
Higgs boson searches with the ATLAS detector in the channels
H →WW (∗) → `ν`ν and H → bb̄

Jornadas do LIP 2012

Joana Machado Miguéns
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Higgs boson at the LHC

Only Standard Model particle not yet observed.

Centerpiece of the LHC physics program.

Only unknown is its mass.
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Fig. 41: The SM Higgs production cross section at
√

s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√

s = 14 TeV.
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Scalar boson production and decays
Cross-sections, br. ratios, theory uncertainies: arXiV:1101.0593 & arXiv:1201.3084
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Motivation for H →WW (∗) → `ν`ν and H → bb̄
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Fig. 43: The SM Higgs branching ratios as a function of the Higgs-boson mass.
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Why H →WW (∗) → `ν`ν?

H →WW is largest BR for mH & 135 GeV.

Sizable W → eν/µν decay rates.

Clean lepton identification with ATLAS.

Explores the two main Higgs production processes.

Has greatest sensitivity for 120 < mH < 200 GeV.

Has provided most of ATLAS exclusion power.

Why H → bb̄?

H → bb̄ is largest BR for mH . 135 GeV.

Difficult due to overwhelming bb̄ backgrounds.

Can only be explored in associated production
modes.

Important to measure H coupling to b quarks.

May be enhanced in SUSY scenarios.
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H →WW (∗) → `ν`ν searches in ATLAS (ATLAS-CONF-2012-012)

Signal signature

I 2 isolated opposite-sign leptons (e or µ)
I Large missing transverse energy - Emiss

T
I No mass reconstruction possible due to ν
I Signal manifests as excess in:

mT =
√

(E ``T + Emiss
T )2 − |−→p ``T +−→p miss

T |2

Selection criteria

Split according to jet multiplicity
I 0-jet dominated by WW and Z/γ∗ + jets

Further rejection of Z/γ∗ + jets
I p``T > 45(30) GeV for ee/µµ(eµ)

Separation from WW using Higgs spin
I ∆φ(`, `) < 1.8 rad

Low-mass Higgs (125 GeV reference)
I m`` < 50 GeV

Other backgrounds
I tt̄, single top, WZ , ZZ , Wγ(∗), W+jets
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Z/γ∗ + jets background in H →WW (∗) → `ν`ν analysis

Z/γ∗ + jets background

All backgrounds, except non-WW
diboson, partially or fully determined
from data.

2 true leptons from Z/γ∗ + jets with
fake Emiss

T will mimic our signal.

Z/γ∗ + jets background became more
important with increasing pile-up.

ABCD method was chosen to estimate
Z/γ∗ + jets.

Important points on ABCD

1 Assumes m`` and Emiss
T,rel are

uncorrelated.

2 Expects small contributions from
other backgrounds in each region,
since they are subtracted from
data for the calculation.

3 Does not account for possible
mismodelling of the m``
lineshape.

The ABCD method
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Assuming A/B = C/D, Z/γ∗ + jets contribution in
signal region can be fully extracted from data:

Aestimate
Z/γ∗+ jets = Bobserved × Cobserved

Dobserved

Systematic uncertainty on the estimate from
verifying constant ratios assumption in MC.
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Corrections on Z/γ∗ + jets estimate

m`` − Emiss
T,rel correlation
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m`` lineshape at low Emiss
T
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H →WW (∗) → `ν`ν Results

H + 0−jet Signal WW WZ/ZZ/Wγ tt̄ tW /tb/tqb Z/γ∗+ jets W+ jets Total Bkg. Obs.
Jet Veto 54.5± 0.2 1285± 79 106± 6 175± 12 95± 7 1038± 28 217± 4 2916± 115 2851
m`` < 50 GeV 53.8± 0.2 316± 20 48± 5 30± 2 19± 2 157± 13 69± 2 640± 34 644
p``T cut 38.8± 0.2 285± 18 41± 4 28± 2 18± 2 24± 7 49± 2 444± 27 441
∆φ(`, `) < 1.8 rad 37.7± 0.2 279± 17 39± 4 27± 2 18± 2 23± 7 44± 1 429± 27 427
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mT distribution fitted to test presence of signal.

