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1. Introduction

The search for the Standard Model (SM) Higgs
boson [IH3] is one of the most important endeav-
ours of the Large Hadron Collider (LHC). The re-
sults of searches in various channels using data cor-
responding to an integrated luminosity of up to
4.9fb~! have been reported recently by both the
ATLAS and CMS collaborations |4, [5]. The Higgs
boson has been excluded at the 95% confidence level
below 114.4 GeV by the LEP experiments [6], in
the regions 100-106 GeV and 147-179 GeV at the
Tevatron pp collider [7], and in the regions 112.5—
115.5 GeV and 127-600 GeV by the LHC experi-
ments. This Letter reports on a search for the SM
Higgs boson performed for the H — bb decay mode,
over the mass range 110-130 GeV where this decay
mode dominates.

Due to the large backgrounds present in the dom-
inant production process gg — H — bb, the anal-
ysis reported here is restricted to Higgs boson pro-
duction in association with a vector boson, W H
and ZH |8412], where the vector boson provides an
additional final state signature, allowing for signif-
icant background suppression. An additional han-
dle against the backgrounds is provided by exploit-
ing the better signal-over-background level of the
kinematic regions where the weak bosons have high
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transverse momenta [13]. These channels are also
important contributors to Higgs boson searches at
CMS [14] and the Tevatron [7].

This Letter presents searches in the ZH —
0Ye~bb , WH — fvbb and ZH — vibb channels,
where ¢ is either an electron or a muon. The data
used were recorded by the ATLAS experiment dur-
ing the 2011 LHC run at a centre-of-mass energy
of /s = 7 TeV and correspond to integrated lu-
minosities of 4.6 to 4.7 fb~! [15, [16], depending on
the analysis channel. The leptonic decay modes
of the weak bosons are selected to suppress back-
grounds containing only jets in the final state. In
the ZH — vbb channel, the multijet background is
suppressed by requiring a large missing transverse
energy.

2. The ATLAS Detector

The ATLAS detector [17] consists of four main
subsystems. An inner tracking detector is immersed
in the 2 T magnetic field produced by a super-
conducting solenoid. Charged particle position and
momentum measurements are made by silicon de-
tectors in the pseudorapidity@ range |n| < 2.5 and

LATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the centre of
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by a straw tube tracker in the range |n| < 2.0.
Calorimeters cover |n| < 4.9 with a variety of detec-
tor technologies. The liquid-argon electromagnetic
calorimeter is divided into barrel (|n| < 1.475) and
endcap (1.375 < |n| < 3.2) sections. The hadronic
calorimeters (using liquid argon or scintillating tiles
as active materials) surround the electromagnetic
calorimeter and cover || < 4.9. The muon spec-
trometer measures the deflection of muon tracks in
the field of three large air-core toroidal magnets,
each containing eight superconducting coils. It is
instrumented with separate trigger chambers (cov-
ering |n| < 2.4) and high-precision tracking cham-
bers (covering || < 2.7).

3. Data and Monte Carlo Samples

The collision data used in this analysis are se-
lected such that all elements of the ATLAS de-
tector were delivering high-quality data. In the
ZH — (t07bb and the WH — (vbb analyses,
events were primarily collected using single-lepton
triggers with a transverse momentum (pr) thresh-
old of 20 GeV for electrons, which was raised to
22 GeV as the instantaneous luminosity increased,
and 18 GeV for muons. In the ZH — ¢*{~bb anal-
ysis, these triggers were supplemented with a di-
electron trigger with a threshold of 12 GeV. The
lepton trigger efficiency is measured using a sam-
ple of Z — {74~ events. The resulting efficiency,
relative to the offline selection, is close to 100% for
ZH — ete bb and WH — evbb. It is around
95% for the ZH — ptpu~bb channel and 90% for
the WH — puvbb channel, due to the lower az-
imuthal angular coverage of the muon trigger cham-
bers with respect to the precision tracking cham-
bers. The missing transverse energy (ERs) trigger
used for the ZH — vobb channel has a threshold of
70 GeV and an efficiency above 50% for Emiss above
120 GeV. This efficiency exceeds 99% for Emiss
above 170 GeV. The efficiency curve is measured
in a sample of W — uv + jet events collected using
muon triggers, which do not rely on the presence

the detector and the z-axis coinciding with the axis of the
beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upward. Cylindrical co-
ordinates (r,¢) are used in the transverse plane, ¢ being the
azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle 6§ as n = —Intan(6/2).
For the purpose of the fiducial selection, this is calculated
relative to the geometric centre of the detector; otherwise, it
is relative to the reconstructed primary vertex of each event.

of ERmiss. The Monte Carlo (MC) simulation pre-
dicts the trigger efficiency to be 5% higher than that
observed in collision data for 120 GeV < ERiss <
160 GeV and agrees for E{f‘iss > 160 GeV. A cor-
rection factor of 0.95 4+ 0.01 is therefore applied to
the MC in the lower EX region, and no trigger
efficiency correction is applied elsewhere.

