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Abstract
This thesis presents and discusses measurements of the coupling of the Higgs
boson to vector bosons, using data collected at

√
s = 13TeV by the ATLAS de-

tector. A full analysis of the first 5.8 fb−1 of LHC Run2 data investigating the
H�W±W∓∗�`−ν̄``′+ν`′ decay channel is presented, targeting the gluon fusion,
vector boson fusion and Higgs strahlung modes of Higgs boson production with
dedicated event selections. The analyses presented here include the first mea-
surement of Higgs boson production via gluon fusion in this decay channel using
ATLAS data at

√
s = 13TeV. A combined analysis of the H�ZZ∗�`+`−`′+`′−

and H�γγ decay modes employing 14.8 fb−1 and 13.3 fb−1 of
√
s = 13TeV data,

respectively, is also presented. No significant deviation from the Standard Model
predictions is observed. The state-of-the-art techniques for obtaining physics
predictions for such measurements are discussed, including different methods of
obtaining continuous likelihood functions from a finite set of samples. This includes
Matrix Element Reweighting as well as different methods of interpolation. The
technique of Effective Lagrangian Morphing, which was developed in the context of
this thesis, is derived from first principles, discussed in detail and supplemented
with enhancements and methods to reduce the dimensionality and computational
cost and to improve the accuracy of its predictions. A first application of this
technique for a measurement of the CP-even and the CP-odd coupling parameters
gHV V and gAV V in the H�ZZ∗�`+`−`′+`′− channel is presented, and opportunities
and challenges for future applications of this technique to measurements in the
H�W±W∓∗�`−ν̄``′+ν`′ channel are discussed.
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1 Introduction

“ It is no good to try to stop knowledge from going forward. Ignorance
is never better than knowledge.

Enrico Fermi ”
The quest for knowledge about the fundamental building blocks of nature is one of

the most primal aspects of science itself. Around the middle of the first millennium
BCE, Greek and Indian philosophers proposed the philosophy of atomism, theorizing
that nature consists of indivisible atoms as fundamental constituents in the void
of space and time [1], long before even the word physics was coined in the 16th
century [2]. It is certainly no coincidence that the German writer Johann Wolfgang
von Goethe chose to have his most famous protagonist Faust ask to “perceive
whatever holds the world together in its inmost folds” [3] on his quest for the
deepest knowledge in 1808.

Science has come a long way since the days of philosophical atomism, continuously
building on the achievements of the past, developing new theories and rigorously
putting them to the test with dedicated experiments. This path, however, was
not always a straight one. When Max Planck asked his physics professor Philipp
von Jolly in 1874 about the prospects in the field of physics, he was told that
“in this field, almost everything is settled, and only minor holes need to be filled”,
which was a common opinion among physicists at the time [4]. Planck himself
helped to overturn this judgment with his solution to the black-body radiation
problem [5] – one of the “minor holes” – leading to the development of quantum
mechanics in the early 20th century. This, and of course Albert Einstein’s theory
of relativity [6], mark the beginning of the era of modern physics. Max Planck’s
example illustrates what is a recurring theme to the history of physics – that small
“holes” in the currently accepted theory can act as gateways to a new understanding
or even a new era of physics.

The Standard Model of Particle Physics was developed in the second half of the
20th century as an attempt to bring together the different theories of fundamental
particles and their interactions discovered previously. The set of locally gauge
invariant theories from which it originated also had a “hole”: The particles these
theories described were massless, in direct contradiction with experimental evidence.

1



2 Introduction

Furthermore, any attempt to resolve this discrepancy ad hoc would result in the
loss of some of the symmetry properties that were used to construct the theory
in the first place.
Three independent groups of scientists were able to resolve this issue in 1964

by the mechanism of spontaneous symmetry breaking, a mathematical technique
already used to explain superconductivity in solid-state physics. Robert Brout,
François Englert [7], Peter Higgs [8, 9], Gerald Guralnik, Carl Richard Hagen, and
Tom Kibble [10] published their findings almost simultaneously. Today, however,
this achievement is mostly known as the Brout-Englert-Higgs (BEH) mechanism.
François Englert and Peter Higgs were awarded the Nobel Prize in 2013 [11]. Peter
Higgs is widely quoted for explicitly stating that this mechanism also predicts the
presence of a new particle, the Higgs boson.

Despite concerted efforts, the new particle was nowhere to be found using powerful
instruments such as the Large Electron Positron Collider (LEP) at the European
Organization for Nuclear Research (CERN), or using the TeVatron at Fermilab.
Already being referred to as the “elusive” Higgs boson or as “the God(damn)
Particle” [12], the discovery of this particle was one of the main motivations for
the construction of the Large Hadron Collider (LHC) at CERN.
When the discovery was finally announced on July 4th 2012 by the ATLAS and

CMS experiments, the particle physics community celebrated not only the discovery
of a new particle, but of the last missing puzzle piece to the Standard Model of
Particle Physics. The initial publications were cautiously titled “Observation of a
new particle in the search for the Standard Model Higgs boson with the ATLAS
detector at the LHC” [13] and “Observation of a new boson at a mass of 125 GeV with
the CMS experiment at the LHC” [14]. As larger amounts of data were collected, and
more and more detailed investigations could be performed, confidence grew that the
newly discovered particle may indeed be the long sought-for Standard Model Higgs
boson. A combined analysis published in 2016 is already titled “Measurements
of the Higgs boson production and decay rates and constraints on its couplings
from a combined ATLAS and CMS analysis of the LHC pp collision data at

√
s = 7

and 8TeV” [15]. Following the principle of Ockhams razor to “admit no more
causes of natural things than such as are both true and sufficient to explain their
appearances” as Isaac Newton put it [16], it is natural to assume that the newly
discovered particle is indeed the Standard Model Higgs boson predicted by the
BEH mechanism of electroweak symmetry breaking (EWSB). This mechanism makes
precise predictions about the properties of this Higgs boson. For example, it is
expected to be a CP -even, scalar particle that couples to the electroweak bosons,
and by extension of the mechanism also to all fermions, in a manner proportional
to their mass. Measurements of the properties of the Higgs boson, and especially
its couplings, are thus the appropriate tool to test this assumption. And while
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the measurements performed on the data set collected by the LHC at
√
s = 7 and

8TeV have already helped to constrain the spin and CP properties [17, 18] as well
as the couplings [15] of the Higgs boson significantly, there is still much room for
deviations from the Standard Model predictions.
This thesis presents a detailed analysis of pp collision data collected at

√
s =

13TeV in the years 2015 and 2016, searching for events containing Higgs boson
candidates. A special focus is put on the Higgs bosons decay mode to a pair of
W bosons which further decay into leptons, which is the most sensitive analysis
channel with respect to the total signal strength. Different modes of producing
Higgs bosons are investigated, with a special focus on Higgs boson production
via gluon fusion, which is the dominant production mode at the LHC. However,
Higgs boson production via vector boson fusion or in association with a W boson
are also considered, and other decay modes to a pair of leptonically decaying Z
bosons or to a pair of photons are discussed briefly. Dedicated analysis techniques
are developed to allow precise measurements of the properties of the Higgs boson,
aiming to “decipher the nature of the Higgs sector”, as the title of the newest
handbook of LHC cross sections eloquently claims [19]. Is it indeed the long sought-
for Higgs boson completing the Standard Model of particle physics, or does this
discovery once more revolutionize our understanding of nature? One thing however
is certain: The discovery marks the end of one chapter of particle physics – the
search for the elusive Higgs boson – and marks the beginning of a new one – the
measurement of its properties.
The text of this thesis is structured as follows: Chapter 2 introduces the theo-

retical framework. Chapter 3 presents the Large Hadron Collider and the ATLAS
Experiment and discusses the phenomenology of the Higgs boson at the LHC. Chap-
ter 4 presents the analysis conducted to measure Higgs boson production in the
H�W±W∓∗�`−ν̄``′+ν`′ decay mode. Chapter 5 discusses a combined measurement
of the H�ZZ∗ and H�γγ decay modes and presents the technique of Effective
Lagrangian Morphing and its application for Higgs boson coupling measurements.
Finally, Chapter 6 summarizes the findings of this thesis and gives an outlook
on future studies.

Declaration
Of this work, the chapters 2 and 3 are mostly reviewing existing literature. Sec-
tion 2.4.3 is a notable exception, featuring original research performed by the
author, which has nevertheless been previously published [19,20]. Chapters 4 and
5 constitute original research to which the author has contributed significantly, and
which has partially been published [21–23]. Finally, chapters 1 and 6 are of purely
supplementary nature and do not document any research per se.
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“ Each piece, or part, of the whole of nature is always merely an approx-
imation to the complete truth, or the complete truth so far as we know
it. In fact, everything we know is only some kind of approximation
because we know that we do not know all the laws as yet.

Richard P. Feynman ”
This chapter outlines the Lagrange formulation of the Standard Model of Elemen-

tary Particle Physics (SM), a successful framework to study the fundamental laws
governing the universe. Special attention is devoted to the Brout-Englert-Higgs
(BEH) mechanism of electroweak symmetry breaking (EWSB). A more detailed intro-
duction including all aspects of the model can be found in many textbooks [24–28].
All equations in this chapter use natural units, expressing physical action in

units of the reduced Planck constant ~ and velocities in units of c, the speed of
light in vacuum. The letter s, which is also present in the title of this thesis, refers
to a systems center-of-mass energy, deriving from the Mandelstam variables s, t,
and u [29]. The notations R(x) and I(x) denote the real and imaginary parts
of some complex quantity x. As far as matrices are printed in the text, entries
equal to zero are omitted.

2.1 Introduction
On the smallest scales currently accessible to observation, the fundamental building
blocks of the universe are the elementary particles. Figure 2.1 shows a popular
representation of the particle content of the Standard Model.

The table is separated into fermions, i. e., particles with half integer spin on the
left hand side, and bosons, i. e., particles with integer spin on the right hand side.
The first three columns show the three generations of fermions, the rows being
occupied by up- and down-type quarks, charged and neutral leptons. The right
half of the graphic is occupied by the various gauge bosons connected with weak,
electromagnetic and strong interactions. The recently discovered Higgs boson, as
well as the so-far unobserved graviton, are also shown.
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Figure 2.1.: Popular depiction of the particle content of the Standard Model of Particle
Physics [30], including the respective quantum numbers as well as mass
measurements and limits [31].

While it is very intuitive to imagine interactions of these particles akin to
collisions of billiard balls, the most successful theoretical formulation employs
fields as the fundamental objects, of which the particles are mere excitations.
This interpretation of particles as quanta of universal fields and the underlying
mathematical formulation are commonly referred to as Quantum Field Theory
(QFT). An especially elegant formulation of QFT and the Standard Model can be
achieved using the Lagrange-formalism and group theory, which are briefly revisited
in the next sections to introduce the notation used and highlight some specific
aspects that are of interest for the remainder of this chapter.

2.1.1 Lie groups
Lie groups are infinite groups that are also differentiable manifolds, i. e., that
are locally similar enough to linear space for the group operations to allow for
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differential calculus. Any group element continuously connected to the identity 1
can be written as

U = eiθ
aTa1, (2.1.1)

where θa are numbers parametrizing the group elements, and T a are the group
generators. These form a Lie algebra defined through its commutation relations[

T a, T b
]

= ifabcT c, (2.1.2)

where fabc are the structure constants. A Lie group is abelian if fabc = 0 ∀a, b, c
and non-abelian otherwise.
Well-known examples for Lie groups include
• the unitary groups U(N), representable by the set of all unitary N × N

matrices and multiplication as the group operation,
• the special unitary groups SU(N), representable by the set of all unitary
N × N matrices with determinant D = 1 and multiplication as the group
operation,
• the orthogonal groups O(N), representable by the set of all orthogonal N×N

matrices and multiplication as the group operation, and
• the special orthogonal groups SO(N), representable by the set of all orthogonal
N × N matrices with determinant D = 1 and multiplication as the group
operation.

Notably, all of these examples are only abelian for N = 1, where U(1) is more
commonly known as the circle group of all complex numbers c ∈ C that have an
absolute value of ‖c‖ = 1 and are thus located on the complex unit circle.

2.1.2 Lagrangian densities
A Lagrangian density (or simply Lagrangian) is a function L of some continuously
varying fields φ(xµ). Given the functional form of the Lagrangian for some physical
system, the equations of motion can be generated using the Euler-Lagrange equation

∂µ

(
∂L

∂ (∂µφ)

)
− ∂L

∂φ
= 0, (2.1.3)

where the shorthand ∂µ is used for ∂
∂xµ

.
In some sense, this formulation reduces the task of understanding the physics of

some particular system to coming up with the correct Lagrangian for the system
at hand. In general, different choices for the Lagrangian L will yield different
physical equations of motion.
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2.1.3 Perturbation theory
Even though the fundamental objects of QFT are fields, and not their quanta
(or particles) themselves, the particle interpretation of QFT interaction is still
valid in some cases.

The derivation of the equations of motion for the (classical) fields using the
Euler-Lagrange-Equation is usually not trivially possible. Solution of the differential
equations can, however, be facilitated using Greens functions. Considering for
example the Lagrangian of the φ4 theory

L =
1

2
(∂φ)2 − 1

2
m2φ2 +

g

4!
φ4, (2.1.4)

where φ is a scalar field with mass m, this field exhibits a self-interaction with a
coupling strength g. As long as this interaction g is small enough, one can expand
all interacting Greens functions in a power series in g.

Individual contributions to these sums can be visualized as Feynman diagrams like
the one decorating the cover of this thesis. These diagrams visualize the excitations
of the fields as actual particles interacting with each other and are valuable assets in
constructing and performing perturbative calculations in Quantum Field Theories.
However, individual contributions (or diagrams) may yield infinite results. In

order to proceed, one can rescale the field

φ→
√
ZφR, (2.1.5)

using some scaling parameter Z ∈ C. The Lagrangian now reads

L =
1

2
Z (∂φ)2 − 1

2
Zm2φ2 +

Z2g

4!
φ4. (2.1.6)

In realizing that the bare parameters Z, m and g might themselves be infinite,
one can now rewrite the parameters in the Lagrangian in terms of renormal-
ized parameters

Z = 1 + δZ , m2Z = m2
R + δm, and Z2g = gR + δg (2.1.7)

to obtain the renormalized Lagrangian

L =
1

2
(∂φR)2 − 1

2
m2φ2

R +
g

4!
φ4
R +

1

2
δZ (∂φR)2 − 1

2
δmφ

2
R +

δg
4!
φ4
R. (2.1.8)

The terms containing δs are called counterterms and can be used to absorb the
divergences. Any remaining ambiguities can be resolved in deciding for a specific
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subtraction scheme, which typically introduces an unphysical constant, the renor-
malization scale, where the details depend on the chosen scheme. For examples,
the coupling constant g will in perturbative calculations typically depend on the
momentum or energy scale at which the interaction takes place.

However, the dependence on any unphysical parameter vanishes as more terms of
the power series are included. Theories for which the parameters in the Lagrangian
are sufficient to absorb all infinities appearing in the power series are called
renormalizable.

2.1.4 Global gauge symmetries
Considering the Lagrangian

L = ψ (iγµ∂µ −m)ψ, (2.1.9)

one can employ Eq. 2.1.3 to obtain

(iγµ∂µ −m)ψ = 0, (2.1.10)

the Dirac equation for a free fermionic field ψ of mass m.
Eq. 2.1.10 is invariant under any global phase (or “gauge”) transformation

ψ (x)→ U(α)ψ(x) (2.1.11)

where the transformations

U(α) = eiα (2.1.12)

form the abelian Lie group U(1).
Through Noether’s theorem [32], this symmetry implies the existence of a con-

served current. This can be seen by considering the infinitesimal transformation

ψ → (1 + iα)ψ. (2.1.13)

Invariance requires the Lagrangian (Eq. 2.1.9) to stay unchanged, thus

0 = δL (2.1.14)

=
∂L

∂ψ
δψ +

∂L

∂ (∂µψ)
δ (∂µψ) + h. c. (2.1.15)

= iα

[
∂L

∂ψ
− ∂µ

(
∂L

∂ (∂µψ)

)]
ψ + iα∂µ

(
∂L

∂ (∂µψ)
ψ

)
+ h. c., (2.1.16)
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where the first term vanishes by virtue of the Euler-Lagrange-Equation 2.1.3. Hence,
Eq. 2.1.16 reduces to the form of a conserved current

∂µj
µ = 0, (2.1.17)

where, introducing the charge e = 2α,

jµ =
ie

2

(
∂L

∂ (∂µψ)
ψ − ψ ∂L

∂
(
∂µψ

)) . (2.1.18)

Employing Eq. 2.1.9, this leads to

jµ = −eψγµψ, (2.1.19)

thus jµ can be identified as the electromagnetic charge current density. Equa-
tion 2.1.17 hence implies that the electromagnetic charge

Q =

∫
d3xj0 (2.1.20)

is a conserved quantity.

2.1.5 Local gauge symmetries and interactions
In trying to generalize this approach to transformations of the type

ψ → eiα(x)ψ (2.1.21)

for any arbitrary space-time dependent function α(x), it becomes apparent that
the Lagrangian in Eq. 2.1.9 is no longer invariant under this type of local U(1)
gauge transformation.
However, local gauge invariance can be enforced by replacing the derivative ∂µ

in Eq. 2.1.9 with the covariant derivative

Dµ = ∂µ − ieAµ (x) , (2.1.22)

where −e is the charge of the Dirac particle and the vector field Aµ transforms
under U((α(x)) as

Aµ (x)→ Aµ (x) +
1

e
∂µα (x) . (2.1.23)
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With this covariant derivative, the Lagrangian becomes

L = iψγµDµψ −mψψ (2.1.24)

= iψγµ∂µψ −mψψ + eψγµψAµ (2.1.25)

= iψγµ∂µψ −mψψ − jµAµ. (2.1.26)

The gauge field Aµ couples to the Dirac field ψ in exactly the same way as the
photon interacts with charged particles. In going from Eq. 2.1.25 to Eq. 2.1.26, a
part of the last term has been identified as the electromagnetic current density
introduced in Eq. 2.1.19.

Theories of interactions generated with this mechanism are called gauge theories.
Interestingly, they are very friendly to perturbative approaches, as they are very
often renormalizable when used in three space dimensions and one time dimension.
The coupling constants of these theories – in this case the electron charge e – will of
course depend on the renormalization scale chosen. However, this dependency can
be derived from first principles in the form of the renormalization group equation
for some concrete perturbative theory.
In order to regard Aµ as the physical photon field, the corresponding kinetic

energy term needs to be added. Any gauge invariant extension can only involve
the field strength tensor

Fµν = ∂µAν − ∂νAµ. (2.1.27)

Combining these insights yields the Lagrangian of Quantum Electrodynamics

L = ψ (iγµ∂µψ −m)ψ + eψγµψAµ −
1

4
FµνF

µν . (2.1.28)

If one were to consider a mass term for the photon, the Lagrangian would read

L ′ = L − 1

2
m2
γAµA

µ. (2.1.29)

However, this again would violate gauge invariance, which can be easily seen by
using Eq. 2.1.23 to find

AµA
µ →

(
Aµ +

1

e
∂µα

)(
Aµ +

1

e
∂µα

)
6= AµA

µ (2.1.30)

As mass terms are seemingly forbidden by gauge invariance, the photon must
be massless. The implications of this observation are investigated in the follow-
ing sections.
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2.1.6 Spontaneously broken symmetries
In order to understand how apparently symmetry-violating mass terms can be
introduced to a theory, one can investigate the Lagrangian of the linear sigma
model with a complex scalar field φ (x). This Lagrangian reads

L =
1

2
(∂µφ) (∂µφ∗)− V (φ) , (2.1.31)

where

V (φ) = µ2φφ∗ − λ

4
φ2φ2∗. (2.1.32)

This Lagrangian is invariant under any transformation

φ→ φeiα, (2.1.33)

with α being some angle of rotation.
The potential V (φ) from Eq. 2.1.32 is minimized when

|φ| =
√

2µ2

λ
def
= v. (2.1.34)

Suppose now to transform to a pair of real fields σ and π using

φ(x) =

(
v +

1√
2
σ(x)

)
eiβπ(x) (2.1.35)

such that the minimum is reached for σ(x) = 0. In this notation, the Lagrangian
reads

L =
1

2
(∂µσ)2

+

(√
2µ2

λ
+

σ√
2

)2

β2 (∂µπ)2

+
µ4

λ
− µ2σ2 − µ

√
λ

2
σ3 − λ

16
σ4

(2.1.36)

and now contains a term

−1

2

(
2µ2
)
σ2,
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which can be interpreted as a mass term with m =
√

2µ for the field σ, whereas
the field π remains massless.
The appearance of massless particles by virtue of spontaneously breaking a

continuous symmetry is a general result known as Goldstone’s theorem [33], the
particle π taking the role of the Goldstone boson in this case.

2.1.7 The Brout-Englert-Higgs mechanism
The free Lagrangian

L = −1

4
FµνF

µν (2.1.37)

with the electromagnetic field strength tensor Fµν as introduced in Section 2.1.5
corresponds to a “universe of light”, containing nothing but photons.
It is invariant under the local gauge transformation

Aµ(x)→ Aµ(x)− ∂

∂xµ
η(x) (2.1.38)

for some arbitrary function η(x).
Suppose now that the photons would be found to carry a non-zero mass in

this universe. Naive addition of an explicit mass term breaks the local gauge
symmetry, as the Lagrangian

L = −1

4
FµνF

µν +
1

2
m2AµA

µ (2.1.39)

is no longer invariant under the transformation defined in Eq. 2.1.38.
However, to overcome this, one can add a new scalar field φ that
• carries a charge −e,
• interacts with itself as well as with photons, and
• is subject to a global potential

V (φ) = −µ2 |φ|2 + λ2 |φ|4 . (2.1.40)

The Lagrangian including the field could read

L = −1

4
FµνF

µν +

∣∣∣∣( ∂

∂xµ
− ieAµ(x)

)
φ

∣∣∣∣2 − V (φ) . (2.1.41)
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This is invariant under the local gauge transformation

Aµ(x)→ Aµ(x)− ∂

∂xµ
η(x) (2.1.42)

φ(x)→ eieη(x)φ(x). (2.1.43)

For µ2 > 0, the potential V (φ) has a minimum at

〈φ〉 =

√
µ2

2λ
def
=

v√
2
. (2.1.44)

A sketch of this situation is shown in Fig. 2.2, exhibiting the characteristic “Mexican
Hat” (or “lemon press”) shape. By reparametrizing

φ (x) =
v + h(x)√

2
ei
χ(x)
v , (2.1.45)

|φ| = v√
2

χχ hh

Figure 2.2.: A sketch of the potential V (φ) from Eq. 2.1.40 for µ2 > 0 and λ2 > 0.
The minimum defined in Eq. 2.1.44 and the reparametrization defined in
Eq. 2.1.45 are also shown.
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the Lagrangian changes to

L = − 1

4
FµνF

µν − 1

2
(ev)2AµA

µ − λv2h2 − λvh3 − 1

4
λh4

+
1

2
e2AµA

µh2 + ve2AµA
µh+

1

2
∂µh∂

µh.

In this notation, it suddenly becomes apparent that the Lagrangian contains
• a photon mass term for m = ev, and
• a physical Higgs field h (x) with mass m =

√
2λv

while maintaining the local gauge invariance defined in Eq. 2.1.42–2.1.43. The
χ degree of freedom can be eliminated by choosing a particular gauge, defined
as the unitary gauge.

This mechanism of spontaneously breaking local gauge symmetries was discovered
by Robert Brout and François Englert [7], by Peter Higgs [8,9], as well as by Gerald
Guralnik, Carl Richard Hagen, and Tom Kibble [10]. François Englert and Peter
Higgs were awarded a Nobel Prize in 2013 [11].

2.2 The Standard Model of Particle Physics
With the formalism introduced in Section 2.1, an extension of the notation and mech-
anisms to the full particle content of the Standard Model is now straight forward.
The complete gauge group of the Standard Model is

SU(3)C ⊗ SU(2)L ⊗ U(1)Y , (2.2.1)

where SU(3)C is the gauge group of Quantum chromodynamics (QCD) acting on
colour charge (subscript C), and SU(2)L ⊗ U(1)Y is the subgroup associated with
the Glashow-Salam-Weinberg model of electroweak (EW) interactions, acting on
left-handed fermions (subscript L) and hypercharge (subscript Y ).
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2.2.1 Quantum chromodynamics
The quarks of the Standard Model are arranged in colour triplets, that is, one
triplet per quark flavour. The theory of Quantum chromodynamics is generated
by an SU(3) symmetry with transformations

U (x) = ei
∑8
j=1 γj(x)

λj
2 , (2.2.2)

with arbitrary gauge functions γj(x) acting on these triplets. As 3 ⊗ 3 = 8 ⊕ 1,
there are eight coloured generators λi. These are often written in a standard
basis as the Gell-Mann-Matrices

λ1 =

 1
1

 , λ2 =

 −i
i

 , λ3 =

 1
−1

 ,

λ4 =

 1

1

 , λ5 =

 −i

i

 , λ6 =

 1
1

 ,

λ7 =

 −i
i

 , λ8 =
1√
3

 1
1
−2

 .

As in Section 2.1.5, local gauge symmetry is obtained by substituting a covariant
derivative, this time of the form

Dµ = ∂µ + igC

8∑
j=1

λj

2
Gj
µ (x) , (2.2.3)

with the gluon fields Gj
µ and the strong coupling constant gC . Each index j

corresponds to one specific type of gluon, identified by a specific colour-anticolour
combination. The ninth gluon would be a colour-neutral, photon-like singlet state,
corresponding to a long range strong interaction, for which there is no experimental
evidence. The Lagrange density of the gluon field is

L = −1

4

8∑
j=1

Gµν
j G

j
µν (2.2.4)
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with the gluon field strength tensor

Gj
µν = ∂µG

j
ν − ∂νGj

µ − gC
8∑

k,l=1

gjklGk
µG

l
ν , (2.2.5)

where gjkl are the structure constants of the SU(3) group.
Bound states of QCD are called hadrons. Several types of hadrons have been

observed, which are most easily classified by their quark content.
• A combination of a quark and an anti-quark can form a singlet:

3⊗ 3 = 8⊕ 1

These are called mesons. Mesons are generally unstable with mean life times
in the range of 10−8 s to 10−23 s, depending on the type of interaction in their
decay vertex [31].
• A combination of three quarks (or three anti-quarks) can also form a singlet:

3⊗ 3⊗ 3 = 10⊕ 8⊕ 8⊕ 1

These are called baryons. The two most stable baryons are the proton and the
neutron, all other baryons having mean life times of 10−10 s or shorter [31].
• Four quarks and one anti-quark (or vice-versa) can also form a singlet:

3⊗ 3⊗ 3⊗ 3⊗ 3 = 35⊕ 3 · 27⊕ 2 · 10⊕ 4 · 10⊕ 8 · 8⊕ 3 · 1

Such pentaquarks have long been disputed and were discovered beyond
reasonable doubt only recently [34].

No other type of bound QCD state has been observed yet, although the Standard
Model would allow for bound states of gluons, so-called glueballs, as two or three
gluons could also form a colour singlet. However, as the total fermion number of
this state is zero, it is expected to mix with mesonic states.

Although no stringent proof exists until this day, it is generally believed that it
is by virtue of its non-abelian nature that QCD is confining, that is, bound states
can never be truly dissolved as the attractive colour force between them does not
diminish with increasing distance. If the amount of energy stored in the colour field
is sufficient, new quark-antiquark pairs are generated, allowing the bound state to
split into several colour-neutral hadrons. This process is referred to as hadronization.
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2.2.2 Electroweak interactions
The left-handed fermions of the Standard Model are arranged in doublets of weak
isospin I, whereas their right-handed counterparts form isosinglets. The left- and
right-handed components are obtained from the fermion fields ψ via

ψL,R =
1

2
(1∓ γ5)ψ. (2.2.6)

The three generations can be generalized by a template pattern, the second and
third generation only differing from the first one in mass. This template is shown
in Table 2.1. Right-handed neutrinos are omitted due to the lack of experimen-
tal evidence.

The Glashow-Salam-Weinberg model of electroweak interactions constitutes the
subgroup SU(2)L ⊗ U(1)Y of the complete Standard Model gauge symmetry. It
is generated by local gauge transformations of the form

U (x) = exp

(
i
Y

2
α (x) + iI

∑
i

σiβi(x)

)
, (2.2.7)

where Y is the hypercharge, I is the weak isospin, which is 1/2 for left-handed and
zero for right-handed fermions, and σi are the Pauli matrices

σ1 =

(
1

1

)
, σ2 =

(
−i

i

)
, and σ3 =

(
1
−1

)
.