No significant excess of events over the expected background is observed.

Expected exclusion at 95% CL: 127 < mH < 234 GeV

Observed exclusion at 95% CL: 130 < mH < 260 GeV
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H → bb̄ searches in ATLAS: WH and ZH (ATLAS-CONF-2012-015)

Selection criteria for WH → `νbb̄

I Trigger: e (peT > 20 GeV) or µ (pµT > 18 GeV)
I Exactly 1 isolated lepton: pT > 25 GeV
I Missing transverse energy: Emiss

T > 25 GeV
I Large transverse mass:

mT =
√

2p`Tp
ν
T(1− cos∆φ`ν) > 40 GeV

I Exactly 2 (b-tagged) jets: ET > 25 GeV
I Split analysis in pWT bins: increase sensitivity
I Main backgrounds: W /Z+ jets, QCD
multijet, top, diboson (WZ , WW , ZZ)
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H → bb̄ results
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No significant excess of events observed over the expected background.

Observed upper limits at 95% CL on Higgs with 110 < mH < 130 GeV CL: 2.7− 5.3× σSM
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For the future: boosted H → bb̄
Alternative procedure

I In the pWT > 200 GeV bin,

search for a single bb̄ jet and
reverse jet clustering until a mass
drop is found, to find sub-jets.

Studies of QCD substructure

I After splitting/filtering, the jet mass is well
modelled by the LO parton shower generators.

First boosted H → bb̄ studies

I Peak consistent with W → jj in tt̄ events.
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Summary, conclusions and outlook...

Searches for H →WW (∗) → `ν`ν
and H → bb̄ were performed in
ATLAS with 4.7 fb−1 of LHC pp
collisions.

H →WW (∗) → `ν`ν is
challenging channel:

I Neutrinos in the final state.
I Needs precise estimate of

backgrounds and their
uncertainties

I Work by ATLAS-PT group on
Z/γ∗ + jets background.
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Figure 1: The observed (solid) and expected (dashed) 95% CL cross section upper limits for the indi-

vidual search channels, normalised to the SM Higgs boson production cross section, as a function of the

Higgs boson mass. The expected limits are those for the background-only hypothesis i.e. in the absence

of a Higgs signal.

results are based on the asymptotic approximation [67]. This procedure has been validated using en-

semble tests and a Bayesian calculation of the exclusion limits with a uniform prior on the signal cross

section. These approaches to the limit on µ typically agree with the asymptotic median results to within

a few percent.

The expected 95% CL exclusion region covers the mH range from 120 GeV to 555 GeV. The observed

95% CL exclusion regions are from 110.0 GeV to 117.5 GeV, 118.5 GeV to 122.5 GeV, and 129 GeV

to 539 GeV. The addition of the H → τ+τ− and H → bb̄ channels as well as the update to the H →
WW (∗) → !+ν!−ν channel bring a significant gain in sensitivity in the low-mass region with respect to

the previous combined search [15]. The updates to the H → WW (∗) → !+ν!−ν , H → WW → !νqq′,
H → ZZ → !+!−νν , and H → ZZ → !+!−qq channels improve the sensitivity in the high-mass region.

A small mass region near mH ∼ 245 GeV was not excluded at the 95% CL in the combined search of

Ref. [15], mainly due to a slight excess in the H → ZZ(∗) → !+!−!+!− channel. This mass region is

now excluded. Figure 3 shows the CLs value for µ = 1, where it can be seen that the regions between

130 GeV and 486 GeV are excluded at the 99% CL. The observed exclusion covers a large part of the

expected exclusion range, with the exception of the low mass region where an excess of events above the

expected background is observed.

7

WH → `νbb̄ is important channel:
I Measure branching ratios and test nature of Higgs (if found).
I ATLAS-PT analysis with 2 different strategies.

The H →WW (∗) → `ν`ν analysis has excluded a SM Higgs with 130 < mH < 260 GeV.

H → bb̄ is approaching SM sensitivity.

The LHC will provide 15 fb−1 of
√
s = 8 TeV pp collisions during 2012:

I Enough to find or exclude the Higgs in the full mass range!
I Exciting year ahead!

