from [20]. Uncer-
tainties on the shapes of the final discriminants arise from (i) the modeling of (W/Z)+jets, assessed by varying the
renormalization-and-factorization scale and by comparing ALPGEN interfaced with HERWIG [31] to ALPGEN interfaced
with PYTHIA, and (ii) the choice of PDFs, estimated using the prescription of [15].

VII. RESULTS

The results of the analysis are given in terms of LLR values in Fig. 10(a), and as limits in Table IV and Fig. 10(b),
as a function of mg. These limits incorporate the updated double-tag analysis presented in this note, combined with
the Run ITa and single-tag Run IIb result from [2]. The observed LLRs are within 1 standard deviation of expectation
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TABLE III: Systematic uncertainties in percent of the overall signal and background yields. “Jet EC” and “Jet ER” stand for
jet energy calibration and resolution, respectively. “Jet R&T” stands for jet reconstruction and taggability. “Signal” includes
ZH and W H production for mg = 115 GeV.

Systematic Uncertainty [Signal [Background

double tag
Jet EC — Jet ER 1.1 3.3
Jet R&T 4.0 6.3
b tagging 4.7 8.7
Trigger 1.7 3.3
Lepton identification 0.6 1.3
Heavy-flavor fractions - 8.4
Cross sections 6.0 7.8
Luminosity 6.1 6.1
Multijet normalization - 14
Total 12.4 16.5

(the median of the LLR for the background-only hypothesis). For mg = 115 GeV, the observed and expected limits
on the combined cross section of ZH and W H production, multiplied by the branching fraction for H — bb, are
factors of 3.4 and 4.2 larger than the SM value, respectively.
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(solid black) and expected (dotted red) exclusion limits to the SM production cross section multiplied by branching fraction
for H — bb, as a function of mg. These limits incorporate the updated double tag analysis presented in this note combined
with the Run Ila and single b tag Run IIb result from [2].
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In the following, the decision tree input variables are displayed in the analysis sample without any b tag requirements
before the multijet veto (Figs. 11-12), and after (Figs. 13-14), and in the double b tag sample after the multijet veto
(Figs. 15-16). For each sample the variables are shown in the following order:

[
= O

12.

13.

14.

15.

16.

17.
18.
19.

20.

© ® N A W N e

. Missing transverse energy (¥r)
. Dijet invariant mass constructed from the leading two jets

. The difference in ¢ of the leading two jets (A¢(jet,, jet,))

The number of candidate jets
The transverse momentum of the leading jet

The transverse momentum of the next-to-leading jet

. Scalar sum of all jets (Hr)

Vector sum of all jest (M)

. Ratio of vector sum and scalar sum of all jets (r/ Hr)
. Difference in ¢ between the £ and the next-to-leading jet (A¢(Zr,jet,))

. Mismeasurements of jet energies, which plague the multijet background, can cause

di-jet events to have a jet alligned with the Fr while jets back-to-back with the Er
is expected from Higgs decays. To optimize this topological difference the sum of the
maximum and minimum difference in ¢ of the Fr with any jet (max A¢(£r,jeti) +

min A¢(Er, jeti)).
With similar motivation to the previous variable we use the difference of the max-
imum and minimum difference in ¢ of the Kr with any jet (maxA¢(Er,jeti) —

min A¢(%r, jeti))

The color-flow variable for the leading jet is used to help discriminate a pair of b jets
originating from a color singlet, the Higgs, and a color octet, a gluon. The angle

in ¢-n space between the jet pull, 5= 3; EEzTJi:;‘ 7; where the summation is over the

T
cells that make up the jet and 7; is in the direction of the jet center to the cell, and
the direction from the center of jet, to jet, is defined as the leading jet color-flow.

The color-flow variable for the next-to-leading jet where the jet pull is defined as
previous variable with jet; and jet, interchanged.

The cosine of the angle between the direction of the Higgs candidate and the leading
jet, in the rest frame of the Higgs candidate. This variable attempts to capitalize
on the angular difference between gluon splitting and a scalar particle decay.

The modified ”recoil-subtracted” dijet pr component along the unit vector ar per-
pendicular to the dijet thrust axis. The modification seeks to find the minimum sen-
sible dijet pr by subtracting twice the larger of the T or —X,prar where the sum
is over the non-leading jets. [ recoil subtracted dijetp = p7, +2 X min(—£r,,com

ag, Zjets pJ;t -a¢,0) ]. This variable is less sensitive to detector effects so one expects
lower valuesfor instrumental backgrounds and is closely related to that defined in
Ref [32].

Distance in 7-¢ space between the two leading jets AR(jet,, jet,)

Difference in 7 of the two leading jets An(jet, jety)

The pr weighted distance in (7 - ¢) space between the second leading jet and other

"

. . _ S;AR(jetg,jet;) xpys ¢

jots (S(jet,) = ZAUt2IC T L)
jetsPp

Transverse mass of the two leading jets
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FIG. 11: Decision Tree input variables at the pretag level.
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FIG. 12: Decision Tree input variables at the pretag level.
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FIG. 13: Decision Tree input variables at the pretag level after the multijet veto.
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FIG. 14: Decision Tree input variables at the pretag level after the multijet veto.
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FIG. 15: Decision Tree input variables after the multijet veto in the double b tag sample.
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FIG. 16: Decision Tree input variables after the multijet veto in the double b tag sample.