The WH and ZH signal processes are modelled
using MC events produced by the PyTHIA [1§]
event generator, interfaced with the MRST mod-
ified leading-order (LO*) [19] parton distribution
functions (PDFs), using the AUET2B tune [20] for
the parton shower, hadronization and multiple par-
ton interactions. The total cross sections for these
channels, as well as their corresponding uncertain-
ties, are taken from the LHC Higgs Cross Section
Working Group report [21]. Differential next-to-
leading order (NLO) electroweak corrections as a
function of the W or Z transverse momentum have
also been applied [12, [22]. The Higgs boson decay
branching ratios are calculated with HDECAY [23].

The background processes are modelled with sev-
eral different event generators. The POWHEG |24~
26] generator, in combination with MSTW 2008
NLO PDFs [27] and interfaced with the PyTHIA
program for the parton shower and hadronization,
is used to simulate W+ > 1b jet events. The
SHERPA generator [28] is used to simulate Z+>
1b jet and Z+> 1c¢ jet events. The ALPGEN gener-
ator [29] interfaced with the HERwWIG program [30]
is used to simulate W+ > 1c jet, W+ > 1 light jet
(i.e. not a c or b jet) and Z+ > 1 light jet events.
The above background simulations include v* pro-
duction and Z/4* interference where appropriate.
The MCQ@QNLO generator [31], using CT10 NLO
PDFs [32] and interfaced to HERWIG, is used for the
production of top-quarks (single top and top-quark
pair production). The HERWIG generator, is used to
simulate the diboson (ZZ, WZ and WW) samples.
The HERWIG generator uses the AUET2 tune [33]
for the parton shower and hadronization model, re-
lies on MRST LO* PDFs (except for top produc-
tion) and is in all cases interfaced to JIMMY [34]
for the modelling of multiple parton interactions.
MC samples are passed through the full ATLAS
detector simulation [35] based on the GEANT4 [36]
program.



4. Reconstruction and Identification of

Physics Objects

Events are required to have at least one recon-
structed primary vertex with three or more associ-
ated tracks with pp > 0.4 GeV in the inner detec-
tor. If more than one vertex is reconstructed, the
primary vertex is chosen as the one with the high-
est sum of the squares of the transverse momenta
of all its associated tracks.

The charged leptons that are used to reconstruct
the vector boson candidate are required to sat-
isfy pr > 20 GeV in the ZH — (T{~bb channel,
while this cut is increased to pr > 25 GeV in the
WH — (vbb channel in order to be above the
trigger threshold, and maintain a high trigger ef-
ficiency. In both cases, the leptons must be central
(In| < 2.47 for electrons and |n| < 2.5 for muons)
and have a matching track in the inner detector
that is consistent with originating from the primary
vertex.

Electron candidates are reconstructed from en-
ergy clusters in the electromagnetic calorimeter and
are required to pass identification criteria based on
the shower shape. Central electrons must have a
matching track in the inner detector that is consis-
tent with originating from the primary vertex and
requirements are placed on track quality and track-
cluster matching [37]. Further track and cluster
related identification criteria are applied to elec-
tron candidates in order to reduce background from
jets being misidentified as electrons. The criteria
are tighter for W decays, where the background is
larger. Muons are found by searching for tracks re-
constructed in the muon spectrometer with |n| <
2.7. If the muon spectrometer track matches a
track in the inner detector, then the muon is re-
constructed from a combination of both tracks.

In order to suppress background from semilep-
tonic heavy-flavour hadron decays, the leptons are
required to be isolated. In the ZH — ¢*t¢~bb and
W H — {vbb channels the sum of the transverse mo-
menta of all charged tracks (other than those of the
charged leptons) reconstructed in the inner detec-
tor within a cone of AR = /(An)? + (A¢)? < 0.2
from each charged lepton is required to be less than
10% of the transverse momentum of the lepton it-
self. In the WH — ¢vbb channel, the isolation re-
quirement is strengthened by requiring in addition
that the sum of all transverse energy deposits in
the calorimeter within a cone of AR < 0.3 from the
charged lepton be less than 14% of the transverse

energy of the lepton itself.

In order to suppress the top-quark background
in the ZH — vibb channel, events containing elec-
trons with |n| < 2.47 and pr > 10 GeV, or muons
with |n| < 2.7 and pr > 10 GeV are removed. Sim-
ilar requirements are applied on any additional lep-
ton reconstructed in the WH — ¢vbb channel, but
the minimum lepton pr is increased to 20 GeV if
the additional lepton has the same charge as, or
a different flavour than the signal lepton. Events
with forward electrons [37] (2.47 < |n| < 4.5) with
pr > 20 GeV are also removed in the WH — (vbb
channel.