Joana Machado Miguéns (ATLAS - PT group) H → WW (∗) → `ν`ν and H → bb̄ with ATLAS Jornadas do LIP 2012, 22.04.2012 11 / 11



Back Up
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T,rel correlations
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(low-m``)/(Z -peak) vs.
Emiss

T,rel shows a non-flat
ratio:

I m`` and Emiss
T,rel are

correlated!
I Different correlations for

ee and µµ and for data
and MC.

Assume the correlation is
linear and fit the visible
slope:

I correction factor per
Emiss

T,rel unit.

Correction on ABCD of
extrapolation from region
B to region A:

I ee: 1.51± 0.05
I µµ: 1.43± 0.06
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m`` lineshape at low Emiss
T,rel

0 jets
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m`` lineshape evaluated at low Emiss
T,rel:

I S/B ∼ 100 of Z/γ∗ + jets events w.r.t. other processes.

Good modelling after jet veto and topological selections on
p``T and ∆φ(`, `).

Scale factors calculated in bins of m`` w.r.t. the Z peak:
I m`` lineshape correctly described within 15% uncertainty.
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Results on Z/γ∗ + jets background
Results on Z/�⇤ + jets background
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-1
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Z/�⇤+ jets correction for ABCD ee µµ
purified region C 0.76±0.11 0.85±0.04

m`` � Emiss
T,rel correlation 1.51±0.05 1.43±0.06

m`` lineshape 1.00±0.15 1.00±0.15

combined 1.15±0.19 1.22±0.17

Joana Machado Miguéns (FCUL, LIP - Lisbon) H ! WW (⇤) ! `⌫`⌫ with the ATLAS detector FCUL, April 20th 2012 13 / 17

Purified 

region C

Mll lineshape

Mll-METRel 

correlation

ee µµ
purified region C 0.76±0.11 0.85±0.04

m`` − Emiss
T,rel correlation 1.51±0.05 1.43±0.06

m`` lineshape 1.00±0.15 1.00±0.15

combined 1.15±0.19 1.22±0.17

Individual corrections show
large discrepancies.

Combination compatible with
1 within uncertainties.

Current uncertainty from MC
closure test: 56%.

No further systematic was
added.

Large uncertainties reduce
sensitivity:

I Need to revisit Z/γ∗ + jets
estimate for this year.
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Other backgrounds and systematic uncertaintiesBackgrounds
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energy scale, jet energy
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Scalar boson production and decays
Cross-sections, br. ratios, theory uncertainies: arXiV:1101.0593 & arXiv:1201.3084
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Backgrounds simulation I

ALPGEN is used to model the production of single gauge bosons decaying to electrons or
muons in association with jets. In these samples hadronisation is handled with HERWIG and
the MLM matching scheme is used to combine samples with different final-state parton
multiplicities: up to 5 for W /Z+ jets and up to 3 for Wbb̄.

MC@NLO is used to model tt̄ and continuum diboson production (using HERWIG for the
parton hadronisation).

An additional contribution to the continuum WW background from gluon-initiated diagrams
is modelled using gg2WW interfaced with HERWIGs hadronisation routines.

Wγ is modelled with MADGRAPH.

AcerMC is used to model s-channel, t?channel and Wt single top production.

PYTHIA is used to model the multijet QCD backgrounds including dijets and bb.

CTEQ6.6 was used for the MC@NLO samples, CTEQ6L1 for the ALPGEN samples, and
MRST2007 for the PYTHIA and HERWIG samples.
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Backgrounds simulation II
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Table 1: Cross-sections at the centre-of-mass energy of
√
s = 7 TeV for background processes. The

branching fractions are included with the cross-sections for processes that specify a decay mode. Pro-

cesses that do not specify a decay mode are inclusive. The W → !ν and the Z/γ∗ → !! cross-sections

include the branching ratio to a single lepton flavour, while the γW and twoWW process include all three

lepton flavors. The generators used for the simulation of the various processes are also indicated.

