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Abstract
Since the discovery of a Higgs boson by the ATLAS and CMS experiments at the LHC, the emphasis has shifted
towards measurements of its properties and the search for less sensitive channels in order to determine whether the
new particle is the Standard Model (SM) Higgs boson. Of particular importance is the direct observation of the
coupling of the Higgs boson to b-quarks. In this talk a review of ATLAS results in the search for the Higgs boson in
the VH production mode with the Higgs decaying to a b-quark pair will be given.
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1. Introduction
Since the observation of a new particle by the ATLAS
and CMS experiments at the LHC [1, 2] with properties
consistent with the Higgs boson [3, 4, 5, 6] of the Standard Model (SM) [7, 8, 9], the emphasis has shifted
towards precise measurements of its properties and the
study of less sensitive channels.
The H → bb̄ decay mode is predicted in the SM to
have a branching ratio of 58% for mH = 125 GeV [10].
These proceedings describe the details of the analysis
performed by the ATLAS collaboration in the search for
associated (W/Z)H production of the SM Higgs boson
in the bb̄ decay. The associated production of a Higgs
boson with a vector boson W or Z, thanks to their leptonic decays, offers a way to suppress the overwhelming
background from multijet production which makes the
inclusive H → bb̄ channel not feasible at hadron colliders.
The ATLAS experiment reported other searches for
associated (W/Z)H production of the SM Higgs boson in the bb̄ decay mode,√ based on datasets of 4.7
and 13.0 fb−1 recorded at s = 7 and 8 TeV, respectively [11, 12]. In these proceedings the search uses the
full integrated luminosity accumulated by ATLAS [13]
during Run 1 of the LHC, 4.7 and 20.3 fb−1 at centre-ofmass energies of 7 and 8 TeV in 2011 and 2012, respec-

tively. A more complete description of the analysis can
be found in [14]. Recently, a revisited and improved
version of the analysis described in these proceedings
has been reported by the collaboration [15].
Analysis strategy. The analysis is performed for events
containing zero, one, or two charged leptons (electrons
or muons), addressing the Z → νν, W → lν, or Z → ll
decay modes of the vector boson, respectively. The 0lepton channel has a reduced but not negligible contamination from W → lν, when the lepton is produced outside of the detector acceptance or not identified.
A b-tagging algorithm is used to identify the jets from
the H → bb̄ decay. To improve the sensitivity, the three
channels are further split according to the vector boson transverse momentum and the number of jets, and
topological and kinematic selection criteria are applied
within each of the resulting categories.
In the statistical analysis used to obtain the final results, the mass of the two b-tagged jets is used as the
discriminating variable, and dedicated control samples
constrain the contributions of the dominant background
processes.
To validate the analysis, a measurement of the cross
section of (W/Z)Z production is performed in the same
final states and with the same event selection, with H →
bb̄ replaced by Z → bb̄.
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2. Object definition and event selection
The analysis uses the full integrated luminosity accumulated by ATLAS during Run 1 of the LHC, 4.7 and
20.3 fb−1 at centre-of-mass energies of 7 and 8 TeV in
2011 and 2012, respectively. Single-lepton triggers and
dilepton triggers have been used to select events for the
1-lepton channel and the 2-lepton channel. Events in the
0-lepton channel are selected by triggers based on missing transverse momentum (ETmiss ). In addition, ETmiss
triggers are also used to cope with a reduced muonchamber coverage in some regions of the detector, thus
improving the signal acceptance by about 20% in the
muon channel for the 1-lepton analysis.
The object definition is summarised in the following
lines:
Leptons Three categories of electrons [16] and
muons [17] are used in the analysis, denoted in increasing order of purity as loose, medium and tight
leptons which differ for quality and isolation requirements. Loose leptons are selected with transverse energy ET > 10 GeV and |η| < 2.5 (|η| < 2.47 for electrons). Medium leptons meet the loose identification
criteria and have ET > 25 GeV, and they pass additional quality requirements. Tight leptons are required
to pass still more stringent quality and isolation requirements based on variables measured by the tracking system and by the calorimeters.
Jets Jets are reconstructed from topological clusters in
the calorimeters using the anti-kt algorithm [18] with
a distance parameter of 0.4 [19]. To reduce the contamination by jets from pile-up interactions, a criterion using the ratio between the scalar sum of the pT
of tracks matched to the jet and originating from the
primary vertex and the scalar sum of the pT of all
tracks matched to the jet has been used. Jets with
pT > 20 GeV and |η| < 2.5 have been considered to
build the dijet system representing the Higgs candidate
(adding the request that the highest pT jet must have
pT > 45 GeV), while extra jets with pT > 30 GeV and
2.5 < |η| < 4.5 have been used in the 0-lepton and in
the 1-lepton channel to veto the event.
b-tagging Jets originating from b-quarks are identified
using the MV1 b-tagging algorithm [20], which combines information from various algorithms based on
track impact-parameter significance or explicit reconstruction of b-hadron decay vertices. The b-tagging selection criterion used in this analysis results in a typical
efficiency of 70% for b jets, as measured in simulated
tt¯ events, and rejection factors of 5 and 150 against c
and light jets, respectively.
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Emiss
and pmiss
The missing transverse momentum
T
T
miss
ET [21] is measured as the negative vector sum of the
transverse momenta associated with electrons, photons, muons, taus and jets in the event. The transverse momenta associated with the energy clusters in
the calorimeters with |η| < 4.9 not associated with any
reconstructed object, is used to improve the estimate of
the ETmiss . In addition, a track-based missing transverse
momentum, pmiss
T , is calculated as the negative vector
sum of the transverse momenta of tracks associated to
the primary vertex.
Signal region. The basic event selection for the three
channels is summarised in Table 1. The transverse momentum of the vector boson (pVT ) is reconstructed as the
ETmiss in the 0-lepton channel, the magnitude of the vec~ in the 1-lepton chantor sum of the lepton and the E miss
T