Jets are reconstructed from energy clusters in the
calorimeter using the anti-k; algorithm [38] with a
radius parameter of 0.4. Jet energies are calibrated
using pr- and n-dependent correction factors based
on MC simulation and validated with data [39]. A
further correction is applied when calculating the
di-jet invariant mass, as described in section [5] be-
low. The contribution from jets originating from
other collisions in the same bunch crossing is re-
duced by requiring that at least 75% of the summed
transverse momentum of inner detector tracks (with
pr > 0.4 GeV) associated with the jet are com-
patible with originating from the primary vertex.
Furthermore, a jet is required to have no identi-
fied electron within AR < 0.4. Only jets with
pr > 25 GeV and within the acceptance of the
inner detector (|n| < 2.5) are used to reconstruct
Higgs boson candidates. A looser selection, for ad-
ditional jets with pr > 20 GeV and |n| < 4.5, is
used to suppress additional hadronic activity in the
W H — (vbb channel.

Jets which originate from b quarks can be distin-
guished from other jets by the relatively long life-
time of hadrons containing b quarks. Such jets are
primarily identified (“b-tagged”) by reconstructing
one or more secondary decay vertices from tracks
within the jet, or by combining the distances of clos-
est approach to the primary event vertex (impact
parameters) of tracks in the jet |[40-42]. This in-
formation is combined into a single discriminant w,
such that a jet with higher w is more likely to be
a b jet. A selection cut on w is applied, resulting
in an efficiency of about 70% for identifying true b
jets, with a c¢ jet rejection factor of about 5, and a
light jet rejection factor of about 130, evaluated in
simulated tf events.

The missing transverse momentum and its mag-
nitude are measured from the vector sum of the
transverse momentum vectors associated with clus-



ters of energy reconstructed in the calorimeters
with |n| < 4.9 [43]. A correction is applied to the
energy of those clusters that are associated with
a reconstructed physical object (jet, electron, 7-
lepton, photon). Reconstructed muons are also in-
cluded in the sum, and any calorimeter energy de-
posits associated with them are excluded. To sup-
plement the calorimeter-based definition of EXiss
in the ZH — vibb channel, the track-based miss-
ing transverse momentum, p%“ss, is calculated from
the vector sum of the transverse momenta of in-
ner detector tracks associated with the primary ver-
tex |44].

5. Event Selection

Events in the ZH — ¢+~ bb channel are required
to contain exactly two same-flavour leptons. The
two leptons must be oppositely charged in the case
of muons. This is not required for electrons since
energy losses from showering in material in the in-
ner detector lead to a higher charge misidentifica-
tion probability. The invariant mass of the lepton
pair must be in the range 83 GeV < my < 99 GeV.
A requirement of ER55 < 50 GeV reduces the back-
ground from top-quark production.

Events in the WH — (vbb channel are required
to contain a single charged lepton and ERiss >
25 GeV. A requirement on the transverse mas$3 of
mr > 40 GeV is imposed to suppress the multijet
background.

The ZH — vibb selection requires EXss >
120 GeV. A requirement of p2is> 30 GeV is im-
posed to suppress events with poorly measured
Emiss. Cuts on the difference in azimuthal an-
gle between the directions of ERSS and piiss,
Ag(Emiss pmiss) < /2 and the difference in az-
imuthal angle between EXs5 and the nearest jet
min(Ag(Emss jet)) > 1.8 are applied to reduce the
multijet background, which is dominated by one or
more jets being mismeasured by the calorimeter.

The transverse momentum of the vector boson,
pY., is reconstructed from the two leptons in the
ZH — 10~ bb channel, from the lepton and ERiss
in the WH — fvbb channel and from E} in the
ZH — vbb channel.

2The transverse mass (mt) is defined from the trans-
verse momenta and the azimuthal angles of the charged
lepton (1{)?F and ¢’) and neutrino (p% and ¢¥): mr =

\/QPZTP%(l — cos(¢¢ — ¢¥)), where p¥, = E%xiss_

Events in all channels are required to contain ex-
actly two b-tagged jets, of which one must have
pr > 45 GeV and the other pr > 25 GeV. If p¥
is less than 200 GeV the two b-tagged jets are re-
quired to have a separation of AR > 0.7, to reduce
W+jet and Z+jet backgrounds. Additionally, in
the ZH — vibb channel a cut on the separation
between the two jets of AR < 2.0 (AR < 1.7)
for p¥ < 160 GeV (py > 160 GeV) is applied
to reduce the multijet background. Events in the
ZH — 10~ bb channel may contain additional non-
b-tagged jets, while, in the WH — fvbb and
ZH — vibb channels, events with additional jets
are rejected, to further suppress top-quark back-
ground. In the WH — fvbb analysis, where the
top-quark background is dominant, events contain-
ing additional jets with |n| < 4.5 and pr > 20 GeV
are rejected, while in the ZH — vibb channel the
selection is restricted to jets with |n| < 2.5 and
pr > 25 GeV.