Process Generator cross-section σ (pb) (× BR)
Inclusive W → !ν ALPGEN 10.5×103 [36, 37]

Inclusive Z/γ∗ → !! (M!! > 40 GeV) ALPGEN 10.7×102 [37, 38]
Inclusive Z/γ∗ → !! (10 < M!! < 40 GeV) ALPGEN 3.9×103 [38]

tt̄ MC@NLO 164.6
Single top t-channel AcerMC 64.2 [39, 40]
Single topWt AcerMC 15.6 [39, 40]

Single top s-channel AcerMC 4.6 [39, 40]
WZ MC@NLO 18.0
ZZ MC@NLO 5.6

qq/qg→ WW → !ν!ν(! = e, µ, τ) MC@NLO 4.7
gg→ WW → !ν!ν(! = e, µ, τ) gg2WW 0.14

γW → !ν(! = e, µ, τ) MADGRAPH 135.4
bb̄ (2-! filter, pT > 10 GeV) PYTHIA 4270

• MC@NLO is used to model tt̄ and continuum diboson production (using HERWIG for the parton154

hadronisation).155

• An additional contribution to the continuum WW background from gluon-initiated diagrams is156

modelled using gg2WW [33] interfaced with HERWIG’s hadronisation routines.157

• Wγ is modelled with MADGRAPH [34].158

• AcerMC [35] is used to model s-channel, t−channel andWt single top production.159

• PYTHIA is used to model the multijet QCD backgrounds including dijets and bb.160

Table 1 summarises the inclusive cross-sections used to normalise each of the background processes.161

CTEQ6.6 [41] was used for the MC@NLO samples, CTEQ6L1 [41] for the ALPGEN samples, and162

MRST2007 [42] for the PYTHIA and HERWIG samples. Theoretical uncertainties described in Ref. [5]163

are taken into account.164

3 Triggers, Physics Objects, and Systematic Uncertainties165

This section describes the triggering criteria, defines the physics objects, and lists the associated sys-166

tematic uncertainties. The basic signature of a H→WW(∗)→ !ν!ν candidate event is the presence of a167

high pT dilepton pair and large E
miss
T
(missing transverse momentum [43]) with little jet activity inside168

the detector acceptance. The candidate events are recorded with unprescaled single lepton triggers and169

reconstructed offline using the official software of the experiment.170

3.1 Trigger171

Table 2 shows the list of triggers used in each period. In both ee and µµ channel, the primary single172

lepton trigger in each period is used. In eµ channel, the or of the electron and muon triggers is used.173
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Object selection
Introduction Data and simulated samples EventSelection Background Normalisation and Control Samples Systematics Results CDS comments Backup

Object selection

Muons:

STACO combined with pT > 15 GeV

MCP ID requirements recommendation

|z0| < 1 mm and �(d0) < 3

etconeCorr30/pT < 0.14 and ptcone30/pT < 0.15

Electrons:

tight++ with pT > 15 GeV

|z0| < 1 mm and �(d0) < 10

etconeCorr30/pT < 0.14 and ptcone30/pT < 0.13

Jets:

AntiKt4TopoEM jets pT > 25 GeV (increased to 30 GeV in the region
2.75 < |⌘| < 3.25)

|⌘| < 4.5

|jvf | > 0.75

MET:

METRefFinal out-of-the-box

e-mu, e-e, e-jet overlap removal
Magda Chelstowska ATLAS-COM-CONF-2012-019 H! WW (⇤)! `⌫`⌫ search in 4.7 fb�1 8/ 43
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Triggers for H →WW (∗) → `ν`ν
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Table 2: Period dependent trigger setup used in the analysis.

Period ee channel µµ channel eµ channel

B - I EF e20 medium EF mu18 MG EF e20 medium || EF mu18 MG
J EF e20 medium EF mu18 MG medium EF e20 medium || EF mu18 MG medium
K EF e22 medium EF mu18 MG medium EF e22 medium || EF mu18 MG medium
L - M EF e22vh medium1 EF mu18 MG medium EF e22vh medium1 || EF mu18 MG medium