The SU(2)L gauge boson fields are W a
µ (a = 1, 2, 3), whereas the U(1)Y gauge

boson is Bµ. The full Lagrangian reads

L = −1

4
W a2
µν −

1

4
B2
µν + (Dµφ)† (Dµφ)− V (φ) , (2.2.8)

Table 2.1.: Arrangement of first generation quarks u & d and leptons e & νe in weak
isodoublets and isosinglets.

quarks leptons

right-handed uR, dR eR

left-handed
(
u
d

)
L

(
νe
e

)
L
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with

Bµν = ∂µBν − ∂νBµ, (2.2.9)
W a
µν = ∂µW

a
ν − ∂νW a

µ − gεabcW b
µW

c
ν (2.2.10)

with the totally antisymmetric tensor εabc, and where the covariant derivative is

Dµφ = ∂µφ− igW a
µ

σa

2
φ− 1

2
ig′Bµφ. (2.2.11)

Here, g and g′ are the SU(2)L and U(1)Y coupling strengths. The field φ is a
complex scalar doublet with Y = 1

2
, the Higgs multiplet, on which the potential

V (φ) = −µ2φ†φ+ λ
(
φ†φ
)2 (2.2.12)

acts. By virtue of this potential, φ acquires a vacuum expectation value

v =

√
−µ

2

λ
, (2.2.13)

breaking the SU(2)L ⊗ U(1)Y symmetry. Expanded around v, the Higgs dou-
blet reads

φ =
1√
2

(
0

v +H

)
(2.2.14)

in unitary gauge. With this,

|Dµφ| = g2v
2

8

[(
W 1
µ

)2
+
(
W 2
µ

)2
+

(
g′

g
Bµ −W 3

µ

)2
]

(2.2.15)

yields the mass terms of the gauge bosons. They can be diagonalized by the
transformation

Zµ = W 3
µ cos θw −Bµ sin θw (2.2.16)

Aµ = W 3
µ sin θw +Bµ cos θw (2.2.17)

W±
µ =

1√
2

(
W 1
µ ∓W 2

µ

)
(2.2.18)

with

tan θw =
g′

g
. (2.2.19)
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The masses of the physical gauge bosons can then be read off as

mW =
vg

2
(2.2.20)

mZ =
vg

2 cos θw
=

mW

cos θw
(2.2.21)

mA = 0. (2.2.22)

Notably, as the masses of the W and Z bosons are generated by the Higgs mecha-
nism, their longitudinal polarizations absorb three of the four degrees of freedom
contained in the complex scalar doublet φ, leaving exactly one degree of freedom
for the physical Higgs field H. Its mass can be read off as

mH = 2λv2 = −2µ2 (2.2.23)

by plugging Eq. 2.2.14 into Eq. 2.2.8.
While fermion mass terms are not an intrinsic part of the Higgs mechanism,

they can be generated by postulating Yukawa couplings of the fermions to the
Higgs doublet. For a left handed fermion doublet L and the corresponding right
handed singlet R, the masses for the lower component ψL of the doublet can then
be generated by extending the Lagrangian by

L = −g
(
L̄φR + R̄φ̄L

)
. (2.2.24)

Substituting the Higgs field after symmetry breaking from Eq. 2.2.14 and choosing
the coupling g such that vg = mψ

√
2 then yields

L = −mψψ̄ψ. (2.2.25)

The mass terms for the upper component can be generated similarly, only using
φc = −iσ2φ

∗ instead of φ in Eq. 2.2.24.
It should be noted that while for charged leptons, the eigenstates of the weak

interaction coincide with their Yukawa interaction (or mass) eigenstates, this is not
the case for quarks or neutrinos. For quarks, the rotation between the eigenstates
is performed with the Cabibbo-Kobayashi-Maskawa (CKM) matrixd′s′

b′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

ds
b

 . (2.2.26)

If the Brout-Englert-Higgs Mechanism is also responsible for the neutrino masses,
the same mapping can in this case be performed by the Pontecorvo-Maki-Nakagawa-
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Sakata (PMNS) matrix νeνµ
ντ

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

ν1

ν2

ν3

 . (2.2.27)

None of these parameters can be predicted from theory, but assuming unitarity,
the total number of degrees of freedom in each of these matrices drops to four
independent parameters. If neutrinos are Majorana particles, the physicalMajorana-
phases appear additionally.

2.2.3 Parameter measurements of the Standard Model
Given the above and assuming unitarity of both the CKM and the PMNS matrix,
the Standard Model of Particle Physics relies on 26 independent parameters:
• the 12 fermion masses,
• three mixing angles and one CP-violating phase in the CKM matrix,
• three mixing angles and one CP-violating phase in the PMNS matrix, with

possibly two additional Majorana phases,
• a possible CP-violating phase in QCD,
• three gauge couplings (or two gauge couplings and one mixing angle),
• the Higgs field vacuum expectation value (or the W boson mass), and
• the Higgs boson mass.

The charged fermion masses have been known to reasonable precision since the
1990s. The study of the CKM matrix is the main focus of the field of flavour physics,
whereas the entries in the PMNS matrix and neutrino masses are measured by
dedicated neutrino experiments. There is no evidence of CP violation in QCD.
Following the electroweak precision measurements of the 1990s and 2000s, the

three electroweak parameters

sin2 θw = 0.23155(5) (2.2.28)
mW = 80.385(15)GeV (2.2.29)

α−1
EM

(
Q2 = 0

)
= 4πg−2 sin−2 θw = 137.035999074(44) (2.2.30)

have been measured to high accuracy, the values given here including the latest
measurements [31]. This left only the mass of the Higgs boson as a free parameter
to be determined. The latest measurements following its long-anticipated discovery
in 2012 [35] find

mH = 125.09± 0.21 (stat.)±0.11 (syst.) GeV. (2.2.31)
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With this discovery, the last puzzle piece of the Standard Model has fallen into
place, leaving open what might lie beyond.

2.3 Effective Field Theories
An Effective Field Theory (EFT) is an approach to describe the physics in some
regime as the approximation or limit obtained by neglecting (or integrating out)
effects beyond that regime. The boundary of the regime of validity of the EFT
in question is typically denoted in units of energy as a cutoff scale Λ. There are
two characteristic approaches to EFT:
• In the top-down approach, the full theory is known a priori. By integrating
out high energy effects of the theory, a simplified, effective theory can be
obtained to ease calculations and help build up intuition for the physics in
the low-energy regime below the cutoff scale Λ.
• In the bottom-up approach, the full theory is not known. Instead, it is
assumed that the currently accepted theory is in fact (part of) an effective
theory. Attempts to measure and describe deviations from that theory then
allow to gradually infer and obtain information about the full theory.

These two approaches are complementary in the sense that an EFT descrip-
tion originally used bottom-up for discovery of new physics beyond the currently
accepted model can a posteriori serve in a top-down fashion as an educational
tool. One prominent example for this pattern of events is the Fermi theory of
weak interactions [36].

2.3.1 Fermi theory
The β-decay n → p+e−ν̄e was discovered at the dawn of the 20th century, but
the neutrino and its role in this process were only revealed in the 1930s. Enrico
Fermi succeeded at describing this process as a four-fermion local interaction as
shown in Fig. 2.3a, long before the discovery of the W and Z bosons introduced
in Section 2.2.2 occurred in the 1980s.
Fermi’s model can be described with the Lagrangian

L =
GF√

2
JµJ†µ, (2.3.1)

where the current Jµ can be written in modern notation as

Jµ = ūγµ
(
1− γ5

)
(d cos θc + s sin θc) + ν̄eγ

µ
(
1− γ5

)
e (2.3.2)
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to exhibit the V−A form characteristic to weak processes, with the term propor-
tional only to γµ corresponding to the vector current and the one proportional to
γµγ5 corresponding to the axial vector current. Here, θc is the Cabibbo-angle, and
GF is the Fermi constant. Notably, it is not dimensionless as coupling constants
of renormalizable QFTs ought to be, but instead

GF =

√
2g2

8M2
W

≈ 1.16637 · 10−5 GeV−2. (2.3.3)

Only later it became apparent that Fermi’s four-point interaction vertex is indeed
a contraction of a W -boson mediating this weak decay, shown in Fig. 2.3b.
In order to understand, from a top-down perspective, why Fermi’s theory was

able to accurately model the β decay, it is important to note that the involved
W -boson is deeply virtual, the momentum transfer mediated in this interaction
being much smaller than its mass. Therefore, the vector-boson propagator reduces
to a contact interaction

−gµν + qµqν
M2
W

q2 −M2
W

qµqν

M2
W
→0

−−−−→ gµν
M2

W

. (2.3.4)

This of course yields the explanation for why Eq. 2.3.3 contains the W -bosons
mass, which is responsible for the dimensionality of GF and plays the role of the
cutoff-scale Λ for this effective field theory, which remains valid as long as the
premise of the W -boson being deeply virtual holds true.

Fermi theory provides an example for several properties of effective field theories:
1. EFT can help provide a framework for new physics discoveries and facilitate

studies of effects beyond the energy regime currently accessible to observation.
2. EFT descriptions work best when physics regimes are separated by several

orders of magnitude in energy.

u

d e

νe

(a) Four-fermion interaction proposed
by Enrico Fermi 1933.

W

u

d e

νe

(b) Standard Model tree level diagram
for β decay.

Figure 2.3.: Feynman diagrams for β decay in Fermi theory and in the Standard Model.
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3. The appearance of an energy scale in coupling constants is a tell-tale sign for
a hidden energy scale like the mass of some heavy, previously undiscovered
particle.

Notably, the non-renormalizability of an EFT is no conceptual problem, as the
explicitly limited validity range allows for the theory to be embedded in a larger,
renormalizable theory that is not required to be known at the inception of the EFT.

2.3.2 Effective Lagrangians
Searches for physics beyond the Standard Model commonly assume that new
physics effects appear in the form of some previously undiscovered particle. Not
being stable, these will first appear as internal lines of Feynman diagrams for
observable processes. These can then be contracted and treated as effective vertices,
as seen in the previous section.
In general, any effective Lagrangian extending the Standard Model will have

the form

L = LSM +
∑
i

giOi, (2.3.5)

where theOi are operators constructed from combinations of SM fields, and the gi are
the corresponding coupling constants, commonly referred to as Wilson coefficients.
It is useful and customary to investigate and classify these effective operators

with dimensional analysis, counting powers of electron volts. Establishing

[L ] = 4 and [Oi] = di (2.3.6)

in natural units, it follows immediately that

[gi] = 4− di (2.3.7)

and thus

gi ∝ Λ4−di , (2.3.8)

as Λ is the characteristic energy scale of the EFT. As long as this scale is much larger
than the momentum transfer q2 � Λ, contributions by these effective operators
are suppressed by powers of Λ. Using this power counting technique, operators
are classified in one of three categories:
• Operators Oi for which di < 4 are called relevant. These operators are not

suppressed by the scale Λ and are an essential part of the effective Lagrangian.
They might receive large quantum corrections at low energies.
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• Operators Oi for which di = 4 are called marginal. They contribute equally
at all energy scales, but their scaling behavior might be modified by quantum
effects.
• Operators Oi for which di > 4 are called irrelevant. They are suppressed
by powers of Λ and can be neglected within the validity range of the EFT,
but play an increasingly important role near the boundary. Theories with
irrelevant operators are non-renormalizable.

In the framework of EFT, the search for physics beyond the Standard Model can
be seen as the attempt to measure the Wilson coefficients of not previously observed
and not necessarily renormalizable effective interactions between known particles
that are irrelevant within the validity range of the EFT that is the Standard Model.

2.3.3 Extensions of the Standard Model
Adopting the terminology from the previous section, any imaginable operator
can be categorized by its dimensionality d. Operators of different dimensionality
generally behave very differently. This section briefly discusses classes of possible
operators extending the Standard Model and their properties.

Even restricting the imagination to the fields contained in the Standard Model,
the number of conceivable operators is very large, but many can be ruled out
due to symmetry considerations already. It is customary and useful to sort the
remaining ones by dimensionality.

For the power counting, the dimensionality of the individual components of the
operators needs to be established:

[ψ] =
3

2
, [Vµ] = 1, [Vµν ] = 2, [φ] = 1, [∂µ] = 1, [Dµ] = 1. (2.3.9)

Here, ψ denotes any fermion; Vµ the gauge bosons Gi
µ, W i

µ and Bµ; Vµν the
corresponding field strength tensors; and Dµ a covariant derivative combining a
partial derivative with couplings to gauge bosons.
There is only one conceivable d = 5 operator, the Weinberg operator [37]

OWαβ =
1

2

(
`
C

Lαφ̃
∗
)(

φ̃†`Lβ

)
+ h. c., (2.3.10)

where the superscript C denotes a charge conjugated field, and where the short-
hand notation

φ̃ = iσ2φ
∗ (2.3.11)
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is used. The symbol `L here denotes left-handed leptons with Greek letters denoting
flavour indices, and φ is the Higgs doublet. This operator requires right-handed
neutrinos to be added to the Standard Model and generates a Majorana mass
term for neutrinos. However, its effects are likely unobservable at the LHC and will
not be discussed further here. In general, any operator with odd dimension will
violate conservation of B−L, the difference between baryon and lepton number,
and will thus be neglected henceforth.

A first complete set of 80 operators with d = 6 was published in 1985 [38]. It was
soon discovered that not all of these are independent: they can be linked through
equations of motion of the SM fields, integration by parts, or field redefinitions. A
complete, minimal basis consists of 59 operators, where several conventions exist:
The Warsaw basis [39], the SILH convention [40], and the HISZ basis [41]. The total
number of independent coefficients, taking into account all flavour combinations,
is 2499 [19].
Beyond d = 6, the number of conceivable operators increases quickly to several

thousand at d = 8 and tens of thousands at d = 10. So far, no comprehensive
experimental studies including all of these operators exist.

2.4 Predictions for Measurements
After the groundwork of the Standard Model has been established in the preceding
sections, the remainder of this chapter gives a short introduction into how this theo-
retical framework can be used to derive predictions that can be tested experimentally,
specifically using particle detectors such as ATLAS at hadron colliders like the LHC.

2.4.1 Cross sections and matrix elements
When looking at some quantum mechanical transition i → f , the transition
probability Pi→f is generally defined via the scattering matrix S as

dPi→f =
|〈f | S | i〉|2
〈i | i〉 〈f | f〉 (2.4.1)

The scattering amplitude or matrix element Mi→f is commonly defined via

Si→f = δif − i (2π)4 δ(4) (pf − pi)Mi→f , (2.4.2)

where p are the four-momenta and energies of the particles in the process. A cross
section for this transition is then given as

σi→f =

∫
P dΩ ∝

∫
dΩ |M|2 . (2.4.3)
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The precise derivation of the matrix element and thus the cross section for some
specific process can be performed by virtue of the Feynman rules, which depend
on the Lagrangian of the underlying theory.
After writing down some Lagrangian, the derivation of the Feynman rules of

this theory can be achieved using standard prescriptions as can be found in the
literature [42,43], or by using software solutions like FeynRules [44]. These can
then be used to calculate the matrix elementsM and thus the (total or differential)
cross sections σ for some physics processes in that theory.
Assuming a Lagrangian with the structure

L =
∑
i

giOi, (2.4.4)

a generic amplitude will at tree level take the form

M =
∏
V

∑
j∈V

gjMj, (2.4.5)

where the product runs over all vertices V in the process, and where each partial
matrix elementMj corresponds to exactly oneOi contributing to that vertex. Using
Eq. 2.4.3 and expanding the product of sums into a sum of products, one can write

σi→f = c ·
∫
dΩ
∑
i

R

∏
k(i)

gkMk

 , (2.4.6)

where c is some constant encoding the combinatorics of the process, and theMk

incorporate the partial matrix elements introduced in Eq. 2.4.5 and their complex
conjugates. As the phase space integration is far from trivial, it is typically
performed using Monte Carlo integrators that work by sampling the phase space
with a finite set of randomly generated events.

i1

i2

f1

f2

=
X

i1

i2

f1

f2

production decay

+ . . .

Figure 2.4.: Tree-level Feynman diagram for a general 2→ 2 process.
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Considering a process of the type 2 → 2, as shown in Fig. 2.4, the tree-level
cross section generally has the form

σ = c ·

∫
dΩpdΩd Mp

(
q2
)
Md

(
q2
)
DX

(
q2
)
, (2.4.7)

whereMp andMd are the amplitudes for the production and the decay vertex,
and where DX(q2) is the propagator of the internal particle X. The propagator
is generally of the form

DX

(
q2
)

=
1

(q2 −m2
X)

2 − Γ2
Xm

2
X

, (2.4.8)

where mX and ΓX are the mass and width of the particle X. In the narrow or
zero width approximation (NWA) of ΓX → 0, this Breit-Wigner resonance becomes
a delta-function, such that

DNWA
X

(
q2
)

=
π

(q2 −m2
X)
δ
(
q2 −m2

X

)
. (2.4.9)

In this limit, the cross section factorizes into a production and a decay part, which
can be computed separately

σNWA = c ·
∫
dΩpMp

(
m2
X

)
·
∫

dq2

2π
DX

(
q2
)
·
∫
dΩdMd

(
m2
X

)
(2.4.10)

= c′ ·
∫
dΩpMp

(
m2
X

)
·
∫
dΩdMd

(
m2
X

)
. (2.4.11)

However, before predictions from such calculations can be compared to real
measurements, additional effects need to be taken into account. An illustration of
this chain of effects for a simple 2→ 2 s-channel process at leading order with two
baryons in the initial state and hadrons in the final state is shown in Fig. 2.5. The
individual stages are further explained in the remainder of this section.

Parton density functions
If the initial state contains bound states of QCD, a usual approximation is that
for each hadron, only one of the partons takes part in the hard scattering for
which the matrix element is being computed, whereas the others act as spectators.
It is customary to make the assumption that the probability to interact with
some parton of type p carrying a fraction x of the longitudinal momentum of
some hadron h is only dependant on the momentum scale q2 of the interaction.
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factorization

hard
scattering

parton
shower

hadronization

decay

Figure 2.5.: Illustration showing the effects complicating the calculation of a simple
2→ 2, s-channel process with two baryons in the initial state (bottom) and
hadrons in the final state (top).
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Figure 2.6.: The CT14 parton distribution functions for the proton at Q = 2GeV (left)
and Q = 100GeV (right) for u, ū, d, d̄, s and s̄ quarks as well as gluons.
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Under this assumption, the physical cross section factorizes into the parton-level
cross section σ̂ and the parton densitiy function (PDF) ph(x, q2), evaluated at the
factorization scale q2.
Using this approach, the cross section σ of two colliding hadrons h1 and h2

can be obtained from the parton-level cross section σ̂ involving a parton a from
h1 and a parton b from h2 via

σ =
∑
a,b

∫
dx1 dx2 ah1

(
x1, q

2
)
bh2

(
x2, q

2
)
σ̂,

where the sum runs over the contributing parton types a and b.
These PDFs cannot currently be predicted from first principles with reasonable

precision, but are instead obtained for common hadron types from a combined
fit to a multitude of individual experimental measurements. The most recent
results of the proton PDFs computed by the CTEQ collaboration are shown in
Fig. 2.6 as an example.

Underlying event
The parton density functions are instrumental in computing the physical cross
section of some parton-level process. However, the remaining spectator partons are
generally still present in the final state. This contribution is usually referred to as
the underlying event, and is generally estimated using Monte Carlo generators.

Parton shower
Highly energetic final state particles may take part in additional hard interactions.
This process involves the appearance of more particles in the course of a parton
shower. This parton shower is usually modeled with a Monte Carlo generator on
an event-by-event basis, often in conjunction with the underlying event.

Hadronization
Because of the confining nature of QCD, final states involving particles carrying
colour charge are further subject to the formation of hadrons. This process is
called hadronization and falls into the “soft” regime of QCD that is inaccessible to
perturbative calculations due to the large values of the strong coupling constant
for small momenta. Thus, it is modeled with fragmentation functions. Like the
parton density functions, they cannot currently be calculated from first principles,
but instead need to be obtained from experiment.
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Decays
The particles procuded in high-energy collisions are often unstable. While some of
them (like muons) have sufficiently long mean life times to be generally regarded
as stable for the purposes of their detection, others (like b-hadrons) will very
likely decay before they can be detected. These decays are often modeled by
dedicated pieces of software.

Detector simulation
Any real-world detector will always suffer from detection inefficiencies. The behavior
of the detector response to the Monte Carlo generated events needs to be modeled
by dedicated detector simulation software, factoring in particle measurement and
identification inefficiencies resulting from the detector geometry and material. The
resulting simulation data can then be passed through the same reconstruction
software that also the real experimental data is subject to in order to provide
comparable results.

Luminosity
The cross section σ and the number of expected events N arising from a given
process in some experiment are connected by

N = σL = σ

∫
Ldt,

where L is the integrated luminosity collected by the experiment. For a collider ex-
periment with two colliding beams of particle bunches, the instantaneous luminosity
L can be calculated from first principles using

L = f
n1n2

4πσxσy
,

where n1 and n2 are the respective numbers of particles in the colliding bunches,
σx and σy denote the root mean square deviations of the transverse beam size in
horizontal and vertical direction, and f is the frequency at which bunches collide
at the interaction point. In practice, however, the luminosity is often measured
by the detector apparatus itself.

2.4.2 Frameworks of interpretation
Within the Standard Model, with all parameters assumed to be known, all observable
quantities can in principle be predicted from theory calculations. When searching
for effects beyond the Standard Model, it is thus required to find a parametrization
that introduces new degrees of freedom within which deviations from Standard
Model predictions can be interpreted.
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While it is always possible to investigate and test specific theory models for
their compatibility with experimental data, the extreme variety of such models
quickly renders attempts for a comprehensive falsification campaign of all but the
best motivated of these models unfeasible.
One rather simplistic case is the search for a new particle, where it is common

to parametrize its presence or absence by virtue of a signal strength parameter

µ =
σobs.
σtheo.

(2.4.12)

in terms of the observed cross section σobs. with respect to the theory prediction
σtheo. for some specific measurement channel.
The signal strength contains a convolution of information from production and

decay of the particle searched for. Hence, it is not easily generalizable over different
search channels. Consequently, it is important to employ sensible alternatives once
a discovery has been established, as has happened for the Higgs boson.

This section presents two different model-independent approaches of interpreting
experimental evidence from measurements of the Higgs sector in the search for
effects beyond the Standard Model.

The κ framework
Using the narrow width approximation introduced in Section 2.4.1, the production
cross section σi and partial decay width Γf of an individual process i→ H → f
factorize completely at leading order. The partial width Γf is hereby defined as
the product of total width Γ and the branching fraction Bf .

In order to model possible deviations from Standard Model predictions of these
quantities, one can introduce coupling modifiers κ [45, 46], such that

κ2
i =

σj
σSM
j

or κ2
j =

Γj
ΓSM
j

. (2.4.13)

H

i

i

κi

or
H

i

i

κi

=

∑
x

H

i

i

κx

Figure 2.7.: Feynman diagrams for Higgs boson production via a Standard Model coupling
(left) or an effective coupling (right).
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It is also possible to define a coupling modifier for an effective vertex containing a
loop of virtual particles. Feynman diagrams exemplifying this are shown in Fig. 2.7.
Additionally, one defines

κ2
H =

∑
j

Bjκ2
j (2.4.14)

to model variations in the total Higgs boson decay width.
While this interpretation framework has proven useful in the past [15], its appli-

cability for future precision measurements is limited. One of its main limitations is
that it can only model changes in total rate (or cross section) and has no handle
over possible shape differences in differential cross sections.

Higgs effective field theory
Using the mechanisms introduced in Section 2.3.3, one can spell out an effective
Lagrangian containing any conceivable interaction in and beyond the Standard
Model up to some order. As several equivalent parametrizations (or bases) exist up
to d = 6, it remains a matter of taste which one of these may be used. However,
as there is no Monte Carlo event generator currently available that includes a
complete d = 6 basis, the most usable alternative is the Higgs Characterization
Model [47]. The effective Lagrangian of this model reads

L =

{
cosακSM

[1
2
gHZZ ZµZ

µ + gHWW W+
µ W

−µ] (2.4.15)

− 1

4

[
cosακHγγgHγγ AµνA

µν + sinακAγγgAγγ AµνÃ
µν
]

− 1

2

[
cosακHZγgHZγ ZµνA

µν + sinακAZγgAZγ ZµνÃ
µν
]

− 1

4

[
cosακHgggHgg G

a
µνG

a,µν + sinακAgggAgg G
a
µνG̃

a,µν
]

− 1

4

1

Λ

[
cosακHZZ ZµνZ

µν + sinακAZZ ZµνZ̃
µν
]

− 1

2

1

Λ

[
cosακHWW W+

µνW
−µν + sinακAWW W+

µνW̃
−µν]

− 1

Λ
cosα

[
κH∂γ Zν∂µA

µν + κH∂Z Zν∂µZ
µν +

(
κH∂W W+

ν ∂µW
−µν + h. c.

)]}
X0 ,

where the (reduced) field strength tensors are defined as

Vµν = ∂µVν − ∂νVµ (V = A,Z,W±) , (2.4.16)
Ga
µν = ∂µG

a
ν − ∂νGa

µ + gsf
abcGb

µG
c
ν , (2.4.17)
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and the dual tensor is

Ṽµν =
1

2
εµνρσV

ρσ . (2.4.18)

The framework of EFT provides powerful handles over observable quantities
like differential cross sections, embodied by the Wilson coefficients, which are
(somewhat unfortunately) named κ in this model. However, as these parameters
directly control the fundamental interactions, their effects on the final observables
are in principle non-trivial. The usage of this framework for interpretations of
measurements would rely on a vast number of sampled points in configuration
space to be used for hypothesis testing, unless an efficient mechanism to accurately
interpolate between different EFT scenarios was available.

2.4.3 Effective Lagrangian Morphing
Starting from Eq. 2.4.6, one can write

σ(~g) =

∫
dΩ
∑
i

ciPi(~g)Pi( ~M) (2.4.19)

=
∑
i

ciPi(~g)

∫
dΩPi( ~M), (2.4.20)

where the Pi are polynomials of the coupling parameters ~g = (g1, . . . , gn) of the form

P (~x) = R

(∏
α

xα

)
. (2.4.21)

Notably, the

χi =

∫
dΩPi( ~M) (2.4.22)

form a basis of a vector space containing σ. If one was to pick a new, different
basis ξi, one would transform between the two with

χi =
∑
j

bijξj (2.4.23)
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for some set of coefficients bij. With this transformation,

σ(~g) =
∑
i

ciPi(~g)χi (2.4.24)

=
∑
i

ciPi(~g)
∑
j

bijξj (2.4.25)

=
∑
i,j

Pi(~g)Aijξj (2.4.26)

for appropriately chosen coefficients Aij . If the ξj form a basis that can be expressed
as a physical cross section σ(~gj), one can calculate the coefficients Aij from the
closure condition

ξk = σ(~gk) =
∑
i,j

Pi(~gk)Aijξj. (2.4.27)

This is a simple system of linear equations. It can be rewritten as

δjk =
∑
i

Pi(~gk)Aij. (2.4.28)

Alternatively, in matrix notation,

A ·M = 1 with Mik = Pi(~gk). (2.4.29)

Equation 2.4.27 has a solution precisely if the matrix M is invertible. In analogy
to linear algebra terminology, a set of parameter points ~gk fulfilling this condition
is called a morphing basis.
With this result, it is now easily possible to interpolate between any set of

precomputed cross sections ξk at parameters ~gk in such a way as to obtain a
prediction σ at any other parameter point ~g.

2.5 Statistical Data Analysis
An attempt to measure properties of a newly discovered particle, such as the
couplings or the parity of the newly discovered Higgs boson, typically proceeds by
means of hypothesis testing. Two competing hypotheses are defined:
• The null hypothesis, denoted H0, is typically the hypothesis that the

Standard Model prediction is true and any observed deviation is a result of
pure chance.
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• The alternative hypothesis, denoted H1, is the hypothesis that some
non-random cause produces the observed deviations.

A test statistic t is a quantity that measures the agreement between the observed
data and the prediction obtained under either hypothesis, and for which the
probability distribution under either hypothesis can be computed. The choice of
definition of the test statistic is in principle arbitrary, but several conventional
choices exist, which are discussed in the following paragraphs. The p-value under
either of the two hypotheses is defined as the probability to measure deviations
from the predictions at least as large as the deviations that were observed. Here,
two different scenarios are of particular interest.
• If the p-value under the null hypothesis is found to be smaller than a predefined

threshold of confidence, one can discard the null hypothesis. This is considered
a discovery. A commonly used threshold in particle physics is p < 2.87 · 10−7.
For a Gaussian probability distribution, this corresponds to a deviation of 5σ
with respect to the expectation value.
• If the p-value under the alternative hypothesis is found to be smaller than

a predefined threshold of confidence, the alternative hypothesis needs to be
discarded. This is considered an exclusion. A commonly used threshold is
p < 0.05. For a Gaussian probability distribution, this corresponds to a
deviation of about 2σ with respect to the expectation value.

For non-parametric hypotheses, this strategy is very straight-forward. If, however,
the hypotheses are parametric, the strategy becomes more involved. A typical
procedure for such cases is to perform a likelihood fit. The likelihood

L(µ, θ) = P (x;µ, θ) (2.5.1)

is a function yielding the probability P to observe the given data set x given
the parameters µ and θ, where µ is taken to be a set of parameters of interest,
and θ is taken to be a set of nuisance parameters. The distinction between the
two is purely conceptual:
• A parameter of interest is typically a free parameter of the theory comprising

the alternative hypothesis, that is either not present or fixed to some specific
value under the null hypothesis. The signal strength, coupling modifiers, or
Wilson coefficients introduced in Section 2.4.2 are pristine examples of this
type of parameter.
• A nuisance parameter is a parameter that is typically present under the

alternative and the null hypothesis. Often times, prior knowledge is available
to constrain these parameters within certain bounds, but also unconstrained
nuisance parameters are common. Typical examples would be parameters
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of the experimental setup, or the normalization of a background prediction
with respect to the observed data set.

It is important to note that L is itself not a probability, as it is not normalized to
unity and its arguments are not statistical samples. However, it is a likelihood in the
sense that large values of L correspond to scenarios under which the observation
of the given data set is more likely.
The likelihood ratio Λ(µ) is then defined as

Λ(µ) =
L
(
µ, ̂̂θ (µ)

)
L
(
µ̂, θ̂

) , (2.5.2)

where µ̂ and θ̂ denote the unconditional maximum likelihood estimators, that is,
those values of µ and θ that maximize the likelihood in absolute terms. On the
other hand, ̂̂θ (µ) denotes the maximum likelihood estimator of θ conditional on
µ, that is, the function ̂̂θ (µ) yields the values of θ that maximize the likelihood
for a given value of µ. It is customary to refer to the function L(µ, ̂̂θ (µ)) as the
profile likelihood, the practice of profiling generally referring to the replacement of
parameters by their corresponding maximum likelihood estimators.

In most cases, the maximization cannot be performed analytically. For the tech-
nical reason of facilitating this type of computation in a finite precision calculation,
it is common to use the negative log likelihood ratio

tµ = − log Λ(µ) (2.5.3)

as a test statistic. Its probability distribution can either be evaluated over some
randomly generated set of samples (or “toys”) in the range expected for the data,
or in certain cases by using some analytic approximation [48]. Asymptotically,
this test statistic is distributed as a χ2 distribution with n degrees of freedom,
where n is number of parameters of interest.