nel (pW
T ) and of the vector sum of the two leptons in
the 2-lepton channel (pZT ). The events are categorised in
five pVT intervals, with boundaries at 0, 90, 120, 160, and
200 GeV. The ETmiss triggers are 90% efficient for ETmiss =
120 GeV, so only the last three intervals are used in the
0-lepton channel.
The events are selected if there are exactly two btagged jets with |η| < 2.5. In addition, the leading (highest pT ) b-tagged jet must have pT > 45 GeV. The dijet
system is formed by these two b-tagged jets. There can
be at most one additional jet with pT > 20 GeV and
|η| < 2.5.
Additional requirements applied on the angular separation ∆R(b, b̄) between the two jets of the dijet system have been used. These cuts have been optimized
in different pVT interval, to improve the backgroundsignal separation (∆R(b, b̄) > 0.7 if pVT < 200 GeV,

Table 1: The basic event selection for the three channels. In this ta~ , pmiss
~
~
~
miss
miss
ble, ∆φ(ETmiss
T ) is the azimuthal angle between E T and pT ,
~
~
∆φ(E miss , j) is the azimuthal angle between E miss and a jet j in the
T

T

~ , bb̄) is the azimuthal angle between E miss
~
event, ∆φ(ETmiss
T and the dijet
system forming the Higgs candidate, mW
is
the
transverse
mass built
T
~
miss
from the lepton kinematic and the E , and m is the dilepton invariT

ant mass.
0-lepton
0 loose leptons
ETmiss /[GeV] > 120
pmiss
T /[GeV] > 30
~ , pmiss
~ ) < π/2
∆φ(E miss
T

T

~ , j)] > 1.5
min[∆φ(ETmiss
~ , bb̄) > 2.8
∆φ(E miss
T

1-lepton
1 tight lepton
+ 0 loose leptons
ETmiss /[GeV]> 25
(ETmiss /[GeV]> 50
if pW
T /[GeV] > 200)
mW
T /[GeV] < 120
(and mW
T /[GeV]> 40
if pW
T /[GeV]< 160)

``

2-lepton
1 medium lepton
+ 1 loose lepton
ETmiss /[GeV]< 60
83 < m`` /[GeV]< 99
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3. Estimate of the background, systematic uncertainties and fit strategy
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As shown in Figure 1 most of the electroweak processes including jets enter as background in this analysis. It can be seen that the background composition in
the signal regions varies greatly from channel to channel, with the jet multiplicity, and with the pVT interval
considered. The signal to background ratio improves
with increasing pVT . Their contribution have been estimated by using Monte Carlo (MC) simulated samples
produced using the atlfast-II simulation [22], which
includes a full simulation of the ATLAS detector based
on the geant4 program [23], except for the response
of the calorimeters for which a parametrised simulation
is used. For the main background processes, version
1.4.1 of the sherpa generator [24] to simulate W and
Z+jets at leading-order (LO) in QCD, with massive c
and b quarks has been used. The tt¯ production has been
simulated with the powheg generator [25, 26, 27], interfaced with pythia6 [28]. For single-top, powheg,and
AcerMC generator [29] have been used. The herwig
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Control regions. A number of “control” regions are
also used in the analysis to constrain the main backgrounds. These control regions are selected in the same
way as the signal regions, except for the following modifications. For the 1-tag control regions, exactly one jet
must be b tagged, while for the 0-tag control region,
no jet is b tagged. In the 2-lepton channel, two additional 2-tag regions are defined, which are inclusive in
jet multiplicity (≥ 2). In the first one, a “validation region”, the requirement on the dilepton mass is reversed
(40 < m`` < 83 GeV or m`` > 99 GeV) and no requirement is placed on ETmiss . In the second one, a “control
region”, events containing different-flavour lepton pairs
(electron or muon) are selected.