As the period increases, the number of pileup collisions in each bunch crossing also increases. This174

increasing number of pileup events results in a rising event rate. To address this rising event rate, trigger175

threshold for primary single lepton triggers have been gradually tightened. According to a Monte Carlo176

study which assumed higgs mass of 130 GeV, the trigger efficiency for signal events is above 98 % in the177

ee channel, 91 % in the µµ channel and 94 % in the eµ channel through the entire data taking period.178

Especially for the electron case, we studied gains coming from the inclusion of di-electron triggers179

and concluded that gain is small given the high efficiency of primary single electron triggers.180

3.1.1 Electron Trigger181

EF e20 medium, EF e22 medium and EF e22vh medium1 are used in the analysis. The numbers after182

EF e in the names represent the nominal pT threshold values for these triggers. The suffix medium and183

medium1 indicate the tightness in the electron identification and vh means that the trigger has both η184

dependent pT thresholds and a hadronic leakage cut at Level 1.185

Per-electron efficiencies for these triggers in both data and Monte Carlo are estimated with Z → ee186

events using the tag-and-probe method by the e/gamma combined performance group. A description187

about this method is found in Ref. [44]. As the offline electron criteria and the Monte Carlo generator188

are different between the e/gamma group and our analysis, we checked if the efficiencies by the e/gamma189

group are applicable to our analysis or not. These check has been done using Powheg, Alpgen and190

MC@NLO whereas the e/gamma group uses Pythia. It turns out that the differences which are coming191

from the electron definition and the Monte Carlo generator are order of 1 %, hence negligible in our192

analysis.193

Per-electron scale factors (referred to as SF hereunder) are calculated to compensate the difference

in trigger efficiencies between data and Monte Carlo in the analysis as

per−electron SF = (per−electron efficiency in data) / (per−electron efficiency in Monte Carlo). (1)
The SFs are provided in bins of η. The ET corrections are applied on the SFs to account for the differences194

between data and Monte Carlo in the turn-on region. As two leptons are required in an event in the195

analysis, the effect of per-event SF becomes more marginal as shown in Eq. 2196

3.1.2 Muon Trigger197

The single muon triggers used in the analysis are EF mu18 MG and EF mu18 MG medium. The nomi-198

nal pT threshold for these triggers is set to 18 GeV. The suffix medium indicates the difference of the L1199

trigger threshold, which was tightened from L1 MU10 to L1 MU11 at the beginning of period J and in200

the barrel region.201

Per-muon efficiencies for both triggers are estimated with Z → µµ events using the tag-and-probe202

method by the muon trigger signature group. The efficiencies are consistent within 1 σ margin of error203

with the efficiencies derived by using the muon selection criteria in our analysis which is described later.204

The details of this consistency check are described in Appendix A.205
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Emiss
T,rel distributions
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Figure 1: The Emiss
T,rel distributions for the ee (top left), µµ (top right), and eµ (bottom) channels with

the minimum lepton pT and m!! requirements applied. The expected signal for a SM Higgs boson is
shown for mH = 125 GeV. The final bin includes the overflow.
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Experimental systematic uncertainties
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Figure 20: Muon “additional cuts” scale factors vs (top-left) position in the bunch train, (top-right) the

averge interactions per bunch crossings (µ), and (bottom) the number of primary vertices reconstructed

in the event. Assigned errors are statistical only. The Yellow band is the assigned systematics

Table 7: Experimental sources of systematic uncertainty per object or event.

Source of Uncertainty Treatment in the analysis

Jet Energy Resolution (JER) MC jet resolution smeared using jet pT , η-dependent
parametrization

Jet Energy Scale (JES) global JES: < 14% for jet pT > 25 GeV and |η| < 4.5
pileup: < 5% for jet pT > 20 GeV

Electron Selection Efficiency Separate systematics for electron identification,
reconstruction and isolation, added in quadrature
Identification: 8% for pT < 15 GeV,
decreasing to 1% for pT > 30 GeV in the central region
Reconstruction: 0.6 - 1.2% for pT > 15 GeV
trigger: 1% uncertainty
Total uncertainty of 2-5% depending on η and ET

Electron Energy Scale Uncertainty smaller than 1%, depending on η and ET
Electron Energy Resolution Energy varied within its uncertainty,