2.6 Higgs Physics at the LHC
The Large Hadron Collider (LHC) is the largest and most powerful particle collider
ever built, capable of colliding proton pairs with center-of-mass energies up to√
s = 13TeV. It houses a number of large particle detectors, concentrating on

specific aspects of the highly energetic proton collisions. Two of these experiments,
ATLAS and CMS, are often referred to as general-purpose detectors, being capable
of performing a wide range of physics measurements, with a special focus on the
physics of the Higgs boson. The Large Hadron Collider and its experiments are
presented in greater detail in Chapter 3.
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2.6.1 Higgs boson production
Higgs bosons can be produced via various mechanisms at the LHC. Figure 2.8
shows a collection of Feynman diagrams identifying the main modes of Higgs
boson production at the LHC. The relative contributions of these mechanisms at
different center-of-mass energies are displayed in Fig. 2.10. The displayed cross
sections have been calculated to varying degrees of accuracy, as indicated by the
labels. Further details on the individual modes of Higgs boson production are
provided in the following.

Gluon fusion
Gluon fusion (ggF) via a fermion loop is the leading mechanism for Higgs boson
production at the LHC. The most important contributions come from top quark
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Figure 2.8.: Example Feynman diagrams for Higgs boson production mechanisms.
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loops, whereas bottom quark loops and the negative top-bottom interference can
contribute 5–10%.
For the pp → H gluon Fusion process, the convergence of the perturbative

expansion in QCD is slow, with large corrections occurring at NLO and NNLO,
comparable in size or even exceeding the uncertainties introduced by the parton
density functions and QCD scale variations [19]. Figure 2.10 includes the recent
results calculated to NNNLO in QCD [50] using an effective theory with the top-quark
integrated out, as well as electroweak corrections calculated to NLO precision.

Vector boson fusion
Higgs boson production via fusion of two weak vector bosons (VBF) is the second
most important contribution at the LHC. This production mechanism can be
targeted specifically in the experiment by exploiting the two accompanying highly
energetic quark jets in the final state qqH to select event candidates.
The VBF process pp → qqH has been calculated to NNLO in QCD, including

NLO EW corrections. The calculation employs the approximation of double deep
inelastic scattering attached to the colourless pure electroweak vector boson fusion
into a Higgs boson [51].

Higgs strahlung
Higgs strahlung, or production of Higgs bosons in association with a W or Z
vector boson (VH), is still in the process of being established experimentally as a
mechanism for Higgs boson production at the LHC. It can be specifically targeted
by searching for events which exhibit evidence for the presence of an additional
vector boson in the final state.

The VH processes pp → WH and pp → ZH have also been calculated to
NNLO in QCD with NLO EW corrections, where the calculation has been split
into Drell-Yan induced, top-loop induced, photon-induced, and an additional
gg → ZH component for the ZH mode which is calculated to NLO accuracy with
NLL corrections added on top.

Quark associated production
Higgs boson production in association with top quarks (ttH or tH) or with bottom
quarks (bbH) is significantly harder to measure than the above processes due to
the comparably low production cross section and the less accessible final state.
However, efforts are being made to establish this mechanism for Higgs boson
production at the LHC nevertheless.

The ttH process has been calculated to NLO accuracy in QCD as well as to NLO
accuracy in EW corrections. The calculations of the tH process only employ NLO
QCD predictions, featuring s-channel and t-channel diagrams, as shown in Fig. 2.9f.
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The bbH cross section prediction combines results from an NNLO QCD calculation
in a five-flavour-scheme, as well as from an NLO QCD calculation in a four-flavour-
scheme. In the four-flavour-scheme, bottom quarks do not appear in the initial
state, but rather via gluon splitting into b-quark pairs.

Observations
The ggF and VBF production processes have already been established beyond
the commonly required threshold of 5σ, the latest combination of measurements
performed by the ATLAS and CMS collaborations observing VBF Higgs boson
production at 5.4σ confidence level [15]. The other production modes are still
being investigated to gather further evidence.

2.6.2 Decay channels
The phenomenology of the Standard Model Higgs boson is rich and diverse. Fig-
ure 2.11 shows the leading branching fractions of Higgs boson decays. For a Higgs
boson mass of mH ≈ 125GeV, the decay mode H → bb is the dominant one.
However, measurements of Higgs boson decays to this final state is difficult at
hadron colliders, as the final state is purely hadronic. In order to be able to select
these events at the trigger level and separate signal events from the background,
analyses need to rely on additional features of the final state and cannot use the
dominant gluon fusion production mode, instead concentrating on the VBF, VH
and ttH production modes [52–57]. The second most probable decay mode to two
W bosons does not share this problem, as the W bosons can decay leptonically,
providing an effective handle to select these events. A dedicated analysis for the
ggF, VBF and VH modes of Higgs boson production in this decay channel is pre-
sented in Chapter 4. Similarly, the decay to a pair of τ -leptons can be exploited for
dedicated analyses [58,59]. Decays to gluons or to charm quarks are too difficult
to distinguish from the background at a hadron collider. Decays to pairs of Z
bosons or to photons can be very effectively selected due to excellent control over
the backgrounds. A corresponding combined analysis is presented in Section 5.1.
The decays H → Zγ and H → µµ finally are so rare that they could not be
established experimentally so far. Dedicated analyses for these final states are
being conducted, but will need to rely on more data than is currently available
in order to reach a definite conclusion [60–63].
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“ If speculative ideas cannot be tested, they’re not science; they don’t
even rise to the level of being wrong.

Wolfgang Pauli ”
The most irrefutable evidence for the existence of a new particle is always its
direct observation. As the vast majority of particles are unstable, they need to be
produced in an experiment in order to observe them. Collider experiments have
proven extremely successful in achieving this task, colliding beams of particles at
a high center-of-mass energy at dedicated interaction points surrounded with a
wealth of measurement devices to observe short-lived, exotic particles at a high
rate under controlled experimental conditions.
The Large Hadron Collider (LHC), shown in Fig. 3.1, is the largest and most

advanced particle collider ever built, capable of achieving center-of-mass energies of√
s = 13TeV in proton-proton collisions. It is operated by the European Council

for Nuclear Research (CERN, Conseil Européen pour la Recherche Nucléaire), is
located near Geneva (Switzerland) and hosts various experiments of high-energy
physics. The ATLAS detector is located at one of its interaction points. It was built
and is operated by a worldwide collaboration of physicists to test the predictions
of the Standard Model to extreme accuracy and possibly discover deviations.
This chapter gives an overview over the design and functionality of both the

LHC and the ATLAS detector. A much more detailed description of the hardware
aspects can be found in the original technical design reports [64–68], in the journal
of instrumentation [69,70] and in the form of reports on installed upgrades [71].

The last section of this chapter also provides a summary of the measurements of
the Standard Model at the LHC and summarizes the accomplishments achieved by
the concerted efforts of the ATLAS and CMS experiments since large-scale data taking
of collisions at unprecedented center-of-mass energy started in 2011. Particular
attention is paid to the properties and the discovery of the Higgs boson.

43
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3.1 The Large Hadron Collider
The Large Hadron Collider is a two-ring, superconducting hadron accelerator and
storage ring, installed in a 27 km long tunnel at CERN. It is located in the area of
Geneva, between the Jura mountains in the north west, Lake Geneva in the east
and the Rhône river in the south. It is capable of colliding proton pairs with an
unprecedented center-of-mass energy of

√
s = 13TeV or pairs of heavy ions such

as lead nuclei at center-of-mass energies of about 5TeV per nucleon. It hosts four
large and a collection of smaller high-energy physics experiments.

• ATLAS (see Section 3.2) and CMS [74] are two general purpose detectors,
aiming for precise measurements of electroweak physics and the discovery
of new particles and interactions beyond the predictions of the Standard
Model. They were instrumental for the discovery of the Higgs boson in July
2012 [13,14].
• LHCb [75] is an experiment dedicated to measurements of CP violation and

rare decays of b-hadrons.

AlpsAlps

JuraJura

GenevaGeneva

ATLASATLAS
ALICEALICE

LHCbLHCb
CMSCMS

LHCLHC

SPSSPS

RhôneRhône
Lake GenevaLake Geneva

Figure 3.1.: Schematic display of the location of the LHC underground tunnel as well as
the SPS pre-accelerator in the Geneva area. The four main LHC experiments
ATLAS, CMS, LHCb and ALICE are also shown [72].
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• ALICE [76] is a heavy-ion experiment, designed to address physics of strongly
interacting matter and the quark-gluon-plasma at extreme values of energy
density and temperature.
• TOTEM [77] is an experiment dedicated to measuring the total cross section
in pp collisions and study elastic and diffractive scattering. It shares an
interaction point with the larger CMS experiment.
• LHCf [78] collects data to improve the hadron interaction models used in the
study of extremely high energy cosmic rays. It shares an interaction point
with the larger ATLAS experiment.
• MoEDAL [79] is a dedicated experiment searching for magnetic monopoles and

other massive meta-stable particles beyond the Standard Model. It shares an
interaction point with the larger LHCb experiment.

The LHC is located in the same tunnel that previously housed the Large Electron
Positron Collider (LEP) [80], which was dismantled around the year 2001 after
completing its scientific agenda.
Earlier hadron colliders such as the TeVatron [81] were using a shared magnet

and vacuum system to collide protons with anti-protons. However, the high beam
intensities implied by instantaneous luminosities in the range of L = 1034cm−2s−1

make the use of anti-protons impractical. Thus, the LHC was designed as a proton-
proton collider with separate magnetic fields and vacuum systems for each beam.

LHC

beam dumpradio frequency
acceleration

beam cleaning beam cleaning

ATLAS

CMS

LHCbALICE

Figure 3.2.: Schematic display of the octagonal structure of the LHC with interaction
points and facilities.
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Figure 3.3.: The CERN accelerator complex, showing the Linear accelerator 2 (Linac
2), the Booster, Proton Synchrotron (PS) and Super Proton Synchrotron
(SPS) which act as pre-accelerators for protons to be injected into the Large
Hadron Collider (LHC), as well as many other experimental facilities located
at CERN [73].

The LHC is based on twin-bore, superconducting Niob-Titanium magnets, cooled
down to 1.9K with superfluid Helium and able to reach magnetic fields of up to
8.33T. More than 1200 dipole magnets force the hadron beams into their near
circular orbit, and smaller quantities of various dipole, quadrupole, sextupole and
octupole magnets provide the beam optics necessary to maintain, focus and collide
the beams at the four interaction points in straight sections of the octagonal
structure housing the experiments. The other four straight sections house technical
facilities for beam cleaning, radio frequency acceleration and beam dumping. A
schematic display of the structure can be seen in Fig. 3.2.
Up to 2808 bunches of approximately 100 billion protons each are injected into

the LHC from the Super Proton Synchrotron (SPS) at an energy of 450GeV in
12 batches of up to 288 bunches each. The entire accelerator complex used in
this process as well as other experimental facilities located at CERN can be seen
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Figure 3.4.: Total luminosity in inverse femtobarn (fb−1) delivered by the LHC to the
ATLAS (blue, top) and CMS (red, bottom) experiments by year.

in Fig. 3.3. Ramping up the beams to an energy of 6.5TeV takes approximately
25 minutes. Combined with around 20 minutes time required for the injection
sequence to complete, this yields a total minimum of 45 minutes for the LHC to
obtain stable beams. Collisions are then ideally taken for 10 hours or more, until
the beam deteriorates so much that it is more efficient to dump and refill.
The LHC has been actively recording pp collision data since the year 2010, the

center-of-mass energy increasing over time. One generally distinguishes two phases
of data taking:
• The phase employing

√
s = 7TeV in the year 2011 and

√
s = 8TeV in the

year 2012 is generally referred to as LHC Run 1.
• The phase employing

√
s = 13TeV in the years 2015 and 2016 is generally

referred to as LHC Run 2.
During the 2016 proton run, the LHC was able to deliver stable beams to the

experiments for about 60% of its operational time, exceeding its design instantaneous
luminosity by 30% and featuring collisions at a rate of one bunch crossing every
25 ns, delivering a total of about 40 fb−1 to the ATLAS and CMS experiments each
in the course of the year [82]. A bar chart showing the luminosity delivered by
the LHC in different years of data taking is shown in Fig. 3.4.
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3.2 The ATLAS detector
The ATLAS (A Toroidal LHC Apparatus) detector is a general purpose particle
detector located at the LHC interaction point closest to the main CERN site in
Meyrin near Geneva, Switzerland, as can be seen in Fig. 3.1. An artists depiction
showing a cut-away view can be seen in Fig. 3.5.

The entirety of the detector is around 44m long and 25m in diameter, with a total
weight of around 7000 t. It is close to hermetic, providing almost omnidirectional
single particle identification as well as precision measurements of energy and
momentum for extremely high rates of high-energy particles emitted from the
interaction region in the center. Like most general-purpose detectors, it is built in a
multi-layered, onion-like structure, each layer fulfilling a dedicated task. This section
gives an overview of the individual layers, their function, design and characteristics
as well as the mechanisms involved in data taking.

The ATLAS detector is operated by a diverse collaboration of around 3000 scien-
tists and engineers from approximately 180 institutions, representing 38 countries
from all populated continents [83]. The agenda of the ATLAS experiment encom-
passes a wide range of topics, including
• measurement of the properties of the Higgs boson,

Figure 3.5.: Schematic view of the ATLAS detector, showing the largest components as
well as length scales and humans for comparison [69].



The ATLAS detector 49

• precision measurements of the Standard Model predictions, and
• search for effects beyond the Standard Model.
The ATLAS detector uses a right-handed coordinate system with its origin placed

at the nominal interaction point. The z-axis is a tangent to the LHC ring, pointing
from the Jura mountains towards Geneva. The x-axis is perpendicular to that,
pointing towards the center of the LHC ring, while the y axis is pointing upwards.
The azimuthal angle φ ∈ [0, 2π] is measured around the beam axis against the
x axis. The polar angle θ ∈ [0, π] is measured against the beam axis, but it is
customary to use the pseudorapidity η = − ln tan θ/2 instead. Transverse momenta
and energies are defined in the x-y-plane. Distances are typically measured as
∆R =

√
∆η2 + ∆φ2.

3.2.1 The inner detector
The inner detector is the detector section closest to the interaction point. It is
devoted to tracking, that is, measuring the trajectories or “tracks” of individual
charged particles emerging from the collision. Figure 3.6 shows a schematic view
of the inner detector. It is immersed in a 2T magnetic field generated by a
superconducting solenoid coil and is divided in two main sections: the silicon
tracker and the transition radiation tracker.

The silicon tracker
The silicon tracker covers the range of |η| < 2.5 and exploits the semiconductor
properties of the silicon. Charged particles passing through the doped silicon will
set free valence electrons, generating electron-hole-pairs in the conduction band.
Under the influence of an electric field, these charge carriers travel to the electrodes,
where the electric signals can be recorded.

The insertable b-layer (IBL) shown in Fig. 3.7 was inserted in the long LHC
shutdown 2013–2015, providing an additional barrel layer. The closest sensors are
located a mere 3.1 cm from the beam, yielding an additional 12 million readout
channels. The main function of this additional layer is to improve the precision of
vertex reconstruction. This is especially useful to identify decay vertices of heavy
hadrons including b-quarks, as their typical decay lengths are around 450µm.

The next layers form the silicon pixel detector, shown in Fig. 3.8. It consists
of three barrel layers and three end-cap layers of semiconductor material with a
very fine φ-z-segmentation down to 50× 400µm2, starting around 5 cm from the
beam line in the barrel region. The number of readout channels exceeds 80 million.
The bulk of the silicon tracker is taken up by the silicon microstrip detector,

consisting of four barrel layers and nine end-cap layers. The first modules in the
barrel region start around 30 cm from the beam line. Each module has a twin
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Figure 3.6.: Schematic view of the ATLAS inner detector [69] as installed during LHC
Run 1 (2008-2013).

IBL

beryllium pipe

Figure 3.7.: Schematic view of the ATLAS insertible b-layer (IBL) and the new beryllium
beam pipe [71] installed in 2015.
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Figure 3.8.: Schematic view of the ATLAS pixel detector, not yet including the insertible
b-layer (IBL) [71] installed in 2015.

Figure 3.9.: Schematic view of the structure of the inner detector barrel, including the
IBL [84].
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layer of silicon strips,between 6−13 cm long and 80µm wide, which are askew by
40mrad with respect to each other to allow for two-dimensional readout, providing
a total of 6.3 million readout channels.
This fine granularity allows to combine information from the multitude of mea-

surement layers and reconstruct the track splines of individual charged particles
curved by the Lorentz force of the magnetic field.

The transition radiation tracker
When a charged particle passes through a boundary between two media with
different dielectric constants, it emits electromagnetic radiation with intensity
logarithmically proportional to the Lorentz factor of that particle. This transition
radiation is exploited by the transition radiation tracker (TRT), covering the range
of |η| < 2.0.

The TRT consists of 4mm diameter polyimide straw tubes coated with aluminum
and graphite-polyimide on the inside and polyurethane on the outside. The 298
thousand tubes are filled with a xenon-based gas mixture. They do not provide
any longitudinal segmentation.

The transition radiation intensity provides a measurement of the Lorentz factor of
charged particles. Given a momentum measurement, this allows to directly measure
the mass of a particle, thus providing additional sensitivity to distinguish electrons
from charged pions, which is the primary function of this detector component. At
80% detection efficiency for electrons, the misidentification rate for pions is roughly
10% in the range 4GeV < pT < 20GeV [85].

Combined performance
A cut-away view of the inner detector barrel can be seen in Fig. 3.9. With the
new IBL, the δx× δy × δz vertex resolution was improved from 15× 15× 34µm3

down to 11 × 11 × 24µm3 [71]. The misidentification rate for a very aggressive
working point of 85% b-jet identification efficiency is approximately 3.1 for c-jets
and approximately 33 for light jets [86].
The ATLAS inner detector reaches a relative momentum resolution of σp/p ≈

0.48 · pT/TeV for highly energetic charged particles [87]. The relative uncertainty
is expected to be proportional to the momentum.

3.2.2 The calorimeter system
The ATLAS calorimeter system shown in Fig. 3.10 consists of two main components
and covers a range of |η| < 4.9. The electromagnetic calorimeter is a highly granular
inner layer, providing precision energy measurements for electrons and photons,
whereas the hadronic calorimeter forms the outer layer, providing sufficient stopping
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Figure 3.10.: Schematic view of the ATLAS calorimeter system [69].

power even for highly energetic hadronic jets and subsequently allows to measure
the total energy-momentum-balance of the collision.
Both components of the ATLAS calorimeter system are sampling calorimeters,

alternating layers of active medium and passive layers of high-density material to
initiate and enforce full deposition of the energy of the traversing particle. In such
sampling calorimeters, a typically fluid or gaseous active medium allows ionization
charges created by the traversing particle to travel to oppositely charged electrodes
for measurement. However, a scintillating solid converting the energy of the particle
into light can also be used as an active medium.

The relative uncertainty on energy measurements using calorimeters has the form

σrel.E =
a√
E
⊕ b

E
⊕ c, (3.2.1)

where a, b and c are η-dependent parameters. The sampling term with the coefficient
a dominates at low energies. It is induced by the statistical nature of particle
showers and heavily dependent on the fraction of active medium in the calorimeter.
The noise term with coefficient b is dependent on the occupancy and thus on the
average number of interactions per bunch crossing and also includes electronic noise.
The constant term c originates from instrumental non-uniformities and dominates
at high energies. The total uncertainty on jet energy measurements in the barrel
region is around 2–5% over a broad range of the pT spectrum [88].
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The electromagnetic calorimeter
The barrel of the electromagnetic calorimeter stretches up to |η| < 1.475, the inner
and outer wheel of the end-cap up to |η| < 2.5 and |η| < 3.2, respectively.

The materials used for active and passive layers are liquid argon and lead. The
layers are arranged in an accordion-like geometry, providing complete φ symmetry
without azimuthal cracks.

The total thickness exceeds 22X0 in the barrel region and 24X0 in the end-
cap region, where X0 is the electromagnetic radiation length over which a highly
energetic electron loses on average all but 1/e of its energy due to bremsstrahlung.
The electromagnetic calorimeter consists of three designated layers. The first

layer, the presampler, has a very high granularity of δη× δφ = 0.003× 0.1, allowing
for a distinction between photons and neutral pions as well as between electrons
and charged pions. The second layer is with δη × δφ = 0.025 × 0.025 much
coarser and with a thickness of 16X0 sufficient to contain the bulk of the energy
deposition. The third layer has a thickness of only 2X0, a coarse resolution of
δη × δφ = 0.05× 0.025 and is used to assess the leftover deposition intensity and
thus the depth to which the shower has penetrated the calorimeter. The total
number of readout channels arising from this segmentation is 175 thousand, with
110 thousand originating from the barrel.

Quoting the design values [89] of individual uncertainty terms as given in Eq. 3.2.1,
• the sampling coefficient is about a ≈ 0.1/

√
GeV at low |η|, and is expected to

worsen in the forward and backward regions,
• the noise coefficient is about b ≈ 350 cosh ηMeV for the design configuration

of around 20 interactions per bunch crossing, and
• the constant term has a design value of c = 0.7%.

The hadronic calorimeter
The bulk of the hadronic calorimeter is the tile calorimeter. The tile barrel
covers the region |η| < 1.0, and the tile extended barrels cover 0.8 < |η| < 1.7. In
this component, steel is used as the absorber, whereas scintillating plastic tiles
play the role of the active medium.
The hadronic end-cap extends out to |η| < 3.2, consisting of two indepen-

dent wheels per cap. It shares the liquid argon supply with the electromagnetic
calorimeter for the active medium, but uses copper as absorber material.
The forward calorimeter ranges up to |η| < 4.9, consisting of three inde-

pendent wheels in each hemisphere. It also shares the liquid argon supply with
the electromagnetic calorimeter, and while the first layer uses copper as absorber
material similar to the hadronic end-cap, the other two layers use tungsten.
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The total thickness of the ATLAS calorimeter system for hadronic interactions
is around 9.7λ in the barrel region and 10λ in the end-caps, where λ is the
nuclear interaction length over which the number of relativistic hadrons reduces
by a factor 1/e.

With the nearly hermetic calorimeter system, it is possible to measure momentum
imbalances in collisions up to a precision of 5-10%, depending on the algorithm used
[90]. The total number of readout channels for the tile calorimeter is 10 thousand.
Quoting the design values of individual uncertainty terms as given in Eq. 3.2.1,

obtained for pions in a test beam of 20GeV around η = 0.35 [69],
• the sampling coefficient is (in units of GeV) about a ≈ 56% at low |η| for
the tile calorimeter, about a ≈ 71% for the hadronic end-caps, and about
a ≈ 94% for the forward calorimeter,
• the noise coefficient is consistent with b ≈ 0 everywhere, and
• the constant term has a design value of c = 5.5% for the tile calorimeter,
c = 5.8% for the hadronic end-cap, and c = 7.5% for the forward calorimeter.

3.2.3 The muon spectrometer
The muon spectrometer of ATLAS is perhaps the most iconic detector component.
It occupies by far the largest share of volume and relies on its own magnet system,
featuring the large superconducting toroid magnets eponymous to ATLAS, of which
eight are located in the barrel and two in the forward region, cooled with liquid
helium and providing 0.5− 2T of magnetic field strength in the detection volume.
The muon chambers are structured in an octagonal symmetry and feature a

variety of different designs, all based on ionization in gas with the charges drifting
to oppositely charged electrodes to be measured, mostly in the form of gas-filled
tubes with immersed wires.
Eight layers of Monitored Drift Tubes (MDT, 354 240 tubes) with anode wires

reach up to |η| < 2.7, except for the innermost end-cap layer ending at |η| < 2.0. In
the forward region 2.0 < |η| < 2.7, cathode strip chambers (CSC, 70 000 channels)
are used – multiwire proportional chambers with the cathodes segmented into
strips in orthogonal directions. These components both use an argon-based gas
mixture and provide precision tracking capability for muons.
As a complement, Resistive Plate Chambers (RPC, 380 000 channels) and Thin

Gap Chambers (TGC, 400 000 channels) have been chosen to provide fast readout
for trigger purposes. The RPCs are wireless chambers with anode and cathode
plates and are based on an organic gas mixture, covering a range up to |η| < 1.05.
The TGCs are multiwire proportional chambers where the wire-to-cathode distances
are smaller than the wire-to-wire distances. They range 1.05 < |η| < 2.4 and use
a mixture of n-pentane and CO2.
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The total uncertainty for the measurement of transverse momentum for muons
is around 3% over a wide range of pT and up to 10% for muons with 1TeV of
transverse momentum [91].

3.2.4 Trigger
The rate at which pp collisions are produced in the ATLAS interaction region is
far larger than what could possibly be recorded. The ATLAS trigger system forms
a highly optimized network of hardware and software solutions to this problem.
A brief introduction is given in this section.

With bunch crossings happening every 25 ns, the instantaneous luminosity exceeds
L = 1034cm−2s−1 and is continuously measured by dedicated luminosity monitors.
Photomultipliers with quartz fiber bundles to observe Cherenkov light, emitted
when a charged particle passes through a medium with a speed exceeding the
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√
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in 2015 and 2016, calculated from the instantaneous per-bunch luminosity,
where the inelastic pp collisions cross section is taken as 80mb [93].

speed of light in that medium, are arranged around the beam pipe 17m from the
interaction point for this purpose.

At this rate, a continuous extraction of collision data from the millions of readout
channels is not feasible. Events need to be selected efficiently, especially since
the cross section is massively dominated by QCD interactions such as multijet
production, whereas processes like Higgs boson production only contribute few
parts per trillion to the total cross section. This can be seen in Fig. 3.11, which
shows cross section predictions for different physics processes, obtained for pp and
pp̄ collisions for center-of-mass energies typical for the LHC.
The trigger system is designed to make fast and informed decisions about

which events should be recorded, and which should not. The average number
of interactions per bunch crossing as observed in data during LHC operation, a
quantity often loosely referred to as pile-up, is shown in Fig. 3.12. The mean value
of µ = 24.2 achieved during LHC Run 2 is significantly higher than the maximum
number of µ = 20 envisioned in the original design considerations. The extremely
high rates put tough constraints on the hardware and software used in the trigger
system. The ATLAS trigger system used during LHC Run2 consists of two layers:
• The Level 1 (L1) trigger consists of fast, custom-made electronics that can

determine regions of interest (RoI) from calorimeter and muon system signals
by selecting an η × φ region around accepted L1 objects. Using integrated
circuits, the L1 trigger can perform event selections using complex quantities
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HLT: High Level Trigger – FTK: Fast Tracker – DAQ: Data Acquisition
ROD: Read-Out Device – HLTSV: HLT Supervisor – FE: Front End

Figure 3.13.: Data Acquisition and Trigger diagram, showing data flow and event rates
achieved during LHC Run 2 [94].

such as missing transverse energy. It is capable of reducing the data rate
from around 40MHz down to 100 kHz.
• The High-Level Trigger (HLT) is a software solution that can make use of

these RoIs or perform high-quality, full event reconstructions. It reduces the
event rates from around 100 kHz down to roughly 1 kHz.

The trigger system features a list of triggers selecting events for different criteria.
Common criteria involve requiring leptons passing certain identification criteria as
well as some transverse momentum threshold. Events selected by any trigger are
then written to disk and reconstructed at a designated computing farm at CERN,
which serves as the root node for a distributed computing network, the Worldwide
LHC Computing Grid used for creation of simulation data and large-scale data
analysis. Figure 3.13 shows a diagram of the data flow and event rates achieved
by the ATLAS trigger system during LHC Run2.
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3.2.5 Reconstruction
The ATLAS reconstruction software uses a wide variety of different algorithms to
identify and disentangle energy depositions and tracks from individual particles or
particle jets recorded by the detector. As these algorithms greatly influence the
efficiency and performance of the reconstruction process, they are under constant
development. This section gives a short overview over the state-of-the-art algorithms
used to reconstruct data events recorded by ATLAS during LHC Run2.

Tracking
Track reconstruction is the process of identifying individual charged particles
emerging from the interaction and measuring their traces in the inner detector.
Such charged particles can be measured up to |η| < 2.5 within ATLAS. With the
radius of their curvature and the known magnetic field, it is ultimately possible
to calculate the transverse momenta of particles. This procedure is subdivided
in three stages [95]:

1. Individual cells from the silicon detector are clustered by connecting adja-
cent hits. Cluster splitting is performed using a neural network. Timing
information from the TRT is converted into drift-circles.

2. Track seeds are identified from a combination of pixel and strip layer hits,
requiring a total of three hits. They are processed by applying a set of
thresholds as well as a combinatorial Kalman filter to form a combined
particle track.

3. Ambiguities are resolved using a scoring mechanism taking into account
double usage of hits in several tracks of the same event as well as layers
missing a hit for a specific track.

4. Tracks within the TRT coverage that survive the ambiguity solver are extended
and combined with the TRT tracking information. This significantly increases
the momentum resolution due to the increased lever.

After tracks have been identified, splines are fit and combined with data about
the magnetic field strength to measure the momentum of the particle associated
to the track.

Vertexing
A primary vertex is an identified interaction point of two beam protons. Vertices
are reconstructed by matching up intersecting track groups, which proceeds in
three main steps: seeding, track assignment, and fitting. A rough outline of the
procedure is as follows:
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• All reconstructed tracks satisfying certain criteria are extrapolated to the
beam axis. The impact parameter z0, defined as the longitudinal distance at
the point of closest approach, is computed for every track with respect to the
nominal beam spot. This information is used to generate seeds, for which an
iterative likelihood maximization method is used.
• Tracks compatible with a seed are grouped together for fitting.
• The adaptive vertex fitting algorithm [96] is used to estimate the position

and uncertainty of the vertex.
• Incompatible tracks not used in a previous vertex are used to repeat the

procedure starting from the creation of a new seed.
The identification of vertices becomes more challenging as the average number of
interactions per bunch crossing (the pile-up) increases, and thus new algorithms
are being developed to increase the resilience of ATLAS vertexing [97].

