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Abstract

This note summarizes results of the first ATLAS direct search for the Standard Model

Higgs boson in the mass range 110 < mH < 130 GeV when produced in association with a

W or Z boson and decaying to bb̄. No evidence for Higgs boson production is observed in a

dataset of 7 TeVpp collisions corresponding to 1.04 fb−1of integrated luminosity, recorded

by the ATLAS experiment at the LHC in 2011. Upper limits on Higgs boson production

cross-sections for the channels considered are presented and discussed.



1 Introduction

The search for the Standard Model [1–3] Higgs boson [4–9] is one of the most important goals of the

Large Hadron Collider (LHC) [10–12] physics program. If the Higgs boson mass, mH, is less than twice

theW boson mass,mW , the Higgs boson will decay into two b-quarks with a high branching fraction [13].

In this low mass region the production process gg → H dominates, but the background to H → bb̄ from
Standard Model processes is expected to be prohibitively large. However, the production process of the

Higgs boson in association with an electroweak boson VH (where V=Z or W), whilst having a cross-

section less than half the size of the gg → H cross-section, is likely to be a more promising process to
identify H → bb̄ decays due to the reduction in background and the improved trigger signature provided
by the leptonic decays of the vector boson. The production cross-section forWH is approximately twice

as large as that for ZH. These channels are important contributors to Higgs boson exclusion limits at

low Higgs boson mass obtained at the Tevatron [14–17]. At the LHC the background from top-quark

production is expected to be significantly larger. Studies of the sensitivity of ATLAS to VH-production at

low Higgs boson mass were done on Monte Carlo simulations of high integrated luminosity and focused

on highly boosted events, where both the Higgs boson and the vector boson have very large pT and the

two b-jets from the Higgs boson decay merge together into a single large jet with high pT [18]. The study

presented here, performed on a small fraction of the expected LHC integrated luminosity considered in

the above mentioned sensitivity study, employs a simple and robust cut-based analysis to search for the

Higgs boson in the VH channels, and provides a first useful determination of the backgrounds for future

searches.

An important irreducible background for both WH and ZH arises from vector boson production in

association with 2 b-quark jets (Vbb̄). This background will be considerably smaller in the WH channel

because σ(Wbb̄)/σ(W j j) is approximately a factor of four smaller than σ(Zbb̄)/σ(Z j j). However, the

WH channel will have a much more significant background from top-quark pair production due to the

presence of twoW bosons and two b-jets from the decay of the top quarks in the final state.

This note presents searches in the ZH → ℓℓbb̄ andWH → ℓνbb̄ channels, where ℓ is either an e or µ.
The final state for the ZH → ℓℓbb̄ channel is the same as that used in Higgs boson searches at high mH,
where mH > 2mZ , using the process H → ZZ → ℓℓbb̄ [19]. Most of the event selection, Monte Carlo
samples and background estimations used in the high mass search apply also to the analysis presented

here. The ZH → ℓℓbb̄ channel is characterized by two high transverse momentum leptons of the same
flavour originating from the decay of a Z boson and two high momentum b-jets. The main backgrounds

in this channel are from Z+jets, diboson, top-quark and QCD multijet production. The WH → ℓνbb̄
channel is characterized by a single high transverse momentum lepton (e or µ) and missing transverse

energy consistent with originating from the electroweak decay of a W boson, and two high momentum

b-jets. The main backgrounds in this channel are from top-quark, W+jets, diboson and QCD multijet

production.

The ATLAS detector has been described elsewhere [20]. This note presents the dataset used, the

definitions employed for electrons, muons, jets, b-tagged jets and missing transverse momentum, the

selection criteria for the two analyses, the estimation of backgrounds, the systematic uncertainties, and

then the results. In addition, results relevant for an ongoing search for a high transverse momentum

(boosted) Higgs boson decaying to bb̄ are presented in Section 9.

2 Data and Monte Carlo Samples

This section describes the data sample used in this analysis along with the relevant signal and background

processes and the Monte Carlo generators used to model them. All Monte Carlo samples are generated

for a centre-of-mass energy of 7 TeV and passed through the full ATLAS detector simulation [21] which
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is based on the GEANT 4 [22] program.

2.1 Data Sample

The data used in this analysis were recorded by the ATLAS experiment during the 2011 LHC run at a

centre-of-mass energy of
√
s = 7 TeV and represent an integrated luminosity of 1.04 fb−1 [23]. The data

are required to satisfy a number of conditions ensuring essential elements of the ATLAS detector were

operational with good efficiency while the data were collected.

2.2 Signal Samples

The signal WH → ℓνbb̄ and ZH → ℓℓbb̄ events where ℓ = e, µ, τ are modelled using Monte Carlo (MC)
events produced by the PYTHIA 6.421 [24] event generator. The PYTHIA generator is interfaced to

PHOTOS [25] for final-state radiation and TAUOLA [26] for the simulation of τ decays. The τ leptons

are simulated to account for the small fraction of additional signal events that arise from the decay of the

τ via τ → ντlνl where l is either an electron or muon. Five samples are generated in the Higgs boson
mass range between 110 GeV and 130 GeV. The total cross-sections for Higgs boson production in asso-

ciation with an electroweak vector boson in pp collisions at
√
s = 7 TeV, as well as their corresponding

uncertainties, are taken from Ref. [13]. The central values of the cross-sections, calculated at next-to-

next-to-leading-order (NNLO) in QCD corrections [27] and next-to-leading-order (NLO) in electroweak

corrections [28], and assuming factorization between the production of a virtual V∗ boson and its decay

to VH, are shown in Table 1, along with the H → bb̄ decay branching ratio [13,29], for the Higgs boson
mass range of 110 GeV to 130 GeV considered in this note. The decay branching ratios of W± and Z

bosons from the Particle Data Group [30] are used assuming lepton universality. The uncertainties on

the signal cross-sections are discussed in Section 7.

mH σ(WH) σ(ZH) Branching Ratio

(GeV) (pb) (pb) H → bb̄
110 0.875 0.472 0.745

115 0.755 0.360 0.705

120 0.656 0.316 0.649

125 0.573 0.278 0.578

130 0.501 0.245 0.494

Table 1: Standard Model Higgs boson production cross-sections at NNLO QCD + NLO EW in pp

collisions at
√
s = 7 TeV for the associated production of a W/Z boson and a Higgs boson, along with

the H → bb̄ decay branching ratio, from Ref. [13], for a range of Higgs boson masses.

