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Vector Boson Scattering

LU(1)⊗SU(2) = . . . − 1
4W µν

i W i
µν

W µν
i = . . . − gεijkW µ

j W ν
k

=⇒ Quartic Gauge Coupling (QGC):

V1

V2

V3

V4

I SM Higgs?
I Composite H?
I Extra H?
I High-E effects?
I ...

=⇒

Limits!Eur. Phys. J. C (2017) 77 :120 Page 13 of 20 120

Fig. 8 ±1σ exclusion contours
in the FS,0/FS,1 plane for the
two signal processes
e+e− → ν̄νW+W− and
e+e− → ν̄νZ Z including all
background processes based on
the assumption
FS,0 = FS,1 = 0. The e−(e+)

beam is polarized at a degree of
80%(0%) at energies of 1.0 TeV
(upper left plot), 1.4 TeV (upper
right plot) and 3 TeV (lower
plot). The corresponding
integrated luminosities are
5 ab−1, 1.5 ab−1 and 2 ab−1,
respectively. All cuts have been
applied and detection
efficiencies are included. The
thick line indicates the 90%
exclusion sensitivities obtained
by the combination of the two
signal channels. All cross
sections are unitarized

energy. In addition to the operators above there can be cou-
plings to pure gauge currents with arbitrary coefficients. All
couplings to the gauge degrees of freedom are, however, para-
metrically suppressed by gauge-coupling factors. In accor-
dance with the Goldstone-boson limit where the gauge cou-
plings are formally set to zero, we choose to keep our simpli-
fied models as simple as possible and do not take such effects
into account in the present work.

With these simplifications, the model Lagrangians for the
three fields σ , f , φ are

Lσ = 1

2
∂μσ∂μσ − 1

2
m2

σ σ 2 + σ Jσ (23a)

Lφ = 1

2

∑
i=s,v,t

tr
[
∂μ
i∂

μ
i − m2


2

i

]

+ tr

[(

t + 1

2

v − 2

5

s

)
Jφ

]
, (23b)

L f = 1

2
∂α fμν∂

α f μν − 1

2
m2 fμν f

μν

− ∂α fαμ∂β f βμ − f α
α∂μ∂ν fμν

− 1

2
∂α f μ

μ∂α f ν
ν + 1

2
m2 f μ

μ f ν
ν + fμν J

μν
f , (23c)

Fig. 9 90 % exclusion sensitivities for polarized (solid) and
unpolarized (dashed) particle beams at energies of

√
s = 1

(black/outermost), 1.4(blue/middle), 3 TeV(red/innermost) com-
bined, assuming integrated luminosities of 5, 1.5 and 2 ab−1, respec-
tively

where Jσ , Jφ, J f are the currents which couple to the new
fields, respectively. We note that the isotensor–scalar φ,
defined by its SU (2)R × SU (2)L quantum numbers 1 × 1,
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Searching for BSM physics

BSM theory: Resonances,
High-E physics

V1

V2

V3

V4

Rfav

Phenomenology: Mass peaks,
shape / normalization
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Fig. 11 Differential cross sections including a weakly coupled
isoscalar scalar resonance (mσ = 800 GeV, Fσ = 4.0 TeV−1, Γσ =
80 GeV) depending on the invariant mass of the vector-boson pair
at center-of-mass energies of

√
s = 1.4 TeV (upper plots) and√

s = 3 TeV (lower plots). Plots on the left show the process

e+e− → ν̄νW+W−, plots on the right e+e− → ν̄νZ Z . Blue line
isoscalar scalar resonance, red line matched EFT results (FS,0 = 0,
FS,1 = 12.3 TeV−4). Solid line unitarized results, dashed line naive
results

narrow peak in all distributions. With a collider energy of
3 TeV, we observe the necessity for unitarization beyond the
mass peak (in the WW final state), caused by the dimension-
ality of the effective tensor–scalar interaction. As well as in
all other cases, if we had a UV-complete model at hand, we
would expect any variation of the resonance-model predic-
tion (blue) in this range: further resonances, a featureless con-
tinuum, or suppression that accommodates the emergence of
further inelastic channels. However, neither of these scenar-
ios could produce a unitarity-violating result like the naive
blue-dashed line, so the unitarized model prediction serves
as a conservative estimate of the asymptotic shape.