In the ZH — vobb analysis, further cuts are
applied on the azimuthal angle between EMsS and
the reconstructed transverse momentum of the bb
system, A@(bb, ER5), to further reject multijet
background. The cuts are A¢(bb, ERisS) > 2.7 for
120 < p¥ < 160 GeV and Ag¢(bb, EXiss) > 2.9 for
p¥. > 160 GeV.

A search for H — bb decays is performed by look-
ing for an excess of events above the background ex-
pectation in the invariant mass distribution of the
b-jet pair (m,;). The value of the reconstructed
myy is scaled by a factor of 1.05, obtained from
MC-based studies, to account on average for e.g.
losses due to soft muons and neutrinos from b and
¢ hadron decays. To increase the sensitivity of the
search, this distribution is examined in bins of p¥.
As the expected signal is characterized by a rela-
tively hard p¥ spectrum, the signal to background
ratio increases with p¥. The and ZH — ¢T(~bb
and WH — (vbb channels are examined in four
bins of the transverse momentum of the recon-
structed W or Z boson, given by: p¥ < 50 GeV,
50 < pY < 100 GeV, 100 < p¥ < 200 GeV
and p¥ > 200 GeV. In the ZH — vibb search
three bins are defined: 120 < p¥ < 160 GeV,
160 < p¥ < 200 GeV and p¥. > 200 GeV. The ex-
pected signal to background ratios for a Higgs boson
signal with my = 120 GeV vary from about 1% in
the lowest p¥. bins to about 10-15% in the highest
p. bins. For this Higgs boson mass, 5.0% and 2.4%
of the ZH — ¢t4/~bb and WH — (vbb events are
expected to pass the respective analysis selections,



with negligible contributions from other final states.
On the other hand, the ZH — vibb analysis has
a non-negligible contribution from WH — (vbb
2.1% of the ZH — vibb signal and 0.2% of the
WH — fvbb signal are expected to pass the anal-
ysis selection.

6. Background Estimation

Backgrounds are estimated using a combination
of data-driven and MC-based techniques. Signif-
icant sources of background include top, W+jet,
Z+jet, diboson and multijet production. The dom-
inant background in the ZH — ¢*¢~bb channel
is Z+jet production. In the WH — (vbb chan-
nel both the top-quark and W+jet production are
important. In the ZH — vibb channel, there is
a significant contribution from top, W+jet, Z+jet
and diboson production. Multijet production is a
negligible background, except for the WH — fvbb
channel.

The flavour composition of the W +jet and Z+jet
backgrounds is determined partially from data.

The shapes of the m; distribution of the top,
W+jet and Z+jet backgrounds are taken from MC
simulation, with the respective normalizations be-
ing determined from data. The ratio of single-top to
top-pair production is taken from NLO QCD com-
putations [45]. Multijet backgrounds are estimated
entirely from data. The diboson backgrounds are
determined from MC simulation with cross sections
normalized to NLO QCD computations |46, 47].

The flavour composition of the W +jet and Z+jet
samples is determined using templates produced
from three exclusive MC samples containing at least
one true b jet, at least one true c jet, or only light
jets. The relative normalizations of the three com-
ponents are adjusted by fitting the distribution of
the b-tagging discriminating variable w found in
MC simulation to the distribution found in con-
trol data samples dominated by W+4jet and Z4-jet
events. Once the relative normalizations of the
flavour components have been fixed, the overall nor-
malizations are determined from data in a separate
step.

Sidebands in the myyj; distribution, defined by se-
lecting events with m,; < 80 GeV or 150 GeV <
my; < 250 GeV along with the standard event se-
lection, are used to normalize the Z+jet, W4jet
and top backgrounds.

In addition, two control regions which are dom-
inated by top-quark production are used to fur-

ther constrain the normalization of the top back-
ground. The ZH top control region selects events
from the sidebands of the Z boson mass peak:
mee € [60 GeV, 76 GeV] U [106 GeV, 150 GeV] with
Emiss > 50 GeV, while the W H top control region
selects W + 3 jet events with two b-tagged jets.