2.3 Background Samples

The background processes are modelled with several different event generators. The ALPGEN gener-

ator [31] interfaced with the HERWIG program [32] for parton showers and hadronization is used to

simulate W/Z+jets events. The MC@NLO generator [33], interfaced to HERWIG and JIMMY [34] for

the simulation of underlying events, is used for the production of top-quarks and the diboson (ZZ,WZ

and WW) MC events. For the WW diboson samples, an additional contribution from gluon-initiated

diagrams is modelled using gg2WW [35]. The HERWIG generator is used to simulate additional diboson

WW samples.

The Standard Model ZZ process is an irreducible background for ZH as the two have the same

final state. Its production cross-section has been calculated up to NLO in QCD corrections [36]. The
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Process Generator σ × BR
WH PYTHIA See Tab. 1

ZH PYTHIA See Tab. 1

W → ℓν ALPGEN 10.46 nb [38, 39]

Z/γ∗ → ℓℓ ALPGEN, PYTHIA

mℓℓ > 40 GeV 1.07nb [38, 40]

mℓℓ > 60 GeV 0.989 nb [38, 40]

WW MC@NLO+gg2WW 46.23 pb [35, 36]

WW → lνqq HERWIG 46.23 pb [35, 36]

WZ MC@NLO

66 < mℓℓ < 116 GeV 18.0 pb [36]

ZZ MC@NLO, PYTHIA

66 < mℓℓ < 116 GeV 5.96 pb [36]

Top-quark

tt̄ MC@NLO 164.6 pb [41]

t−channel MC@NLO 58.7 pb [36]

s−channel MC@NLO 3.94 pb [36]

Wt−channel MC@NLO 13.1 pb [36]

bb̄→ µµ PYTHIA 73.9 nb

cc̄→ µµ PYTHIA 28.4 nb

Table 2: Monte Carlo programs used for modelling signal and background processes and the cross-

sections times branching ratio (BR) used to normalize the different processes. Branching ratios corre-

spond to the decays shown. Where two generators are given the second is used to estimate systematic

uncertainties.

MC@NLOgenerator includes NLO corrections but only models the contribution from on-shell Z bosons.

Consequently an alternative sample was produced using PYTHIA. Although only leading-order, this

includes the off-shell Z boson and photon contributions which are absent from the MC@NLO generator.

This sample is used for cross-checks and to evaluate the systematic uncertainties. Additionally, the ZZ

cross-section is scaled up by a factor of ∼6% to account for missing gluon pair quark-box diagrams
(gg→ ZZ) [37].
The background due to QCD multijet production is evaluated from data for the electron channel for

both ZH → ℓℓbb̄ and WH → ℓνbb̄ (see Sections 5.4 and 6.4). In the muon channel for the ZH →
ℓℓbb̄ analysis this background is expected to be very small with the only significant contributions from

semileptonic c− and b-hadron decays. Samples of bb̄ and cc̄ production are generated with the PYTHIA
6.421 [24] event generator requiring one of the b− or c-hadrons to decay to a muon with pT > 15 GeV
and |η| < 2.5. In the muon channel for WH → ℓνbb̄ the multijet background is estimated from the data.
Table 2 summarizes the programs used for generating MC events and the inclusive cross-sections

for normalization of the various background processes. The uncertainties on these cross-sections will be

discussed in Section 7.

3 Object Identification and Selection

The identification and reconstruction of electrons, muons, jets and missing transverse energy are briefly

described here; further details can be found in Ref. [20].

The leptonic decays of W and Z bosons give rise to isolated high transverse momenta electrons or

muons. The lepton identification cuts are tighter in theW channel since there is a higher background from

jets misidentified as leptons compared with the Z channel. The kinematic range of the lepton selection is
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also more restricted in theW channel than in the Z channel in order to reduce the multijet background and

ensure a high reconstruction and trigger efficiency for the case of a single lepton (rather than di-lepton)

in the final state.

Electron candidates are reconstructed from electromagnetic calorimeter clusters matched to tracks

reconstructed in the inner detector. The clusters must have shower profiles consistent with those expected

from an electromagnetic shower. Details of electron reconstruction and identification are described in

Refs. [42, 43]. The electron candidates for the Z (W) channels are required to pass the standard ATLAS

“medium” (“tight”) selection criteria, to have transverse energy pT > 20(25) GeV and lie within the

pseudorapidity coverage of the ATLAS tracking detectors (|η| < 2.47).
Muon candidates are reconstructed by matching tracks found in the inner detector with either tracks

or track segments in the muon spectrometer [44]. Muon candidates in the Z (W) channel are required to

have pT > 20(25) GeV and |η| < 2.5(2.4). To avoid double counting, electron candidates that lie within
∆R =

√

(∆η)2 + (∆φ)2 < 0.2 of a selected muon are rejected.

In order to suppress leptons produced in jets, such as those originating from semileptonic decays of

b-hadrons, the sum of track transverse momenta in an η-φ cone of radius 0.2 around the identified lepton

track must be less than 0.1 × pT, where pT is the transverse momentum of the lepton. To further reduce
semileptonic decays in the W channel the transverse (longitudinal) distance from the lepton track to the

vertex must be less than 0.1 (10) mm and muons are required to have an η-φ distance greater than 0.4 to

any reconstructed jet satisfying the selection criteria described below.