Calorimeter clusters
As the calorimeters are subject to a significant amount of background noise, the
mean noise level is constantly measured and subtracted from measurements. For
reconstruction of calorimeter clusters, a topological clustering algorithm is used [98]:
• First, seed cells are identified as cells exceeding the noise level by a factor of
S = 4.
• Seeded clusters are iteratively grown to neighboring cells exceeding the noise

level by a factor of N = 2.
• Finally, any cell with a positive energy contribution directly neighboring a

cluster is added.
If overlapping clusters be identified, they are merged. If a cluster is found to have
several local maxima, an attempt is made to split the cluster.

Electrons and photons
The primary tool for reconstruction of electromagnetic objects such as electrons and
photons is the electromagnetic calorimeter. Roughly speaking, energy depositions
with an associated track are regarded as electrons, such depositions without an
associated track are regarded as photons. As tracking information is crucial,
identification is most accurate in the area |η| < 2.47 covered by the inner detector
acceptance, and excluding the 1.37 < |η| < 1.52 transition region between barrel
and end-cap of the electromagnetic calorimeter.
Electromagnetic energy depositions are reconstructed using a sliding-window

approach acting directly on the calorimeter cells. A window is slid across δη × δφ
surface of the middle layer of the electromagnetic calorimeter, measuring 3 × 5
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Figure 3.14.: Illustrative sketch of an electron reconstruction [99].

units of 0.025× 0.025. A cluster is seeded if the transverse energy in the window
exceeds ET > 2.5GeV.
These clusters are then matched geometrically to extrapolated tracks from the

inner detector to identify electrons, taking into account the radiative losses suffered
while traversing the silicon tracker by virtue of a Gaussian-Sum-Filter [100]. A
requirement of E/p < 10 is imposed to reject hadronic jets. When a match is found,
the energy measurement is refined using a larger cluster size of 3× 7 in the barrel
region or 5× 5 in the end-cap regions. The track is then refit and the momentum
recomputed including the calorimeter information to form the four-momentum of
the electron candidate. The entire procedure is sketched in Fig. 3.14.

In order to accommodate the needs of different analyses, several working points
are defined for electron identification. For this purpose, a likelihood-based method
taking into account various discriminating variables including shower shapes, track
properties and the track-cluster-matching is used, providing three levels of identifica-
tion, corresponding to different identification efficiencies at a benchmark transverse
energy of ET = 100GeV with increasing background rejection [101]:
• LooseLH corresponds to 96% identification efficiency,
• MediumLH corresponds to 94% identification efficiency, and
• TightLH corresponds to 88% identification efficiency.

Muons
About 96% of muons are reconstructed by fitting hits from inner detector and
muon spectrometer tracks, taking into account energy loss in the calorimeters,
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producing combined muons. The remainder of reconstructed muons are formed
by tagging tracks identified by the inner detector with muon signatures in the
calorimeter or the muon spectrometer [102].
Muons are identified using a set of requirements developed to reject secondary

muons coming from pion and kaon decays. Four muon selections are provided:
• The Loose identification criteria are designed to maximize muon reconstruc-

tion efficiency while ensuring reliable muon tracks.
• The Medium criteria, representing the default selection for muons in AT-

LAS, is designed to minimize systematic uncertainties associated with muon
reconstruction and calibration.
• The Tight criteria minimize the fake muon rate to optimize sample purity.
• Finally, the High-pT selection aims to maximize momentum resolution for

tracks with transverse momentum above 100GeV.

Lepton isolation
As leptons originating from decays of W or Z bosons are expected to be isolated,
which is not necessarily the case for leptons originating from secondary processes,
lepton isolation criteria are also often imposed to reject these contributions. These
criteria can encompass track-based isolation by placing a cut on the scalar momen-
tum sum over all particles originating from the same primary vertex in a certain
cone size around the lepton candidate, or calorimeter-based isolation by placing
a cut on the sum of calorimeter energy depositions around the cluster associated
with the lepton candidate. Also here, different working points are provided:
• Loose and Tight isolation provide isolation efficiencies of 99% and 95%,

respectively, independent of the lepton pT.
• Gradient and GradientLoose isolation provide isolation efficiencies linear
in lepton pT. The Gradient working point is tuned to produce a nominal
efficiency of 90% for leptons with pT of 25 GeV, rising to 99% at 60 GeV. The
GradientLoose working point is tuned to produce a nominal efficiency of
95% for a pT of 25 GeV, rising to 99% at 60 GeV. The efficiency functions are

ε = 0.1143 · pT/GeV + 92.14 for Gradient
ε = 0.057 · pT/GeV + 95.57 for GradientLoose

for both track and calorimeter isolation.
• LooseTrackOnly isolation has an efficiency of 99% for all leptons independent

of their pT and applies only track isolation criteria.
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Jet finding
Jets are reconstructed starting from topological calorimeter clusters. For this
purpose, it is useful to define the distance measure dij between two objects i and
j or diB between the object i and the beam B as

dij = min
(
pzT,i, p

z
T,j

)
· R

2
ij

R2
(3.2.2)

diB = pzT,i, (3.2.3)

where pT,i is the transverse momentum of object i, R is some fixed distance measure
to be used as a parameter by the algorithm, and the parameter z governs the power
to which the momentum enters the calculation.

With these distance measures defined, the jet finding then proceeds by iteratively
finding the object pair with the smallest distance, and
• if both are clusters, merge the clusters i and j, or
• if either is a beam, identify the other as a jet and remove the cluster from

the list
until no unmatched clusters are left.

A typical value often used for the distance measure is R = 0.4. Different values
of z correspond to different, widely used jet finding algorithms:
• The case z = 2 corresponds to the kT algorithm,
• the case z = −2 corresponds to the anti-kT algorithm, and
• the case z = 0 corresponds to the Cambridge-Aachen jet finding.

It has been found that the anti-kT variant produces clusters that are most resilient
with respect to soft radiation [103].

The four-momenta of the jets are calculated as the sum of the four-momenta
of their constituents, which are assumed to be massless. The momenta of jets
are corrected for losses in passive material, the non-compensating response of the
calorimeter, and contributions from pile-up [104].
As pile-up is a particular challenge for the reconstruction of jets from the hard

scatter, dedicated algorithms exist to identify pile-up jets. One such technique used
to suppress jets from pile-up events that is based on a multi-variable likelihood
method is the jet vertex tagger (JVT) [105].
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Heavy flavour tagging
Jets with heavy flavour content, most notably b-quarks, are very interesting for
many physics analyses. These b-jets can be identified by virtue of the extremely
precise vertexing. The mean life time of heavy hadrons is often sufficient to allow
them to fly a considerable distance – often on the scale of millimeters – before
decaying. If the vertexing can detect the distance between the decay vertex from
which the jet then seems to originate as being different from the primary vertex,
the jet can be tagged as a b-jet.
Very sophisticated multivariate techniques are used to perform the b-tagging,

providing a variety of working points. These working points are typically denoted
with some identifier MV2cX as well as the efficiency of the working point. The
working point MV2c10 85% for example corresponds to a complicated multivariate
algorithm trained on a sample with 10% c-jets with a threshold placed such that
85% of b-jets are successfully selected [86, 106].

Momentum and energy balance
As the LHC is a hadron collider, the remnants of the colliding hadrons often
escape along the beam pipe. This part of the underlying event can carry away
arbitrary amounts of longitudinal momentum. Thus, the longitudinal momenta
of the detected objects in any given event are not necessarily balanced. Hence,
longitudinal quantities such as pZ are seldomly used. It is noteworthy, however,
that rapidity differences ∆y and approximately also pseudorapidity differences ∆η
are Lorentz invariant with respect to boosts along the z-direction.
The transverse momentum balance is always well-defined, as the initial state

particles do not carry any significant amount of transverse momentum. In fact,
the vectorial sum of all transverse momenta should always equal zero, unless
undetectable particles such as neutrinos escape the event. This yields an effective
mechanism to measure invisible particles via missing transverse momentum. This
quantity is a transverse vector and is fully determined by its magnitude and its
azimuthal angle. However, there exist several different definitions for this quantity.
All of these use inner detector tracks with |η| < 2.5 that satisfy the following

selection criteria:
• A transverse momentum of ptrackT > 500MeV,
• at least 7 hits in the silicon semiconductor tracker,
• no more than two missing hits in the silicon layers or one missing hit in the

pixel layers, and
• a tansverse impact parameter of d0 < 1.5mm, with an additional requirement

of d0/σd0 < 3.
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The track soft term missing transverse energy, with magnitude Emiss
T and

angle φEmiss
T

, is calculated as the negative vectorial sum of the transverse momenta of
all calibrated selected objects, such as electrons, muons, and jets. This contrbution
is generally referred to as the hard term. Tracks compatible with the primary
vertex and not matched to any of those objects, comprising the track soft term,
are also included in the reconstruction [107, 108].
A different definition, the track-based missing transverse momentum

pmiss
T [108], takes advantage of the ATLAS excellent vertex resolution to enhance
the resilience with respect to pile-up. It is calculated as the negative vectorial
sum of the transverse momenta of all inner detector tracks. Only for identified
electrons or muons, which are more precisely measured using the calorimeter than
using the track momentum, the calorimeter cluster measurement is used instead of
the measured pT of the track. On the down side, this definition fails to take into
account contributions from neutral particles, which lack tracks in the inner detector.
An additional shortcoming is the limited η coverage of |η| < 2.5, corresponding
to the range of the inner detector.

Simulation
In order to compare the measured data with theory predictions, Monte Carlo samples
are generated using the worldwide LHC grid. A wide variety of different Monte
Carlo generators exists, specializing in different types of physics processes. These
generated events are then subject to various processing steps, taking into account
initial and final state radiation, hadronization, and showering. The interaction of
the particles produced in the event with the detector material is simulated with a
model of the ATLAS detector using the simulation software Geant4 [109]. Finally,
the detector response to these simulated interactions is modeled in the digitization
step, after which the reconstruction of simulated events proceeds equivalently to
the reconstruction of data events.

3.3 The Standard Model at the LHC

In the years 2011–2016, the ATLAS and CMS experiments (and likewise the other
LHC experiments) were able to record a remarkable amount of data for pp collisions.
The discovery of the long-sought Higgs boson was the largest, but by far not the
only striking success achieved by analysis of this data. A few selected results from
the area of electroweak physics will be presented in this section to outline and
highlight the achievements and performance of the experiments and to introduce
existing measurements for important background processes relevant to the analyses
presented in this thesis.
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Figure 3.15.: LHC delivered luminosity to the ATLAS and CMS experiments by year.
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3.3.1 Data taking
The luminosity delivered by the LHC has been outstanding and quickly superseded
the total integrated luminosity of 12 fb−1 delivered by the TeVatron pp̄ collider at√
s = 1.96TeV. The development of the recorded integrated luminosity over time

for the individual years of pp collision data taking is shown in Fig. 3.15 for the ATLAS
and CMS experiments. A comparison of the luminosity recorded by the ATLAS
experiment to the luminosity delivered to the corresponding interaction point by the
LHC is shown in Fig. 3.16 for the 2016 data taking period. It is clearly visible that
the performance of the LHC and the efficiency of the data taking are remarkable.

3.3.2 Standard Model measurements
With this data, the Standard Model has been tested to a remarkable precision. The
precise measurement of a vast spectrum of Standard Model particles is a document
of the tremendous success of the LHC and the experiments, but also substantiates
the validity of the theory at collisions with unprecedented center-of-mass energies.
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side also lists the publications in which the respective measurements have
been published [111].

The number of µ+µ− events recorded in pp collisions by the CMS experiment is
shown in Fig. 3.17 as a function of the invariant mass of the di-muon system. Clearly
visible are the localized peaks corresponding to the η, ω, φ, J/ψ, ψ′, and Y hadronic
resonances, as well as the Z boson peak. The colours indicate the contributions
from events originating from trigger paths dedicated to specific measurements.
Figure 3.18 shows a summary of cross sections of different Standard Model

processes measured by the ATLAS experiment for different values of
√
s, overlayed

with the respective theory predictions. Shown are the inclusive production cross
sections for tt̄ production, tq production, WW , WZ and ZZ production as well as
Higgs boson production. The analysis referenced for the

√
s = 13TeV data point

for Higgs boson production is presented in greater detail in Section 5.1.
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In total, the agreement between the measurements and the respective theory
predictions reveals the impressive performance of the LHC and the experiments
it supports, as well as the predictive power of the Standard Model. So far, no
measurement has shown a significant deviation from its predictions.

3.3.3 Higgs boson measurements
As the Higgs boson was discovered only recently, its properties are still under
thorough investigation – a task which the LHC experiments ATLAS and CMS are
extremely well prepared to take on. Measurements [15] including data corresponding
to about 20 fb−1 at

√
s = 8TeV as well as about 5 fb−1 at

√
s = 7TeV find an

impressive agreement with the predictions of the Standard Model also in the
Higgs sector. An updated combination for

√
s = 13TeV, including only the

H�ZZ∗�`+`−`′+`′− and H�γγ final states measured in data sets corresponding
to 14.8 fb−1 and 13.3 fb−1, respectively, is presented in Section 5.1.
As displayed in Fig. 3.18, the cross section for Higgs boson production is much

smaller than the cross section for the WW and tt̄ processes. Factoring in the
branching ratio of the Higgs boson to any specific final state (as displayed in
Fig. 2.11 in Section 2.6.1), it is also much smaller than the cross section for ZZ
production. These Standard Model processes act as backgrounds for many analyses
targeting Higgs boson production. It is worthwhile to note that the cross sections
of these processes increase at very different rates towards higher energies due to
the changes in the parton density functions. While the ratio of cross sections
between

√
s = 13TeV and

√
s = 8TeV is approximately 2.5 for Higgs boson

production [15,23], it is about 2.0 for WW pair production [112–114] and about 3.3
for tt̄ production [115, 116]. This causes not only the background composition, but
also the signal-to-background ratio to change for many analyses. The implications
of this observation for the H�W±W∓∗�`−ν̄``′+ν`′ analysis are discussed in greater
detail in Chapter 4.

Figure 3.19 shows the combined measurements from the ATLAS and CMS experi-
ments for 20 fb−1 of data recorded at

√
s = 8TeV and 5 fb−1 of data recorded at√

s = 7TeV in terms of signal strengths µ, disentangled for all production and
decay processes. While all values are in good agreement to the Standard Model pre-
dictions, the measurements in the H → bb channel seem to find a somewhat smaller
signal strength than expected – a trend that continues in the first

√
s = 13TeV

measurement performed by the ATLAS collaboration [53].
The coupling modifiers κ, introduced in Section 2.4.2, quantify the coupling

strength of the Higgs boson to individual particles. If the Higgs boson observed
at mH ≈ 125GeV is indeed responsible for the BEH mechanism of electroweak
symmetry breaking, the coupling of the Higgs boson to any one particle must be
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Figure 3.19.: Best fit values of σi · Bf for each specific channel i → H → f for the
combination of the results published by the ATLAS and CMS collaborations.
The error bars indicate the 1σ intervals. The fit results are normalized
to the SM predictions for the various parameters and the shaded bands
indicate the theoretical uncertainties in these predictions. Only parameters
measured to meaningful precision are shown [15].
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proportional to its mass. This prediction is tested in Fig. 3.20. The uncertainties
are still quite large, especially for the measurement of the small H → µµ coupling,
which currently only constitutes an upper limit. So far, no significant deviation
from the Standard Model prediction could be observed in Run 1 data. Also shown
is a fit to the [M, ε] phenomenological model [117], where the coupling modifiers
κV and κf are parametrized as

κV = v
m2ε
V

M1+2ε
(3.3.1)

κf = v
mε
f

M1+ε
. (3.3.2)

Here, v is the Higgs field vacuum expectation value,mV andmf are the masses of the
corresponding particles, and M and ε are the fit parameters. The Standard Model
prediction corresponds to the values M = v and ε = 0, such that κV = κf = 1.
In summary, the LHC experiments have met and greatly exceeded their design

performances, the LHC itself providing collisions at center-of-mass energies close to
the intended design value of

√
s = 14,TeV, and have accumulated an impressive

amount of evidence fortifying the foundations of the Standard Model. No significant
deviations from the Standard Model predictions have been found. However, the
collection of new data in the years 2015 and 2016 signifies a substantial increase
in the size of the available data set and provides new insights in the physics at
unprecedented center-of-mass energies. The remainder of this thesis is dedicated
to a detailed analysis of this data and the search for effects beyond the Standard
Model in the Higgs sector.
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Figure 3.20.: Best fit values as a function of particle mass for the combination of ATLAS
and CMS measurements, employing the coupling modifiers κ introduced in
Section 2.4.2 and the vacuum expectation value v = 246GeV of the Higgs
field. The dashed (blue) line indicates the predicted dependence on the
particle mass in the case of the SM Higgs boson. The solid (red) curve
indicates the best fit result to the [M, ε] phenomenological model [117]
with the corresponding 68% and 95% confidence level bands in green and
yellow [15].
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“ Physics is actually too hard for physicists.

David Hilbert ”
With the Higgs boson mass known as 125.09± 0.24GeV [35], precise predictions

are possible for production cross sections and decay branching fractions into
Standard Model particles. Measurements in different channels, differentiating in
production as well as in decay mode, provide comprehensive insights into the physics
of the Higgs boson sector and the mechanism of electroweak symmetry breaking as
outlined in Chapter 2. As detailed in Section 2.6, the H�W±W∓∗ decay mode has
the second highest branching fraction, featuring 22.9% of all Higgs boson decays [45].

The only decay channel with a branching fraction exceeding that of H�W±W∓∗

is the decay to a pair bottom quarks. Due to the purely hadronic final state,
identification of this type of event is extraordinarily difficult. Existing analyses
rely on the specific signatures of individual production modes like VH or VBF
to measure this process [53], while the events stemming from the dominant ggF
production mode are too difficult to disentangle from the multijet background. This
constraint does not exist for events decaying via H�W±W∓∗, making this decay
channel together with the H�ZZ∗ and H�γγ decay modes a prime candidate for
measuring Higgs boson production via the dominant gluon fusion process.

AsW bosons are very short-lived, only their decay products can be measured. The
branching fractions of all relevant decay modes are displayed in Fig. 4.1. Notably,
the total branching fraction to leptons is BW→eν/µν/τν = 32.4% [31]. However, while
electrons are stable and muons are at least sufficiently stable to be measured by
the detector directly, τ leptons generally decay further. Their decay modes are
displayed in Fig. 4.2, the total branching fraction to lighter leptons being roughly
Bτ→eν/µν = 35.2% [31]. It is for this reason that the lepton symbol ` is taken to
mean light lepton, that is, electrons e or muons µ, in the context of this analysis.
The decays W → τντ → `ντντν` are thus included implicitly.

The total chances of finding a Higgs boson decay via a pair of W bosons to a
double lepton, single lepton or fully hadronic final state can be calculated easily.
They are displayed in Fig. 4.3.

73
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W → eν

10.71± 0.16

W → µν

10.63± 0.15

W → τν

11.38± 0.21

W → hadrons
67.41± 0.27

Figure 4.1.: Measured decay branching fractions of W bosons in percent with their
respective uncertainties [31].

τ → eν

17.39± 0.04

τ → µν

17.82± 0.04

τ → hadrons
64.79± 0.06

Figure 4.2.: Measured decay branching fractions of τ leptons in percent with their
respective uncertainties [31].

double lepton
6.4

single lepton
37.7

fully hadronic
55.9

Figure 4.3.: Approximate effective decay branching fractions ofW boson pairs by number
of primary light leptons in the final state, including indirect decays via
W → τντ → X. Values are given in percent.
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Figure 4.4.: Spin correlations in the H�W±W∓∗�`−ν̄``′+ν`′ decay enhance the fraction
of events where the two charged leptons are emitted in one and the two
neutrinos in the opposite hemisphere. The left (right) case exhibits a
positive (negative) helicity λ, as spin and direction of flight are parallel
(antiparallel), resulting in the prescribed topology. Only the third (middle)
case is isotropic.

The presence of two highly energetic and oppositely charged leptons provides a
powerful handle to select events using dedicated lepton triggers and reject hadronic
background from various sources. The strong background rejection however comes
at the price of sacrificing a significant amount of statistical power, which is suitable
for precision measurements of the Standard Model Higgs boson. The one-lepton final
state on the other hand provides more statistical power and a weaker background
rejection, and has proven useful for the search for high-mass resonances such as a
second, heavier Higgs boson or new heavy vector bosons [118].
For the analyses featuring two leptons in the final state, it is customary to

enumerate the leptons in the order of their transverse momenta p`T, with `1 denoting
the lepton with the highest or “leading” transverse momentum, and `2 denoting
the lepton with the second highest or “subleading” transverse momentum. The
analysis thus differentiates between four lepton flavour configurations,
• the two same-flavour (SF) configurations ee and µµ, and



76 H�W±
W

∓∗�`−ν̄̀ `′+ν̀ ′

• the two different-flavour (DF) configurations eµ and µe,
where the latter two are only distinguished by the pT ordering of the leptons.
As events with two same-flavour, opposite-charge leptons can easily arise from
pair production via a Z or γ boson, the different-flavour mode provides a much
higher sensitivity and is thus focused on the analysis of early Run 2 data [21],
whereas an analysis of the same-flavour mode has only been conducted on Run 1
data so far [119].
Additional spin and kinematic properties of the H�W±W∓∗�`−ν̄``′+ν`′ decay

can be exploited to enhance the separation of the signal from the background.
Figure 4.4 illustrates how spin correlations induce an enhanced fraction of events
where the two charged leptons are emitted in the same hemisphere, whereas the
two neutrinos are emitted in the opposite one. This allows to exploit observables
such as the dilepton invariant mass m``, the transverse momentum of the dilepton
system p``T , the azimuthal angle between the two leptons ∆φ`` and the missing
transverse momentum to discriminate between signal and background events, as
many Standard Model processes do not exhibit the same characteristic.
One can further differentiate and categorize the events by additional leptons

and jets recorded in the final state to distinguish between the different production
mechanisms ggF, VBF and VH.
This chapter details a measurement of Higgs boson production and decay to

a pair of W bosons, employing dedicated event selections for all three of these
production mechanisms. However, as the VBF and VH measurements have recently
been published [21], special attention is devoted to the analysis dedicated to the
ggF production mode. For this specific channel, there is no published measurement
at
√
s = 13TeV yet, as latest measurements still only use the

√
s = 7 and 8TeV

data recorded by the LHC in the years 2011-2012 [119].

4.1 Data and Monte Carlo Samples
These analyses use a data set corresponding to an integrated luminosity of 5.8 fb−1

of pp collision data recorded at
√
s = 13TeV by the ATLAS detector in the year

2015 as well as the first months of 2016 with a bunch spacing of 25 ns. The triggers
and associated transverse momentum requirements used to select data events for
this analysis are listed in Table 4.1. All three analyses, dedicated to the three
dominant Higgs boson production modes ggF, VBF and VH, use the same set of
single-lepton triggers.
The lepton trigger efficiencies are measured using leptonic decays of Z bosons

as a function of pT and η of the lepton. The single-lepton trigger efficiencies
are approximately 70% for muons with |η| < 1.05, 90% for muons in the range
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1.05 < |η| < 2.40, and exceed 90% for electrons in the range |η| < 2.40. They
are shown in Fig. 4.5 for the lepton triggers with the lowest pT thresholds used
in this analysis.

Table 4.1.: Minimum pT requirements used at the different trigger levels, with values
given in GeV. Letters “T”, “M” and “L” next to the threshold value stand for
the tight, medium and loose electron identification requirement, respectively.
The letter “i” indicates an isolation requirement, which helps to improve the
rejection power against non-prompt leptons (see Section 4.3) while maintaining
a high efficiency.

Year Lepton Level-1 High-level

2015 e 20 24M ∧ 60M ∧ 120L
µ 15 20i ∧ 50

2016 e 20 24Ti ∧ 60M ∧ 120L
µ 15 24i ∧ 50
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Figure 4.5.: Trigger efficiencies measured in the years 2015 and 2016 for the high-level
triggers (HLT) with the lowest pT-thresholds used for single leptons used in
this analysis [120, 121]. Numbers in the legend indicate the minimum pT
requirement of the trigger, with values given in GeV. The letters “T”, “M”
and “L” next to the threshold value stand for the tight, medium and loose
electron identification requirement, respectively.

Signal
The signal contributions considered for this analysis include the dominant gluon
fusion production process (ggF), the vector boson fusion production process (VBF),
and the Higgs-strahlung process from a W boson (WH). Contributions from the
Higgs-strahlung process from a Z boson are included in the analysis as a background.
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Other Higgs boson production processes like ttH, bbH and tHx are neglected
because their contributions are small, whereas a small contamination of H → ττ
decays has is considered as a background. Only the H�W±W∓∗�`−ν̄``′+ν`′ decay
mode is considered as signal, with final states featuring two charged leptons.
The signal cross section is computed to NNNLO accuracy in QCD [122] for the

ggF process, with additional NLO EW corrections being applied. Full NNLO QCD
and NLO EW corrections are used to calculate the cross sections for the VBF signal
production. The cross sections of the associated WH/ZH production processes are
calculated up to NNLO QCD corrections and NLO EW corrections, while the cross
section for gg → ZH is calculated at NLO QCD precision. The numerical values
and uncertainties are summarized in Table 4.2.

Background
The main sources of Standard Model backgrounds to the analyses presented here
include events from the production of top-quarks, pairs and triplets of electroweak
bosons, W or Z bosons produced in association with hadronic jets, and pure
QCD multijet events.
The cross section of the inclusive WW background process is known at NNLO

accuracy [123] and includes contributions from qq̄/g → WW and gg → WW . Since
the processes qq̄/g → WW and gg → WW are modeled with different MC samples
and a higher order calculation is available for gg → WW , cross sections for both
processes are handled separately. In the inclusive prediction, gg → WW is only
calculated to LO precision and does not interfere with qq̄/g → WW production.
Therefore the gg → WW contribution to the inclusive cross section is subtracted,
yielding σqq̄/g→WW = 111.9 pb+2.6%

−2.2%. The non-resonant gg → WW production cross
section has been calculated at NLO accuracy [124] and is σgg→WW = 6.82 pb+5.3%

−7.4%.

Monte Carlo generators
The Monte Carlo generators used to model signal and background processes are
listed in Table 4.3. For most processes, separate programs are used to generate the

Table 4.2.: Predicted signal process cross sections. The uncertainties quoted here corre-
spond to standard Gaussian 68% confidence levels. However, no signal cross
section uncertainty is applied in this analysis, as its effect is negligible with
respect to the total uncertainty.

process cross section in pb
ggF 48.58± 3.9% (QCD scale) ±+3.2% (PDF + αS)
VBF 3.782± 0.2%(QCD scale) ± 2.1% (PDF + αS)
WH 1.373± 0.4% (QCD scale) ± 1.9% (PDF + αS)
ZH 0.8839±2.2%(QCD scale) ± 1.6% (PDF + αS)
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hard scattering process and to model the parton showering (PS), hadronization, and
the underlying event (UE). Pythia8.210, Pythia8.186 [125] or Pythia6.428 [126]
are used for the latter three steps for the signal and some of the background
processes. Herwig [127] is used for PS and hadronization in estimating systematic
uncertainties with UE being modeled with Jimmy [128]. The CT10 PDFs are
used for the hard scattering process in Powheg-Box v2 [129], while for Mad-
Graph5 (version 2.2.1 and 2.2.2) [130] the NNPDF23LO [131] PDF set is used. The
CTEQ6L1 [132] PDF set is used for the Pythia showering, with the AZNLO [133] tune
when interfaced to Powheg-Box v2 and with the A14 [134] tune when interfaced
to MadGraph5. The NLO prediction from Sherpa2.1.1 [135] is calculated using
CT10 PDF set in conjunction with a dedicated set of tuned parameters from the
parton shower developed by the Sherpa authors [136].

Table 4.3.: Predictions used for estimation of signal and background in the analyses,
computed for the Standard Model including a Higgs boson with mH =
125GeV. Listed are the Monte Carlo generators used to model the kinematic
properties of the events and the corresponding Standard Model cross section
predictions obtained from theory as well as the precision level of the underlying
calculation. The last column identifies which analyses use the corresponding
samples, with an empty cell denoting that the sample is used by all analyses.