The normalizations of the Z-+jet, W+jet and
top-quark backgrounds are determined in the
ZH — (t0~bb or WH — (vbb channels, by si-
multaneous fits to the sidebands of the m,; distribu-
tions, and either the ZH or W H top control regions
defined above. In the W H sideband fit, the nor-
malizations of the top-quark, the W42 jet and the
W43 jet distributions are varied. In the ZH side-
band fit, the normalizations of the top-quark and
Z+jet backgrounds are left floating. The normal-
izations of the remaining sub-leading backgrounds
are left fixed in the fit at their expectation values
from Monte Carlo predictions, except for multi-jet
production which is estimated from data. The rela-
tive data to MC normalization factors for top-quark
background agree with unity to within 20% in both
the ZH — (t¢~bb or WH — (uvbb sideband fits.
The normalization of the top-quark background in
the ZH — (t¢~bb signal region is based on the
Z H sideband and control region fit result, while
the normalization of the same background in the
ZH — ¢Y0=bb and ZH — vibb signal regions is
based on the W H sideband and control region fit re-
sult. Monte Carlo predictions are used to extrapo-
late the Z+jet (W+jet) normalizations determined
in the ZH — ¢*¢=bb (WH — (vbb ) sidebands
to the signal regions of all three channels. The
normalization factors for W+jet and Z+jet range
from 0.8 to 2.4 depending on jet flavour and multi-
plicity. The MC to data normalization factors are
applied to several additional control samples with
selections to enhance the Z, W or top-quark contri-
butions. After these corrections are applied, good
agreement is found with the data in both shape and
normalization within the statistical and systematic
uncertainties.

The backgrounds from multijet events are esti-
mated entirely from collision data. For the ZH —
(T¢~bb channel, the multijet background normal-
ization is determined from the sidebands of the
mye distribution in events containing at least two
jets, and is found to contribute less than 1% and
is therefore neglected. Multijet E3sS templates for
the WH — fvbb channel are obtained by selecting
events with lepton candidates failing the charged
lepton analysis selection, but satisfying looser lep-



ton selections. The normalization is determined by
fitting these templates to the ERsS distribution. A
30% uncertainty is determined from a comparison
between the normalized templates and the data in
a multijet-dominated control region, defined by re-
quiring E%liss < 25 GeV and mT < 40 GeV.

In the ZH — wibb channel, the multijet
background is estimated using three control re-
gions defined using two variables, Ag(ERiss pmiss)
and min(A¢(ERSS jets)), which showed no ap-
preciable correlation. The ratio of events
with  A@(ERSS jet) > 1.8 to those with
min(Ag(Ems jet)) < 1.8 is determined for events
with Ag(EmRiss pmiss) > /2. This ratio is then
applied to events with Ag(ERss pmiss) < /2 to
estimate the multijet background in the signal re-
gion. Upper estimates of the multijet contami-
nation in the signal region are found to be 0.85,
0.04 and 0.26 events for 120 < p¥ < 160 GeV,
160 < p¥ < 200 GeV and p¥ > 200 GeV, respec-
tively. The accuracy of the estimate is limited by
the number of events in the control regions.

The distribution of me in the ZH — £+07bb
channel is shown in Fig. [[{a) after all analysis
requirements have been applied (except for the
di-lepton mass cut), including the requirement of
two b-tagged jets. The signal region is seen to
be dominated by Z+jet with smaller contribu-
tions from top-quark and diboson production. The
Emiss distribution in the WH — fvbb channel
is shown in Fig. [[{b) after all requirements, ex-
cept for the mp and ERS cuts. The signal re-
gion is seen to have large contributions from top-
quark production and W+jet, with smaller con-
tributions from the multijet background, Z+jet
and diboson production. Figures [lc) and [{d)
show the Ag(Emiss piss) and min(Ag(ERSS jet))
distributions for the ZH — wviobb channel, af-
ter all requirements except for those applied to
these variables. The multijet background shape
in Figure [[lc) is obtained from data events with
min(A¢(ERSS jet)) < 0.4, after subtracting the re-
maining backgrounds, and normalized to the data
in the region defined by Ag(ERiss pmiss) > /2.
In Figure [l(d), the multijet shape is obtained from
events with A@(ERISS piiss) > /2 and normalized
to data events with min(A@(ER jet)) < 0.4.

It can be seen that the requirements on these
variables effectively reduce the multijet back-
ground. The signal region has large contributions
from Z+jet and top, with smaller contributions
from the W+jet, diboson production and multijet

backgrounds. For all distributions, the data are rea-
sonably well described by MC simulation and the
multijet background, which was determined from
data.