Jets are reconstructed from topological clusters [45] in the calorimeter using an anti-kt algorithm [46]

with a radius parameter R = 0.4. They are calibrated from the electromagnetic energy scale to the

hadronic energy scale using a simple pT and η dependent correction factor based on MC simulation and

validated on data. Only jets with pT > 25 GeV are considered in the following analysis. In addition, a

minimum value of 0.75 is placed on the absolute “jet vertex fraction” (JVF), the fraction of the pT sum

of tracks in a jet which are associated to the main primary collision with respect to the pT sum of all

the jet tracks. This requirement significantly reduces the effect of pile-up from additional proton-proton

interactions [47]. To ensure a good tracking acceptance for the JVF cut, the jets are required to be in

the range |η| < 2.5. Furthermore, a jet is required to have no electron satisfying the selection criteria
described above within a distance ∆R < 0.4 around the jet axis.

The missing transverse energy, Emiss
T
, is measured from the vector sum over all topological clusters

in the calorimeters with |η| < 4.5 together with terms accounting explicitly for selected muons in the
event [48]. The calorimeter deposits associated with the muon are subtracted to avoid double counting.

ATLAS b-tagging algorithms are used to distinguish jets containing decays of b-hadrons from those

containing only light quarks. These algorithms take advantage of the fact that hadrons containing a b-

quark have a significant lifetime (cτ ≈ 450 µm). Jets containing such hadrons are primarily identified by
reconstructing a secondary decay vertex from the tracks within the jet, or by combining the distance of

closest approach to the primary vertex (impact parameter) of all tracks in the jet. Tracks are taken to be

associated to a jet if they lie within ∆R < 0.4 of the jet axis.

In this note a combination of the three-dimensional impact parameter information and the output of

the secondary vertex finding algorithm is used. The b-tagging cut is chosen so that its efficiency is 70%

for b−jets in simulated tt̄ events while providing a light jet rejection factor of around 50 in simulated
tt̄ events. The b−tagging efficiencies were studied in data with a sample of jets containing muons and
with tt̄ events, and mis-tagging fractions were studied with a sample of inclusive jets, following the

procedures described in Ref. [49]. Scaling factors were derived to account for the small differences

observed between the Monte Carlo simulation and the data.

A number of additional corrections and reweighting procedures are applied to Monte Carlo events to

account for differences between data and simulation. Events are reweighted to modify the distribution of

the number of extra pp interactions due to pile-up to that observed in the data. Corrections for trigger and
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lepton identification efficiencies are measured using a tag-and-probe method [50] on selected Z → ee(µµ)
events. The lepton momentum resolution in the detector simulation is found to be slightly better than in

data and so a smearing of the measured momenta is applied separately for electrons and muons to match

the resolution in the data [51].

4 Event Selection

4.1 Common Event Selection

The ZH → ℓℓbb̄ andWH → ℓνbb̄ analyses both use single lepton triggers with a pT threshold of 18 GeV
for muons and 20 GeV for electrons. Both triggers have reached their efficiency plateau for the minimum

lepton pT required in the WH search, 25 GeV. For the muon trigger this plateau is around 90% efficient

with respect to the offline reconstruction, whereas it is close to 100% efficient for the electron trigger

relative to the offline selection. To ensure almost 100% efficiency for the Z → ee channel, where a cut
pT > 20 GeV is required, the single electron trigger is complemented with a pT > 12 GeV di-electron

trigger. At very high transverse momentum, pT > 100 GeV, the simulation of the single muon trigger was

found to have a lower efficiency than in the data. To compensate for the drop in efficiency, an additional

loose single muon trigger, identified in the muon spectrometer only with a pT threshold of 40 GeV, is

added to the muon selection.

All triggered events are required to have a reconstructed primary vertex containing at least three

tracks. In order to ensure that Emiss
T
is well calculated and to remove jets originating from non-physics

backgrounds such as those arising from hardware problems, cosmic-ray showers and beam backgrounds,

a jet cleaning cut is applied: Any event with a jet of pT > 20 GeV failing the “loose” jet cleaning

criteria [52] is rejected.

The ZH → ℓℓbb̄ and WH → ℓνbb̄ channels mainly differ in their selection of the associated Z and
W bosons, described in the next sections. The reconstruction of the H → bb̄ decays and the search for a
signal above the background expectation in the invariant mass of the di-b-jet system is identical for the

two channels.

4.2 Selection of ZH → ℓℓbb̄ Candidates

After the object, trigger and common event requirements, the selection in this search channel continues

with the requirement of a Z candidate and small Emiss
T
. For the reconstruction of Z candidates the events

are required to have exactly two selected electrons or muons that fulfill the requirements described in

Section 3. Events having additional selected leptons are rejected. The two leptons are required to be

oppositely charged in the case of muons. For electrons, no such requirement is applied to minimize effi-

ciency loss resulting from electron charge misidentification. The mℓℓ distributions are shown in Figure 1.

The leptonic Z decay candidates are selected by requiring the invariant mass of the two leptons to lie

within the range 76 < mℓℓ < 106 GeV (approximately ±15 GeV around the mass of the Z boson). This
strongly suppresses background from events without a real Z boson, such as tt̄ and multijet production.

The remaining selections are:

• The signal ZH → ℓℓbb̄ events are not expected to have significant Emiss
T
in contrast to background

events such as those from tt̄. Therefore a requirement of Emiss
T
< 50 GeV is applied. The Emiss

T

distribution before the cut is shown in Fig. 2 (left).