Process Generator (σB) (pb) Precision σincl. analysis
ggF, H → WW Powheg +Pythia8 10.4 NNNLO
VBF, H → WW Powheg +Pythia8 0.808 NNLO
WH, H → WW Powheg +Pythia8 (MiNLO [137]) 0.293 NNLO
ZH, H → WW Powheg +Pythia8 (MiNLO [137]) 0.189 NNLO
inclusive W → `ν Powheg +Pythia8 6.02× 104 NNLO WH
inclusive Z/γ? → `` (m`` ≥ 40GeV) MadGraph 6.04× 103 NNLO
inclusive Z/γ? → `` (40 ≥ m`` ≥ 10GeV) MadGraph 8.01× 103 NNLO
(W → `ν)γ (pγT > 10GeV) Sherpa 453 LO
(Z → ``)γ (pγT > 10GeV) Sherpa 175 LO
tt̄ leptonic Powheg +Pythia6 87.6 NNLO+NNLL
Wt leptonic Powheg +Pythia6 7.55 NLO
tt̄W/Z MadGraph 0.62 NLO WH
tZ non-all-hadronic MadGraph 0.24 LO WH
qq̄/g → WW → `ν`ν Powheg +Pythia8 11.2 NNLO ggF, VBF
Z(∗)Z(∗) → 2`2ν (m`` ≥ 4GeV) Powheg +Pythia8 0.925 NLO VBF
qq̄/g → 2`2ν Sherpa 12.8 NLO WH
gg → 2`2ν Sherpa 0.72 NLO
qq̄/g → `ν`` Sherpa 11.9 NLO
qq̄/g, gg → ```` Sherpa 11.5 NLO
WZ → qq`` Sherpa 3.76 NLO WH
ZZ → qq`` Sherpa 2.36 NLO WH
EW WW + 2 jets (`ν`ν) Sherpa 0.012 LO VBF
EW WZ + 2 jets (`ν``) Sherpa 0.038 LO WH
EW ZZ + 2 jets (````) Sherpa 0.116 LO WH
EW qq̄→(Z → ττ)qq̄ Sherpa 2.54 LO VBF
WWW (3`3ν) Sherpa 8.34× 10−3 NLO WH
WWZ (4`2ν, 2`4ν) Sherpa 5.16× 10−3 NLO WH
WZZ (5`1ν, 3`3ν) Sherpa 1.07× 10−3 NLO WH
ZZZ (6`0ν, 4`2ν, 2`4ν) Sherpa 3.16× 10−4 NLO WH
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The qq̄-initiated diboson processes are modeled either with Powheg-Box
v2+Pythia8.210 or Sherpa2.1.1. The VBF analysis uses Powheg-Box v2+Pyth-
ia8.210 for qq̄/g→`ν`ν since it provides a better modeling of the observed transverse
momentum imbalance distribution. For the other processes, the VBF analysis uses
Sherpa2.1.1. The WH analysis uses Sherpa2.1.1 as the default generator for all
the diboson processes, as it includes the single-resonant Z(∗)Z(∗) process, which
is the dominant Z(∗)Z(∗) component in the analysis, the observed difference be-
ing covered by a designated uncertainty. Contributions to WW production from
double-parton scattering (qq̄ → W + qq̄ → W ) are not included, but are not
expected to contribute significantly.
The loop-induced gg-initiated diboson processes are simulated by Sherpa2.1.1

with less than two additional jets and normalized to the inclusive NLO predicted
cross section [124]. For qq̄/g→Z(∗)Z(∗)→`ν`ν by Powheg-Box v2, a requirement
on the invariant mass of the two charged leptons m`` > 4GeV is imposed. For all
qq̄/g initiated diboson processes generated by Sherpa2.1.1, at least two charged
leptons with pT > 5GeV are required, additionally imposing m`` > 2m` + 250MeV
for any same-flavour, opposite-charge lepton pairs, where m` is the mass of the
charged lepton. For gg initiated diboson processes, m`` > 2GeV is required for
`ν`ν, and m`` > 10GeV for ```` final states. Sherpa2.1.1 is also used for the
modeling of diboson process at LO with no O(αS) terms for the ````, `ν`` and `ν`ν
plus two jets final states as well as for the qq̄→Zqq̄ processes, requiring a decay
via Z→ττ by demanding an invariant mass of the τ lepton pair of mττ > 40GeV.

Samples modeling the production of top quarks, either as tt̄ pairs or singular as
Wt, are generated with Powheg-Box v2.0 interfaced to Pythia6.428 for parton
showering, using the Perugia 2012 [138] tune. EvtGen 1.2.0 [139] is used to model
properties of the b- and c-hadron decays. The predicted tt̄ production cross section
is calculated with Top++ 2.0 to NNLO precision in perturbative QCD, including
soft-gluon resummation to NNLL order [140], and assuming a top-quark mass of
172.5GeV. Both the tt̄ and the Wt samples are required to have at least two
charged leptons in the final state. Other top quark processes such as tt̄W/Z and tZ
are generated at LO using MadGraph5 version 2.2.2 interfaced with Pythia8.186
(tt̄W/Z) and MadGraph5 version 2.2.1 interfaced with Pythia6.428 (tZ). Events
from the tZ samples are required to have three charged leptons in the final state,
in which the lepton pair from the Z boson decay is required to have m`` > 10GeV.
Events with Zγ and Wγ as well as the triboson backgrounds WWW , WWZ,

ZZW , and ZZZ with up to six genuine leptons in the final state are modeled using
Sherpa2.1.1 at NLO accuracy. For Zγ and Wγ processes, the pT of the photon
is required to be larger than 10GeV, additionally requiring the distance to any
selected lepton in the η − φ plane to be ∆R > 0.1. The lepton pair originating
from the Z boson in the Zγ final state is required to have m`` > 2GeV.
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The production of Z bosons in association with jets for the invariant mass range
of the two charged leptons m`` > 10GeV is modeled by MadGraph5 version
2.2.2 at LO interfaced with Pythia8.186.

The event overlap between Zγ and Z+jets samples is removed by rejecting events
from the Z+jets sample that contain a photon with pT > 10GeV and |η| < 2.5
radiated by a lepton in the final state.

The modeling of the W+jets processes is based on a purely data driven method
described in Section 4.3. However, this background contribution is neglected in
the WH analysis.
The effect of additional pp interactions in local or temporal proximity to the

primary vertex (pile-up) is included by overlaying each signal or background
event with additional events obtained from Pythia8 employing minimum-bias
requirements. The number of overlaid events is chosen to reflect the conditions in
the recorded data, that is, an average number of interactions per bunch crossing of
µ̂ = 13 for 2015 and µ̂ = 21 for 2016. A correction to the actual pile-up conditions
observed in data is performed using an event-by-event reweighting. All generated
events are subject to a Geant4-based detector simulation [109, 141], and the
standard ATLAS reconstruction for collision data is used.

4.2 Object Identification and Selection
Events are required to have at least one primary vertex with no less than two
associated tracks with transverse momenta pT > 400MeV. If more than one such
vertex is reconstructed in any single event, the one with the largest sum of square
transverse track momenta is selected.

4.2.1 Electrons and muons
The electrons used in these analyses are required to have a transverse energy
exceeding ET > 15GeV, and pass the MediumLH or TightLH selection defined in
Section 3.2.5 for electrons with a transverse energy greater or smaller than 25GeV,
respectively. The pseudorapidity is required to be within the range of |η| < 2.47,
excluding the transition region 1.37 < |η| < 1.52 between the barrel and end-caps
in the liquid argon calorimeter.
The muons are obtained via the combined muon definition, as introduced in

Section 3.2.5. The muon candidates used in these analysis are required to pass
the Medium selection and to satisfy pT > 15GeV and |η| < 2.5.
All leptons are required to originate from the primary vertex by requiring the

absolute value of the longitudinal impact parameter to satisfy |z0 sin θ| < 0.5mm.
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Furthermore, the significance of the transverse impact parameter is required to
be less than |d0| /σd0 < 5 (|d0| /σd0 < 3) for electrons (muons). The isolation
criteria Gradient and GradientLoose as defined in Section 3.2.5 are used. At
least one of the lepton candidates is required to match a trigger object for the
event to be selected.
Table 4.4 summarizes the lepton requirements in each analysis. The ggF and

VBF analyses require exactly one electron and one muon in an event, whereas the
WH analysis requires three leptons regardless of their flavour. In order to ensure
the mutual orthogonality between the analyses targeting final states with different
numbers of leptons, a veto lepton definition is chosen. Each analysis rejects events
with additional leptons that satisfy the veto lepton definition.

Table 4.4.: Lepton selections used in each analysis.

Analysis pT range electron ID muon ID isolation leptons
ggF < 25GeV TightLH Tight Gradient 1µ+ 1e

> 25GeV MediumLH Medium Gradient 1µ+ 1e
VBF < 25GeV TightLH Tight Gradient 1µ+ 1e

> 25GeV MediumLH Medium Gradient 1µ+ 1e
WH < 25GeV TightLH Medium Gradient 3`

> 25GeV MediumLH Medium Gradient 3`

Veto lepton MediumLH Medium GradientLoose

4.2.2 Jets and missing transverse energy
Jets are reconstructed using the anti-kt algorithm with a distance parameter of
R = 0.4, as defined in Section 3.2.5. They are required to have pT > 25GeV
for jets with |η| < 2.4, and pT > 30GeV for jets outside this range. Any jets
with |η| > 4.5 are discarded.

For jets with pT < 50GeV and |η| < 2.4, the calibrated JVT variable, defined in
Section 3.2.5, is required to be larger than 0.64 to suppress pile-up.
Leptons depositing significant amounts of energy in the calorimeter may be

reconstructed as jets. Also, jets may be reconstructed as genuine leptons originating
from the hard scatter. Thus, jets are discarded if they lie within a cone of size
∆R < 0.2 of an electron candidate, or if they have less than three associated
tracks and are within a cone of size ∆R < 0.2 of a muon candidate. However, if
a jet with three or more associated tracks is within a cone of size ∆R < 0.4 of
a muon candidate, or any jet is within 0.2 < ∆R < 0.4 of an electron candidate,
the corresponding lepton candidate is discarded instead.
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Jets containing b-hadrons are identified using the MV2c10 b-tagging algorithm
introduced in Section 3.2.5, using the 85% working point. Top-quark background
is suppressed in all analyses by vetoing events with any b-tagged jet passing a
reduced pT threshold of 20GeV.

This analysis uses the track soft term missing transverse energy Emiss
T as well as

the track-based missing transverse momentum pmiss
T , as defined in Section 3.2.5.

4.3 Misidentified Leptons
Despite vigorous efforts to optimize the identification of objects, the rate of misiden-
tification can never be reduced to zero. This is an especially pressing problem with
the identification of leptons, as even though the chance of a jet being misidentified
as a lepton is extremely small (on the level of 1 : 100 000 [142]), the overwhelmingly
large cross section for multijet production at a hadron collider still causes the frac-
tion of objects selected as leptons for any given analysis to be a cause of concern.
These objects are generally referred to as fake leptons. Notably, real leptons origi-
nating from secondary processes such as heavy- (or light-) flavour hadrons decaying
to muons, or electrons originating from pair production by photons originating from
bremsstrahlung as well as from initial and final state radiation are also included in
this broad category, as they are no true indicators of the high-energy electroweak
processes investigated by the analysis. In contrast, a primary lepton originating
from a hard electroweak scattering event is referred to as a prompt lepton. All of
this applies to both electrons and muons, but the rate of fake electrons is much
higher than that of fake muons, mostly because muons are identified with an
additional measurement in the dedicated muon system. The composition of events
with fake leptons can vary dramatically depending on the phase space investigated.
A comparison between the composition of dilepton pairs with opposite charge and
same charge can be seen in Fig. 4.6.
For example, collisions with one leptonically decaying W boson in association

with one or more jets are accepted by the signal selection that requires two identified
leptons in cases where a jet is misidentified as a prompt lepton. Similarly, also
pure QCD processes can contribute to the analysis in cases where two jets are
misidentified as prompt leptons. However, this contribution is much smaller – not
only because the chance of two objects being misidentified in the same event is
quadratically smaller, but also because the additional requirement of a large missing
transverse momentum and other selections applied in this analysis strongly reject
events without high-energy neutrinos in the final state.

As accurate knowledge of the object misidentification rate relies on an extremely
precise modeling of the detector effects, the difficulties to accurately describe
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Figure 4.6.: Origin of fake leptons as a function of the leading lepton pT in events
with opposite-charge (left) and same-charge (right) lepton pairs after a
loose pre-selection (described in Section 4.5), predicted by Monte Carlo
simulation using Powheg+Pythia8 +EvtGen. HFb denotes leptons from
heavy flavour jets (b-quark decays), LFγ denotes leptons originating from
photons, LFrest denotes decays of light, strange and charm hadrons as well
as τ -leptons.

contributions from misidentified objects in the analysis are notorious. Thus, it is
common practice to use data-driven methods to estimate these contributions from
the measured data itself instead. In this analysis, the fake factor method is used to
estimate these “fakes” originating from W+jets processes, also sparing the need to
generate large Monte Carlo samples to model these highly prevalent contributions.

4.3.1 The fake factor method
The total number of events in the selected signal region with two objects that have
been identified as prompt leptons (3) can be written as

N33 = N f
33 +Np

33, (4.3.1)

where the subscript denotes two identified leptons, and the superscript denotes
the true type of the identified object, that is, whether any of the leptons is fake
(“f”), or whether both are prompt (“p”).

In order to estimate the background contribution from fake leptons N f
33, a

control sample is defined with an enhanced rate of such fake leptons. Events in the
control sample are required to have one lepton satisfying the signal selection criteria
and one “anti-identified” lepton (7) failing the signal selection, but satisfying less
restrictive criteria.

The criteria defining the less restrictive anti-identified categories in comparison
with the standard identified categories are listed in Table 4.5 and 4.6 for both,



Misidentified Leptons 85

Table 4.5.: Requirements imposed for fully identified and anti-identified muons, as well
as for muon fake candidates.

identified anti-identified fake candidate
pT > 15 GeV
|η| < 2.45

|z0 sin θ| < 0.5 mm
Pass Tight if pT < 25GeV
Pass Medium if pT > 25GeV

|d0| /σ(d0) < 3 |d0| /σ(d0) < 6
Pass Gradient Isolation Veto against identified muon –

Table 4.6.: Requirements imposed for fully identified and anti-identified electrons, as well
as for electron fake candidates.

identified anti-identified fake candidate
pT > 15GeV

|η| < 2.47, excluding 1.37 < |η| < 1.52
|z0 sin θ| < 0.5mm

Pass TightLH if pT < 25GeV Pass LooseLHPass MediumLH if pT > 25GeV
|d0| /σ(d0) < 5

Pass Gradient isolation Veto against identified electron –

muons and electrons, respectively. The isolation cuts are removed and events with
fully identified leptons are rejected. For electrons, the less restrictive identification
criterion corresponds to the LooseLH identification, as opposed to the MediumLH
and TightLH criteria used for signal leptons. For muons, the d0 significance cut
is loosened to enhance the fake contribution.

Apart from this change, the events in the control sample are required to pass the
full event selection, where the anti-identified lepton is treated as fully identified.
As for the signal sample, the composition of the control sample can be expressed as

N37 = N f
37 +Np

37, (4.3.2)

where the superscript again refers to the true nature of the objects identified
as leptons.

The fake contamination in the signal region is estimated by scaling the number
of events in the control sample by the fake factor f3

7 , defined as the ratio between
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fully identified leptons N3 and anti-identified leptons N7, that is,

f3
7 =

N3

N7

. (4.3.3)

The fake contribution in the signal sample can be determined as

N f
33 = N f

37 × f3
7 (4.3.4)

=
(
N37 −Np

37

)
× f3

7 . (4.3.5)

Under the assumption that the fake factor is independent of the details of the event
topology, it can be measured in some fake-enriched data sample, using the same
definitions of identified and anti-identified as for the control sample.
Despite requiring one identified object, the control sample will of course also

contain events with no prompt leptons at all in cases where the identified lep-
ton is itself a fake. Here, an additional complication arises due to the different
combinations of identified and anti-identified objects. If the leptons are ordered,
i. e., by transverse momentum pT or by flavour, the total number of events in
the signal region can be written as

N33 = Npp
33 +N33 where N33 = Npf

33 +N fp
33 +Nff

33, (4.3.6)

where the subscripts and superscripts are now ordered, the first one referring to
the first lepton, the second one referring to the second lepton. Now, the fake
component N33 is estimated using the fake factor f3

7 as

N33 =
(
N37 +N73 −Npp

37 −Npp
73

)
× f3

7 (4.3.7)

=
(
Npf

37 +N fp
37 +Nff

37 +Npf
73 +N fp

73 +Nff
73

)
× f3

7 (4.3.8)

The components N fp
37 and Npf

73 require a fake lepton to pass identification and a
prompt lepton to fail identification in the same event. This is very unlikely, hence
these components are neglected. The estimate can then be decomposed as

Npf
33 = Npf

37 × f3
7 (4.3.9)

N fp
33 = N fp

73 × f3
7 (4.3.10)

Nff
33 = Nff

73 × f3
7 = Nff

37 × f3
7 , (4.3.11)

where it becomes apparent that Eq. 4.3.8 double-counts the component with two
fake leptons.



Misidentified Leptons 87

Earlier publications [119] applied a dedicated correction to amend this shortcom-
ing. However, this contribution can be neglected in this analysis, as the higher
requirements on the lepton pT in comparison to these previously conducted analy-
ses reduce the overall size of the fake background significantly by sacrificing the
statistical power of the low-pT component of the data set. In order to estimate the
contribution from such events where both leptons are fakes, an explicit double-anti-
identified region was defined and the fake-factor was applied to both such leptons.
With this test, it was shown that the source of double fakes is at most 3% (6%) of
the total fake contribution in the njet = 0 (njet = 1) gluon fusion signal region.

4.3.2 Measurement of the fake factors in di-jet events
For this analysis, the fake factors used in the estimate are measured in a di-jet
data sample. They are computed as a function of pT and |η| of the anti-identified
object. In order to measure suitable fake factors, a data sample created from the
low-pT, single-lepton prescaled trigger streams listed in Table 4.7 is used.
Most of the time, the anti-identified lepton will be
• the lepton with the lower transverse momentum pT, and
• not the lepton that fired the trigger.

The fake factors applicable to all events where the leading lepton was selected by
the trigger are referred to as the nominal fake factors.
However, it can happen that the anti-identified lepton is the only triggered

lepton in the event and thus was selected by one of the un-prescaled single-lepton
triggers used in the analysis. If the nominal fake factor is applied to these events,
a small trigger bias is introduced in the background estimation, as the trigger
selection cuts into the definition of the fake candidate object. In order to avoid
this trigger bias, separate fake factors are extracted for these events using the
data set selected by the standard triggers. In the following, these fake factors
are called triggered fake factors.
The events selected by the single lepton triggers are required to have exactly

one fake candidate object, i. e., a loosely identified lepton satisfying criteria match-
ing the definition of anti-identified objects, but dropping the veto against being
selected as identified. In order to enforce the di-jet-like character of the events
and to suppress background contributions from electroweak processes the following
selections are applied:

Table 4.7.: Single-lepton prescaled trigger streams used for the fake factor determination.

electrons HLT_e12_lhvloose_nod0_L1EM10VH
muons HLT_mu14_L1_MU10
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• Require exactly one fake candidate object with pT > 15GeV, as well as
• at least one jet with pT > 22GeV,
• both being separated by an azimuthal angle of ∆φ > 2.5, and finally
• pmiss

T < 30GeV as well as
• mT < 60GeV.

This fake candidate definition is listed alongside the identified and anti-identified
definitions in Tables 4.5 and 4.6.

The fake-enriched sample obtained with these selections will have small contribu-
tions from hard electroweak scattering processes, which could contaminate it with
real prompt leptons. These contributions are estimated from Monte Carlo for the
processes W+jets, Z+jets and tt̄ and are then subtracted from the sample. The
statistical uncertainties arising from the finite size of these Monte Carlo samples
are then attached to the resulting fake factors.
As detector conditions and prescales may change over time, so may the fake

factors. Thus, the data events used to derive the fake factors are weighted according
to the prescale of the trigger used to collect them. This effectively removes the
prescale a posteriori, ensuring that the fake factors match the un-prescaled data
in the region to which they are applied.
After the selection criteria are applied, the remaining events are categorized as

identified or anti-identified. After the electroweak background has been subtracted,
these two selections constitute the numerator and denominator in the fake factor,
respectively.

The fake factors are finally computed as a binned ratio in pT and |η| using four
bins in pT with boundaries [15, 20, 25, 35, 1000] in GeV, and two bins in η with
boundaries [0, 1.5, 2.5] for electrons and [0, 1.1, 2.5] for muons. For muons, the
two |η| bins are merged in the highest-pT bin to reduce the statistical uncertainty
of the estimate.

As the data-taking conditions changed from 2015 to 2016, different fake factors
are derived for these data-taking periods. The fake factors are applied to the events
in the control sample, based on the trigger configuration of the event and the pT
and |η| of the anti-identified lepton. The triggered fake factors are only applied
to events where the anti-identified lepton is triggered and the identified lepton is
not triggered. The nominal fake factors are used for all other events.
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Figure 4.7.: Results of the fake factor calculations, including statistical uncertainties.
Results that are negative, but compatible with zero within their uncertainties,
have been shifted to zero.

4.3.3 Measurement of the fake factors in Z+jets events
In collisions producing Z bosons, the object recoiling against this Z boson is very
likely to be a jet, due to the significantly higher cross section of Z+jets with
respect of events with real additional leptons, such as diboson processes. Thus,
such events pose an excellent data set to measure the fake factor. This second
measurement of the fake factor is used to assess systematic uncertainties linked
to this background estimation technique.
First, an inclusive Z selection is performed, requiring
• two same-flavour, opposite-charge leptons with pT > 25GeV, passing the

identification criteria for electrons and muons, and
• an invariant dilepton mass in the range 70GeV < m`` < 110GeV.
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The data set used for the measurement of the fake factor is then built
• by requiring exactly one additional loosely identified lepton

– with pT > 15GeV and
– within |η| < 2.5 for muons and within |η| < 2.47, excluding the crack

region 1.37 < |η| < 1.52, for electrons,
• by requiring the additional lepton to be back-to-back with the Z candidate

by imposing ∆φZ` > 2.5, and
• by applying a ZW veto, rejecting events if the transverse mass of the system

of the third lepton and the missing transverse energy exceeds mT > 30GeV,
thus excluding events with a W candidate.

Based on this additionally selected lepton, the data set is split in an identified and
an anti-identified category, with the fake factor estimate proceeding as outlined in
the previous section, including a Monte Carlo based subtraction of diboson events.

The fake factor is then derived as the ratio between the number of identified and
anti-identified leptons as a function of the transverse momentum and pseudorapidity.
Figure 4.7 shows the comparison of the fake factors derived using Z+jets events
with those estimated in di-jet events.

4.3.4 Uncertainty estimation
In order to evaluate the uncertainty on the data-driven fake estimate, several
sources need to be taken into account:
• The statistical uncertainty on the fake factor measurement is included.
• The uncertainty associated to the real lepton contamination from electroweak

processes in the di-jet data sample can be estimated by varying the subtracted
Monte Carlo predictions.
• The difference between the fake factor derived from the di-jet data sample
and from the Z+jets data sample can be used to estimate the uncertainty
connected to the varying flavour composition of the jets in the different
samples.
• As the composition of the contributions entering the analysis due to lepton

misidentification depends on the charge of the lepton pair, the corresponding
variation is applied to the same-charge region.

In the following sections, more details are provided on how these individual com-
ponents are assessed.
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Table 4.8.: Summary of the systematic uncertainties on the fake factors as defined in the
text, given in percent, for the individual contributions summed in quadrature
(Total): the sample composition (Comp.), the subtraction of electroweak
processes (EW) and the statistical uncertainty (Stat.). Here, OC denotes the
systematic uncertainty in the opposite-charge region, and SC denotes the
systematic uncertainty in the same-charge region. The additional systematic
uncertainty in the same-charge region for the electron (muon) fake factor is
±15% (±13%), respectively.

Kinematic region Total Comp.
EW Stat.(|η| and pT range) OC SC OC SC

Muon:
0.0 < |η| < 1.05

15− 20GeV 63 65 63 65 0 2
20− 25GeV 63 65 63 65 1 4
25− 35GeV 64 66 63 65 6 6

1.05 < |η| < 2.5
15− 20GeV 63 65 63 65 0 2
20− 25GeV 63 65 63 65 2 3
25− 35GeV 63 65 63 65 6 5

0 < |η| < 2.5
35− 1000GeV 73 75 63 65 36 11

Electron:
0.0 < |η| < 1.5

15− 20GeV 40 43 40 43 0 3
20− 25GeV 40 43 40 43 2 6
25− 35GeV 41 44 40 43 3 7
35− 1000GeV 44 47 40 43 11 14

1.5 < |η| < 2.5
15− 20GeV 40 43 40 43 0 4
20− 25GeV 41 44 40 43 1 7
25− 35GeV 41 44 40 43 2 7
35− 1000GeV 42 45 40 43 5 11
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Subtraction of electroweak processes in di-jet events
The contribution of the electroweak processes is dominated byW/Z+jets production.
The shapes of the distributions are predicted by Monte Carlo generators and then
normalized to the theory prediction.
As no efficiency corrections are available for event selections without tightly

identified isolated leptons, the normalization is subject to a considerable uncertainty,
which is estimated to be ±20%. This estimate also covers the cross section
uncertainties on W/Z+jets production and Monte Carlo modeling uncertainties
on W/Z decays.
For each systematic variation of the electroweak contribution, the nominal and

triggered fake factors are recomputed coherently, i. e., the nominal fake factor
variation is fully correlated with the triggered fake factor variation. The difference
between values obtained using the variation and the central values is used as the
uncertainty estimate.

Sample composition
The composition of the fake background varies depending on the precise event
selection. These differences might affect the fraction of gluon-induced jets with
respect to quark-induced jets, as well as the fraction of heavy-flavour jets in
the selected phase space. The data samples used to determine the fake factor
will also have a fake composition different from the one in the signal region. In
order to estimate the systematic uncertainty arising from this variation in sample
composition, the alternative derivation of the fake factors in Z+jets events is used.
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Figure 4.8.: Resulting systematic uncertainty related to sample composition for electron
(left) and muon fakes (right), determined by comparing the di-jet with the
Z+jets estimates for the fake factors.
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This is done by considering the relative difference x of the fake factors derived from
the di-jet sample (f3

7 ) and from the Z+jets sample (f3′
7 ) as

x(pT, η) =

∣∣f3
7 (pT, η)− f3′

7 (pT, η)
∣∣

f3
7 (pT, η)

. (4.3.12)

The numbers used for this calculation are the ones presented in Fig. 4.7. The
differences in Eq. 4.3.12 are then averaged over pT and η using the weighted average

µ =

∑
ij xij/σ

2
ij∑

ij 1/σ2
ij

and σ2 =
1∑

ij 1/σ2
ij

, (4.3.13)

where the indices i and j run over bins of transverse momentum and pseudora-
pidity, with xij denoting the central value of the difference and σij its statistical
uncertainty. In this way, bins with large statistical uncertainty have less weight
in the determination of the systematic uncertainty, resulting in an uncertainty
of ±(35 ± 12)% for electrons and ±(60 ± 30)% for muons. A comparison of the
systematic uncertainty estimated using this procedure with the relative differences
between the fake factors in Z+jets and di-jet events can be seen in Fig. 4.8, clearly
showing that the differences are covered by the uncertainty.
However, the difference in composition between the Z+jets sample and the

W+jets sample chosen to model the fakes in the signal region also has to be
taken into account. As there is no data-driven way to estimate this uncertainty,
it has to be evaluated on Monte Carlo samples. Studies performed for previous
publications [119] comparing different Monte Carlo generators find this uncertainty
to be around ±20%, which is added in quadrature. Thus, the total systematic
uncertainty corresponds to ±40% for electrons and to ±63% for muons.

Statistical uncertainty
The statistical uncertainties on the nominal and triggered fake factors are the ones
indicated as error bars in Fig. 4.7. For muons, the two bins in |η| are merged for
the highest bin in muon pT to reduce the statistical uncertainty. The resulting
uncertainties are applied as systematic variation to the fake estimate. All the bins
are varied independently, i. e., the uncertainties are treated as uncorrelated across
all bins and different sets of fake factors.

Lepton charge dependence
Depending on whether the leptons have the same or opposite charge, the fake
composition changes. Especially, the contribution from charm quark production is
enhanced in the opposite-charge case. Hence, an additional uncertainty is applied
to the fake estimate for event selections with same-charge leptons.
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The uncertainty is estimated using the difference in fake factors between the same-
charge and opposite-charge case, as derived from W+jets Monte Carlo (Powheg
with Pythia8). The fake factors are derived from events with two loosely identified
leptons, where the leading lepton is required to originate from the W -boson decay
and the preselection criteria from the ggF and VBF analyses are applied. The fake
factor is then computed using the subleading lepton
In order to reduce the statistical uncertainties, the fake factors are recomputed

after integrating over the full pT and |η| range to obtain a single-bin, global fake
factor. The difference between the opposite-charge and same-charge global fake
factors are ±15% for electrons and ±13% for muons. These numbers are used
as systematic uncertainties.

Summary
Table 4.8 summarizes the percental systematic uncertainties on the fake factors.
The sample composition uncertainty is generally the dominating contribution.
Only for the high-pT bin of the muon fake factor, the electroweak subtraction
uncertainty is of comparable size.

4.4 Other Data-Driven Methods
Even though Monte Carlo generators are indispensable assets for conducting
analyses in high energy physics, their applicability and predictive power is often
limited by the sheer volume of simulated data required for a reliable estimate, by the
accuracy of the cross section predictions available from theory, and by the precision
at which the experimental conditions are known. As already presented in Section 4.3,
data-driven methods are often used to overcome these deficiencies. A few simple
yet effective and thus commonly used methods are briefly outlined in this section.

4.4.1 Single process normalization
In an analysis with a signal process s and a background process b, one usually
attempts to define a signal region SR which is enriched in signal events with
respect to the background. However, one will usually not be able to define a signal
region that is entirely void of any background, such that a reliable estimate of
this background is an important asset for measuring the signal. One could, of
course, try to measure the number of background events from the same signal
region. However, lacking a localized mass peak that can help to distinguish signal
from background, this will spoil any sensitivity on the signal.

Instead, it is customary to define a control region CR from a subset of the events
that were rejected from the signal region such that it is enriched in background
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Figure 4.9.: Schematic setup with one signal contribution (red), one background contri-
bution (gray) and some data points (black). The normalization factor β is
measured in the control region CR and is applied to the background yield in
the control region CR and the signal region SR, while the signal prediction
remains unchanged.

with respect to signal. As the background is generally much more prominent than
the signal, it is often possible to define this control region such that the signal
contribution in that region is negligible. The number of events nCR

obs. observed in
the control region and the corresponding number nCR

b,theo. of background events
predicted by theory for that region can then be used to measure a normalization
factor β of the background, that is,

β =
nCR
obs.

nCR
b,theo.

, (4.4.1)

and apply this normalization factor to the signal region. The number of background
events in the signal region nSR

b can then be estimated from the corresponding theory
prediction nSR

b,theo. as

nSR
b = β · nSR

b,theo.. (4.4.2)

Of course, an estimate of the statistical uncertainty on β and subsequently on
nSR
b can easily be obtained with simple Gaussian uncertainty propagation.
The applicability of this method relies on some assumptions:
• This method only corrects the total normalization. Any kinematic mismodel-

ing within the signal region itself cannot be amended, and any difference in
kinematic properties between the signal and the control region will bias the
results.
• The control region needs to be similar enough to the signal region such that

the extrapolation is justifiable. If the background composition in the signal
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region is different from the one in the control region or the Monte Carlo
generator mismodels the ratio between the control and the signal region, a
single normalization factor β will not be able to model this change accurately.
• If it is not possible (or feasible) to define a control region with a negligible

signal contribution, the signal contribution needs to be subtracted from the
control region prediction first. This will then induce an inconsistency, as the
presence and properties of the signal are assumed in the background estimate
for its measurement.