The final parameter set in Fig. 14, an isotensor–scalar
multiplet φ, illustrates a possible strongly interacting multi-
Higgs scenario. The broad resonance, actually a combination
of resonance exchange in all isospin channels, is indistin-
guishable from an arbitrary continuum. It is remarkable that

the EFT approximation follows the shape of the resonance
model in the WW final state but fails completely for the Z Z
final state. As before, the naive extrapolations (dashed) over-
shoot the unitarized models (solid) by a large amount.

8 Conclusions

We have performed a new study of the capability of a high-
energy lepton collider (such as CLIC or an upgraded ILC) to
measure quasi-elastic vector-boson scattering, as a dedicated
probe of the Higgs sector. For realistic luminosity-energy
combinations, we cannot restrict the investigation to a pure
effective field theory (EFT), but have to take into account
strong interactions or resonant behavior.

Specifically, we have considered a minimal unitary extrap-
olation of the EFT Lagrangian and related this to alterna-
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Modeling: Generalized Resonances,
Effective Field Theories

V1

V2

V3

V4

=⇒ Experiment: =⇒ Limits on anomalous parameters
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Which collision?

pp e+e−
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Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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+ High
√

s

+ Precise measurement (known initial
state & theory, precise detectors, less
beam-background)

– Many uncertainties (initial state,
theory, pile-up, ...) – Limited

√
s

=⇒ pp and e+e− are complementary!
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The International Linear Collider

I ILC: Future e+e− collider,
ILC:

√
s extendible to 1 TeV

I International Large Detector (ILD):
Particle Flow optimized detector
⇒ Jet Energy Resolution ∼ 3 − 4%
=⇒ W → qq̄′ / Z → qq̄ separation!
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Achievable anomalous QGC limits
LHC:

W ±W ±jj leptonic @ ATLAS

A total of 3.8� 0.6 events are expected from SM back-
ground processes. The expected number of additional
events for the aQGC parameter point α4 ¼ 0.1 and α5 ¼
0 is also shown. In total 8 events are observed in data,
which corresponds to an excess with a significance of 1.8σ.
A CLs upper limit [76] on the visible cross section in the

aQGC SR is reported. The visible cross section σvis is
defined at the detector level as the excess of data events
(Nobs) over the background prediction (Nbkg) divided by the
integrated luminosity:

σvis ¼ Nobs − Nbkg

L
: ð10Þ

The CLs upper limit is derived with a likelihood function
equivalent to the one defined in Eq. (7) for a single channel
by replacing σW�W�jj · Ac · εc with σvis in Eq. (6) where σvis

is affected by uncertainties in the background prediction
and the integrated luminosity, but not by reconstruction
efficiencies or uncertainties in the theoretical cross
sections of the SM W�W�jj production. The observed
(expected) 95% CL upper limit on σvis in the aQGC SR is
0.50 fb (0.25 fb). These limits are converted to upper limits
on the fiducial cross section, assuming the same signal
reconstruction efficiency as that of the W�W�jj-EW
production. Models predicting contributions to the aQGC
fiducial phase-space region at the particle level of more than
0.72 fb (0.37 fb) are excluded at the 95% CL.
The upper limits on the fiducial cross section in the

aQGC phase-space region at the particle level are used to
derive constraints in the (α4, α5) parameter space. The
expected and observed two-dimensional exclusion con-
tours are shown in Fig. 13. The expected one-dimensional
confidence intervals at the 95% CL are

α4 ∈ ½−0.06;0.07�; and α5 ∈ ½−0.10;0.11� ðexpectedÞ:

The observed one-dimensional confidence intervals at the
95% CL are

α4 ∈ ½−0.14;0.15�; and α5 ∈ ½−0.22;0.22� ðobservedÞ:

This result constitutes a 35% improvement in the expected
aQGC sensitivity with respect to the analysis published in
Ref. [29]. The observed exclusion is only marginally more
restrictive because of the small excess observed in the
aQGC signal region. The sensitivity is similar to that in
Ref. [32], where the observed results are more constraining.