• At least two jets with pT > 25 GeV are required where the two highest pT jets are both required
to pass the b-tagging selection. The mℓℓ distribution after this requirement, but without the cut on

mℓℓ, is shown in Fig. 2 (right). The number of b−tagged jets per event is shown in Fig. 3 (left).
Events with two b-tagged jets are used in the analysis.
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Figure 1: Distributions of mℓℓ for the ZH analysis for electrons (left) and muons (right). The event

selection cuts are indicated by the vertical dashed lines. The error bars in this and all subsequent figures

represent the statistical uncertainty.
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Figure 2: The distribution of Emiss
T
(left) for the ZH → ℓℓbb̄ search before the Emiss

T
cut is applied. The

di-lepton invariant mass (mℓℓ) distribution (right) after applying the low E
miss
T
cut and requiring at least

two high pT b-tagged jets. The event selection cuts are indicated by the vertical dashed lines.

4.3 Selection ofWH → ℓνbb̄ Candidates

WH → ℓνbb̄ events are characterized by a lepton originating from a W decay and significant Emiss
T
.

Candidate events are therefore selected with the following criteria:

• To reduce backgrounds from processes with 2 real leptons such as from Z and tt̄ decays, events are
required to have exactly one lepton (e or µ) fulfilling the selections described above.

• The missing transverse energy Emiss
T
is required to be greater than 25 GeV to reduce background

from events without large real Emiss
T
such as Z decays to leptons, when one of the leptons escapes

detection, and QCDmultijet background . The Emiss
T
distribution before the cut is shown in Figure 4

(top). The transverse mass, defined as mT =

√

2pl
T
pν
T
(1 − cos(φl − φν)), where pν

T
= Emiss

T
is

required to be greater than 40 GeV and is shown before this cut in the lower half of Figure 4.
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or more jets, whereas the distribution for WH → ℓνbb̄ is shown after the requirement of exactly two jets
in the event.

• The number of jets with pT > 25 GeV is required to be exactly two to reduce background from
top-quark production that is significantly higher in this channel. In addition the two jets must pass

the b-tagging selection. The distribution of the number of b−jets per event, after the requirement
on the total number of jets, is shown in Fig. 3 (right).

4.4 Search for H → bb̄ Decays

After the above selections for ZH → ℓℓbb̄ and WH → ℓνbb̄ events, a search for H → bb̄ decays is
performed by looking for a peak above the background expectation in the invariant mass mbb̄ of the di-

b-jet system. The invariant mass is scaled by a factor of 1.05 to account for losses due to soft muons and

neutrinos. The scale factor was obtained by comparing the mean of the reconstructed value of mbb̄ with

the generated Higgs boson mass mH in simulated WH → ℓνbb̄ and ZH → ℓℓbb̄ samples.

5 Backgrounds to the ZH → ℓℓbb̄ Search

The dominant background to the ZH → ℓℓbb̄ channel is expected to be from Z+jets events, with tt̄ pro-
duction, multijet production and ZZ/WZ production also contributing. Where possible, control regions

are used to determine or verify the normalization and shape of different backgrounds in the data. The

control regions and data-driven evaluations of the backgrounds are very similar to, and in some cases

identical to, those derived from the high mass Higgs boson search H → ZZ → ℓℓbb̄ [47], which has the
same final state as the present analysis.

5.1 Z+jets Background

Measurements performed by the CDF and D0 collaborations of the Zb cross-section indicate that this

cross-section, and that of the related Wb process, may not be well understood theoretically [53,54]. Due

to the considerable uncertainty on the normalization of the Z+jets background a data-driven method is

used to estimate it. The ALPGENMC simulation program is used to model the shape of the Zbb̄ contri-

bution in the di-b-jet invariant mass mbb̄ distribution. The normalization of the simulation distribution is
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Figure 4: The distributions of Emiss
T
(top) before the cut is applied in the WH → ℓνbb̄ analysis. The

distribution of the transverse mass (bottom) shown after the cut on Emiss
T
. The plots are shown for

electrons (left column) and muons (right column), for the WH selection. The event selection cuts are

indicated by the vertical dashed lines.

determined from the mbb̄ sideband region defined by mbb̄ < 80 GeV and 140 < mbb̄ < 250 GeV, where

the Zbb̄ background dominates (see Figure 8). In determining the number of data events to normalize the

simulated sample to, the small fraction of events from non-Z+jets processes is subtracted from the data.

A scale factor of 0.96 ± 0.09 is found relative to the cross-section times branching ratio given in Table 2,
where the error is the statistical uncertainty only.

The normalization of the Z+jets background contribution can be cross-checked by using an extended

sample where only one of the selected jets has a b-tag. The invariant mass of the two highest pT jets in

this case is shown in Figure 5. The normalization and shape of the data is adequately described by the

MC.

5.2 ZZ Background

The Standard Model pair production of Z bosons is an irreducible background in the ZH → ℓℓbb̄ search.
Some of these events will survive as a peak around mZ in the mbb̄ mass distribution. Because this

background is small, and thus difficult to constrain by the data, it is taken directly from the MC simulation

prediction.

8



 [GeV] bj  m

0 50 100 150 200 250

 E
n
tr

ie
s
 /
 1

0
 G

e
V

 

0

50

100

150

200

250

300

350

 [GeV] bj  m

0 50 100 150 200 250

 E
n
tr

ie
s
 /
 1

0
 G

e
V

 

0

50

100

150

200

250

300

350
data

Total MC

Z

Other BG

ATLAS  Preliminary
­1

 L dt=1.04 fb∫

Figure 5: The invariant mass formed from the two highest pT jets where only one jet is b-tagged, for the

ZH analysis.