0.6% of the energy at most
Muon Selection Efficiency 0.3-1% as a function of η and pT

reconstruction smaller than 1%
Muon Momentum Scale and Resolution Uncertainty smaller than 1%
b-tagging Efficiency pT dependent scale factor uncertainties, 4.8 - 13.7%
Missing Transverse Energy Using METUtility package
Missing Transverse Energy PileUP 10% from JetTauEtMiss 2010 reccommendations
Luminosity 3.9% [50]
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Signal strenght and p0
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Figure 12: Top left: fitted signal strength parameter (µ) as a function of mH for the whole mass range.
Top right: expected (dashed) and observed (solid) probabilities for the background-only scenario as a
function of mH . The bottom plots show the same information restricted to the region mH < 150 GeV.
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ATLAS - a multi-purpose detector for the LHC
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H →WW (∗) → `ν`ν search relies on information from all sub-detectors!
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The year 2011
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Total Efficiency: 93.5%

Summary of 2011 pp collision data taking:

Center-of-mass energy
√
s = 7 TeV

Peak luminosity 3.65× 1033 cm−2s−1

Integrated luminosity 5.25 fb−1

Bunch crossing rate 20 MHz

Peak interaction rate 24/bunch crossing

Data taking efficiency 93.5%
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Pre-selection of events

Event quality:
I Nominal detector operating conditions
I Good quality primary vertex
I Suppression of non-collision backgrounds

Trigger: inclusive single-muon/electron

Exactly two isolated opposite-charge leptons:
I plead

T > 25 GeV, psub
T > 15 GeV

I Separate analysis in ee, µµ and eµ

Suppress Z/γ∗ + jets:
I m`` > 12(10) GeV for ee/µµ(eµ)
I |m`` − mZ | > 15 GeV for ee/µµ only

Large missing transverse energy - Emiss
T,rel:

I Emiss
T,rel =


Emiss

T if ∆φ ≥ π/2

Emiss
T · sin ∆φ if ∆φ < π/2

∆φ = min(∆φ(Emiss
T , `),∆φ(Emiss

T , jet))

I Emiss
T,rel > 45(25) GeV for ee/µµ(eµ)

Separate analysis in jet bins - pjet
T > 25 GeV:

I 0-jet - gluon fusion, dominated by WW
I 1-jet - gluon fusion, dominated by WW and top
I > 2-jet - VBF, dominated by top
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Selection of events in the H + 0−jet bin
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Further rejection of Z/γ∗ + jets:

p``T > 45(30) GeV for ee/µµ(eµ)

Separation from WW by exploring Higgs spin:

∆φ(`, `) < 1.8 rad

Low-mass Higgs (125 GeV reference):

m`` < 50 GeV
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Non-WW diboson contributions in region C
Non-WW diboson contributions in region C
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Region C has only 37% of
Z/�⇤ + jets events but
additional selection cuts provide
purer control samples for region
C, both for non-WW diboson
and Z/�⇤ + jets.

Diboson control region

p``
T > 100 GeV

Emiss
T,rel > 60 GeV

88% purity

⇠1/3 WZ , ⇠2/3 ZZ

Scale factor:
I ee: 1.26 ± 0.34
I µµ: 1.09 ± 0.27

Z/�⇤ + jets control region

p``
T < 70 GeV

Emiss
T,rel < 60 GeV

66% purity

Correction factor w.r.t.
region C:

I ee: 0.76 ± 0.11
I µµ: 0.85 ± 0.04
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Region C 

Z/DY control region diboson control region 

Region C has only 37% of
Z/γ∗ + jets events but
additional selection cuts
provide purer control samples
for region C, both for
non-WW diboson and
Z/γ∗ + jets.

Diboson control region

p``T > 100 GeV

Emiss
T,rel > 60 GeV

88% purity

∼1/3 WZ , ∼2/3 ZZ

Scale factor:
I ee: 1.26± 0.34
I µµ: 1.09± 0.27

Z/γ∗ + jets control region

p``T < 70 GeV

Emiss
T,rel < 60 GeV

66% purity

Correction factor w.r.t.
region C:

I ee: 0.76± 0.11
I µµ: 0.85± 0.04
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