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Abstract. W ± W ± −→ W ± W ± is a rare Standard Model process which can be used to
investigate the spontaneous symmetry breaking present in the Standard Model. Previous
√
analysis, using s = 8 TeV proton-proton collision data recorded by the ATLAS detector
at the Large Hadron Collider, of events with two reconstructed same sign leptons (e± e± ,e± µ± ,
and µ± µ± ) and two jets were analysed and W ± W ± jj production cross sections were measured.
First evidence for W ± W ± jj production was observed to a significance of 4.5 σ. Starting in
2015, analysis is underway to attempt to increase the significance for the measurements using
√
s = 13 TeV proton-proton collision data recorded by the ATLAS detector at the Large Hadron
Collider. Since the process is very rare, it is dominated by various backgrounds, one of which
is tt̄ decay. In this presentation we discuss estimating the fake muon background coming from
tt̄ decay using Monte Carlo simulations.

1. The Standard Model of Particle Physics
The Standard Model [1, 2, 3, 4] of particle physics was developed in the latter half of the
twentieth century. It describes how matter is compromised of point-like, basic building blocks
called fundamental particles, and interacts via four fundamental forces. The Standard Model
has successfully been tested many times and is widely regarded as the most accurate and stable
[5] model of particle physics.
The Standard Model classifies the fundamental particles that make up matter into either
lepton or quarks. Both leptons and quarks comes in three so-called generations, with the
members of the first generation being the lightest and most stable, while those of the third
generation are the heaviest and least stable. In ascending order of generation the leptons are:
the electron and electron neutrino, the muon and muon neutrino, and the tau and tau neutrino.
These particles posses half-integer spin and are known collectively as fermions.
The Standard Model describes three of the four fundamental interactions in nature. In
increasing order of strength, these are the weak, electromagnetic, and strong forces. According
to the Standard Model, the strong, weak, and electromagnetic forces result from the exchange
of force-carrier particles. These force carriers posses integer spins and are collectively called
bosons. Specific bosons are said to mediate a particular force. The strong force is mediated by
the gluon, the electromagnetic by the photon, and the weak by the W and Z bosons.
A deficiency of the Standard Model is that it does not describe the gravitational interaction.
Theories that seek to expand upon the Standard Model in order to incorporate gravity are said
to be ”beyond” the Standard Model.
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Figure 1: Feynman diagram showing
the scattering of two same-sign Wbosons which subsequently decay leptonically.

Figure 2: Cut-away view of the ATLAS detector
showing its various components. [6]

2. The ATLAS Detector
Some of the experimental confirmation of the Standard Model has come from the European
Organization for Nuclear Research (CERN) in Switzerland. In particular CERN is home to the
largest and most powerful particle accelerator in the world: the Large Hadron Collider (LHC)
[7]. The ATLAS (A Toroidal LHC Apparatus) detector [8] is one of the seven particle detectors
at the LHC and is one of two general purpose detectors designed to take advantage of the
unprecedented energy available at the LHC and investigate physical phenomena that involve
high mass particles that were not previously observable at earlier low-energy accelerators. In
particular the ATLAS experiment has been involved in the search for the Higgs boson [9], extra
dimensions and dark matter particles [10]. ATLAS is 46 metres long, 25 metres in diameter and
has a mass of about 7000 tonnes.
3. W-Boson Scattering
The scattering of W-bosons can be a useful process in the probing of electroweak symmetry
breaking. Without a Higgs boson the longitudinally polarised amplitude of W-boson scattering
violates unitarity when the WW centre-of-mass energy exceeds approximately 1 TeV [11, 12, 13].
With the discovery of the 125 GeV Higgs boson [9, 14] , the high energy value of the crosssection again becomes unitarised within the Standard Model, giving insight as to whether it is
the Standard Model Higgs boson.
The W-boson scattering can be either opposite-sign W ± W ∓ or same-sign W ± W ± . The
case of opposite-sign scattering is dominated by background contributions from Quantum
Chromodynamics (QCD). This is however not the case for same-sign scattering, making it the
preferable channel for analysis. Considering the leptonic decays of the W-boson, the distinctive
experimental signature for this study is then two same-sign leptons (e± e± , e± µ± , µ± µ± ), along
with two jets, and missing transverse energy from neutrinos. This is graphically represented in
Fig (1).
√
First evidence for same-sign WW (ssWW ) scattering using s = 8 TeV proton-proton
collision data was found with a significance of 4.5 σ by ATLAS [15], while a similar analysis
by the CMS experiment [16] found a significance of 2.0 σ. These √
proceedings report on some
of the work to increase the significance for the measurement using s = 13 TeV proton-proton
collision data recorded by the ATLAS detector.
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4. Fake Lepton Background
Leptons coming from a W-boson are said to be prompt, while those those coming from the decay
of a hadron are said to be non-prompt. Non-prompt leptons contribute to background in events
selected for ssWW measurement. This background is subsequently referred to in this note as
the fake lepton background. The dominant contribution to the fake lepton backgrounds comes
from the process tt̄ −→ W bW b −→ `νbbqq.
The degree to which leptons are isolated can be used to reduce the fake lepton background.
Isolation
p is a measure of the number of particles produced in a cone in η − φ space, defined by
∆R = (∆η)2 + (∆φ)2 ,with η being pseudorapidity and φ being the azimuthal angle, around
the detector signature corresponding to the reconstructed lepton. “pT cone20” is the sum of the
transverse momenta of all tracks within a cone of ∆R = 0.20, while “eT cone20” is the sum of
the transverse energy within a ∆R = 0.20 centred on the lepton’s deposit in the calorimeter.
Since hadrons are often produced in collimated flows, called jets, fake leptons are less likely to
be isolated than prompt leptons. The primary goal of this work is to optimise the event selection
criteria related to the lepton isolation to reduce the fake lepton background.
5. Results
The plots shown in Fig (3). display the isolation variables for muons with three different
origins. The tt̄ sample is produced using the PowHeg-Box event generator [17], while ssWW
sample is produced by the Sherpa event generator [18]. Using a tt̄ sample as a background,
reconstructed muons were matched to truth muons using the standard ATLAS Mone Carlo
(MC) truth classifier tool. It was found that the majority of the background muons come from
either W-bosons (63%) or b-mesons (12%), representing a prompt and non-prompt background
respectively.
These backgrounds are plotted with the ssWW sample. Note that the muons from the ssWW
and the prompt background muons are similarly isolated since both originate from W-bosons.
The muons coming from b-mesons are less isolated, indicative of the muon having originated
from a jet. A large fraction, 34%, of the reconstructed muons are unable to be truth-matched
using the MC classifier tool.
6. Future Studies
Cuts motivated by the plots in Fig 3. suggest how the signal-to-background ratio may be
optimised in analysis using experimental data.
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Figure 3: Simulation plots of the isolation variables for reconstructed muons with three different
origins.
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