5.3 Top-quark Background

Background contributions from top-quark production, including tt̄ and single top-quark, are estimated

from the MC simulation but the normalizations are checked using a control sample in the data. Events in

the control sample are required to pass the common selection described in Section 4.1, but lie in sidebands

of the di-lepton mass distribution. The sidebands are defined as 60 < mℓℓ < 76 GeV or 106 < mℓℓ <

150 GeV. The top-quark control region is further defined by applying the standard b−tagging criteria as
in Section 4.2. Figure 6 shows the mbb̄ distribution for data and the MC simulation background samples

in this region. The distribution is seen to be dominated by top-quark production and provides an adequate

description of the shape and normalization of the data within the statistical precision of the comparison.
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Figure 6: The invariant mass formed from two b-tagged jets, using the sidebands of the mℓℓ distribution,

for the ZH analysis.

5.4 QCDMultijet Background

Multijet production may form a background if the two leptons that constitute the Z boson candidate

arise from particles in the jets. These particles include hadrons that are misidentified as leptons. Photon
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conversions also contribute in the case of electrons, while pion decays in flight add to the muon channel.

In addition, true leptons from the semileptonic decay of heavy flavour hadrons may contribute in both

the electron and muon channels.

The multijet background in the electron channel is estimated from data using the template method, as

described in the H → ZZ → ℓℓbb̄ analysis [19]. A multijet dominated sample is obtained from the data
by selecting electrons that fail the nominal selection but pass loose identification criteria. The remaining

analysis cuts are applied as before and the resulting data histograms are used as templates to describe

the shape of the multijet background in the various distributions. The normalization scale factor of the

multijet template is obtained with a multicomponent fit of the di-lepton invariant mass for events with

at least two jets. The resulting scale factor is 0.13 ± 0.02. The scale factor obtained from a fit to the
di-lepton invariant mass using events with two b-jets is found to be consistent but with this scale factor

but has a large error due to low statistics. Therefore a 100% systematic uncertainty is assigned to the

multijet background in the ZH analysis.

In the muon channel, the QCD multijet background is estimated from the semileptonic bb̄/cc̄ MC

simulation samples and is found to be negligible after the application of the mµµ requirement.

The resulting dielectron and dimuon mass distributions are shown in Figure 1 before any requirement

on the number of jets and in Figure 2 (right) after requiring two b−jets in the event.

5.5 Other Backgrounds

Other backgrounds which were investigated but found to be negligible are W+jet and WW production.

Top-quark pair production where both W bosons decay hadronically was also found to be negligible.

6 Backgrounds to theWH → ℓνbb̄ Search

The dominant background in theWH → ℓνbb̄ channel is tt̄ production, with single top-quark production,
QCD multijet production and W+jets also contributing significantly. Background from Z+jets and di-

boson production are also considered.

6.1 Top-quark Background

The background from top-quark production, including tt̄ and single top events, can be significantly re-

duced by requiring exactly two reconstructed jets as top events have, on average, a larger number of jets

than the signal sample. The shape of the top-quark background, including the remaining tt̄ contribution

and the single top-quark production, is estimated from MC but the normalization is determined from

a fit to the sidebands of the mbb̄ distribution. The sideband region is defined by mbb̄ < 80 GeV and

140 < mbb̄ < 250 GeV with the top-quark andW+jets contributions being important at high and low mbb̄
respectively. The small fraction of non-top-quark and non-W+jets background is subtracted from the

mbb̄ data distribution. A log-likelihood fit is performed on the subtracted data with two free parameters:

(1) the normalization of the top-quark MC simulation and (2) the normalization of the W+ jets template

(see Section 6.2). The result of the scale factor for the top-quark MC simulation from the fit to the mbb̄
sidebands is 1.22 ± 0.07.
The shape and normalization of the top-quark background may be further checked in data by exam-

ining the control region defined by the presence of three jets in the event, two of which are required to

be b-jets. The di-b-jet invariant mass mbb̄ distribution for events in the top-quark control region is shown

in Figure 7. A reasonable description of the normalization and shape of the data is provided by the MC,

consistent within the statistical and systematic uncertainties with the scale factor derived from the fit to

the sidebands of the mbb̄ distribution. ATLAS has also measured the tt̄ production cross-section recently

and the result is found to agree with theoretical predictions [55].
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Figure 7: The di-b-jet invariant mass for the control region for top-quark events in the WH → ℓνbb̄
analysis where the requirement on the maximum number of jets is relaxed from two to three.

6.2 W+jets Background

The theoretical cross-section of the Wbb̄ process has a considerable uncertainty and therefore a data-

driven method is used to estimate it. According to the MC simulation the shape of the invariant mass

m j j of the untagged sample in W+jets events is consistent with the invariant mass mbb̄ when the two

jets are b-tagged. Therefore, the shape of the untagged m j j distribution in data is used to model the

shape of the Wbb̄ contribution. The data-driven template is evaluated by subtracting the small fraction

of non-W background predicted by the MC simulation from the data m j j distribution. The normalization

of the template is determined from the fit to the sidebands of the mbb̄ distribution as described above in

Section 6.1. The scaling factor for the m j j distribution to the mbb̄ distribution is found, from the sideband

fit, to be 0.00327 ± 0.00045. After normalization, the m j j template plus other contributions provide a
good description of the shape of the mbb̄ distribution as seen in Figure 9.

6.3 Diboson Background

The irreducible background from WZ decays, where the W boson decays to a lepton and neutrino and

the Z boson to a pair of b-quarks, although much smaller than the contribution from other backgrounds,

is important since it has the same final state as the signal. In this analysis it is estimated from the MC

simulation. The contribution of WW production where one boson decays to a lepton and neutrino and

the other W decays hadronically to two light quark jets is also estimated from the simulation.

