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Abstract. Vector Boson Scattering has been identified as a promising process to study the
nature of electroweak symmetry breaking. The best channel for VBS measurements is same-
electric-charge W boson scattering: a rare Standard Model process that has a distinctive
experimental signature of a same-electric-charge lepton pair and two high energy forward jets.
The study of the electroweak production mechanism of W±W±jj scattering will continue
through to the High-Luminosity LHC (HL-LHC) physics program. During this program, the
HL-LHC will not only operate at an increased centre of mass energy of 14 TeV, but also produce
an instantaneous luminosity of L = 7×1034 cm−2s−1. Several upgrades of various sub-detectors
of the ATLAS detector are scheduled to cope with the intense radiation and the high pileup
environment. The prospects for a W±W± measurement after the LHC and ATLAS detector
upgrades will be discussed, with a focus on the impact of an extended tracking detector. The
effect of the upgraded Inner Detector on the measurement for the same-electric-charge W±W±

scattering process is evaluated by analysing simulated events with two leptons of the same
electric charge, at least two jets and missing transverse energy.

1. Introduction
Vector Boson Scattering (VBS) is a process of great interest. In the absence of a Standard Model
(SM) Higgs boson, the longitudinally polarised WW scattering amplitude grows as a function of
centre of mass energy squared and violates unitarity at approximately

√
s ≈ 1 TeV [1]. A Higgs

scalar regulates the scattering amplitude of this process at high energies, restoring unitarity [2];
however, it is still unclear whether the recently discovered Higgs boson [3] [4] fully unitarizes
the longitudinally polarised WW scattering amplitude over all energies or whether alternative
mechanisms are also involved [5–7]. Representative Feynman diagrams of the contributing
processes are shown in Figure 1. The best channel for VBS measurements is same-electric-charge
W boson scattering [8], which provides a window to investigate the mechanism of electroweak
symmetry breaking. An incredibly rare process, same-electric-charge W boson scattering, can
occur at hadron colliders like the Large Hadron Collider (LHC) as an interaction of W bosons
that are radiated off incoming proton beams. These W bosons scatter and subsequently decay, we
select events where W bosons decay leptonically i.e. W± → l±ν, l = e, µ giving the distinctive



Figure 1. Representative Feynman diagrams of V V jj-EW production. The VBS scattering
topology includes either a triple gauge coupling vertex, the t-channel exchange, a quartic boson
coupling vertex or a Higgs boson exchange in the s- or t-channels. The lines are labelled by
quarks (q), vector bosons (V) and fermions (f).

experimental signature of a lepton pair with the same electric charge and two high energy forward
jets. The study of the electroweak production of W±W±jj is an important task that will be
continued through to the High-Luminosity LHC (HL-LHC) physics program.

2. Upgrades of ATLAS sub-detectors
Over the coming decade the LHC instantaneous luminosity is expected to increase to 2 − 5 ×
1034 cm−2s−1 with respect to the design luminosity, ultimately leading up to the HL-LHC
physics program and the associated upgraded ATLAS detector [9]. Besides operating at an
increased centre of mass energy of

√
s = 14 TeV, the HL-LHC will also produce a total integrated

luminosity of L = 3000 fb−1 corresponding to an average of µ = 200 inelastic pp collisions per
bunch crossing. To cope with the intense radiation and the increased pileup environment the
ATLAS sub-detectors will require several significant upgrades or replacements. In particular,
the current ATLAS Inner Detector will be completely replaced with all-new Inner Trackers
(ITk). Candidate designs for the inner tracking system has been updated to cover a wider
range in pseudorapidity from |η| ≤ 2.7 up to |η| ≤ 4.0 [10]. In addition, a proposed very
forward muon-tagger, attached to the Muon Spectrometer’s new small wheels will enable the
reconstruction of forward muons within a pseudorapidity of |η| ≤ 4.0. The prospects of a
W±W±jj-EW measurement at the upgraded LHC and ATLAS detector is investigated in the
following sections, with a focus on the extension of the inner tracking system and the addition
of a forward muon-tagger.