X. SUMMARY

This paper presents results from the ATLAS detector at
the LHC using 20.3 fb−1 of proton–proton collision data atffiffiffi
s

p ¼ 8 TeV from the measurement of the W�W�jj
production cross sections. Events with two leptons (elec-
trons or muons) with the same electric charge, Emiss

T , and at
least two jets are investigated in the Inclusive signal
region. An additional selection on the rapidity difference
of the leading jets is used to measure the fiducial cross
section for theW�W�jj-EW production in the VBS signal
region. The further requirement of a high transverse mass
of the system of two leptons and Emiss

T is used to define a
restricted phase-space region more sensitive to aQGC
parameters.
In the Inclusive signal region, a total of 50 signal

candidates are observed and 20 background events are
expected. The excess of events over the background-only
prediction is interpreted as evidence for the sum of the
W�W�jj-EW and W�W�jj-QCD processes. The mea-
sured fiducial cross section for W�W�jj production is
2.3� 0.6ðstatÞ � 0.3ðsystÞ fb, with a significance of 4.5σ
(3.1σ expected). In the VBS signal region, the background-
only prediction includes the W�W�jj-QCD production,
and a total of 34 events are observed and 16 background
events are predicted. The excess is interpreted as evidence
for the W�W�jj-EW processes. The measured fiducial
cross section for the W�W�jj-EW production, including
the interference with the W�W�jj-QCD production, is
1.5� 0.5ðstatÞ � 0.2ðsystÞ fb with a significance of 3.6σ
(2.3σ expected). The measured cross sections are consistent
with the SM predictions.
In the aQGC signal region, the background prediction

includes both the W�W�jj-EW and W�W�jj-QCD proc-
esses. A total of 8 events are observed and 3.8 background
events are expected. These numbers are used to constrain
the aQGC parameters α4 and α5. The observed one-
dimensional 95% confidence level intervals are −0.14 <
α4 < 0.15 and −0.22 < α5 < 0.22. The expected 95% con-
fidence level intervals are −0.06 < α4 < 0.07 and
−0.10 < α5 < 0.11. These intervals constitute a 35%

FIG. 13. Two-dimensional confidence regions in the aQGC
parameter plane (α4, α5). The area outside the solid light blue
region is excluded by the data at the 95% CL. The area outside the
solid dark blue region is excluded at the 68% CL. The expected
exclusion contour at the 95% CL is marked by the solid black
line. For comparison, the expected exclusion contour at the
95% CL from the previous analysis of this final state [29] is
shown as a black dashed line.

M. AABOUD et al. PHYSICAL REVIEW D 96, 012007 (2017)
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ILC:
W +W − & ZZ hadronic @ ILD (1 TeV)

Eur. Phys. J. C (2017) 77 :120 Page 13 of 20 120

Fig. 8 ±1σ exclusion contours
in the FS,0/FS,1 plane for the
two signal processes
e+e− → ν̄νW+W− and
e+e− → ν̄νZ Z including all
background processes based on
the assumption
FS,0 = FS,1 = 0. The e−(e+)

beam is polarized at a degree of
80%(0%) at energies of 1.0 TeV
(upper left plot), 1.4 TeV (upper
right plot) and 3 TeV (lower
plot). The corresponding
integrated luminosities are
5 ab−1, 1.5 ab−1 and 2 ab−1,
respectively. All cuts have been
applied and detection
efficiencies are included. The
thick line indicates the 90%
exclusion sensitivities obtained
by the combination of the two
signal channels. All cross
sections are unitarized

energy. In addition to the operators above there can be cou-
plings to pure gauge currents with arbitrary coefficients. All
couplings to the gauge degrees of freedom are, however, para-
metrically suppressed by gauge-coupling factors. In accor-
dance with the Goldstone-boson limit where the gauge cou-
plings are formally set to zero, we choose to keep our simpli-
fied models as simple as possible and do not take such effects
into account in the present work.

With these simplifications, the model Lagrangians for the
three fields σ , f , φ are

Lσ = 1

2
∂μσ∂μσ − 1

2
m2

σ σ 2 + σ Jσ (23a)

Lφ = 1

2

∑
i=s,v,t

tr
[
∂μ
i∂

μ
i − m2


2

i

]

+ tr

[(

t + 1

2

v − 2

5

s

)
Jφ

]
, (23b)

L f = 1

2
∂α fμν∂

α f μν − 1

2
m2 fμν f

μν

− ∂α fαμ∂β f βμ − f α
α∂μ∂ν fμν

− 1

2
∂α f μ

μ∂α f ν
ν + 1

2
m2 f μ

μ f ν
ν + fμν J

μν
f , (23c)

Fig. 9 90 % exclusion sensitivities for polarized (solid) and
unpolarized (dashed) particle beams at energies of