300
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and ∆R(b, b̄) < 3.4 and decreased to 3.0, 2.3, 1.8, 1.4
if pVT /[GeV] > 90, 120, 160, 200 respectively). These
selection criteria define a set of “2-tag signal regions”,
categorised in terms of channel (0-, 1-, or 2-leptons), pVT
interval, and jet multiplicity (2 or 3).
After event selection, the dijet mass is recomputed
in the 2-tag regions with an improved jet calibration.
The energy from muons within a jet is added to the
calorimeter-based jet energy, and a pT -dependent correction is applied to account for biases in the response
due to resolution effects.
Some examples for the dijet mass distributions in the
signal regions for the thee different lepton channels are
shown in Figure 1.

Events
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Figure 1: The mbb distribution in data (points with error bars) and
simulation (histograms) for the six signal regions of the 0-lepton, 1lepton and 2-lepton channel [14]. The background contributions after
the global fit are shown as filled histograms. The Higgs boson signal (mH = 125 GeV) is shown as filled histograms on top of the fitted
backgrounds both after the global fit (indicated as “best fit”) and as expected from the SM ( indicated as µ = 1.0). The size of the combined
statistical and systematic uncertainty on the fitted signal+background
is indicated by the hashed band. The dashed blue histogram shows the
total background as expected from the pre-fit Monte Carlo simulation.
The entries in overflow are included in the last bin.
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generator [30] is used for diboson processes. The multijet background is estimated from data in each of the 0-,
1-, and 2-lepton channels, and of the 2- and 3-jet, 0-, 1-,
and 2-tag regions.
Because of the importance of the precise determination of the background contribution to the measured mbb
distributions, a detailed campaign of studies has been
done to determine corrections and systematic uncertainties on the modelling of each background. In particular, rescaling factors have been obtained from the global
fit (described in Statistical interpretation) to the 7 TeV
+ 8 TeV data for the normalisation of the most prominant backgrounds: tt¯, Wb, Wcl, Zb, and Zcl. For all the
other processes, the status-of-the-art perturbative calculations have been used to determine the contribution to
the background.
The MC generator used for the WH and ZH signal processes is pythia8 [31]. The total production
cross sections and associated uncertainties are computed at next-to-next-to-leading order (NNLO) in QCD1
and with electroweak corrections at next-to-leading order (NLO) according to Refs. [33, 34, 35, 36]. Additional NLO corrections are applied as a function of the
transverse momentum of the vector boson [37]. The decay branching ratios are calculated with hdecay [10].
Signal samples are simulated for Higgs boson masses
from 100 to 150 GeV in steps of 5 GeV.
The impact of the uncertainties due to the object reconstruction has been evaluated on the signal and on
the background. The uncertainties can be divided in the
ones from the performance of the electrons, muons, jets,
ETmiss b-tagging, and trigger. Among the others, the one
on jets, and b-tagging seems to play a bigger role in the
analysis.
Statistical interpretation. The statistical analysis of the
data employs a binned likelihood function L(µ, ~θ) constructed as the product of Poisson probability terms.
The inputs to the “global fit” are, for each data taking
period, the mbb distributions in the 26 2-tag signal regions. Additional inputs are the event yields in the top
control region of the 2-lepton channel based on the eµ
selection, and in the 26 1-tag control regions.
A signal strength parameter, µ, multiplies the expected SM Higgs boson production cross section. The
impact of systematic uncertainties on the signal and
background expectations is described by nuisance parameters, ~θ, which are parametrised by Gaussian prior
1 The NLO corrections to gluon-induced ZH production [32],
which increase the total ZH production cross section by about 5%,
are not included.
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or log-normal prior. The expected numbers of signal
and background events in each bin are functions of ~θ.
The test statistics qµ is then constructed according to the
ˆˆ
ˆ
profile likelihood ratio: qµ = −2ln(L(µ, ~θµ )/L(µ̂, ~θ)),
ˆ
where µ̂ and ~θ are the parameters that maximise the likeˆˆ
lihood (with the constraint 0 ≤ µ̂ ≤ µ), and ~θµ are the
nuisance parameter values that maximise the likelihood
for a given µ. This test statistics is used to measure the
compatibility of the background-only hypothesis with
the observed data and for exclusion intervals derived
with the CL s method [38, 39].
The normalisations of the tt¯, Wb, Wcl, Zb, and Zcl
backgrounds are allowed to float freely in the fit. Depending on the size of the multijet background contribution in each region, its normalisation floats freely or
within its prior. The normalisations of the other backgrounds are constrained within their uncertainties.
4. Results and conclusions
Diboson production with a Z boson decaying to a pair
of b-quarks and produced in association with either a
W or Z boson has a signature very similar to the one
considered in this analysis, but with a cross section of
about five times the SM Higgs boson one. A separate
fit is therefore performed as a validation of the analysis procedure. In this “Diboson fit”, the normalisation
of the diboson contributions is allowed to vary with a
multiplicative scale factor µVZ with respect to the SM
expectation, except for the small contribution from WW
production, which is treated as a background and constrained within its uncertainty. A SM Higgs boson with
mH = 125 GeV is included as a background, with a
production cross section at the SM value with an uncertainty of 50%. The overall fitted value, µVZ = 0.9 ± 0.2,
agrees with the SM expectation of µVZ = 1 and corresponds to an observed significance of 4.8σ, with an
expected significance of 5.1σ.
The profile likelihood fit is then performed with the
diboson contributions constrained to their SM values
within the uncertainties specified ithese proceedings and
with the Higgs boson signal strength µ as a free parameter (“Higgs-boson fit”). Figure 1 shows the mbb distributions in some of the signal regions, with background
normalisations, signal normalisation, and nuisance parameters adjusted by the Higgs-boson fit. Agreement
between data and estimated background is observed
within the uncertainties shown by the hashed bands.
The fitted value of the signal strength parameter is
µ = 0.2 ± 0.5(stat.) ± 0.4(syst.) for mH = 125 GeV. Fitted µ values are shown in Fig. 2 for the 7 TeV, 8 TeV and