Nevertheless, this type of method has proven very successful, and this section
outlines some of its more complex variants. Figure 4.9 shows how this technique
can improve the agreement between the prediction and the measured data for
a simple toy model.

4.4.2 ABCD method
One possible alternative to the normalization factor method is the ABCD method.
For this method, one defines four different regions, labeled A, B, C and D, defined
by cuts in two independent variables x and y, splitting the data at the values
x = x̃ and y = ỹ. One usually chooses A to be the signal region. A sketch of
the situation is shown in Fig. 4.10.

If the variables x and y are independent, the event yield of region A must relate to
the yield in region B just as the yield in region C relates to the yield in region D, or

nA = nB · α with α =
nC
nD

, (4.4.3)

y

x

x = x̃

y = ỹ

A

B

C

D

Figure 4.10.: Sketch of the ABCD method.
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where α is referred to as an extrapolation factor from region D to region C, which
is then applied to extrapolate from region B to region A.
This gives an entirely independent estimate of the event yield nA in the signal

region. In principle, one could even employ this method to estimate the shape
of a kinematic distribution in region A by replacing nB with a histogram of the
distribution in region B. In this mode, the method can be considered a pristinely
data-driven template method, as no theory prediction whatsoever is required for
the signal region A. The propagation of statistical uncertainties via this method
can be estimated using Gaussian uncertainty propagation.
However, in practice, the applicability of this method is often limited by the

requirement that the variables should be independent, and that the statistical
power in the regions B, C and D needs to be sufficient.

4.4.3 Matrix method
One further development of the simple normalization factor method is the matrix
method. In a scenario with N different background processes labeled 1, . . . , N , one
would be interested in the total background prediction nSR

bkg for the signal region.
However, when attempting to estimate allN processes with the simple normalization

SR

β1=0.9
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CR1
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w
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ed

pr
ed
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β2=1.2
===⇒
green

CR2

Figure 4.11.: Schematic setup with one signal contribution (red) and several background
contributions (blue, green, and yellow), featuring one signal region SR and
two control regions CR1 and CR2 with differing purity. Normalization
factors βi are measured for the green and yellow background contributions
in the two control regions simultaneously and then applied to all regions,
changing the respective background yields.
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factor method presented in Section 4.4.1 from N different control regions, results
will be biased by the fact that either control region will be contaminated by other
backgrounds, which should themselves be estimated by the method. This problem
can be cast in matrix notation as

nSR
bkg =

(
nSR

1 · · · nSR
N

)
·

 β1
...
βN

 . (4.4.4)

The same normalization factors βi obviously connect the estimates in the control
regions, that is, nCR1

obs.
...

nCRN
obs.

 =

 nCR1
1 · · · nCR1

N
... . . . ...

nCRN
1 · · · nCRN

N

 ·
 β1

...
βN

 , (4.4.5)

such that  β1
...
βN

 =

 nCR1
1 · · · nCR1

N
... . . . ...

nCRN
1 · · · nCRN

N


−1

·

 nCR1
obs.
...

nCRN
obs.

 . (4.4.6)

Thus, the consistency problem can be solved with a simple matrix inversion. How-
ever, one caveat arising from this solution is the fact that uncertainty propagation
is no longer trivially possible, as the quantities entering the matrix inversion have
uncertainties attached. One simple and reliable way to estimate the uncertainty
is the use of toys, that is, randomly generated matrices within the uncertainties
of their inputs are inverted and the mean and standard deviation of the resulting
distributions in the normalization factors β are then used for further calculations.
Similarly, systematic uncertainties can be propagated through the method by
evaluating the method for every variation separately and comparing the results.
A toy example featuring a 2 × 2 matrix is shown in Fig. 4.11.

4.4.4 Likelihood fit
Ultimately, most results are extracted from the data by using the likelihood fitting
methods introduced in Section 2.5. Thus, one of the most straight-forward methods
of deriving the correct normalization for some background process is the inclusion of
a free normalization parameter for this background in the final likelihood fit in the
form of an unconstrained nuisance parameter. This, of course, has the additional
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feature that the normalization factors derived are automatically consistent with
the results obtained from the signal extraction.
However, just like the aforementioned methods, this approach relies on the

availability of additional information used to derive the corresponding normalization
factors, usually in form of dedicated control regions. In some cases, construction
of such a control region is not possible. In these cases, more intricate methods of
estimation need to be developed and integrated with the signal extraction strategy.
Several such examples are discussed in Section 4.5.2.

4.5 The Gluon Fusion Analysis
The gluon fusion process produces jets only through parton radiation from the
initial state partons. Therefore, the largest signal yield for gluon fusion Higgs boson
production is expected for lower jet multiplicity (njet< 2). Numerous background
processes contribute to these signal regions, including the production of top (tt̄
and Wt), WW , WZ, Wγ(∗), ZZ, W+jets, QCD, Z→ττ , and Z→ee/µµ events.
These can be grouped into categories based on the final state properties which
allow these events to pass the signal region selection.
• All of tt̄, Wt, and WW have two W bosons in the final state, similar to

the signal. The presence of jets, especially those tagged as b-jets, is used to
discriminate against processes containing top quarks. The spin correlation
kinematics described in Fig. 4.4 are used to reject WW .
• Z/γ∗ → ττ , and the “Non-WW diboson” processes WZ, Wγ(∗), and ZZ,

collectively referred to as V V , have small cross sections, but more signal-like
kinematics because of the softer subleading lepton, particularly in the case of
Wγ and Wγ∗.
• W+jets and multijet production via QCD processes have a high cross section
and pass the signal region selection under the rare condition that a jet
produces an object reconstructed as an isolated lepton. The kinematics of
W+jets events are similar to those of signal events because leptons produced
by jets tend to be soft.

Many background processes are normalized using control regions. These are
designed to be orthogonal to the signal regions, but otherwise as similar as possible
to the signal regions to minimize the impact of theoretical and experimental
uncertainties on the background predictions.
This analysis solely focuses on the different-flavour channel and defines two

disjoint signal regions corresponding to different jet multiplicities, njet = 0 and
njet = 1. These signal regions are further split into eight signal region categories



100 H�W±
W

∓∗�`−ν̄̀ `′+ν̀ ′

Table 4.9.: Signal region categories of the gluon fusion analysis. There are eight cat-
egories per signal region (njet = 0 and njet = 1). The product operator
⊗[x1, x2, . . . , xn+1] denotes a cut and split of the data set in n disjoint
regions into bins separated by the boundaries x1 to xn+1 in some variable, or
into a set of discrete categories like in the case of `2 = e or `2 = µ.

njet ⊗m`` ⊗p`2T ⊗`2

njet = 0 ⊗[10, 30, 55] ⊗[15, 20,∞] ⊗[e, µ]
njet = 1 ⊗[10, 30, 55] ⊗[15, 20,∞] ⊗[e, µ]
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Figure 4.12.: Distributions of transverse mass in the njet = 0 (left) and njet = 1 (right)
category after the preselection (see Section 4.5.1) has been applied. The
normalization factors from Table 4.14 have been applied.

each to extract the results, as shown in Table 4.9, splitting in eµ and µe as well
as in two bins each of m`` and p`2T .
For all signal region categories, the transverse mass, defined as

mT =

√
(E``

T + Emiss
T )2 −

∣∣∣~p ``
T + ~E miss

T

∣∣∣2 (4.5.1)

with

E``
T =

√
|~p ``

T |2 +m2
``, (4.5.2)

is used as a discriminating variable, as Higgs boson candidates are expected to
peak in the distribution of the transverse mass. The shape of the distributions of
signal and backgrounds in transverse mass after a loose preselection (defined in the
upcoming section) can be seen in Fig. 4.12. A likelihood fit method (see Section 2.5)
is used on a data set binned in mT to extract the signal strength parameter µ (see
Section 2.4.2), which can be directly translated into a cross section.
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4.5.1 Event selection
Events are selected by requiring exactly one electron and one muon with opposite
charge, a dilepton invariant mass m`` greater than 10GeV, and pmiss

T > 20GeV. The
variable pmiss

T as opposed to other definitions of missing transverse momentum is
used because it best separates the signal from the Drell-Yan background, especially
in scenarios with high pile-up. This is demonstrated by Fig. 4.14. At least one
of the two leptons is required to have pT> 25GeV. If the event stems from the
2015 data set (or the associated share of Monte Carlo generated events), the
transverse momentum threshold is lowered to p`1T > 22GeV for muons to increase
the size of the available data set. The subleading lepton is required to satisfy
p`2T > 15GeV regardless.

Two disjoint signal regions are defined following that selection, distinguished by
the number of reconstructed jets njet as njet = 0 or njet = 1. The sub-categorization
in the number of reconstructed jets within the ggF analysis helps to accommodate
the different background compositions in the individual jet bins, as can be seen

jetn
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Figure 4.13.: Distribution of events by number of identified jets. The normalization
factors from Table 4.14 have been applied.
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Table 4.10.: Event selection criteria used to define the signal regions in the
H�W±W∓∗�`−ν̄``′+ν`′ ggF analysis. Definitions including the pT thresh-
olds for jet counting are given in the text.

Category njet = 0 njet = 1

Preselection

Opposite-charge isolated lepton pair
p`1T > 25GeV (p`1T > 22GeV for muons in 2015)

p`2T > 15GeV
m``> 10GeV
pmiss
T > 20GeV

background rejection – nb-jet = 0

∆φ``,Emiss
T

> 1.57 maxim
`i
T > 50GeV

p``T > 30GeV mττ < mZ − 25GeV
H�W±W∓∗�`−ν̄``′+ν`′
topology

m``< 55GeV
∆φ``< 1.8
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Figure 4.14.: Variants Emiss
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Figure 4.15.: Distributions of events in transverse momentum of the dilepton system p``T
(left) and in angular separation of the dilepton system against the missing
transverse momentum vector ∆φ``,Emiss

T
(right). These quantities are used

in the event selection of the njet = 0 category. The normalization factors
from Table 4.14 have been applied.

in Figure 4.13. Events with higher jet multiplicities are excluded and used in the
analysis dedicated to VBF Higgs boson production presented in Section 4.6 instead.
The two resulting jet multiplicity categories comprise a very different background
composition. The njet = 0 category is dominated by non-resonant WW production,
whereas a large share of the events falling into the njet = 1 category originates from
Wt and tt̄ processes. Thus, the two categories employ different event selections.
The full selection is summarized in Table 4.10.
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Figure 4.16.: Distributions of events in maximum transverse lepton mass maxim
`i
T and

reconstructed invariant mass mττ of the ττ system. These quantities are
used in the event selection of the njet = 1 category. The normalization
factors from Table 4.14 have been applied.
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Figure 4.17.: Distributions of events by invariant dilepton mass m`` (top) and azimuthal
angular spread ∆φ`` (bottom) of the dilepton system in the njet = 0 (left)
and njet = 1 (right) categories. The normalization factors from Table 4.14
have been applied.

In the njet = 0 category, the Higgs boson is not boosted. Thus, the transverse
momentum of the dilepton system p``T provides a handle over the uniqueH�W±W∓∗

topology, large values of p``T corresponding to a scenario when the leptons and
the neutrinos are emitted in opposite hemispheres. This topology can further be
enhanced by requiring a large angular distance between the dilepton system and
the missing transverse momentum ∆φ``,Emiss

T
. Distributions of events in both of

these quantities are shown in Fig. 4.15.
In the njet = 1 category, background from Z→ττ is rejected using the invariant

mass mττ of the hypothetical ττ system using the collinear approximation [143],
employing the assumption that the τ leptons are sufficiently boosted to force the
products of the τ decay to light leptons to be collinear. Background from Z→ττ
and multijets is further reduced with a requirement on the single-lepton transverse
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mass m`
T. This is calculated for both of the charged leptons as

m`
T =

√
2
(
Emiss

T pT` − ~p `
T · ~E miss

T

)
. (4.5.3)

At least one of the two leptons is required to satisfy m`
T > 50GeV. Distributions

of both of these quantities are shown in Fig. 4.16.
The upper bounds on m`` and the azimuthal angle between the leptons ∆φ`` take

advantage of the spin and helicity correlations unique to theH�W±W∓∗�`−ν̄``′+ν`′
decay. Distributions of both of these quantities are shown in Fig. 4.17. The b-jet
veto rejects b-tagged jets with pT > 20GeV.

4.5.2 Background estimation
The diverse spectrum of background processes impacting the analysis is tackled
by a wide range of different approaches. Many processes, particularly involving
V V processes, have a small cross section and are modeled sufficiently well by the
Monte Carlo generator and theoretical cross section predictions. On the other
hand, backgrounds which contribute significantly to the analysis are estimated
from data as much as possible. Separate normalization factors are derived in the
njet = 0 and njet = 1 categories.
This analysis makes use of several control regions in order to estimate the

normalization factors of important background contributions from data. Table 4.11
gives an overview of these control regions. Their definitions are summarized in
Table 4.12, and their resulting composition from the various sources of background
processes contributing to this analysis is summarized in Fig. 4.18. The total
event yields of the various processes contributing to the control and signal regions
are shown in Table 4.13. The general strategy is heavily influenced by earlier
studies [119]. The W+jets background contribution is estimated using the fake
factor method explained in Section 4.3.

Table 4.11.: Background estimation strategies in the ggF analysis. This table differen-
tiates between fully data-driven methods (“Data”), control regions used to
measure the normalization by full inclusion to the likelihood fit (“CR”), and
normalization regions used in estimation methods specifically tailored for
the respective cases (“NR”).

Category WW Top Z→ee/µµ/ττ W+jets/QCD V γ

njet = 0 CR NR CR Data NR
njet = 1 CR CR CR Data NR
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Figure 4.18.: Compositions of all control and normalization regions. The normalization
factors from Table 4.14 have been applied.

Table 4.12.: Event selection criteria used to define the control regions. Every control
region starts from the preselection defined in Table 4.10, unless indicated
otherwise.

CR njet = 0 njet = 1
WW 55<m``< 110GeV m``> 80GeV

∆φ``< 2.6 |mττ −mZ | > 25GeV
b-jet veto
m`

T> 50GeV
top quark no njet requirement nb-jet = 1

∆φ``< 2.8 max(m`
T)> 50GeV

p``T > 30GeV mττ <mZ − 25GeV
top quark aux. no njet requirement njet = 2

≥ 1 b-jet required ≥ 1 b-jet required
∆φ``< 2.8
p``T > 30GeV

Z→ττ no pmiss
T requirement no pmiss

T requirement
m`` < 80GeV m`` < 80GeV
∆φ`` > 2.8 mττ > mZ − 25GeV

b-jet veto
V V same-charge leptons same-charge leptons

all SR cuts all SR cuts
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In this analysis, the contributions from VBF and VH production are treated
as background processes. Their respective cross sections, branching ratios and
the corresponding acceptance are assumed to have their nominal Standard Model
values, assuming a Higgs boson mass of mH = 125GeV. Contributions from
H → ττ decays are negligible, with an expected yield of less than 0.01 events
in the final signal region.

Standard control regions
Standard control regions are used to normalize the non-resonant WW background.
They are constructed mainly altering the signal region cuts specifically selecting
the H�W±W∓∗�`−ν̄``′+ν`′ topology. In the njet = 1 category, additional cuts
are imposed to protect the WW control region from the dominant top quark
background.
The contribution from Z→ττ events in the signal region is estimated with

dedicated control regions. The contributions from Z→ee and Z→µµ are much
smaller due to the requirement of two different-flavour leptons. Hence, no dedicated
control region is constructed for these contributions. Instead, they are included
in the Z→ττ control region, and the normalization factor is calculated for and
applied to the combination of all Z→ee/µµ/ττ events.
For the top-quark background, different strategies are employed for the njet = 0

and njet = 1 categories. For the njet = 1 category, a standard control region can be
defined by inverting the b-jet veto. The corresponding normalization factor can
then be derived from the likelihood fit. However, this is conceptually impossible
in the njet = 0 channel. Hence, a different strategy is employed for the njet = 0
top normalization factor derivation.

Base selection

SR nb-jet ≥ 1 njet = 1

Figure 4.19.: Sketch of the regions used for the top-quark estimate in the njet = 0 category.
The jet veto survival probability αJVSP is the inverse ratio between the
nb-jet ≥ 1 selection (green) and its njet = 1 subset (red).
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Top estimate in the njet =0 category
As a first step, a very inclusive base region is defined, including all events passing
the preselection and the ∆φ`` < 2.8 requirement, but imposing no requirements
on the number of jets. Notably, this region includes the signal region as well, but
is heavily dominated by events originating from tt̄ processes, i. e., events with
two true heavy-flavour jets.

Events that have acquired at least one b-tag are thus very likely to have another
true b-jet, even if that second jet was not successfully reconstructed or tagged. In
such a scenario, a tag-and-probe method can be used to determine the probability
of a true b-jet to be reconstructed in situ. Considering the number N≥1j≥1b of
events with at least one b-tag, and comparing it to the number N1j1b of events
with exactly one jet where this lone jet has been b-tagged, one can estimate the
probability for a b-jet to fail being selected as a jet by the analysis requirements.
This quantity is the jet veto survival probability

αJVSP =
N1j1b

N≥1j≥1b
. (4.5.4)

A sketch of the regions included in this estimate can be seen in Fig. 4.19.
In order to model the failure to select two heavy-flavour jets in a single event

in the inclusive base region, the square of the jet veto survival probability needs
to be employed, such that

Nbase
top = Nbase · α2

JVSP. (4.5.5)

The estimate can be expressed as a top quark normalization factor for the njet = 0
category by dividing the prediction obtained in this way on observed data by the
corresponding prediction based on Monte Carlo only, i. e.,

β
njet = 0

top =
Nbase

obs.

Nbase
MC

·
α2

JVSP,obs.

α2
JVSP,MC

. (4.5.6)

Here, the event yields from non-top-quark events are subtracted from event yields
in data using the respective estimates.

Top estimate in the njet = 1 category
A similar method has been developed to estimate the top contribution in the
njet = 1 signal region. However, this method is only used as a cross check and
does not contribute to the final result.
Again, an inclusive base selection is defined, this time requiring exactly two

jets, at least one of which is b-tagged.
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The efficiency ε for the kth b-tag in an event can then be derived as

εk =
Nkjkb

Nkjkb +Nkj(k−1)b
, (4.5.7)

where Nkjlb denotes the number of events with k jets, l of which are b-tagged.
This can be used to obtain an estimate for the in-situ b-tagging efficiency

ε̃ by comparing Monte Carlo simulated samples to the corresponding value in
data, that is,

ε̃ =
εMC

1

εMC
2

· εobs.2 . (4.5.8)

This estimate can then be employed to extrapolate from the data control region
with one jet and one b-tag to the contributions in the corresponding njet = 1 signal
region without any b-tag as

N SR1j
top = Nobs.

1j1b · α where α =
1− ε̃
ε̃

, (4.5.9)

or expressed as a normalization factor,

β
njet = 1

top =
Nobs.

1j1b

NMC
1j0b
· α. (4.5.10)

This data-driven method in principle provides the capability to avoid or reduce
systematic uncertainties connected to the b-tagging efficiency, as it effectively
provides an in-situ data-driven estimate. However, incorporation of this complicated
technique into the standard likelihood fitting procedure is technically challenging,
hence it is only used as a cross check in the analysis presented here.

Same-charge normalization region
The samples modeling V γ processes in this analysis (with V denoting the heavy
weak bosons W and Z) have only been generated to leading order precision. The
control region used to normalize this process is identical to the signal region, but
requires the two leptons to have the same instead of opposite charge. As this
control region only captures very few events, it is not useful for the normalization
of V γ∗/V Z, as the corresponding cross section is known to NLO accuracy, which
provides a smaller uncertainty than the statistical power of the control region
would allow to derive. The normalization derived from this control region is hence
only applied to V γ.

The normalization factor derived from this control region is calculated separately,
as the different fake composition in the same-charge region due to the lower fraction



The Gluon Fusion Analysis 111

of Wc events combined with the low statistical power of the region pose a challenge
for the consistent treatment of uncertainties in the likelihood fit.

Summary
An overview over all normalization factors derived with the matrix method for the
classical control regions as well as the dedicated methods presented here is shown
in Table 4.14, including the statistical uncertainties.

The combination of different estimates is not trivially possible, as the individual
estimates can influence each other via the impurities of the respective control
regions. Thus, the following strategy has been chosen: The top quark estimate
in the respective jet multiplicity category is performed first, as the associated
control regions are highly pure. Then, a 2× 2 matrix method is performed on the
WW and Z→ee/µµ/ττ control regions, incorporating the top estimate. Finally, a
simple normalization factor is computed for V γ from the same-charge normalization
region, the rationale being that the limited statistical power of that region makes
it highly prone to fluctuations, and any cross-talk to the much more strongly
constrained normalization factors for the other backgrounds will only artificially
enhance the associated uncertainties.

The uncertainties on the normalization factors have been derived using a set of
randomized toy data sets. As the combination of different methods in the same
estimate is challenging without the use of a full likelihood fit, an iterative approach
has been chosen to arrive at a consistent estimate, repeating the derivation of
correction factors with any method on an input data set taking into account
the already derived normalization factors for other processes until the technique
converges to a consistent set of stable normalization factors. These numbers are used
to produce the event distributions shown in this section, unless indicated otherwise.

Of the values presented above, however, only the values derived for V γ and for the
top contribution in the njet = 0 category are used in the final signal extraction. The
normalization factors for the top background in the njet = 1 category as well as the
normalization factors for WW and Z→ee/µµ/ττ are left floating as unconstrained
nuisance parameters during the likelihood maximization.

Table 4.14.: Background normalization factors obtained from the control and normaliza-
tion regions using the methods explained in the text, including statistical
uncertainties.

Control Regions WW Top Z→ee/µµ/ττ V γ

njet = 0 1.110± 0.060 0.911± 0.025 0.952± 0.030 1.41± 0.19

njet = 1 0.880± 0.070 1.028± 0.031 0.780± 0.070 1.34± 0.24
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4.5.3 Experimental systematic uncertainties
The handling of experimental systematic uncertainties is very similar between
all the analyses presented in this chapter. This section thus contains a general
summary of the treatment, as well as a dedicated section detailing the special
choices made in the gluon fusion analysis.

The experimental systematic uncertainties are applied as ±1σ variations to the
four-momenta of an object, dubbed four-vector or P4 systematics, or to the event
or particle weight, dubbed scale factor or SF systematics.

Lepton-related uncertainties
In order to estimate the uncertainties related to the reconstruction and identification
of leptons as well as to the associated momentum and energy scale and resolution
uncertainties and isolation criteria, decays of J/ψ → `+`−, W± → `±ν and
Z → `+`− are studied [101, 144].

Table 4.15.: Experimental systematic uncertainties connected to muons. Whether the re-
spective uncertainty is modeled as a scale factor or four-momentum variation
is indicated by the last column.

resolution MUONS_ID, MUONS_MS track momentum smearing in the
inner detector and muon spec-
trometer

P4

scale MUONS_SCALE variations in muon momentum
scale

P4

identification MUON_EFF_STAT, MUON_EFF_SYS statistical and systematic varia-
tions in identification efficiency

SF

isolation MUON_ISO_STAT, MUON_ISO_SYS statistical and systematic varia-
tions in isolation efficiency

SF

trigger MUON_EFF_TrigUncertainty_STAT,
MUON_EFF_TrigUncertainty_SYS

statistical and statistical varia-
tions in trigger efficiency

SF

The muon momentum resolution and scale calibration are derived from a simula-
tion template fit, comparing the mass of Z → µµ and J/ψ → µµ candidates in data
and Monte Carlo simulation [145]. All parameters modeling these uncertainties
are listed in Table 4.15 for muons and in Table 4.16 for electrons.

Jet-related uncertainties
The uncertainties on the jet energy scale and resolution are derived as functions
of the transverse momentum and pseudorapidity of the jet, as well as the pile-up
conditions and jet flavour composition. They are determined using a combination
of simulated and data samples, as measurements of the jet-response balance in
di-jet, Z+jets and γ+jet events, as well as for high-pT multi-jet events [146].
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Table 4.16.: Experimental systematic uncertainties connected to electrons. Whether
the respective uncertainty is modeled as a scale factor or four-momentum
variation is indicated by the last column.

resolution EG_RESOLUTION_ALL track smearing in the inner detec-
tor

P4

scale EG_SCALE_ALLCORR, EG_SCALE_E4SCINTILLATOR,
EG_SCALE_LARCALIB_EXTRA2015PRE,

EG_SCALE_LARTEMPERATURE_EXTRA2015PRE,
EG_SCALE_LARTEMPERATURE_EXTRA2016PRE

variations in momentum scale
originating from different sources

P4

identification EL_EFF_ID_CorrUncertaintyNP[0:14],
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP[0:15]

correlated and uncorrelated varia-
tions in identification efficiency

SF

isolation EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR variations in isolation efficiency SF

reconstruction EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR variations in reconstruction effi-
ciency

SF

trigger EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR variations in trigger efficiency SF

Table 4.17.: Jet-related systematic uncertainty parameters. The last column indicates
whether the individual uncertainty is modeled using four-momentum varia-
tions or scale factor variations.

JER Single nuisance parameter covering jet energy resolution
uncertainties

P4

JES_AFII Uncertainty arising from the use of the ATLFast-II fast
simulation framework

P4

JES_BJES Heavy-flavour jet energy scale uncertainty. P4

JES_EffectiveNP_[1-6] Linear decomposition of jet energy scale uncertainties. P4

JES_EtaInter_Model,
JES_EtaInter_NonClosure, JES_EtaInter_Stat

Uncertainties covering η-dependence of the jet energy
scale

P4

JES_Flavor_Comp, JES_Flavor_Comp_nonTop,
JES_Flavor_Comp_top, JES_Flavor_Resp

Uncertainties covering flavour-dependence of the jet en-
ergy scale.

P4

JES_HighPt High-pT jet energy scale uncertainty P4

JES_PU_OffsetMu, JES_PU_OffsetNPV, JES_PU_PtTerm,
JES_PU_Rho, JES_PU_Rho_nonTop, JES_PU_Rho_top

Uncertainties covering the effects of pile-up on the jet
energy scale.

P4

JES_PunchThrough Uncertainty covering effects of the calorimeter not cover-
ing the entirety of the shower due to insufficient thickness

P4

JVT Uncertainty on jet vertex tagging SF
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The total uncertainty of the jet energy scale is split into 19 individual nuisance
parameters to be determined by the likelihood fit in-situ, providing full treatment
of bin-to-bin correlations. The jet energy resolution on the other hand is modeled
by a single nuisance parameter. All parameters are listed in Table 4.17.

Flavour tagging uncertainties
Events which are likely to originate from events involving top quarks are suppressed
in this analysis by vetoing events with at least one b-tagged jet. Conversely, events
with b-tagged jets are used to construct the top control regions.

Table 4.18.: Experimental systematic uncertainties connected to flavour tagging. All of
these uncertainties are modeled as scale factor uncertainties.

FT_EFF_Eigen_B_[0:2] Eigen-vector decomposition of b-tagging uncertainties

FT_EFF_Eigen_C_[0:3] Eigen-vector decomposition of c-tagging uncertainties

FT_EFF_Eigen_Light_[0:4] Eigen-vector decomposition of light flavour tagging un-
certainties

FT_EFF_extrapolation uncertainty covering extrapolation from Run 1 to Run 2

FT_EFF_extrapolation_from_charm charm-quark specific extrapolation uncertainty

The connected uncertainties are modeled by a set of parameters corresponding to
the eigen-vector decomposition of the corresponding parameter space [106], as well
as some additional parameters. The parameters modeling these flavour-tagging
related uncertainties are listed in Table 4.18.

Missing transverse momentum
The missing transverse momentum is one of the most important variables in this
analysis. Not only is it used in the construction of the signal region to remove events
without high-energy neutrinos, it is also one component entering the calculation of
the transverse mass, the final discriminant used during the likelihood fit.

Table 4.19.: The systematic variations connected to the Emiss
T soft term. All of these

uncertainties are modeled as scale factor uncertainties.

MET_SoftTrk_ResoPara, MET_SoftTrk_ResoPerp Soft term resolution

MET_SoftTrk_Scale Soft term scale

The uncertainties related to the measurement of the track-soft-term missing
transverse energy Emiss

T have been evaluated using different Monte Carlo generators
[146]. They are listed in Table 4.19 and are dependent on high-pT activity in the
event, quantized by the ~p hard

T variable defined as the missing transverse momentum
calculated only taking into account high-pT objects from the event. The direction
of this vector is used to discriminate between effects affecting the scale and the
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resolution, the first being primarily longitudinal to the ~p hard
T axis and the latter

being both longitudinal and transverse. These uncertainties were measured in
Z → µµ events, and take into account uncertainties on detector material effects.

Other sources of uncertainty
The uncertainties connected to the estimate of background arising from misidentified
leptons are discussed in Section 4.3.4. The individual parameter names and their
physical interpretation are listed in Table 4.20.

Table 4.20.: Systematic uncertainty parameters connected to the fake factor estimate as
presented in Section 4.3.4.

HWW_FakeFactor_[el/mu]_EWSUBTR Uncertainty arising from the electroweak subtraction for
fake electrons/muons

HWW_FakeFactor_[el/mu]_SAMPLECOMPOSITION Uncertainty arising from the sample composition vari-
ance for fake electrons/muons

HWW_FakeFactor_[el/mu]_WJETSSIGN Additional uncertainty covering lepton charge depen-
dency of the fake composition for fake electrons/muons

HWW_FakeFactor_[el/mu]_STAT_[2015/2016]_[i]_[j] Statistical uncertainty on the fake factor in pT-bin i and
|η|-bin j for fake electrons/muons in the 2015/2016 data
set

The Monte Carlo samples are generated with a generic spectrum of average
interactions per bunch crossing. As this does usually not reflect the data taking
conditions, a reweighting is applied to alter the pile-up distribution in Monte
Carlo to coincide with the one measured in data. The uncertainty connected to
this reweighting is incorporated in the form of a scale factor uncertainty, yielding
uncertainties of +6%/−14%.