7. Systematic Uncertainties

The sources of systematic uncertainty considered
are those affecting the various efficiencies (recon-
struction, identification, selection), as well as the
momentum or energy of physics objects, the nor-
malization and shape of the m,z distribution of
the signal and background processes, and the in-
tegrated luminosity. Among these, the leading in-
strumental uncertainties for all channels are related
to the uncertainty on the b-tagging efficiency, which
varies between 5% and 19% depending on the b-
tagged jet pr [42], and the jet energy scale (JES)
for b-tagged jets which varies between 3% and 14%
depending on the jet pr and n [4&]. The pr depen-
dence of the b-tagging efficiency has been consid-
ered, based on the full covariance matrix of the mea-
sured b-tagging efficiency in jet pr intervals [42].
The uncertainty on the flavour composition of the
Z + jet and W + jet background is estimated by
varying the fraction of Z + c-jets and W + c-jets by
30% as derived from the fit described in Section

The uncertainties on the SM Higgs boson inclu-
sive cross sections are evaluated by varying the fac-
torization and renormalization scales, and by tak-
ing into account the uncertainties on the PDFs, on
the strong coupling constant and on the H — bb
branching fraction. These uncertainties are esti-
mated to be &~ 4% for both WH and ZH produc-
tion and are treated according to the recommenda-
tions given in Refs. [21, 149, |50]. Additional uncer-
tainties are considered, as a function of the trans-
verse momentum of the W and Z bosons, which
range from ~ 4% to ~ 8%, depending on chan-
nel and on the p!¥ or pZ interval. These corre-
spond to the difference between the inclusive and
differential electroweak corrections [12, 22], and to
differences in acceptance between the PYTHIA and
POWHEGH+HERWIG generators. The latter arise
mainly from the perturbative QCD model uncer-
tainty caused by rejecting events with three or more
jets in the W H — fvbb and ZH — vibb analyses.

The uncertainties on the normalizations of the
Z+jet, W+jet and top-quark backgrounds are
taken from the statistical uncertainties on the fits
to control regions and my; sidebands (see Section [B])
and from variations of the nominal fit result induced
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Figure 1: (a) The dilepton invariant mass distribution in the ZH — £t £~bb channel, (b) the missing transverse energy without
the mT requirement in the WH — fvbb channel, (c) the azimuthal angle separation between Elll‘iss and p?iss and (d) the
minimum azimuthal separation between Elll‘iss and any jet in the ZH — vobb channel. All distributions are shown for events
containing two b-tagged jets. The various Monte Carlo background distributions are normalized to data sidebands and control
distributions and the multi-jet background is entirely estimated from data as described in the text. The vertical dashed lines
correspond to the values of the cuts applied in each analysis, and the horizontal arrows indicate the events selected by each

cut.

by the remaining sources of systematic uncertainty.
The resulting normalization uncertainties are ap-
plied to the ZH — vibb channel. A correlation
between the normalizations of the W+jet and top-
quark backgrounds is introduced by the simulta-
neous fit to the my; sidebands and the WH top
control region in the WH — (vbb channel. This
correlation is taken into account when transferring
to the ZH — vbb channel the uncertainties on the
normalization of these backgrounds.

The background normalization corrections are
determined in an inclusive way, using all selected
events in the ZH — ¢*¢~bb and WH — (vbb chan-
nels, and the shape of the m;; and p¥. distribu-

tions are in each case taken from the MC simu-
lation. Therefore, a possible mismodelling of the
underlying m,; and p¥. distributions, as predicted
by the MC generators, is also considered. An un-
certainty due to the shape of the p# distribution for
the Z+jet background in the ZH — ¢+t¢~bb chan-
nel is estimated by finding variations of the MC
p# distribution in the m,; sidebands which cover
any differences between MC simulation and data.
The myy distribution of simulated Z+jet events is
then reweighted according to these variations, to
estimate the effect on the final results. An un-
certainty due to the modelling of W+jet in the
WH — (vbb channel is estimated by reweighting



the p'¥ and my; distributions of simulated W +jet
events by variations motivated by a comparison
of different theoretical models (POWHEG+PYTHIA,
PowHEG+HERWIG, AMCQNLO+HERWIG [51]
and ALPGEN+HERWIG). Theoretical uncertainties
of 11% and 15% are applied to the normalization
of the diboson samples and the single-top sample,
respectively. The normalization uncertainty for the
multijet background is taken to be 30% for WH —
(vbb, as described in Section Bl For ZH — ¢+~ bb
and ZH — vibb this background is found to be neg-
ligible. The uncertainty in the integrated luminos-
ity has been estimated to be 3.9% [15,[16]. This un-
certainty is applied only to backgrounds for which
the normalization is not taken directly from a com-
parison between data and MC simulation. Where
it is applied, this systematic uncertainty is assumed
to be correlated among the different backgrounds.