combined datasets, and for the three channels separately
and combined. Figure 3 shows the mbb distribution in
data after subtraction of all backgrounds except for diboson production. The diboson contribution is clearly
seen, located at the expected Z mass. The Higgs boson
signal contribution is shown both with its fitted signal
strength and as expected for the SM cross section.

Events after subtraction
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Figure 3: The mbb distribution in data after subtraction of all backgrounds except for the diboson processes and for the associated WH
and ZH production of a SM Higgs boson with mH = 125 GeV [14].
The Higgs boson signal contribution is shown both with its fitted signal strength (indicated as “best fit”) and as expected for the SM cross
section ( indicated as µ = 1.0). The size of the combined statistical
and systematic uncertainty on the fitted background is indicated by
the hashed band.

Signal strength [µ]

Figure 2: The fitted values of the Higgs-boson signal strength parameter µ for the 7 TeV, 8 TeV, and combined datasets, and for the three
channels separately and combined, all for mH = 125 GeV [14]. The
individual µ-values for the lepton channels are obtained from a simultaneous fit with the signal strength for each floating independently.

Figure 4 shows the results for the 95% CL upper limits on the Higgs boson production cross section in the
mass range 100–150 GeV. No significant excess is observed. The observed limit for mH = 125 GeV is 1.4
times the SM Higgs-boson production cross section, to
be compared to an expected limit, in the absence of signal, of 1.3. If the analysis is restricted to the 7 TeV
or 8 TeV dataset, the observed (expected) limits are 2.0
(3.3) and 1.9 (1.3), respectively. For the full dataset and
all channels combined, the probability p0 of obtaining
a result at least as signal-like as observed if no signal is
ˆˆ
ˆ
present is calculated using q0 = −2ln(L(0, ~θµ )/L(µ̂, ~θ))
as test statistics. For mH = 125 GeV, the observed p0
value is 0.36, to be compared to an expectation of 0.05
in the presence of a SM Higgs boson with that mass.
The probability for obtaining a result more backgroundlike than observed in the presence of a SM signal (µ =
1) is 0.11.
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Figure 4: Expected (dashed) and observed (solid) 95% CL cross section upper limits, normalised to the SM Higgs boson production cross
section, as a function of mH for all channels and data taking periods
combined [14]. The expected upper limit is given for the backgroundonly hypothesis. The green and yellow bands represent the 1σ and 2σ
ranges of the expectation in the absence of a signal.
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