3. Simulating W±W±jj-EW scattering at 14TeV
Signal and background processes are simulated with the use of Monte Carlo samples at a centre
of mass energy of 14 TeV with the number of events scaled to a total integrated luminosity
of L = 3000 fb−1. The W±W±jj-EW and W±W±jj-QCD production processes are simulated
with Madgraph aMC@NLO [11] interfaced with Pythia 8 [12] for parton showering, hadronisation
and the underlying event modelling. The dominant background process, WZ + jets production,
is simulated using Sherpa v2.2.0 [13] [14], with next-to-leading-order accuracy. Included in the
WZ + jets background estimate is both the strong and electroweak production mechanisms of
this process. Additional pp pileup interactions, with an average of 200 interactions per bunch



Table 1. Selection criteria for W±W±jj-EW events.

Description Selection requirement

Lepton selection Exactly 2 leptons with pT > 25 GeV
Dilepton charge and separation ∆Rl,l ≥ 0.3, q1 × q2 > 0
Dilepton mass mll > 20 GeV
Zee veto |mll −mZ | > 10 GeV
Emiss

T Emiss
T > 40 GeV

Jet selection and separation At least two jets with ∆Rl,j > 0.3
Di-jet rapidity separation |∆yij | > 2.4
Third-lepton veto 0 additional preselected leptons
Di-jet mass mjj > 500 GeV
Lepton centrality ζ > 0

crossing, are generated with Pythia 8 and are added event-by-event to recreate the high pileup
environment associated with the HL-LHC. Other background processes that could mimic the
final state of W±W±jj are not simulated. Rather, the contributions from these processes are
estimated by making use of the background contributions observed in the Run I W±W±jj anal-
ysis at

√
s = 8 TeV [15] [16].

The total background contribution is estimated by summing the final event yields from the
W±W±jj-QCD and WZ + jets processes and scaling the result to account for the non-simulated
background contributions. Scale factors were derived from the relative background composition
observed in the 8 TeV analysis and calculated for individual channels. The calculated scale fac-
tors are 2.2, 1.2 and 1.8 for the ee, µµ and eµ/µe channels, respectively, while the scale factor
for the combined channels is 1.7 [17].

4. Object and event selection
Events are preselected by either a single-muon or single-electron trigger and require a transverse
momentum of 25 GeV for leptons. Additionally, muons and electrons with transverse momenta
pT > 6 and 7 GeV are also preselected and are defined as loose leptons. Several forward tracking
scenarios are considered: in the case where no forward tracking is available, the leptons are
restricted to |η| ≤ 2.7, while in the case where forward tracking is available a scenario is con-
sidered where only electron reconstruction is available to |η| ≤ 4.0. The possibility of a forward
muon-tagger is also considered, which would allow for both electron and muon reconstruction
up to |η| ≤ 4.0.

Furthermore, jets with pT > 30 GeV and |η| < 4.5 are considered. A selection requirement
is applied to all jets with transverse momenta below 100 GeV in order to distinguish between
jets resulting from a hard scatter interaction and pileup jets, which result from the accompa-
nying soft scatter interactions. This requirement is based on track confirmation, which makes
use of the fraction of the pT of the tracks from the associated hard scattering vertex to the jets.
Selection criteria based on this requirement are applied over an η region which is related to two
different tracking scenarios. In the case where forward tracking is not available, the selection
criteria are applied for jets up to |η| ≤ 2.5 and for jets up to |η| ≤ 3.8 with forward tracking.



Figure 2. Pseudorapidity (η) distribution of
the sub-leading jets after all analysis criteria
have been applied, for the case where tracking
covers up to |η| ≤ 2.7.

Figure 3. Pseudorapidity (η) distribution of
the sub-leading jets after all analysis criteria
have been applied, for the case where tracking
covers up to |η| ≤ 4.0.