√
s = 1

(black/outermost), 1.4(blue/middle), 3 TeV(red/innermost) com-
bined, assuming integrated luminosities of 5, 1.5 and 2 ab−1, respec-
tively

where Jσ , Jφ, J f are the currents which couple to the new
fields, respectively. We note that the isotensor–scalar φ,
defined by its SU (2)R × SU (2)L quantum numbers 1 × 1,
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I dim.-4 EFT I dim.-8 EFT
Loveyoutoo α ≈ 0.1 ⇐========⇒

[INSPIRE:1616004]
FS ≈ 300 − 500 TeV−4

I Experimental results I Generator level study
+ Typical cuts
+ Detector effect assumptions
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W ±W ±jj leptonic @ ATLAS
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ILC:
W +W − & ZZ hadronic @ ILD (1 TeV)
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Fig. 8 ±1σ exclusion contours
in the FS,0/FS,1 plane for the
two signal processes
e+e− → ν̄νW+W− and
e+e− → ν̄νZ Z including all
background processes based on
the assumption
FS,0 = FS,1 = 0. The e−(e+)

beam is polarized at a degree of
80%(0%) at energies of 1.0 TeV
(upper left plot), 1.4 TeV (upper
right plot) and 3 TeV (lower
plot). The corresponding
integrated luminosities are
5 ab−1, 1.5 ab−1 and 2 ab−1,
respectively. All cuts have been
applied and detection
efficiencies are included. The
thick line indicates the 90%
exclusion sensitivities obtained
by the combination of the two
signal channels. All cross
sections are unitarized

energy. In addition to the operators above there can be cou-
plings to pure gauge currents with arbitrary coefficients. All
couplings to the gauge degrees of freedom are, however, para-
metrically suppressed by gauge-coupling factors. In accor-
dance with the Goldstone-boson limit where the gauge cou-
plings are formally set to zero, we choose to keep our simpli-
fied models as simple as possible and do not take such effects
into account in the present work.

With these simplifications, the model Lagrangians for the
three fields σ , f , φ are

Lσ = 1

2
∂μσ∂μσ − 1

2
m2

σ σ 2 + σ Jσ (23a)

Lφ = 1

2

∑
i=s,v,t
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[
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L f = 1
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Fig. 9 90 % exclusion sensitivities for polarized (solid) and
unpolarized (dashed) particle beams at energies of

√
s = 1

(black/outermost), 1.4(blue/middle), 3 TeV(red/innermost) com-
bined, assuming integrated luminosities of 5, 1.5 and 2 ab−1, respec-
tively

where Jσ , Jφ, J f are the currents which couple to the new
fields, respectively. We note that the isotensor–scalar φ,
defined by its SU (2)R × SU (2)L quantum numbers 1 × 1,
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Assumptions of generator level study
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Fig. 8 ±1σ exclusion contours
in the FS,0/FS,1 plane for the
two signal processes
e+e− → ν̄νW+W− and
e+e− → ν̄νZ Z including all
background processes based on
the assumption
FS,0 = FS,1 = 0. The e−(e+)

beam is polarized at a degree of
80%(0%) at energies of 1.0 TeV
(upper left plot), 1.4 TeV (upper
right plot) and 3 TeV (lower
plot). The corresponding
integrated luminosities are
5 ab−1, 1.5 ab−1 and 2 ab−1,
respectively. All cuts have been
applied and detection
efficiencies are included. The
thick line indicates the 90%
exclusion sensitivities obtained
by the combination of the two
signal channels. All cross
sections are unitarized

energy. In addition to the operators above there can be cou-
plings to pure gauge currents with arbitrary coefficients. All
couplings to the gauge degrees of freedom are, however, para-
metrically suppressed by gauge-coupling factors. In accor-
dance with the Goldstone-boson limit where the gauge cou-
plings are formally set to zero, we choose to keep our simpli-
fied models as simple as possible and do not take such effects
into account in the present work.

With these simplifications, the model Lagrangians for the
three fields σ , f , φ are

Lσ = 1

2
∂μσ∂μσ − 1

2
m2
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Fig. 9 90 % exclusion sensitivities for polarized (solid) and
unpolarized (dashed) particle beams at energies of

√
s = 1

(black/outermost), 1.4(blue/middle), 3 TeV(red/innermost) com-
bined, assuming integrated luminosities of 5, 1.5 and 2 ab−1, respec-
tively

where Jσ , Jφ, J f are the currents which couple to the new
fields, respectively. We note that the isotensor–scalar φ,
defined by its SU (2)R × SU (2)L quantum numbers 1 × 1,
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Study assumes detector effects:
I Confusing W s and Zs:

mW − mZ ∼ 10 GeV, width, detector resolution
=⇒ Confusion!