The integrated luminosity of the data set is estimated from a preliminary calibra-
tion [147] of the luminosity scale using van der Meer beam separation scans [148]
performed during 2015 and 2016. The relative uncertainties on the luminosity are
±2.1% and ±3.7% for the two years, respectively. This results in an uncertainty
of ±2.0% on the total luminosity.

4.5.4 Theoretical uncertainties
For the signal and the backgrounds normalized from theory predictions, uncer-
tainties on the absolute yields in each control and signal region are taken into
account, including migrations between the different signal regions. For the back-
grounds which are normalized by control regions, theoretical uncertainties on the
extrapolation from the control to the signal region are taken into account instead.

The theoretical uncertainties considered include QCD scale variations, uncertain-
ties on modeling of the parton shower and underlying event (PS/UE), as well as
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variations of the PDF set. Some other uncertainties specific to certain contributions
are also included, like the uncertainty introduced to the gluon fusion prediction
in the signal region by the categorization in the number of jets. An overview
is given in Table 4.21.

For the QCD scale uncertainties, the renormalization and factorization scales are
varied independently by a factor of 2.0 and 0.5 relative to the nominal value.

For the determination of PDF model uncertainties, an envelope of the 68%
confidence level CT10 PDF Eigen vector variations and the differences of the CT10
to the MSTW2008 and the NNPDF3.0 PDF sets are added in quadrature. All these
computations are performed at Monte Carlo truth level using event weights only.
In the derivation of these uncertainties, some calculations suffer heavily from

the limited size of the Monte Carlo samples. Whenever the systematic variation
was not significant with respect to the statistical power of the sample in question,
the uncertainty was dropped from the calculation.

Higgs boson production via gluon fusion
The signal cross section uncertainties for the gluon fusion analysis are calculated
separately for the njet = 0 and njet = 1 categories. Uncertainties on the predictions
are evaluated by applying variations to the QCD scales and the PDF set used
in the signal sample generation. The PDF uncertainties are determined using
Powheg+Pythia8.

The PS/UE uncertainty in the ggF sample, which is showered with Pythia8 using
the AZNLO tune, is estimated using four up- and down-variations of parameter sets in
that tune. Additional evaluations include comparisons between Powheg+Pythia8
and Powheg+Herwig7 [149] using the UEEE5 tune [150]. In order to correct the
acceptance for resolution effects in the mT distribution, a folding matrix is applied.
Additionally, an uncertainty on the jet-exclusive cross section is assigned. This

uncertainty is evaluated using the Steward-Tackmann method [151], where the QCD
scale uncertainties on the inclusive cross sections are assumed to be independent
between the jet multiplicity categories.

Continuum WW production
The WW background is normalized using control regions separated from the signal
regions in m``. The QCD scale uncertainties and PDF uncertainties are evaluated
similar to the strategy used for gluon fusion samples, using Powheg.
The PS/UE uncertainty is again computed by comparing the nominal Pow-

heg+Pythia8 sample with the AZNLO tune to the predictions from Powheg
interfaced to Herwig++ using the UEEE5 tune. Sherpa and Powheg+Pythia8
are compared to obtain estimates of the uncertainty of the NLO parton shower
matching [152]. Both these computations were evaluated on Monte Carlo truth
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Table 4.21.: Overview over the theory uncertainties included in the gluon fusion analysis.
Most uncertainties have been specifically evaluated for this analysis. If the
evaluation was adopted from an earlier publication, the source given in the
corresponding column. The last column indicates whether the uncertainty
is used in the likelihood fit.

process uncertainty source included
ggF jet veto uncertainty 3

matching 3

PS/UE 3

PDF 3

QCD scale 3

WW generator/matching 3

PS/UE 3

PDF 3

QCD scale 3

EW correction [119] 3

gg → WW fraction [119] 3

WZ/Wγ∗ QCD and merging scales 3

Wγ NLO correction, QCD scale 7

top radiation 3

PS/UE 3

matching 3

Wt diagram removal 3

single top cross-section [119] 7

DY alternative generators 3

level, and combining the eµ and µe categories to enhance the statistical power.
Additionally, the m`` categories were merged for njet = 1 in the estimate of the
generator uncertainty.

The estimates for the systematic uncertainty on the electroweak corrections from
theory and the for the extrapolation uncertainty due to the NNLO gg → WW
calculation were adopted from older publications [119].

Other diboson production
The QCD renormalization, factorization and resummation scale were varied by a
factor of two in either direction, and the matching scale was varied from 20GeV
up to 30GeV and down to 15GeV using Sherpa. As the statistical power of this
estimate is very limited, all signal regions with the same jet multiplicity are merged.
As these processes are normalized to the corresponding theoretical predictions,
cross section uncertainties are also included.
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The Wγ process is normalized by the same charge control region and assigned
a normalization uncertainty accordingly.

Top backgrounds
The systematic uncertainties connected to QCD renormalization and factorization
scales as well as to the PDF model are derived analogously to the other background
processes. For the PS/UE uncertainties, Powheg+Pythia6 is compared with
Powheg+Herwig++. The NLO matching uncertainty is evaluated comparing
Powheg+Herwig++ with MadGraph5_aMC@NLO+Herwig++. Additionally,
variations in radiation are evaluated using Powheg+Pythia6. The uncertainty
on the interference between tt̄ and Wt contributions is assessed by comparing two
different overlap subtraction strategies.

These estimates suffer from the limited statistical power of the Monte Carlo sam-
ples. For the njet = 1 signal region, fully simulated samples can be used. However,
the njet = 0 top background estimate is split in two components. The uncertainty
on the correction factor itself is estimated from samples that have undergone
the full detector simulation to take into account flavour tagging uncertainties.
The extrapolation uncertainty to the signal region is then measured using truth
information Monte Carlo.

Z/Drell-Yan
The uncertainties arising from generator and PS/UE modeling for the Z/Drell-Yan
background contribution are estimated by comparing the nominal, leading-order
multi-leg MadGraph+Pythia8 sample, with an NLO Powheg+Pythia8 sample
and an NLO multi-leg Sherpa sample.

4.5.5 Statistical treatment
The event selection described in Section 4.5.1 selects two disjoint signal regions,
one in the njet = 0 category, and one in the njet = 1 category. The distributions of
events in transverse momentum pT and pseudorapidity η of the leading and the
subleading lepton observed in data and predicted for the signal and background
processes by the various methods presented above are shown in Fig. 4.20.

The events passing the selection in either of these regions are further categorized
into 16 signal regions in total, eight for every jet category. The categorization
employs the transverse momentum of the subleading lepton, displayed in Fig. 4.20,
and the invariant dilepton mass, displayed in Fig. 4.21. Five control regions are
taken into account by the fit. Additionally, three normalization factors are pre-
computed from corresponding dedicated control regions.
In the control regions, only the total event yield is considered, whereas each

signal region is subdivided in eight bins in the final discriminant variable, the
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Figure 4.20.: Distributions of events in transverse momentum pT and pseudorapidity η of
the leading lepton `0 and subleading lepton `1 for the njet = 0 (left) and the
njet = 1 (right) signal regions. The normalization factors from Table 4.14
have been applied.
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Figure 4.21.: Distributions of events in invariant dilepton mass m`` for the njet = 0 (left)
and the njet = 1 (right) signal regions. The normalization factors from
Table 4.14 have been applied.
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Figure 4.22.: Distributions of events in transverse mass mT for the njet = 0 (left) and the
njet = 1 (right) signal regions. The normalization factors from Table 4.14
have been applied.

transverse mass mT. Distributions of events in transverse mass mT including all
data-driven corrections, but preceding the likelihood minimization procedure, are
shown in Fig. 4.22. The original input histograms have 50 uniform bins, spanning
the range 80GeV < mT < 130GeV, as well as two additional bins covering the
underflow mT < 50GeV and the overflow mT > 80GeV. In each signal region,
these 52 bins are then remapped to eight bins, including underflow and overflow,
using a heuristic tree-search algorithm such that the total signal yield is as flat
as possible across the bins. The resulting bin boundaries in mT for all signal
regions are shown in Fig. 4.23.
For each systematic uncertainty, ±1σ variations are considered where avail-

able, with the nuisance parameter interpolating between the corresponding effects
using the method of vertical interpolation, which is discussed in greater detail
in Section 5.2.3. Additional parameters, notably the background normalization



The Gluon Fusion Analysis 121

µe

µe

µe

µe

µe

µe

µe

µe

eµ

eµ

eµ

eµ

eµ

eµ

eµ

eµ

m`` ∈ [10, 30]

m`` ∈ [10, 30]

m`` ∈ [10, 30]

m`` ∈ [10, 30]

m`` ∈ [30, 55]

m`` ∈ [30, 55]

m`` ∈ [30, 55]

m`` ∈ [30, 55]

pT ∈ [15, 20]

pT ∈ [15, 20]

pT ∈ [20,∞]

pT ∈ [20,∞]

njet = 0

njet = 1

80GeV 85GeV 90GeV 95GeV 100GeV 105GeV 110GeV 115GeV 120GeV 125GeV 130GeV

Figure 4.23.: Bin boundaries in transverse mass mT as determined by the heuristic
optimization algorithm described in the text. The under- and overflow
areas are indicated by the shading on the sides.

parameters and the parameter of interest, the signal strength parameter µ, are
acting on their associated contributions as event yield multipliers.

The likelihood function is then constructed as the product of Poisson terms over
all bins in all signal regions as well as the control regions, and additional Gaussian
or log-normal shaped terms are multiplied to model constraints on the nuisance
parameters. For most parameters, Gaussian shaped terms are used, whereas log-
normal shaped terms are used for parameters that have large relative variances,
but for which only positive values are physical. With products running over the
bins in the categories denoted in the superscript, the likelihood can be written as

L
(
µ, ~θ
)

=

`2∏
l=e,µ

pT∏
p=1,2

m`∏̀
m=1,2

njet∏
j=0,1

mT∏
i=1,...,8

P

(
Nlpmji|µ · slpmji(~θ)+

∑
Φ

βΦb
Φ
lpmji

(
~θ
))∏

θ∈~θ

C(θ) .

Here, s and b denote the predicted signal and background yields in any specific
category, and Φ denotes a specific background process with the predicted yield
bΦ and the normalization factor βΦ. For convenience, normalization factors have
been included for all background processes, but they are fixed to unity for most
processes. Further, P (x | y) denotes the Poisson probability of observing x events
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when expecting y, and C(θ) denotes a constraint term acting on the nuisance
parameter θ.

Handling of systematic uncertainties
In case only the event weights are changed for some systematic variation, the event
yields are fully correlated to the nominal yields. Systematic variations changing the
four-momentum, however, can cause migrations into or out of a signal or control
region. For some samples with small statistical power, this can create artificially
huge and unphysical variations.

This problem is especially prominent when individual Monte Carlo events acquire
very large (or very small) event weights. The latter effect can be found for the
variation of the pile-up scale factor, which can effectively remove events from a
region by changing their weight to zero.
In order to overcome the issues of limited statistical power of the Monte Carlo

predictions, the effects of systematic variations of experimental nuisance parameters
in the signal regions are determined based on the qq → WW contribution, which
provides good statistical power, while being topologically similar to most of the
other background processes. The relative changes of the normalization of each
signal region calculated from qq → WW are then applied to the other background
processes to model the effects of systematic uncertainties. Exempt from this treat-
ment are the data-driven W+jets background, as well as the statistically powerful
and topologically different top quark related backgrounds in the njet = 1 category.

As systematic variations of experimental nuisance parameters affecting the four-
momenta of objects may be subject to large fluctuations due to bin migrations, they
are purged if they cannot be determined with sufficient confidence. Parameters are
removed from a combination of region and sample if neither of the two variational
templates would exhibit a variation of at least 0.2σ with respect to the statistical
uncertainty.
Systematic variations of the normalization are neglected and removed from the

model in any specific region for any specific sample if the corresponding effect
on the yield of this sample in that region is smaller than 0.5%. This threshold
is only applied for experimental systematics, for which only normalization effects
are considered. Systematic uncertainties from theory, which can also effect the
shapes, have no such threshold applied.
For some variations, however, the effect was found to be exactly zero. These

parameters were removed from the model to avoid problems with the numerical
minimization.

The effects of most nuisance parameters are modeled by templates corresponding
to the ±1σ variations of the respective parameter. The effect on the respective
region is then modeled by using the method of vertical interpolation, which is
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introduced in Section 5.2.3. Here, differences between the variational templates
and the nominal prediction are computed. The variational templates are usually
expected to have opposite effects on the yield in the corresponding region, that is,
if the up-variation of one parameter increases the yield of a process in some region,
the down-variation is expected to decrease it. However, statistical fluctuations in
the variation templates can cause these variations to be highly imbalanced, such
that the apparent effect on the yield can be zero or even have the wrong sign. In
such cases, the templates are symmetrized using the following strategy:
• The relative effect of the nuisance parameter is conservatively determined as

the envelope of the up- and the down-variation.
• The sign of the variations is assigned such that the variation for which the
deviation from the nominal prediction is more significant in terms of its
statistical power is kept, whereas the inverse sign is chosen for the other
variation.

The full summary of treatments of all systematic uncertainties in all regions and
for all constrained nuisance parameters is shown in Appendix A.1.

4.5.6 Results
The analysis presented here represents the first measurement of gluon fusion Higgs
boson production in the H�W±W∓∗�`−ν̄``′+ν`′ decay channel using pp collision
data collected at

√
s = 13TeV by the ATLAS experiment.

A signal has been measured with a significance of 1.01σ, where 2.78σ was expected
based on the Standard Model prediction. The observed significance corresponds to
a p-value of p0 = 0.156. The signal strength parameter µ was measured as

µ = 0.37 +0.39
−0.37 (tot.)

= 0.37 +0.32
−0.29 (exp. sys.)±0.23 (stat.) +0.16

−0.13 (theo.)
+0.13
−0.14 (norm.) +0.12

−0.10 (fake) ±0.10 (MC stat.),

where the individual contributions to the uncertainties have been disentangled into
the component stemming from experimental systematic uncertainties (exp. sys.),
from statistical uncertainties on the data (stat.), from systematic uncertainties
from theory (theo.), from the floating background normalization factors (norm.),
from the fake estimate (fake), and from statistical uncertainties arising from the
finite size of the Monte Carlo samples (MC stat.).
The final distributions in transverse mass mT in all signal and control regions

directly included in the likelihood fit are shown in Fig. 4.24. Here, the signal and
background normalization factors and all systematic uncertainty parameters have
been fixed to their best-fit values, and the uncertainty band includes all statistical
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and systematic uncertainties. The corresponding numerical values of the event
yields in each region are shown in Table 4.22.

A listing of the results for the individual parameters obtained in the fit is shown
in Fig. 4.25. The total uncertainty has been broken down to the impacts of each
individual nuisance parameter (and for certain groups of nuisance parameters).
Shown are the breakdowns for the fit to the observed data, as well as for a control
fit to an Asimov data set generated with the assumption of µ = 1. The post-
fit values and uncertainties of the individual nuisance parameters are shown as
well, where the constrained nuisance parameters have been normalized to their
respective constraints.

The correlations between the nuisance parameters, observed during the fit to data,
are shown in Fig. 4.26. However, parameters for which no individual correlation
exceeded a value of 10% are not shown.

The background normalization factors observed in the fit are shown in Table 4.23.
This table contains the explicit values of the free normalization factor parameters
used in the fit. Hence, the top quark estimate for the njet = 0 category and the
V γ normalization are not shown. These values do not include the effects of the
constrained nuisance parameters shown in Fig. 4.25. Table 4.24 instead lists the
effective background normalization factors observed in the signal region, i. e.,
the ratio of yields of the individual samples before and after the fit, including
indirect effects of constrained nuisance parameters. The normalization factors are
compatible with the values shown in Table 4.14 derived from the independent
normalization factor calculation within the (sometimes large) uncertainties. The
differences between the different normalization factors can be attributed to the
indirect influence of and correlations with constrained nuisance parameters.

Figure 4.27 shows a profile likelihood scan of the signal strength parameter µ. Here,
the parameter has been artificially fixed to the value indicated on the horizontal
axis, and a dedicated fit using this constraint has been performed for every point.
The respective difference of the minimum with respect to the unconstrained fit is
then shown on the vertical axis. In this representation, the limits on the parameter
µ corresponding to 1σ, 2σ, and 3σ observed exclusion can be read off easily, as

Z(µ) =
√

2∆ logL(µ). (4.5.11)

The likelihood curve indicates that the observation is compatible with the Standard
Model prediction of µ = 1 within 1.6σ.

Finally, Fig. 4.28 shows the final distribution of the transverse mass, with the full
post-fit normalization factors applied, including the signal strength measurement.
While the statistical fluctuations are still quite large from bin to bin, the emergence
of the signal is clearly visible.
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Figure 4.24.: Overview showing all regions included in the fit with their event yields
as observed in data, and their composition as predicted by the various
methods of background estimation. The observed signal is also shown and
stacked on the background prediction.
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Asimov breakdown
Observed breakdown
µ = µ̂ (Asimov)
µ = µ̂ (Observed)
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Figure 4.25.: Breakdown of the total uncertainty on the signal strength parameter µ into
the individual components and nuisance parameters, shown for the fit to
observed data (yellow) and the Asimov data set (red). Only the leading
sources of uncertainty are shown. The post-fit values and uncertainties of
the individual parameters are also shown in either case, normalized to their
respective prefit constraint where applicable.

Table 4.23.: Background normalization factors obtained from the likelihood fit, including
the total uncertainty propagated from all sources.

Control Regions WW Top Z→ee/µµ/ττ V γ

njet = 0 1.19+0.13
−0.12 – 0.95+0.08

−0.07 –
njet = 1 1.07+0.25

−0.23 0.74+0.10
−0.09 0.92+0.18

−0.15 –
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Figure 4.26.: Correlations between nuisance parameters observed in the likelihood fit.
Only parameters with correlations above 10% are shown.
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Table 4.24.: Effective background normalization factors obtained from the likelihood fit,
derived as ratios of the respective contributions before and after the fit. The
uncertainties shown are upper bounds that have been derived under the
assumption of statistical independence of the event yields before and after
the fit, which is not given. Instead, these yields will be positively correlated,
which will decrease the true uncertainty on the ratio.

Control Regions WW Top Z→ee/µµ/ττ V γ

njet = 0 1.190± 0.050 1.00± 0.01 0.80± 0.80 0.83± 0.19

njet = 1 1.110± 0.070 0.870± 0.060 0.70± 0.29 0.70± 0.18
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Figure 4.27.: Scan of the logarithmic difference between likelihood values for different
values of the signal strength. Shown are the curves corresponding to the
observed shape of the likelihood (black) and for the shape expected for
the Standard Model prediction of µ = 1. The right hand axis shows the
corresponding exclusion confidence levels in terms of the Z-value.
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The experimental systematic uncertainties are already the dominating contri-
bution to the total uncertainty of the result. However, many of the systematic
uncertainties are themselves determined from data, such that the addition of the
remaining 30.7 fb−1 of the 2016 data set will nevertheless significantly boost the
sensitivity of the measurement. A prime example for a highly sensitive measurement
facilitated through careful study of the contributing systematic uncertainties has
been set with the Run 1 measurement at

√
s = 7 and 8 TeV. The experience gained

and the methods developed in the course of this analysis can be used to improve
upon the results obtained here. Future studies will need to not only optimize
the event selection, but also consider ways to reduce the impact of systematic
uncertainties on the measurement.

4.6 The Vector Boson Fusion Analysis
A characteristic feature of Higgs boson production via vector boson fusion is the
presence of two highly energetic jets with large separation in rapidity. A boosted
decision tree (BDT [153–155]) is used to fully exploit the correlations among various
discriminating variables.

Events are preselected by requiring exactly one electron and one muon satisfying
the criteria in Table 4.4. Light mesonic resonances and Drell-Yan events are
suppressed by imposing a requirement of m``> 10GeV. Orthogonality to the
ggF analysis is ensured by requiring njet≥ 2, and a b-jet veto is applied to reject
background from top-quark production.
After the preselection, three additional cuts are applied to improve the back-

ground rejection:

Table 4.25.: Event selection criteria used to define the signal and control regions in the
VBF analysis.

Signal region Z→ττ CR Top-quark CR

Preselection
Two isolated leptons (`= e, µ) with opposite charge

p`1T > 25GeV (p`1T > 22GeV for muons in 2015), p`2T > 15GeV
m``> 10GeV, njet ≥ 2

nb-jet = 0 nb-jet = 0 nb-jet = 1
Selection mττ < mZ − 25GeV |mττ −mZ | < 25GeV –

– m`` < 80GeV –
OLV applied, CJV applied, BDT > −0.8

SR1: −0.8 < BDT ≤ 0.7 – –
SR2: 0.7 < BDT ≤ 1.0 – –



132 H�W±
W

∓∗�`−ν̄̀ `′+ν̀ ′

• The “outside-lepton-veto” (OLV) requires η` < 1, that is, the leptons to be
within the rapidity gap spanned by the jets. A precise definition of this
quantity is given in the next section.
• The “central-jet-veto” (CJV) rejects events with additional jets with a trans-
verse momentum of pT > 20GeV in the rapidity gap of the two leading
jets.
• The Z→ττ veto eliminates most of the Z→ττ background by imposing a

requirement on the invariant mass of the ττ system of mττ < mZ − 25GeV,
calculated by using the collinear approximation [143]. This employs the
assumption that the τ leptons are sufficiently boosted to force the products
of the τ decay to light leptons to be collinear.

Table 4.25 gives a summary of the full VBF selection.

4.6.1 Boosted Decision Tree
The BDT is constructed based on eight discriminating variables, analogously to the
construction used for earlier publications [119]. The variables have been selected
because they exploit properties of the H�W±W∓∗ decay, as is the case for ∆φ``,
m``, and mT, as already outlined for the ggF analysis, or of the characteristic VBF
signature, as is the case for ∆yjj, mjj, ptot.T ,

∑
`,jm`j, and η` .

• The di-jet observables ∆yjj and mjj provide powerful handles to selected
events exhibiting the characteristic VBF topology of two high-energy jets with
a large separation in pseudorapidity.
• The lepton η-centrality

η` =
|2η` − ηj1 − ηj2|

ηj1 − ηj2
(4.6.1)

quantifies the longitudinal positions of the leptons with respect to the jets,
with small values corresponding to configurations where the leptons are
emitted near the center of the di-jet system, which is characteristic for VBF
events.
• For the same reason, the sum of the invariant masses of all four possible

lepton-jet pairs
∑

`,jm`j is larger for VBF events.
• The total transverse momentum, defined as

ptot.T =
∑
`

~p `
T + ~E miss

T +
∑
j

~p j
T , (4.6.2)

is larger for backgrounds with significant soft gluon radiation, and can thus
be exploited to suppress these backgrounds, specifically tt̄ production.
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Figure 4.29.: Distributions of m`` (left) and ∆yjj (right) after the preselection. The VBF
signal (dashed) is scaled by a factor of 10. The hatched uncertainty band
includes MC statistical, experimental, and theory systematic uncertainties
[21].
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The training of the boosted classifier is performed on a data set where the
preselection has been applied, including possible contamination from the gluon
fusion signal. The variables ranking highest in the training are m`` and ∆yjj.
Distributions of these variables after the preselection are shown in Fig. 4.29.
The scoring of the multivariate classifier ranges from −1 for background-like

events to +1 for signal-like events. The binning has been chosen with the boundaries
[−1,−0.8, 0.7, 1] as a result of optimizing for the significance expected from the
statistical analysis while requiring every bin to be sufficiently populated. The
lowest bin is dominated by background and is not used for the signal extraction,
the middle and highest bins are henceforth denoted as SR1 and SR2, respectively.
The distribution of the BDT output score in the signal region is shown in Fig. 4.30.

Background estimation
The background processes contributing to the VBF analysis are grouped into several
categories, namely
• top-quark production, including tt̄ and Wt,
• non-resonant WW production,
• Z→ττ production,
• W+jets production,
• ggF Higgs boson production, and
• other V V processes, such as Wγ∗, Wγ, WZ, and ZZ.

Most predictions are obtained directly from theory, including the kinematic and
detector acceptance as modeled by the respective MC generator and simulation
software. The statistical analysis includes associated systematic uncertainties. The
estimate of the fake lepton contribution arising from W+jets is performed with
the fake factor method detailed in Section 4.3.
The normalizations of the top-quark and Z→ττ backgrounds are fixed by the

use of data control regions. The normalizations shown here have been derived
from the combined likelihood including the signal region. Table 4.25 also lists
the definitions of these control regions.

The control region dedicated to measure the normalization of top-quark induced
contributions is defined identical to the signal region, the only difference being the
requirement of exactly one b-tagged jet. The resulting purity in tt̄ and Wt events is
92%, and the resulting normalization factor is βtop = 0.91± 0.06 (stat.)+0.44

−0.30 (syst.),
where the systematic uncertainties are dominated by the modeling accuracy of
the MC sample, and the experimental uncertainties associated to energy scale and
resolution of jets and the b-tagging. Figure 4.31a shows the BDT score distribution
in this control region.
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Figure 4.31.: Distributions of the BDT output score in the VBF top control region
and Z→ττ control region, including normalization factors, statistical and
systematic uncertainties [21].

The control region dedicated to measure the normalization of Z→ττ contributions
is again defined identical to the signal region, but requiring the invariant mass
of the ττ system to be within |mττ −mZ | < 25GeV and the invariant dilepton
mass to suffice m`` < 80GeV. The resulting purity in Z→ττ events is 61%, and
the resulting normalization factor is βZ→ττ = 0.87± 0.20 (stat.)+0.21

−0.18 (syst.), where
the systematic uncertainties are dominated by the limited statistical power of
the MC samples and the uncertainties on the energy scale and resolution of jets.
Figure 4.31b shows the BDT score distribution in this control region.

4.6.2 Signal extraction
The statistical treatment used in the VBF analysis is very similar to the one
performed in the ggF analysis, as introduced in Section 4.5.5. This section contains
a brief overview over the differing treatment of systematic uncertainties, as well
as the final results of the measurement.

Systematic uncertainties
The leading systematic uncertainties in the measurements of the coupling strength
and cross section are summarized in Table 4.26. The treatment of systematic
uncertainties is very similar to the strategy performed in the gluon fusion analysis,
as described in Section 4.5.3 and Section 4.5.4.

The nominal signal samples are generated using Powheg+Pythia8. The PS/UE
uncertainties for the VBF signal are evaluated by comparing the nominal Pow-
heg prediction interfaced with Pythia8 and Herwig7 using the UEEE5 tune.
An uncertainty is assigned to the choice of generator, obtained from comparing
Powheg+Pythia8 to MadGraph5_aMC@NLO+Pythia8.
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The gluon fusion signal, which is treated as a background, is subject to an
uncertainty on the acceptance of the central jet veto, which is estimated using
the Stewart-Tackmann method [151]. The inclusive H+2-jet and H+3-jet cross
sections are treated as uncorrelated and their uncertainties are determined at NLO
and LO respectively, using MadGraph5_aMC@NLO. This procedure results in
an uncertainty of ±28% for H+2-jet and ±32% for the H+3-jet cross sections.
An additional uncertainty is assigned to the choice of generator, estimated by
comparing Powheg +Pythia8 to MadGraph5_aMC@NLO+Pythia8, which
has NLO accuracy for up to two additional jets. In each measurement range of
the BDT output score, QCD scale uncertainties are evaluated to be ±3% in BDT
SR1, and ±32% in BDT SR2.

For the background processes normalized using data control regions, the theoret-
ical uncertainties encompass uncertainties on the extrapolation from the control
to the signal region.

The QCD scale uncertainties on the non-resonant WW background are evaluated
with Sherpa, including non-resonantWW+2 jets production in the matrix element.
A comparison of Powheg+Pythia8 and Sherpa results in a ±50% uncertainty
attributed to generator choice, which is the leading theoretical uncertainty, driven
by a mismodeling of forward jets in Sherpa2.1 with data and the higher precision
in the prediction of non-resonant WW+2 jets events compared to Powheg.
For the top-quark background, the renormalization and factorization scales

are varied simultaneously using Powheg+Pythia6, with the Powheg hdamp

parameter regulating high-pT radiation, and varying the corresponding UE tune
[156]. The dominant source of uncertainty in the VBF and WH analyses is the
generator uncertainty of ±35% and ±21%, respectively, obtained by comparing
Powheg+Herwig++ with MadGraph5_aMC@NLO+Herwig++.

Results
The final event yields observed in the data as well as the contributions from
all signal and background processes normalized according to the likelihood fit
results are shown in Fig. 4.32. The observed and expected signal significance
at mH=125.0GeV are determined to be 1.9σ and 1.2σ, respectively. The signal
strength measurement yields

µVBF=1.7+1.1
−0.9, (4.6.3)

corresponding to

(σB)H�W±W∓∗
VBF =1.4+0.9

−0.7 pb. (4.6.4)
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Figure 4.32.: Number of events and sample composition in the various fit regions of the
VBF analysis, including a measured signal strength of µ = 1.7 and the
background normalization factors derived in the likelihood fit. The most
sensitive signal region SR2 is displayed with a different vertical axis. The
hatched band includes all statistical and systematic uncertainties [21].

The 95% confidence level upper limit is 3.0 pb, in good agreement with the Standard
Model prediction of 0.808 ± 0.021 pb.

4.7 The WH Analysis
Higgs boson production in association with a W boson results in final states
containing the decay products of both the W and the Higgs bosons. Assuming
a H�W±W∓∗�`−ν̄``′+ν`′ decay and requiring the additional W boson to decay
leptonically results in a final state containing three isolated leptons with total
net charge of ±e.
Events are preselected for this analysis by requiring exactly three such leptons

with pT > 15GeV. The leptons are then labeled as follows:
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• The lepton `0 is the one carrying the unique charge.
• The lepton `1 is the one closer to `0 in ∆R.
• The remaining lepton is `2.
The most relevant background processes for this analysis are WZ/Wγ∗, Zγ,

Z+jets, and top-quark production. The categories Zγ and Z+jets are distinguished
by their kinematic properties, utilizing the invariant mass of the three lepton system.
Events with |m``` −mZ | < 15GeV are categorized as Zγ, whereas other events are
categorized as Z+jets. The data set is subdivided into two categories:
• The subset of events containing a same-flavour, opposite-charge (SFOC)

lepton pair contains roughly 3/4 of signal events and is enriched in background
processes containting Z bosons. It is labeled Z-dominated.
• The complementary subset is labeled Z-depleted and is dominated by back-

grounds arising from lepton misidenification.