Significant contamination from pileup jets must be reduced by increasing the pT threshold for
jets outside the tracking region from 30 to 70 GeV. After the jets and leptons have been selected,
selection criteria are applied based on the unique experimental signature of W±W±jj-EW scat-
tering, shown in Table 1. The final requirement, lepton centrality, is based on the kinematic
signature of the leptons and jets and is given by:

ζ = min[min(ηl1, ηl2)−min(ηj1, ηj2),max(ηj1, ηj2)−max(ηl1, ηl2)]. (1)

5. Impact of an extended Inner Detector tracker and forward muon-tagger
The extension of the Inner Detector’s tracking capabilities to cover a pseudorapidity range up
to |η| ≤ 4.0 enables the ability to differentiate pileup jets from jets originating from the hard
scatter events in the forward regions, thus reducing contributions from background processes
containing jets while also increasing the overall signal yield. The pseudorapidity distributions
for the sub-leading jets after all selection criteria have been applied, are shown in Figure 2 and 3,
for the W±W±jj-EW signal sample together with the other contributing backgrounds with or
without the availability of forward tracking, respectively. Solid colours indicate jets originating
from hard scatter events, while the hashed fills indicate jets originating from pileup events. A
distinctive step in the signal sample is visible between |η| = 2.5 and |η| = 3.8. These ranges
correspond to the availability of forward tracking for jets, which indicates the raised acceptance
pT for jets over a larger region.

Increasing the pseudorapidity coverage for electrons and muons is advantageous since it pro-
vides the ability to reconstruct leptons within a larger range of the detector. Additionally, there
is an increased acceptance of additional forward leptons, which consequently leads to a stronger
third-lepton veto for events. For this reason, the third-lepton veto suppresses a significant
amount of background contributions with three leptons in the final state, especially the domi-
nant WZ + jets process. This is due to the increased likelihood of reconstructing and detecting
the third lepton from the WZ decay, which can be seen in the pseudorapidity distributions for
the loose leptons before the third-lepton veto has been applied (Figure 4 and 5). The strongest
suppression of the WZ background is therefore provided by the more efficient third-lepton veto.

The effect of a very forward muon-tagger is investigated by varying the acceptance pT thresh-
old for the loose muons, for each of the four considered tracking scenarios. Three cases are



Figure 4. Pseudorapidity (η) distribution
of the loose leptons before the third-lepton
veto, for the case where tracking covers up to
|η| ≤ 2.7.

Figure 5. Pseudorapidity (η) distribution
of the loose leptons before the third-lepton
veto, for the case where tracking covers up to
|η| ≤ 4.0.

considered namely, pT = 6, 10 and 15 GeV, where pT > 6 GeV is the nominal acceptance for
loose muons. Figure 6 shows the changes in the significance of the W±W±jj-EW measurement
with respect to the increased pT threshold for each of the four tracking scenarios. From this
plot it can be seen that the largest gain in signal significance is provided by the case where
forward tracking is available for both electrons and muons, since muons can be detected with
greater efficiencies. In addition, the background contributions in the µµ channel is smaller as
opposed to the background contributions with electrons. Furthermore, the significance of the
W±W±jj-EW measurement decreases rapidly when the pT threshold is raised, which is due to
the fact that an increased amount of background events pass the third-lepton veto.

Figure 6. Effect of varying the loose muon transverse momentum on the significance of the
W±W±jj-EW measurement for each of the four considered tracking scenarios.

6. Conclusion
The prospects of a W±W±jj-EW measurement at the HL-LHC looks promising with an ex-
tended inner tracking system and a forward muon-tagger. The forward tracker provides an



increased background rejection, due to excellent pileup rejection in the forward regions. In
addition, the extended coverage for leptons enables the reconstruction and identification of lep-
tons in the forward region, hence providing a more effective third-lepton veto. By extending
the inner tracking system the W±W±jj-EW scattering signal yield can be increased by 12%
with the increased pseudorapidity coverage for jets. The signal yield can be further increased
by 14% in combination with the third-lepton veto. Consequently, the expected significance of
the W±W±jj-EW measurement is improved by 16%, which makes the scenario where forward
tracking is available for jets, electrons and muons the optimal case.

The effect of a forward muon-tagger was further investigated by varying the pT acceptance
threshold for loose muons. It was found that fewer muons were accepted leading to an increased
amount of background events passing the third-lepton veto. Consequently, the significance of the
measurement decreased rapidly from a significance of 19 for pT = 6 GeV to 15 for pT = 15 GeV
in the case where forward tracking is available for jets and both electrons and muons.

Studies of the effect of an extended-η ATLAS detector on the W±W±jj-EW measurement
will continue in the future.
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