I Crucial for analysis:
Different couplings in W W and ZZ states!

I Assumption:
true W → reconstr.: 88% W , 12% Z

true Z → reconstr.: 88% Z, 12% W

=⇒ For W W/ZZ signals:
true W W → reconstr.: 77.4% W W

true ZZ → reconstr.: 77.4% ZZ

=⇒ Can we verify this?
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Detector level analysis

q

q̄

q
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e−
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ν̄e
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W /Z

W /Z

I VBS analysis on detector level
=⇒ Full ILD simulation of 1 TeV e+e−

Analysis:
I Remove beam backgrounds: Exclusive jet clustering
I Cluster to 4 jets: e+e−-kt algorithm
I Pair 4 jets to 2 bosons: Require minimal |mjj,1 − mjj,2|

=⇒ W W /ZZ separation by invariant masses
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Detector level VS Assumptions
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Generator level Reconstructed
I W W events
I ZZ events

Simulation &−−−−−−−→
Analysis

mjj,1+mjj,2
2

W W /ZZ separation:
I 1D separation cut in mjj,1+mjj,2

2
I Point with equal separation:

true W W → reconstr.: 71% W W

true ZZ → reconstr.: 71% ZZ

(Reminder: previous assumption 77.4%)

=⇒ What limits separation / should be optimized?
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Identifying challenges
From MC info:

Colour neutral −→ partons −→ jet particle −→ reconstr. particles
connections known!

=⇒ Cheat reconstruction step =⇒ See influence!
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I Ideal clustering:

Cheat jet particle finging
⇒ clustering algorithm &
⇒ removing beam bkg.

I Ideal pairing:
Cheat combining jets to bosons

=⇒ Limiting factor:
Jet clustering!

W W /ZZ separation
w/ cheated clustering: 86%
(full reco: 71%, prev. assump.: 77%)
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Conclusion

I Detector level analysis needs improvement
=⇒ Identified problem: Jet clustering

I Future studies:
I Improve clustering
I Use more sophisticted separation (flavor tag!)

I Assumptions in gen. level study reasonable

Future high-
√

s e+e− facility
complementary to hadron machines!
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Fig. 8 ±1σ exclusion contours
in the FS,0/FS,1 plane for the
two signal processes
e+e− → ν̄νW+W− and
e+e− → ν̄νZ Z including all
background processes based on
the assumption
FS,0 = FS,1 = 0. The e−(e+)

beam is polarized at a degree of
80%(0%) at energies of 1.0 TeV
(upper left plot), 1.4 TeV (upper
right plot) and 3 TeV (lower
plot). The corresponding
integrated luminosities are
5 ab−1, 1.5 ab−1 and 2 ab−1,
respectively. All cuts have been
applied and detection
efficiencies are included. The
thick line indicates the 90%
exclusion sensitivities obtained
by the combination of the two
signal channels. All cross
sections are unitarized

energy. In addition to the operators above there can be cou-
plings to pure gauge currents with arbitrary coefficients. All
couplings to the gauge degrees of freedom are, however, para-
metrically suppressed by gauge-coupling factors. In accor-
dance with the Goldstone-boson limit where the gauge cou-
plings are formally set to zero, we choose to keep our simpli-
fied models as simple as possible and do not take such effects
into account in the present work.

With these simplifications, the model Lagrangians for the
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ILC Supporters
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BACKUP

[Twitter:LCNewsline (26.07.2016)]
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Theory in [EPJC(2017):77:120]
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LHC aQGC sensitivy from [Phys. Rev. D 96, 012007]

as the interference in the Inclusive SR. The measured
fiducial cross section is σfidEWW�W�jj ¼ 1.5� 0.5ðstatÞ �
0.2ðsystÞ fb for electroweak W�W� production, including
interference with strong production in the VBS region. The
measured cross sections are in agreement with the respec-
tive SM predictions of 1.52� 0.11 fb and 0.95� 0.06 fb.
The cross sections are shown in Fig. 11 for each channel
and for the combined measurement. The observed com-
bined significance over the background-only hypothesis is
4.5σ in the Inclusive SR and 3.6σ in the VBS SR, while the
corresponding expected significances for a SM W�W�jj
signal are 3.1σ and 2.3σ, respectively.