6.4 Multijet Background

The QCD multijet background for the WH channel is evaluated in a similar way as for the ZH analysis

as described in Section 5.4. The background is estimated from data for both the electron and muon

channel using the template method and fitting the Emiss
T
distribution for the normalization. The QCD

background dominated templates are obtained by reversing the isolation requirements in the selection of

the leptons. The description of the data by the multijet background templates is investigated by defining

a QCD background control region for which the Emiss
T
and MT cuts are inverted i.e. E

miss
T

< 25 GeV

and MT < 40 GeV but all other selections, including the b-tagging, are applied. The multijet background

templates are found to provide a reasonable description of the mbb̄ distribution for this sample and a

systematic error of 50% is assigned.
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6.5 Other Backgrounds

The shape of the Z+jets background is modelled by the ALPGEN MC simulation. The normalization

of the MC simulation is adjusted, as determined by the fit to the control region in the ZH analysis, as

described in Section 5.1.

7 Systematic Uncertainties

Sources of systematic uncertainty considered were those arising from: the efficiency for reconstructing

objects in the ATLAS detector, their momentum or energy resolution, the normalization and shape of the

mbb̄ distribution for the signal and background processes and the luminosity measurement. The system-

atic uncertainties from the detector-related contributions are described briefly below and summarized in

Table 3. The remaining sources of systematic error are summarized in Table 4. The effect that these

uncertainties have on the signal yields are shown in Table 5.

• Detector-related systematic uncertainties
The main detector-related contributions to the systematic uncertainties are from the lepton, jet and

missing transverse energy reconstruction and identification efficiencies, their momentum or energy

resolution and scale, the b-tagging efficiency and mis-tagging rates and the trigger efficiencies. The

detector and reconstruction-related systematic uncertainties are summarized in Table 3 [43,48,49,

56, 57].

• Cross-sections of Higgs boson production
Standard Model Higgs boson production cross-sections have been studied extensively by the LHC

Higgs cross-section working group and the results are compiled in Ref. [13]. The uncertainties on

these cross sections are due to variation of the factorization and renormalization scales, imperfect

knowledge of the parton distribution functions (PDFs) and the uncertainty on the strong coupling

constant. These uncertainties are treated according to the recommendations given in Refs. [13,58–

61] and they have been estimated to be 5% for WH and ZH in the mass range relevant for this

analysis.

• W/Z+jets backgrounds
The uncertainty on the normalization of the Z+jets background for both the ZH and WH analyses

is 9%, taken from the statistical uncertainty on the data-driven method obtained from the Z+jets

control regions in the ZH analysis (see Section 5.1). A further uncertainty due to the shape of

the Z+jets distribution in the ZH analysis is estimated by replacing the ALPGEN Monte Carlo

prediction by that from PYTHIA. To avoid adding an extra normalization systematic, the final

distribution from the PYTHIA prediction is scaled to have the same number of events as that of

the ALPGENMC sample.

A normalization uncertainty of 14% is assigned to the W+jets background based on the statistical

precision of the data-driven normalization method (see Section 6.2). An uncertainty on the shape

of the W+jets contribution is estimated by replacing the data-driven background template with

that derived from the ALPGEN Monte Carlo. A further uncertainty on the shape is estimated by

replacing theW+jets template with that in which the dijet massm j j is scaled by 1.05 since the dijet

mass in tagged events mbb̄ is scaled by this factor (see Section 4.4).

• Top-quark background
The normalization error for the top background determined using the Monte Carlo is taken to

be 9% for the ZH analysis, from comparisons of data and MC simulation in the control region
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(Section 5.3), and 6% for theWH analysis from the statistical precision of the data-driven normal-

ization determination (Section 6.1).

• Diboson background
For the ZH analysis the largely irreducible Standard Model ZZ background, where the definition

of an effective control region is difficult, is taken directly from the Monte Carlo. A systematic error

based on a 5% combined scale and PDF uncertainty for the NLO cross-section is convolved with

a further 10% error, corresponding to the maximum difference seen in the comparisons between

the k-factor scaled PYTHIA and the MC@NLO results. This leads to an overall 11% error on the

normalization. The relatively small WZ background is also taken directly from the Monte Carlo

with an assumed normalization error of 11%, identical to that for the ZZ background.

For the WH analysis the normalizations of the irreducible diboson background from WZ and the

background from WW production are taken from Monte Carlo. A theoretical uncertainty of 11%

is applied for both processes.

• Multijet background
The normalization uncertainty for the multijet background is taken to be 100% for ZH (see Sec-

tion 5.4) and 50% for WH (see Section 6.4).

• Luminosity
The uncertainty in the integrated luminosity has been estimated to be 3.7% [62]. This uncertainty

is only applied to MC samples for which the normalization error is not taken directly from a

comparison between data and MC. Where it is applied, this systematic uncertainty is assumed to

be correlated across samples.

The detector-related systematics are treated as correlated between the signal and backgrounds chan-

nels and between the ZH and WH searches. For those backgrounds where the normalization is deter-

mined directly from a comparison of the mbb̄ distribution in data and MC, the detector-related errors are

treated as shape systematics. The normalization uncertainties on the backgrounds are treated as corre-

lated between the ZH and WH searches, except for the multijet normalization.