8. Results

The analysis is performed for five Higgs boson
mass hypotheses between 110 GeV and 130 GeVand
the signal hypothesis is tested based on a fit to the
invariant mass distribution of the b-jet pair, mj, in
the signal region (80 < mu; < 150 GeV). The my;
distribution is shown in Figs. Pl—Hl for each channel,
separately for different ranges of p¥. The data dis-
tributions are overlaid with the expectations from
the MC simulation and data-driven backgrounds.
Within the experimental uncertainty, the data show
no excess over the background expectation. The
signal shape is dominated by the experimental res-
olution on the jet energy measurement. The m,j
resolution for signal events is about 16 GeV on av-
erage.

The number of events in the signal region se-
lected in data is shown in Table [ for each chan-
nel. The expected number of signal events for
my = 120 GeV is also shown, along with the corre-
sponding estimated number of background events.
Also shown are the relative systematic uncertain-
ties on the signal and total background yields aris-
ing from the following sources: b-tagging efficiency
and mis-tag rate, background normalization, jet
and EXs5 uncertainties, lepton reconstruction and
identification, integrated luminosity, overlaid colli-
sion events (pileup), and uncertainties on the MC
predictions (theory). Uncertainties on the shape of
the m,; distribution are also taken into account in
the fit.

For each Higgs boson mass hypothesis, a one-
sided upper limit is placed on the ratio of the Higgs
boson production cross section to its SM value,
= o/osm, at the 95% confidence level (CL). The
exclusion limits are derived from the C'L; [52] treat-
ment of the p-values computed with the profile like-
lihood ratio [53], as implemented in the RooStats
program [54], using the binned distribution of myj.
The systematic uncertainties are treated by mak-
ing the expected m;; templates and sample nor-
malizations dependent on additional fit parameters
(“nuisance parameters”), one for each systematic
uncertainty, which are then constrained with Gaus-
sian terms within their expected uncertainties. The
dependence of the m,j; shapes on the nuisance pa-
rameters is described with bin-by-bin linear inter-
polation between the corresponding +1o or —1lo
variations and the nominal case.

The resulting exclusion limits are listed in Ta-
ble 2l for each channel and for the statistical combi-
nation of the three channels. They are also plotted
in Fig.[Bl The limits are expressed as the multiple of
the SM Higgs boson production cross section which
is excluded at 95% CL for each value of the Higgs
boson mass. The observed upper limits range be-
tween 7.7 and 14.4 for the ZH — ¢T¢~bb channel,
between 3.3 and 5.9 for the WH — fvbb channel
and between 3.7 and 10.3 for the ZH — vobb chan-
nel, depending on the Higgs boson mass. The com-
bined exclusion limit for the three channels together
ranges from 2.5 to 5.5 times the SM cross section,
depending on the Higgs boson mass. The limits in-
clude systematic uncertainties, the largest of which
arise from the top, Z+jet, and W+jet background
estimates, the b-tagging efficiency, and the jet en-
ergy scale. The systematic uncertainties weaken the
limits by 25—40% depending on the search channel.

9. Summary

This Letter presents the results of a direct search
by ATLAS for the Standard Model Higgs boson pro-
duced in association with a W or Z boson. The
following decay channels are considered: ZH —
0Ye—bb, WH — fvbb and ZH — visbb, where ¢
corresponds to an electron or a muon. The mass
range 110 < my < 130 GeV is examined for five
Higgs boson mass hypotheses separated by 5 GeV
steps. The three channels use datasets correspond-
ing to 4.6 — 4.7 fb~! of pp collisions at /s = 7 TeV.
No significant excess of events above the estimated
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Figure 4: The invariant mass myy for ZH — vbb shown for the different pZ bins: (a) 120 < pZ < 160 GeV, (b) 160 < pZ <
200 GeV, (c) pZ > 200 GeV and (d) for the combination of all pZ bins. The signal distributions are shown for mpy = 120 GeV
and are enhanced by a factor of five for visibility. The shaded area indicates the total uncertainty on the background prediction.
For better visibility, the signal histogram is stacked onto the total background, unlike the various background components which

are simply overlaid in the figure.