IX. EXTRACTION OF ANOMALOUS QUARTIC
GAUGE COUPLINGS

VBS events receive contributions from quartic gauge
boson interactions and thus can be used to search for
aQGCs. In general, the effective Lagrangian described in
Sec. I does not ensure unitarity. The Higgs boson in the SM
ensures unitarity of the SMVBS process, which is destroyed
if anomalous couplings or additional resonances are added.A
unitarization scheme has to be applied in order to avoid
nonphysical predictions. In the case of VBS with aQGC, the
unitarization significantly impacts the differential and total
cross sections. The K-matrix unitarization scheme [17] is
applied in this analysis where the elastic scattering eigenam-
plitudeAðsÞ is projected on the Argand circleAðsÞ → ÂðsÞ

such that jÂðsÞ − i=2j ¼ 1=2. This condition is derived from
the optical theorem and ensures that the projected scattering
amplitude meets the unitarity condition exactly. As a result,
the cross section saturates at the maximum value allowed by
unitarity. The whizard [75] event generator is used to
calculate cross sections and generate events with aQGCs
at LO in QCD. The CTEQ6L1 PDF set is used. All samples
use the parametrization in terms of α4 and α5. The invariant
mass of the system of two charged leptons and two neutrinos
from the decay of the two W bosons, mllνν, is used as the
renormalization and factorization scales, μR ¼ μF ¼ mllνν.
The events are interfaced to PYTHIA 8 formodeling the parton
shower, QED final-state radiation, decays of τ leptons, and
the underlying event.
The expected sensitivity to α4 and α5 is improved

significantly compared to the results obtained in the
previous publication [29] by selecting a phase-space region
that is more sensitive to anomalous contributions to the
WWWW vertex. This is achieved by an additional require-
ment: mWW;T > 400 GeV. The effects from new-physics
processes are expected to be seen predominantly at larger
mass scales, which motivates the definition of the aQGC
SR as defined in Sec. III. The distribution of the transverse
mass of the WW system before applying the final selection
criteria is shown in Fig. 12.
The signal in the aQGC region is defined as the α4, α5-

dependent excess of the W�W�jj-EW production cross
section over the SM prediction of this process. No interfer-
ence effects of the aQGC contribution with either the SM
W�W�jj-QCDorW�W�jj-EWproduction are considered.
The combined signal reconstruction efficiency in the three
final states is found to be ð68.7� 2.2Þ% with no significant
dependence on α4 and α5.
Table XI summarizes the expected and observed event

yields in the aQGC SR. The theoretical uncertainties in the
aQGC signal region are less than in the VBS region and the
systematic uncertainties are consistent with those in the
VBS signal region. Therefore, the VBS signal region
systematic uncertainties as described in Sec. VI are applied.
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FIG. 12. ThemWW;T distribution for all channels combined in the
VBS SR prior to applying the requirement ofmWW;T > 400 GeV.
The mWW;T requirement is represented by a vertically dashed line.
The expected signal contribution for the aQGC parameter point
α4 ¼ 0.1 and α5 ¼ 0 is overlaid as a histogram and includes the
aQGC signal and the background prediction. The error bars on the
data points include statistical uncertainty only. The hatched band
represents the systematic uncertainty of the total prediction. The
last bin includes overflow events.

TABLE XI. Expected and observed event yields in the aQGCSR.
The first quoted uncertainty is statistical and the second is
systematic. The row corresponding to the BSM contribution
indicates the additional events expected givenα4 ¼ 0.1 andα5 ¼ 0.

aQGC Signal Region

Non-prompt 0.2� 0.1� 0.1
Conversions 0.7� 0.2� 0.1
Prompt 0.8� 0.1� 0.3
SM W�W�jj -EW 1.7� 0.1� 0.2
SM W�W�jj -QCD 0.4� 0.0� 0.1

Total background 3.8� 0.3� 0.5

α4 ¼ 0.1, α5 ¼ 0 7.3� 0.4� 0.6

Data 8
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A total of 3.8� 0.6 events are expected from SM back-
ground processes. The expected number of additional
events for the aQGC parameter point α4 ¼ 0.1 and α5 ¼
0 is also shown. In total 8 events are observed in data,
which corresponds to an excess with a significance of 1.8σ.
A CLs upper limit [76] on the visible cross section in the

aQGC SR is reported. The visible cross section σvis is
defined at the detector level as the excess of data events
(Nobs) over the background prediction (Nbkg) divided by the
integrated luminosity:

σvis ¼ Nobs − Nbkg

L
: ð10Þ

The CLs upper limit is derived with a likelihood function
equivalent to the one defined in Eq. (7) for a single channel
by replacing σW�W�jj · Ac · εc with σvis in Eq. (6) where σvis

is affected by uncertainties in the background prediction
and the integrated luminosity, but not by reconstruction
efficiencies or uncertainties in the theoretical cross
sections of the SM W�W�jj production. The observed
(expected) 95% CL upper limit on σvis in the aQGC SR is
0.50 fb (0.25 fb). These limits are converted to upper limits
on the fiducial cross section, assuming the same signal
reconstruction efficiency as that of the W�W�jj-EW
production. Models predicting contributions to the aQGC
fiducial phase-space region at the particle level of more than
0.72 fb (0.37 fb) are excluded at the 95% CL.
The upper limits on the fiducial cross section in the

aQGC phase-space region at the particle level are used to
derive constraints in the (α4, α5) parameter space. The
expected and observed two-dimensional exclusion con-
tours are shown in Fig. 13. The expected one-dimensional
confidence intervals at the 95% CL are

α4 ∈ ½−0.06;0.07�; and α5 ∈ ½−0.10;0.11� ðexpectedÞ:

The observed one-dimensional confidence intervals at the
95% CL are

α4 ∈ ½−0.14;0.15�; and α5 ∈ ½−0.22;0.22� ðobservedÞ:

This result constitutes a 35% improvement in the expected
aQGC sensitivity with respect to the analysis published in
Ref. [29]. The observed exclusion is only marginally more
restrictive because of the small excess observed in the
aQGC signal region. The sensitivity is similar to that in
Ref. [32], where the observed results are more constraining.

X. SUMMARY

This paper presents results from the ATLAS detector at
the LHC using 20.3 fb−1 of proton–proton collision data atffiffiffi
s

p ¼ 8 TeV from the measurement of the W�W�jj
production cross sections. Events with two leptons (elec-
trons or muons) with the same electric charge, Emiss

T , and at
least two jets are investigated in the Inclusive signal
region. An additional selection on the rapidity difference
of the leading jets is used to measure the fiducial cross
section for theW�W�jj-EW production in the VBS signal
region. The further requirement of a high transverse mass
of the system of two leptons and Emiss

T is used to define a
restricted phase-space region more sensitive to aQGC
parameters.
In the Inclusive signal region, a total of 50 signal

candidates are observed and 20 background events are
expected. The excess of events over the background-only
prediction is interpreted as evidence for the sum of the
W�W�jj-EW and W�W�jj-QCD processes. The mea-
sured fiducial cross section for W�W�jj production is
2.3� 0.6ðstatÞ � 0.3ðsystÞ fb, with a significance of 4.5σ
(3.1σ expected). In the VBS signal region, the background-
only prediction includes the W�W�jj-QCD production,
and a total of 34 events are observed and 16 background
events are predicted. The excess is interpreted as evidence
for the W�W�jj-EW processes. The measured fiducial
cross section for the W�W�jj-EW production, including
the interference with the W�W�jj-QCD production, is
1.5� 0.5ðstatÞ � 0.2ðsystÞ fb with a significance of 3.6σ
(2.3σ expected). The measured cross sections are consistent
with the SM predictions.
In the aQGC signal region, the background prediction

includes both the W�W�jj-EW and W�W�jj-QCD proc-
esses. A total of 8 events are observed and 3.8 background
events are expected. These numbers are used to constrain
the aQGC parameters α4 and α5. The observed one-
dimensional 95% confidence level intervals are −0.14 <
α4 < 0.15 and −0.22 < α5 < 0.22. The expected 95% con-
fidence level intervals are −0.06 < α4 < 0.07 and
−0.10 < α5 < 0.11. These intervals constitute a 35%

FIG. 13. Two-dimensional confidence regions in the aQGC
parameter plane (α4, α5). The area outside the solid light blue
region is excluded by the data at the 95% CL. The area outside the
solid dark blue region is excluded at the 68% CL. The expected
exclusion contour at the 95% CL is marked by the solid black
line. For comparison, the expected exclusion contour at the
95% CL from the previous analysis of this final state [29] is
shown as a black dashed line.