Source of Uncertainty Treatment in analysis

Jet Energy Scale (JES) 2 − 7% as a function of pT and η
Jet Pile-up Uncertainty 2 − 7% as a function of pT and η
b-quark Energy Scale 2.5%

Jet Energy Resolution 5 − 12%
Electron Selection Efficiency 0.7 − 3% as a function of pT, 0.4 − 6% as a function of η
Electron Trigger Efficiency 0.4 − 1% as a function of η
Electron Reconstruction Efficiency 0.7 − 1.8% as a function of η
Electron Energy Scale 0.1 − 6% as a function of η, pileup, material effects etc.
Electron Energy Resolution Sampling term 20%, a small constant term has a large variation with η

Muon Selection Efficiency 0.2 − 3% as a function of pT
Muon Trigger Efficiency < 1%

Muon Momentum Scale 2 − 16% η-dependent systematic on scale
Muon Momentum Resolution pT and η-dependent resolution smearing functions, systematic ≤ 1%
b-tagging Efficiency 5 − 14% as a function of pT
b-tagging Mis-tag Fraction 8 − 12% as a function of pT andη
Missing Transverse Energy Add/subtract object uncertainties in Emiss

T

Table 3: Sources of detector and reconstruction-related systematic uncertainties.
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Source of Uncertainty Treatment in analysis

ZH WH

Luminosity 3.7% 3.7%

Higgs boson cross-section 5% 5%

Background norm. and shape:

Top 9% 6%

Z+jets 9% plus shape 9%

W+jets negligible 14% plus shapes

ZZ 11% negligible

WZ 11% 11%

WW negligible 11%

QCD multijets 100% 50%

Table 4: Sources of non-detector-related systematic uncertainties.

Source of Uncertainty Effect on ZH → ℓℓbb̄ signal Effect onWH → ℓνbb̄ signal
mH = 115 GeV mH = 130 GeV mH = 115 GeV mH = 130 GeV

Electron Energy Scale < 1% < 1% 1% 1%

Electron Energy Resolution < 1% < 1% 1% 1%

Muon Momentum Resolution 1% 3% 4% 1%

Jet Energy 9% 7% 1% 3%

Jet Energy Resolution < 1% < 1% 1% 1%

Missing Transverse Energy 2% 2% 2% 3%

b-tagging Efficiency 16% 17% 16% 17%

b-tagging Mis-tag Fraction < 1% < 1% 3% 3%

Electron Efficiency 1% 1% 1% 1%

Muon Efficiency 1% 1% 1% 1%

Luminosity 4% 4% 4% 4%

Higgs Cross-section 5% 5% 5% 5%

Table 5: Effect of the different systematic uncertainties on the signal yields for the ZH → ℓℓbb̄ and
WH → ℓνbb̄ channels, for two different Higgs boson masses. Here Jet Energy refers to jet energy scale,
pile-up and b-jet energy scale uncertainties; Electron Efficiency to trigger, reconstruction and selection

efficiencies and Muon Efficiency refers to the muon trigger and selection efficiencies.
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8 Results

Tables 6 and 7 summarize the numbers of estimated background events and observed events in data for

the ZH and WH analyses. Also shown are expected signal yields for each channel for several represen-

tative Higgs boson masses.

expected

Source events (stat.) (sys.)

Z+jets 261.0 ± 7.8 ± 24.6

Top-quark 52.0 ± 1.3 ± 10.6

Multijet 1.4 ± 0.4 ± 1.4

ZZ 9.2 ± 1.1 ± 2.3

WZ 1.1 ± 0.3 ± 0.3

Total background 324.7 ± 8.0 ± 27.9

Data 329

Signal mH = 110 GeV 2.22 ± 0.09 ± 0.43

Signal mH = 115 GeV 1.91 ± 0.07 ± 0.38

Signal mH = 120 GeV 1.58 ± 0.06 ± 0.32

Signal mH = 125 GeV 1.44 ± 0.05 ± 0.28

Signal mH = 130 GeV 1.02 ± 0.04 ± 0.20

Table 6: Summary of numbers of the estimated background events, observed events in data, and ex-

pected signal yields for the ZH analysis. Electron and muon channels are combined. The statistical and

systematic uncertainties on the estimated background and signal events are also shown.

expected

Source events (stat.) (sys.)

Z+jets 54.4 ± 3.9 ± 12.3

W+jets 466.7 ± 1.4 ± 66.5

Top-quark 1141.8 ± 8.8 ± 78.0

Multijet 193.0 ± 9.4 ± 96.5

WZ 16.1 ± 2.2 ± 3.4

WW 4.8 ± 1.1 ± 1.4

Total background 1876.8 ± 13.7 ± 147.2

Data 1888

Signal mH = 110 GeV 6.72 ± 0.31 ± 1.20

Signal mH = 115 GeV 5.25 ± 0.30 ± 0.97

Signal mH = 120 GeV 4.54 ± 0.25 ± 0.83

Signal mH = 125 GeV 4.08 ± 0.21 ± 0.77

Signal mH = 130 GeV 3.28 ± 0.17 ± 0.62

Table 7: Summary of numbers of the estimated background events, observed events in data, and ex-

pected signal yields for the WH analysis. Electron and muon channels are combined. The statistical and

systematic uncertainties on the estimated background and signal events are also shown.

The analysis is performed for five Higgs boson masses between 110 GeV and 130 GeV. The di-b-jet

invariant mass mbb̄ is shown in Figure 8 for ZH → ℓℓbb̄ and in Figure 9 for WH → ℓνbb̄ , for two
example Higgs boson masses, mH = 115 and 130 GeV. The data distributions are overlaid with the

expectations from the MC simulation and data-driven backgrounds. The background expectation agrees

well with the data.
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Figure 8: The invariant mass, mbb̄, for ZH → ℓℓbb̄ for mH = 115 (left) and 130 GeV (right). The signal
distribution is enhanced by a factor of 20 for visibility.
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Figure 9: The invariant mass, mbb̄, forWH → ℓνbb̄ for mH = 115 (left) and 130 GeV (right). The signal
distribution is enhanced by a factor of 20 for visibility.

For each Higgs boson mass hypothesis a one-sided upper-limit is placed on the standardized cross-

sections µ = σ/σS M at the 95% confidence level (C.L.). The exclusion limits are derived from the

CLs [63] treatment of the p-values computed with the profile likelihood ratio [64], as implemented in

the RootStats program [65], of the binned distribution of mbb̄ as the test-statistic. The systematic uncer-

tainties are treated as nuisance parameters and shape uncertainties are treated in the limit program via

morphing.