backgrounds is observed. Upper limits on Higgs bo-
son production, at the 95% confidence level, of 2.5
to 5.5 times the Standard Model cross section are
obtained in the mass range 110 — 130 GeV. The ex-
pected exclusion limits range between 2.5 and 4.9
for the same mass interval.
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Table 1: Number of data, simulated signal, and estimated background events in each bin of p¥ for the WH — fubb ,
ZH — ¢t¢~bb and ZH — vibb channels. The signal corresponds to a Higgs boson mass of my = 120 GeV. The number of
events is shown for the full signal region (m;; € [80 GeV, 150 GeV]). Background sources found to be negligible are signalled

with “~”. Relative systematic uncertainties on the hypothesized signal and estimated total background are shown.
ZH — 0707bb WH — fvbb ZH — viobb
bin Pt [GeV] Pt [GeV] pr [GeV]
0-50|  50-100] 100-200]  >200 0-50| 50-100] 100-200]  >200|| 120-160] 160-200]  >200
| Number of events for 80 < my; < 150 GeV
signal |1.3 + 0.1|/1.8 + 0.2(1.6 + 0.2]0.4 £ 0.1{|5.0 + 0.6(5.1 £+ 0.6|3.7 £+ 0.4{1.2 4+ 0.2|[2.0 £+ 0.2{1.2 + 0.1{1.5 + 0.2
top 17.4 24.1 7.3 0.2 229.9 342.7 201.3 8.2 35.2 8.3 4.1
W-tjets - - - - 285.9 193.6 85.8 17.5 13.2 7.8 4.8
Z+jets 123.2 119.9 55.9 6.1 11.1 10.5 2.8 0.0 31.5 11.9 7.1
diboson 7.2 5.6 3.6 0.7 12.6 11.9 7.8 1.4 4.6 4.3 3.6
multijet - - - - 55.5 38.2 3.6 0.2 - - -
total BG |148 + 10| 150 + 6| 67 + 4|6.9 4+ 1.2||596 + 23|598 4+ 16|302 + 10| 27 +5|| 8 £ 8 32+ 3| 20+ 3
data 141 163 61 13 614 588 271 15 105 22 25
| Components of the relative systematic uncertainties of the background [%]
b-tag eff 1.4 1.0 0.3 4.8 0.9 1.3 0.9 7.2 4.1 4.2 5.5
BG norm 3.6 3.4 3.6 3.8 2.7 1.8 1.8 4.5 2.7 2.2 3.2
jets/ Episs 2.1 1.2 2.7 5.1 1.5 1.4 2.1 9.5 7.7 8.2 12.1
leptons 0.2 0.3 1.1 3.4 0.1 0.2 0.2 1.7 0.0 0.0 0.0
luminosity 0.2 0.1 0.2 0.4 0.1 0.1 0.1 0.2 0.2 0.5 0.7
pileup 0.9 1.6 0.5 1.3 0.1 0.2 0.8 0.5 1.6 2.5 3.0
theory 5.2 1.3 4.7 14.9 2.2 0.3 1.6 14.8 2.9 4.0 7.7
total BG 6.9 4.3 6.6 17.3 3.9 2.7 3.4 19.6 9.7 10.6 16.0
| Components of the relative systematic uncertainties of the signal [%)]
b-tag eff 6.4 6.4 7.0 13.7 6.4 6.4 7.0 12.1 7.1 8.2 9.2
jets/E%liss 4.9 3.2 3.5 5.5 5.8 4.6 3.7 3.3 7.3 5.1 6.3
leptons 0.9 1.2 1.7 2.6 3.0 3.0 3.0 3.2 0.0 0.0 0.0
luminosity 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9
pileup 0.5 1.1 1.8 2.2 1.2 0.3 0.3 1.6 0.2 0.2 0.0
theory 4.6 3.6 3.3 5.3 4.4 4.7 5.0 8.0 3.3 3.3 5.6
total signal 10.1 9.1 9.6 16.5 11.4 10.8 11.0 16.0 11.8 11.4 13.4

Table 2: The observed and expected 95% CL exclusion limits on the Higgs boson cross section for each channel, expressed in
multiples of the SM cross section as a function of the hypothesized Higgs boson mass. The last two columns show the combined
exclusion limits for the three channels.

Mass | ZH — ¢T0~bb | WH — fvbb | ZH — vivbb | Combined
[GeV] | Obs.  Exp. Obs. Exp. | Obs. Exp. | Obs. Exp.
110 7.7 6.0 3.3 4.2 3.7 4.0 2.5 2.5
115 7.7 6.2 4.0 4.9 3.6 4.2 2.6 2.7
120 10.4 8.0 4.9 5.9 4.8 5.0 3.4 3.3
125 11.6 9.1 5.5 7.5 7.3 6.0 4.6 4.0
130 14.4 11.6 5.9 9.2 10.3 7.6 5.5 4.9
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Figure 5: Expected (dashed) and observed (solid line) exclusion limits for (a) the ZH — £+¢=bb , (b) WH — £vbb and (c)
ZH — vibb channels expressed as the ratio to the SM Higgs boson cross section, using the profile-likelihood method with C'Ls.
The dark (green) and light (yellow) areas represent the 1o and 20 ranges of the expectation in the absence of a signal. (d)
shows the 95% confidence level exclusion limits obtained from the combination of the three channels.
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