M. AABOUD et al. PHYSICAL REVIEW D 96, 012007 (2017)
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Generator level signal definition

q
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q

q̄

e−

νe

e+

ν̄e

W −

W +

W/Z

W/Z

All signal events:
I e−

L , e+
R ⇒ Can radiate W s

I νν̄ = νeν̄e ⇒ Could have radiated 2 W s
I mνeν̄e ≥ 100.0GeV ⇒ νeν̄e not from Z

W W events:
I Two up-type–down-type pairs: quq̄′

d + q′′
d q̄′′′

u

I 147.0 < mquq̄′
d

+ mq′′
d

¯q′′′
u

< 171.0
I |mquq̄′

d
− mq′′

d
¯q′′′
u

| ≤ 20.0GeV

ZZ events:
I Two same-flavour pairs: qq̄ + q′q̄′

I 171.0 < mqq̄ + mq′q̄′ < 195.0
I |mqq̄ − mq′q̄′ | ≤ 20.0GeV
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Generator level signal definition
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High level reconstruction

Processors used before analysis:
I IsolatedLeptonTaggingProcessor:

Tagging of isolated leptons (using new weights)
I FastJetProcessor:

Exclusive kt_algorithm (E_scheme) with radius parameter 1.3 and
clustering to 4 jets. Removes overlay background, afterwards only use reconstructed
particles which were in these jets.

I FastJetProcessor:
Exclusive ee_kt_algorithm (E_scheme) clustering to 4 jets. These are
taken as the actual jets.

Additional steps in analysis:
I Pair up jets into 2 boson-dijet candidates by minimizing |mjj,1 − mjj,2|
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Jet energy distribution
Influence of JER on this sample
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Vector Boson Scattering @ ILC
The benchmark

Looking for Vector Boson Scattering:

q

q̄

q

q̄

e−

νe

e+

ν̄e

W −

W +

W/Z

W/Z

I Goal: Limits on anomalous Quartic Gauge Couplings

LEFT = Lknown +
∑

i

FS,iOi

I W W and ZZ measure different couplings!

=⇒ Separate W W and ZZ!

=⇒ Detector Benchmark: Precise Jet Energy Resolution
=⇒ Detector Benchmark: −→ Mass-separation of W W and ZZ peaks
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VBS Benchmark plots
Basic construct

Example for performance plots:
I ILD l5_o1_v02
I iLCSoft v02-00-02
I Full reconstruction

And 2D version:
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Following jet formation

[Lecture D. Zeppenfeld 2005]
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Mass distributions: removing semi-leptonic decays
Two levels: I Full reco: See previous slides

I Cheated jets: Use TrueJet
Cheated jets: → cheated clustering, pairing and overlay removal

)/2 [GeV]jj,2 + m
jj,1

 (m
60 80 100 120

 E
ve

nt
s

0

500

1000

1500 full reco

IDR-L

IDR-S

jetslight: 
light: cheated

dark: full reco

ILD preliminary

)/2 [GeV]jj,2 + m
jj,1

 (m
60 80 100 120

 E
ve

nt
s

0

500

1000

1500
decays
no semi-lep.

IDR-L

IDR-S

jetslight: 
light: cheated

dark: full reco

ILD preliminary

=⇒
I Detector model impact minimal
I Significant: Semi-leptonic decays, jet finding
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Separation curves
Idea: Scan this distribution: mcut → < mcut ⇒ Reco-W W
Idea: Scan this distribution: mcut → > mcut ⇒ Reco-ZZ
−→ Efficiencies to find true-W W as reco-W W ? (same w/ ZZ)

 WW ID eff.
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1D cut separation
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dark: full reconstruction
light: ideal b tag
area: realistic b tag

I x: Eff. to identify W W correctly
y: Eff. to identify ZZ correctly

I Simplified but easy approach
I + Simple test of b tag influence:

Event contains gen.-level b?
=⇒ Is reco-ZZ!

Two versions:
1. Full reconstruction
2. Using cheated jets
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Separation curves
Idea: Scan this distribution: mcut → < mcut ⇒ Reco-W W
Idea: Scan this distribution: mcut → > mcut ⇒ Reco-ZZ
−→ Efficiencies to find true-W W as reco-W W ? (same w/ ZZ)
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y: Eff. to identify ZZ correctly

I Simplified but easy approach
I + Simple test of b tag influence:

Event contains gen.-level b?
=⇒ Is reco-ZZ!

Two versions:
1. Full reconstruction
2. Using cheated jets
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Separation & masses: Cheating steps
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