The resulting exclusion limits can be seen in Figure 10, for the ZH and WH analysis. The limits

range between 15 and 30 times the Standard Model cross-section for the WH → ℓνbb̄ channel and
between 15 and 35 times the Standard Model cross-section for the ZH → ℓℓbb̄ channel, depending on
the Higgs boson mass. The combined exclusion limit for both channels together, shown in Figure 11,

ranges between 10 to 20 times the Standard Model cross-section, depending on the Higgs boson mass.

As the number of events in the selected sample was sufficiently large, analytic expressions that are

exact in the large-sample limit [64] were employed to describe the sampling distribution of the test

statistic used in the exclusion limit calculation. This has the advantage of being computationally far

faster than generating many toy Monte Carlo experiments.
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Figure 10: Expected (dashed) and observed (solid line) exclusion limits for the ZH → ℓℓbb̄ (top) and
WH → ℓνbb̄ (bottom) channels expressed as the ratio to the Standard Model cross-section, using the
profile-likelihood method with CLs. The green and yellow areas represent the 1σ and 2σ ranges of the

expectation in the absence of a signal.
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Figure 11: Expected (dashed) and observed (solid line) exclusion limits for the ZH → ℓℓbb̄ and

WH → ℓνbb̄ channels combined, expressed as the ratio to the Standard Model cross-section, using
the profile-likelihood method with CLs. The green and yellow areas represent the 1σ and 2σ ranges of

the expectation in the absence of a signal.
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9 BoostedWH Studies

An alternative approach to identifying H → bb̄ in associated production with a W or Z boson is to
consider only the high-pT part of the cross-section [18,66]. Such “boosted” studies require that the Higgs

boson pT is at least 200 GeV, which rejects about 95% of the signal. However the main backgrounds are

reduced by a larger factor and the remaining signal events tend to be within the detector acceptance.

One of the key aspects of any such analysis is the identification of the H → bb̄ pair. The Higgs boson
system has a few useful properties which can be exploited. Firstly, as the Higgs boson pT increases,

the angle between the bb̄ pair decreases. The b and b̄-jets in the bb̄ pair will tend to share the available

pT roughly equally, which is not the case for g → bb̄ splittings. Although the b-quarks may produce
additional radiation through further splittings, due to angular ordering [67–69] this should be emitted at

angles smaller than the angle between the b-quarks themselves.

For highly boosted H → bb̄, it is found that “jet substructure” techniques offer significant advantages
over traditional jet reconstruction. Specifically a procedure is employed where Cambridge-Aachen [70,

71] R=1.2 jets are built by combining their constituent four-vectors, and the jet mass at each combination

is recorded. The clustering history is then searched in reverse for a step where the mass of the jet falls by

more than 1/3 in a fairly symmetric manner. At this point the remaining constituents are reclustered using

a smaller R value and the three highest pT “subjets” are taken to form a heavy particle candidate, with

irrelevant radiation filtered out. The subjets are then examined by a b-tagging algorithm to reject light jet

backgrounds. The mass of this new split and filtered jet is the final discriminating variable, analogous to

the dijet mass.

Overall, the loss of available data statistics in this approach is found to be compensated by an im-

provement in signal-to-background ratio [72]. However, this method presents challenges, as jet sub-

structure procedures are relatively unexplored in collision data. It is therefore important to understand

whether the substructure properties of jets are well modelled by Monte Carlo generators and the detector

simulation. Initial indications are that this particular procedure is well understood at ATLAS [73].

Figure 12 takes a first look at the mass distribution for these split and filtered jets with no b-tagging

applied. First, events are selected if they contain a W → ℓν candidate consistent with having a boson
pT > 200 GeV. Then all split and filtered jets with pT > 180 GeV and ∆φW, jet > 1.2 in these events

are studied. The jet mass distribution in a sample of 2011 data is compared to MC simulation. There

are three main backgrounds: tt̄ events were generated with MC@NLO [33, 74] with H [32, 75]

and J [34] for parton showers; W+jets with A [31] also interfaced with H and J for

parton showers and WW production with H and J. All samples are normalized to the highest

order cross-section calculation available (see Table 2). A jet calibration derived from simulated QCD

jets is applied but no correction for the specific environment of these events is applied. No corrections

are applied to MC simulated events nor are any systematic uncertainties evaluated.

In spite of the raw nature of the comparison, the mass distribution is reasonably well described by

MC simulation. It is also interesting to note the excess in both data and MC simulation around the W-

boson mass. This implies that this may be an extremely useful control sample for controlling systematics

in a final analysis.

These first results are encouraging, promising new results from the boosted jet substructure analysis

in the near future.

10 Summary

This note summarizes the results of the first ATLAS direct search for the Standard Model Higgs boson in

the mass range 110 < mH < 130 GeV when produced in association with aW or Z boson and decaying to

bb̄. The analysis uses a dataset corresponding to 1.04 fb−1 of pp collisions at
√
s = 7 TeV. No significant
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Figure 12: The jet mass distribution of subjets with pT > 180 GeV in events consistent with a W →
ℓν boson decay with pT > 200 GeV. The distribution is compared to the uncorrected MC simulation

prediction for tt̄, W+jets and WW processes.
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excess of events above the estimated backgrounds is observed. Upper limits on Higgs boson production,

at the 95% confidence level, of 10 to 20 times the Standard Model cross-section are obtained in the mass

range between 110 and 130 GeV.

The first study in ATLAS of the background to the search for highly boosted Higgs bosons decaying

to bb̄ pairs, based on an analysis of jet substructure, shows promising results.
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