 [GeV]
2l0l

m

0 50 100 150 200 250 300

E
v
e

n
ts

 /
 2

0
 G

e
V

200

400

600

800

1000

1200

1400  data  stat)⊕ Bkg (sys 

VV +jetsZ 

VVV  Other Higgs

 Top 300× WH 

ATLAS Preliminary
-1 Ldt = 5.81 fb∫ = 13 TeV, s

νlνlνl→
*

WWW→WH

Z-dominated SR

(a) Z-dominated category

 [GeV]
2l0l

m

0 50 100 150 200 250 300

E
v
e

n
ts

 /
 2

0
 G

e
V

5

10

15

20

25

30
 data  stat)⊕ Bkg (sys 

VV +jetsZ 

VVV  Other Higgs

 Top 30× WH 

ATLAS Preliminary
-1 Ldt = 5.81 fb∫ = 13 TeV, s

νlνlνl→
*

WWW→WH

Z-depleted SR

(b) Z-depleted category

Figure 4.33.: The m`0`2 distribution in the Z-dominated and the Z-depleted category
after the jet cut and b-jet-veto. The V V category includes WZ/Wγ∗,
ZZ(∗), WW , Zγ, Wγ, the V V V category includes WWW , WWZ, WZZ,
the Other Higgs category includes ggF, VBF, ZH, VH(ττ). The error band
includes all statistical and systematic uncertainties [21].

Background events arising from top-quark production are suppressed by rejecting
events with two or more jets or any b-tagged jet with pT > 20GeV and |η| < 2.4.
Background from WZ/Wγ∗ events is reduced by requiring the largest opposite-sign
dilepton invariant mass to sufficemmax

`` < 200GeV. Events with non-prompt leptons
arising from heavy-flavour meson decays are rejected by requiring the smallest
invariant mass of any opposite-charge dilepton pair to exceed mmin

`` > 12GeV or
mmin
`` > 6GeV in the Z-dominated or Z-depleted category, respectively. Additionaly,

a requirement is imposed on the angular separation between `0 and `1 to suffice
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Table 4.26.: Leading ten sources of systematic uncertainties and the Monte Carlo statis-
tical uncertainty in the VBF analysis, given in percent. The last row shows
the post-fit uncertainty, including all correlations.

Source ∆µVBF/µVBF [%]
Statistical +60 / −50
Fake factor, sample composition +18 / −15
MC statistical ±15
VBF generator +14 / −5
WW generator +11 / −7
QCD scale for ggF signal for njet≥ 3 +8 / −7
Jet energy resolution +8 / −7
b-tagging +8 / −6
Pile-up +8 / −6
QCD scale for ggF signal for njet≥ 2 ±6
JES flavour composition +6 / −4
WW renormalisation scale ±5
Total systematic +33 / −26
Total uncertainty +70 / −50

Table 4.27.: Event selection criteria and categorization in the WH analysis.

Category Z-dominated SR Z-depleted SR
≥ 1 SFOC pair no SFOC pair

Preselection
Three isolated leptons with pT > 15GeV

total charge = ±1
≥ 1 lepton matches to the trigger

Background Rejection Njet ≤ 1, nb-jet = 0
Emiss

T > 50 GeV –
|m`+`− −mZ | > 25 GeV Z→ee veto

mmax
`+`− < 200 GeV

mmin
`+`− > 12GeV mmin

`+`− > 6GeV
H�W±W∓∗�`−ν̄``′+ν`′ topology ∆R`0`1 < 2.0
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∆R`0,`1 < 2 in order to enhance the Higgs boson signal contribution with respect
to WZ/Wγ∗ events.
In the Z-dominated category, additional requirements are put in place. The

presence of neutrinos from W decays is enforced by requiring Emiss
T > 50GeV.

Events with leptons originating from Z decays are suppressed by rejecting events
where the SFOC lepton pair lies within |m`` −mZ | < 25GeV.

In the Z-depleted category, WZ/Wγ∗ events can also be present due to a charge
mismeasurement. Such events are suppressed by a Z→ee veto, rejecting events
with same-charge electron pairs with |m`` −mZ | < 10GeV where at least one of
the electrons is within |η| > 0.8.
The event selection criteria are summarized in Table 4.27. The distribution of

the invariant mass of the opposite-charge lepton pair is shown in Fig. 4.33 after
jet cuts have been applied.

Table 4.28.: Event selection criteria used to define the control regions in the WH analysis
given with respect to the signal region.

CR Process Reference SR Changes w.r.t. reference SR
CRa WZ/Wγ∗ Z-dominated ≥ 1 SFOC pair with |m`` −mZ | < 25GeV
CRb Zγ Z-dominated no Z-mass veto

|m``` −mZ | < 15GeV
Emiss

T < 50GeV
only eee, µµe

CRc Z+jets Z-dominated ≥ 1 SFOC pair with |m`` −mZ | < 25GeV
Emiss

T < 50GeV
|m``` −mZ | > 15GeV
one lepton without an isolation requirement
NFs are derived for e-fake sample
and µ-fake sample separately

CRd Top-quark Z-dominated no mmax
`+`− and ∆R`0`1 cuts

at least 1 jet
one b-jet
one lepton without an isolation requirement

CRe Top-quark Z-depleted no mmax
`+`− and ∆R`0`1 cuts

at least 1 jet
one b-jet
one lepton without an isolation requirement
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Figure 4.34.: The m`0`2 distributions for two selected control regions. The V V category
includes WZ/Wγ∗, ZZ(∗), WW , Zγ, Wγ, the V V V category includes
WWW , WWZ, WZZ, the Other Higgs category includes ggF, VBF, ZH,
VH(ττ). The error band includes all statistical and systematic uncertainties
[21].

Background estimation
The background normalizations for the most important background processes in
this analysis are estimated from data using control regions. The corresponding
event selections are summarized in Table 4.28.
The control region targeting top-quark contributions is split between the Z-

dominated and the Z-depleted region to accomodate any differences induced by
the changed Emiss

T threshold. All other control regions are shared between the two
categories. All control regions are generally based on the event selections of the
signal region, but control regions targeting backgrounds with fake leptons, i. e., the
Z+jets and the top-quark control region, drop the isolation requirement for one of
the leptons, significantly increasing the statistical power and purity of these regions.
Even though triboson production, in particular WWW (∗), is an irreducible

background, it is difficult to define a control region for this process, hence the
prediction for this process is taken from theory.
Events in the top control regions are required to have at least one jet and

exactly one b-tag. In order to enhance the statistical power of the regions, any
requirements on the minimum or maximum invariant mass of the opposite-charge
lepton pair and the topological cut on ∆R are removed. The purity is 98% in the Z-
dominated and 99% in the Z-depleted regions. The measured normalization factors
are β = 0.97 ± 0.06 (stat.)±0.04 (syst.) and β = 0.89 ± 0.06 (stat.)±0.04 (syst.),
respectively, where the systematic uncertainty is dominated by the b-tagging
uncertainty.
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A control region for WZ/Wγ∗ events is defined based on the Z-dominated
category. The Z veto is inverted, resulting in a purity of 92% and a normalization
factor of β = 1.24±0.09 (stat.)±0.07 (syst.), with the systematic uncertainty being
dominated by contributions associated to the jet energy scale and pile-up.
The control region for Zγ is identical to the one for WZ/Wγ∗, but only con-

tains µµe and eee events, has an inverted cut on Emiss
T and additionally requires

|m``` −mZ | < 15GeV. The resulting purity is 83% and the extracted normaliza-
tion factor is β = 0.83 ± 0.08 (stat.)±0.20 (syst.).

The Z+jets control region is again identical to the one targeting Zγ events, but
split for events with the lepton flavour combinations µµe + eee and µµµ + eeµ.
The respective purities are 58% and 55%, the obtained normalization factors are
β = 0.69± 0.07 (stat.)±0.14 (syst.) and β = 0.70± 0.07 (stat.)±0.13 (syst.).
The distribtion of m`0`2 is shown in Fig. 4.34 for the WZ/Wγ∗ and Z-depleted

control region, where all normalization factors obtained from the combined fit
including the signal region have been applied, exhibiting good agreement between
the predictions and the data.

4.7.1 Signal extraction
The statistical treatment used in the WH analysis is again very similar to the
one used in the VBF analysis.

Systematic uncertainties
The treatment of systematic uncertainties is similar to the one performed for the
VBF analysis presented in Section 4.6.2. An overview is given in Table 4.29. Again,
the nominal signal samples are generated using Powheg+Pythia8, and also the
uncertainty estimates are evaluated in the same way as in the VBF analysis. Also
here, the theoretical uncertainties on the extrapolation from the control to the
signal region are included in the theoretical uncertainties.
In this analysis, an additional uncertainty is assigned to the Z+jets e-fake

normalization factor to model the difference in flavour composition between the
signal regions and the corresponding control region which is caused by the diffeent
lepton isolation definitions, amounting to a normalization uncertainty of ±18%.

For the evaluation of theoretical uncertainties on the WZ/Wγ∗ production, the
effects of scale variations for QCD renormalization, factorization and resummation
are evaluated using Sherpa. A generator uncertainty is assigned from comparing
Sherpa with Powheg+Pythia8, yielding ±4% and ±8% uncertiainty in the
Z-dominated and Z-depleted regions, respectively. The predictions by Sher-
pa and VBFNLO [157–159] are compared to estimate uncertainties connected to
WWW ∗ production. The total normalization difference after the application of the
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Table 4.29.: Leading ten sources of systematic uncertainties and the Monte Carlo statis-
tical uncertainty in the WH analysis, given in percent. The last row shows
the post-fit uncertainty, including all correlations.

Source ∆µWH/µWH [%]
Statistical +120 / −100
MC statistical +60 / −70
Pile-up +22 / −26
Jet energy resolution +22 / −23
Top-quark generator +17 / −20
b-tagging +10 / −11
Top-quark PS/UE +7 / −8
JES flavour composition +8 / −5
JES η intercalibration +7 / −6
WZ/Wγ∗ generator +7 / −6
Top-quark QCD scales +6 / −7
WZ/Wγ∗ resummation scale ±5
Total systematic +70 / −80
Total uncertainty +140 / −130

NLO k-factor to the VBFNLO prediction is ±20%, while the acceptance varies by
±13% and ±4% in the Z-dominated and Z-depleted regions, respectively. These
uncertainties are directly applied to the predicted event yields, as no control region
is defined for this process.

Results
The final event yields observed in data as well as the contributions from all signal and
background processes normalized according to the likelihood fit results are shown
in Fig. 4.35. The observed and expected signal significances at mH=125.0GeV were
determined as 0.77σ and 0.24σ. The signal strength measurement yields

µWH=3.2+4.4
−4.2, (4.7.1)

corresponding to

(σB)H�W±W∓∗
WH =0.9+1.3

−1.2 pb, (4.7.2)

with a 95% confidence level upper limit at 3.3 pb. While this result does not provide
strong constraints compared to the Standard Model prediction of 0.293± 0.007 pb,
it is still mostly limited by the statistical uncertainty arising from the limited
size of the data set. Future measurements including the full 2016 data set, which
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Figure 4.35.: Number of events and sample composition in the various fit regions of the

WH analysis, including the normalization factors derived in the likelihood
fit. The two signal regions are displayed with a different vertical axis. The
hatched band includes all statistical and systematic uncertainties [21].

is almost eight times the size of what is presented here, are thus expected to
be much more sensitive.
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4.8 Conclusions
Higgs boson production has been measured in the H�W±W∓∗�`−ν̄``′+ν`′ decay
mode in gluon fusion, vector boson fusion and WH associated production, using
5.8 fb−1 of pp collision data collected by the ATLAS experiment at

√
s = 13TeV

in the years 2015 and 2016.

4.8.1 Summary
The respective measurements of the signal strength parameters and observed as
well as expected significances yield

µggF = 0.37 +0.39
−0.37 Zobs. = 1.0σ Zexp. = 2.8σ (4.8.1)

µVBF = 1.7 +1.1
−0.9 Zobs. = 1.9σ Zexp. = 1.2σ (4.8.2)

µWH = 3.2 +4.4
−4.2 Zobs. = 0.77σ Zexp. = 0.24σ. (4.8.3)

These results are compatible with the Standard Model prediction of µ = 1. The
uncertainties are large compared to those of earlier measurements [119], which
is however mostly a result of the much smaller data set available for analysis at√
s = 13TeV up to this point. A more detailed discussion of this comparison is

presented in the next section.
The results of the three individual measurements can be combined to a measure-

ment of the global signal strength parameter µ, assuming fixed ratios between the
individual production rates corresponding to the predictions of the Standard Model.

For the combined fit, all experimental nuisance parameters as well as the signal
strength parameter µ have been treated as fully correlated between all three
individual analysis channels, while all parameters modeling statistical or theory
uncertainties have been treated as fully uncorrelated. This combined fit yields
a global signal strength of

µ = 0.67 +0.20
−0.20 (stat.)

+0.28
−0.23 (syst.) (4.8.4)

= 0.67 +0.34
−0.31. (4.8.5)

A scan of the combined likelihood profile is shown in Fig. 4.36. The combined
evidence for Higgs boson production measured in H�W±W∓∗�`−ν̄``′+ν`′ decays in
5.8 fb−1 of

√
s = 13TeV data amounts to 2.2σ. The expected sensitivity was 3.4σ.

The analysis of H�W±W∓∗�`−ν̄``′+ν`′ decays is one of the most complex and
yet one of the most sensitive analyses of Higgs boson production and decay. Earlier
measurements have observed Higgs boson production in H�W±W∓∗�`−ν̄``′+ν`′
decays in a combined data set corresponding to 25 fb−1 of

√
s = 7 and 8TeV

data [119]. The analysis presented here does not yet include all data collected by
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the ATLAS experiment at
√
s = 13TeV in the years 2015 and 2016 during LHC

Run2, and future studies will be able to improve the results presented here by
utilizing a larger data set.
The corresponding result made public by the CMS collaboration [160] includes

2.7 fb−1 of data collected at
√
s = 13TeV during 2015 and targets the gluon fusion

and the vector boson fusion modes of Higgs boson production. The analysis strategy
is very similar to the one discussed here, but differs in a few significant aspects.
For example, only events in the njet = 0 and njet = 1 categories are used, whereas a
dedicated VBF signal region is not constructed, given the smaller data set. The
estimate for contributions originating from misidentified leptons for this analysis is
obtained from a control region where both leptons are required to have the same
electric charge. The combined expected sensitivity of the analysis presented by
the CMS collaboration is 2.0σ, whereas only 0.7σ have been observed. The signal
strength has been measured as µ = 0.3 ± 0.5, which is in good agreement with
the Standard Model prediction of µ = 1, with the absence of a Higgs boson signal,
and with the results presented here.
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The sensitivity of the VBF and the WH analyses are still dominated by statistical
uncertainties arising from the size of the data set. They will significantly improve
with the inclusion of the full 2016 data set with a roughly eight-fold size as compared
to what has been analyzed here, as well as the data set to be recorded in 2017 and
beyond. The WH analysis will additionally benefit from making use of multivariate
analysis techniques, as was done for the Run 1 analysis of this channel [119].

4.8.2 Comparison to Run 1 results
The gluon fusion analysis of the full Run 1 data set of 25 fb−1 collected in the years
2012 and 2013 [119] had an expected sensitivity corresponding to 4.3σ. If the
background composition and signal-to-background ratio were to remain unchanged,
simply scaling this result down to 5.8 fb−1 by assuming that sensitivity is roughly
proportional to the square root of the luminosity yields the observation that the
corresponding sensitivity of the Run 1 analysis on the data set analyzed here would
be roughly 2.1σ. However, as introduced already in Section 3.3.3, the background
composition and signal-to-background ratio are very different at

√
s = 13TeV

compared to
√
s = 8TeV. Including the respective cross section factors of 2.5 for

Higgs boson production, 2.0 for WW production and 3.3 for tt̄ production into
such a prediction is not straight-forward, as the various analysis categories have
very different contributions from the respective processes. Using a uniform scaling
factor of 2.5 for all signal and background processes, the projected sensitivity of
the Run 1 analysis on the Run 2 data set corresponding to 5.8 fb−1 of

√
s = 13TeV

data would correspond to 3.3σ. The performance of the analysis is thus comparable
to the one presented in Run 1.
There are, however, many differences to the Run 1 analysis, which was taking

into account a much larger phase space, featuring a dedicated low-pT signal region,
a gluon fusion analysis in the njet≥2 category, and a comprehensive analysis of
same-flavour events in the ee and µµ final states. Including these phase space
regions into the analysis will enhance the sensitivity in the future.
The cross section for one of the leading background processes, top quark pair

production, increases by a factor of roughly 3.3 from
√
s = 8 to

√
s = 13TeV,

which is more than the increase of the signal cross section. This poses a challenge
for the analysis especially in the higher jet multiplicity bins, as the rejection of
top quark background becomes more and more important.

4.8.3 Outlook
The sensitivity of the analysis in the gluon fusion category is already dominated by
the various systematic uncertainties. Significantly improving the sensitivity in this
analysis will require reducing the leading sources of systematic uncertainty.
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For the estimate of the background contribution from misidentified (“fake”)
leptons, the increased data set will allow to use the alternative measurement of the
fake factor from Z+jets events. This will reduce the systematic uncertainty covering
the variations in composition of the contribution from misidentified leptons, which
is among the leading uncertainties in the gluon fusion analysis. An optimization of
lepton identification and isolation criteria will also allow to more effectively remove
the fake lepton background events from the signal region without compromising
the sensitivity. This will reduce the total impact of the uncertainties associated
with this method. Finally, a larger data set will allow to choose tighter lepton
identification criteria, sacrificing some of the newly gained statistical power to
improve upon the systematic uncertainties.
The normalization factor derived for the V γ background contribution is also

still severely limited by the statistical power of the data set. Inclusion of more
data will not only improve the accuracy of this estimate, but will also allow it
to be fully included in the likelihood fit due to the increased robustness of the
prediction with respect to statistical fluctuations.
The alternative estimation of the top quark background contribution in the

njet = 1 category, which is only used as a cross-check at the moment, can also be
included in the likelihood fit. This procedure provides the opportunity to reduce
the systematic uncertainties related to flavour tagging, as they would largely cancel
in this data-driven estimate.

Many of the experimental systematic uncertainties that are currently estimated
and constrained by additional measurements will be able to improve with the
increased data set, as the corresponding supplementary measurements will also
benefit from the increased statistical power.
The Monte Carlo statistical uncertainty, which is also one of the largest single

contributors to the total uncertainty on the gluon fusion estimate, will also improve
as additional (and larger) Monte Carlo samples will be generated over time. The
use of improved generator filters will enhance the selection efficiency of these
samples and greatly reduce the statistical uncertainty on the respective predictions
derived for the signal regions. To name only one example, a larger sample of the
Z → ττ background with an optimized generator filter is currently being produced,
enhancing the effective luminosity by a factor of ten.

Finally, the cross section predictions are continuously being improved. Advance-
ments in this area will also contribute to a reduction of the systematic uncertainty
in the future. For example, a switch from the current Powheg+Pythia8 event
generator towards NNLOPS will allow a better description of signal shapes.
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“ Science walks forward on two feet, namely theory and experiment, . . .
but continuous progress is only made by the use of both.

Robert Millikan ”
This chapter describes a combination of measurements performed for

√
s = 13TeV in

theH�γγ andH�ZZ∗�`+`−`′+`′− channels, the latter analysis also using the novel
technique of Effective Lagrangian Morphing introduced in Section 2.4.3 to measure
the Wilson coefficients. Furthermore, the prospects of applying this technique
to measurements in the H�W±W∓∗�`−ν̄``′+ν`′ decay channel are investigated,
presenting approaches to conquer the challenges arising from the high dimensionality
of the available parameter space.

5.1 Measuring H�ZZ∗ and H�γγ Couplings
While measurements of Higgs boson production and decay processes are typically
conducted one channel at a time, combined measurements including data from
many different analyses provide the highest amount of sensitivity by combining
constraints obtained from different parts of the data set. Such a measurement
has been conducted [23], combining the H�ZZ∗�`+`−`′+`′− [22] and H�γγ [161]
analyses, using data collected at

√
s = 13TeV in the years 2015 and 2016. The

total integrated luminosities used here correspond to 14.8 fb−1 for the H�ZZ∗
analysis and to 13.3 fb−1 for the H�γγ analysis, respectively, of which 3.2 fb−1

have been collected in the year 2015, and the rest in 2016. Unfortunately, the
analysis presented in Chapter 4 was not completed in time to be included in this
combined measurement, such that a combination of all bosonic decay channels
has to be postponed to future publications.

149
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5.1.1 H�ZZ∗�`+`−`′+`′−

The Higgs boson decay to four leptons provides an excellent and characteristic
signature for measurements at hadron colliders, so much so that it has been famously
dubbed the “gold-plated channel” [162]. Four isolated leptons in the final state allow
to efficiently separate these events from the background, such that even though
the dileptonic decay branching ratio of the Z boson to any lepton flavour is only
about 3.3% each [31], signal region for this decay mode can be constructed with
a signal-to-background ratio exceeding two-to-one.

Events are selected for the analysis by requiring at least four isolated leptons form-
ing at least two same-flavour opposite-charge (SFOC) pairs and meeting some general
preselection criteria [22]. Transverse momentum thresholds of pT > 20/15/10GeV
are imposed on the leading three leptons in the quadruplet, and pT > 7/5GeV
is required for the fourth lepton for electrons or muons, respectively. Among the
quadruplet, the SFOC lepton pair closer to the Z boson mass is regarded as the
leading pair, the other one being referred to as subleading. If several quadruplets
can be built in the same event, the one with the leading (subleading) SFOC lepton
pair invariant mass m`` (second) closest to the Z boson mass is given preference.
The event selection proceeds by imposing 50GeV < m12 < 106GeV and a sliding
mass window cut of x < m34 < 115GeV with x linearly interpolating between
12GeV ≤ x ≤ 50GeV in the range 140GeV ≤ m4` ≤ 190GeV, and x = 12GeV
or x = 50GeV beyond the respective boundaries. Furthermore, m`` > 5GeV is
required for all SFOC lepton pairs to protect against low-mass dilepton resonances,
and ∆R`` > 0.1 (0.2) is required for all same (opposite) flavour pairs. A signal
region is then constructed from events with an invariant four-lepton mass close to
the mass of the Higgs boson, that is, 118GeV < m4` < 129GeV.

Four different final states are considered for the analysis, µ+µ−µ+µ−, µ+µ−e+e−,
e+e−µ+µ− and e+e−e+e−, where the ordering of the leptons is chosen such that
the leading lepton pair is the first one listed, and the lepton with positive charge
is listed first within each pair.
The analysis is further subdivided by jet multiplicity similar to the strategy

employed by the H�W±W∓∗�`−ν̄``′+ν`′ analysis presented in Chapter 4, the
njet = 0 and njet = 1 categories being used to measure Higgs boson production
through gluon fusion, while the njet≥2 category focuses on Higgs boson production
via vector boson fusion and VH associated production with the additional vector
boson decaying hadronically. The subdivision between these two modes is made
by placing a cut at mjj = 120GeV to separate between the VBF-like events above,
and the VH-like events below that threshold. An additional category is created
by demanding a fifth lepton with pT > 8GeV to capture VH induced events where
the additional vector boson decays leptonically.
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Figure 5.1.: Schematic view of the event categorization in the H�ZZ∗�`+`−`′+`′−

analysis.

Table 5.1.: The expected and observed yields and uncertainties for the signal mass region
in all categories for the different production modes, including all lepton flavour
combinations and assuming mH = 125GeV [22].

VH leptonic ggF njet = 0 ggF njet = 1 VBF VH hadronic Total
ggF+bbH+ttH 0.055± 0.004 11.2± 1.4 5.7± 2.4 1.9± 0.9 1.1± 0.5 20± 4
VBF < 0.01 0.120± 0.019 0.59± 0.05 0.92± 0.07 0.084± 0.009 1.71± 0.14
WH 0.067± 0.004 0.047± 0.007 0.137± 0.012 0.074± 0.007 0.143± 0.012 0.47± 0.04
ZH 0.011± 0.001 0.060± 0.006 0.091± 0.008 0.052± 0.005 0.101± 0.009 0.315± 0.027
ZZ∗ 0.016± 0.002 6.2± 0.6 1.62± 0.21 0.22± 0.05 0.166± 0.035 8.2± 0.9
Z+jets, tt̄ 0.012± 0.010 0.84± 0.12 0.44± 0.07 0.24± 0.11 0.088± 0.011 1.62± 0.07
expected 0.16± 0.01 18.4± 1.6 8.5± 2.4 3.4± 0.9 1.6± 0.5 32± 4
observed 0 21 12 9 2 44
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Within each 4` category, a dedicated Boosted Decision Tree (BDT [153–155]) is
trained to maximize the discriminatory power, whereas the analysis in the leptonic
VH category is performed by simply counting the events. A schematic view of
the strategy is shown in Fig. 5.1.
The largest background for this analysis is non-resonant production of pairs

of Z∗/γ∗ bosons, generally referred to as ZZ∗. This contribution is accurately
modeled by the Monte Carlo generated samples [22]. Below m4` < 160GeV, there
are also non-negligible contributions from Z+jets and tt̄ events with two leptons,
where the additional lepton candidates arise from decays of heavy flavour hadrons,
from π/K in-flight decays, from photon conversions or from lepton misidentification.
For these contributions, control regions are used to derive the normalization.
The final expected and observed event yields in each signal region are shown

in Table 5.1. The signal extraction proceeds by means of a likelihood fit binned
in the BDT output score.

5.1.2 H�γγ
The analysis of H�γγ employs an event categorization into 13 exclusive signal
regions targeting different Higgs boson production modes. These are
• two signal regions enriched in ttH production,

1. one targeting single-lepton and double-lepton decays of the tt̄ system,
requiring at least one lepton, at least two jets, one b-tag, and either
large missing transverse momentum or additional b-tags,

2. one targeting fully hadronic decays of the tt̄ system, requiring at least
five jets with at least one b-tag.

• five signal regions enriched in VH production,
3. a dilepton category with a same-flavour, opposite-sign lepton pair con-

sistent with a Z-boson decay,
4. a single lepton category targeting WH production, requiring exactly one

lepton and placing a minimum requirement on the ratio between the
missing transverse momentum and the scalar sum of all its contributions,

5. a missing transverse momentum category with no leptons with a min-
imum requirement on that same ratio and the missing transverse mo-
mentum itself, targeting ZH production with Z → νν decays,

6. one hadronic VH category with two jets consistent with a hadronic vector
boson decay and a high score of a specifically trained Boosted Decision
Tree,

7. and a second hadronic VH category similar to the first one selecting
events scoring less in the same BDT,
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• two VBF-enriched signal regions with two jets consistent with VBF topology,
featuring large transverse momenta and a wide separation in pseudorapidity,
based on a second BDT,
8. one selecting the events with higher scores to form a tight category,
9. and a second one selecting events with lower scores for a loose category,

• and four additional categories capturing events depending on pseudorapidity
and the momentum-based variable pTt, defined as the orthogonal component
of the diphoton momentum with respect to the axis connecting the momentum
vectors of the two photons, which separates events with different diphoton
invariant mass resolution and further discriminates VBF and ggF production,
the categories being
10. a central high-pTt category, requiring both photons within |η| < 0.95

and pTt > 70GeV,
11. a central low-pTt, requiring both photons within |η| < 0.95 and pTt <

70GeV,
12. a forward high-pTt category, with at least one photons with |η| > 0.95

and pTt > 70GeV,
13. and finally a forward low-pTt category, with at least one photons with
|η| > 0.95 and pTt < 70GeV.

The background in this analysis is mostly comprised of non-resonant γγ, γj and
jj production and is modeled using a two-dimensional sideband method or ABCD
method (introduced in Section 4.4.2). The signal distribution is modeled as a double-
sided Crystal Ball function (see Section 5.2.4), centered on the previously measured
Higgs boson mass of mH = 125.09GeV. The signal extraction is performed with
a likelihood fit. Figure 5.2 shows the result of this procedure, combined over
all categories.

5.1.3 Combination procedure
The extraction of the parameters of interest relies on the method of likelihood ratio
maximization, as described in Section 2.5, using the standard implementations
thereof [163–165], and is based on earlier analyses conducted similarly [15]. The
parameters of interest correspond to Higgs boson production cross sections or decay
branching ratios, or reparametrizations thereof.
The five sets of production modes considered in this analysis encompass
• the ggF mechanisms of Higgs boson production,
• the VBF mechanisms of Higgs boson production,
• Higgs boson production in association with a vector boson decaying leptoni-

cally (VHlep),
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• Higgs boson production in association with a vector boson decaying hadroni-
cally (VHhad), and
• Higgs boson production in association with top quarks (top), either singular

in the form of tH or pairwise in the form of tt̄H.
As the analysis presented here is not sensitive to the Higgs boson coupling to bottom-
type quarks, it is hence grouped together with the dominant ggF production mode.
All production modes grouped together in this way are assumed to be related by
their nominal Standard Model ratio. Some of the reparametrizations presented
here perform a stronger grouping of the individual processes.
The likelihood function constructed treats the number of events found in any

specific category as an independent measurement following a Poisson distribution,
or is based on the unbinned distribution of the diphoton invariant mass in the case
of some H�γγ categories with a low number of expected events.
In addition to the aforementioned parameters of interest, the likelihood model

includes around 200 nuisance parameters, modeling systematic uncertainties of
experimental or theoretical origin. Wherever possible, these are constrained by
independent control measurements. The constraints themselves are modeled by
multiplicative terms in the likelihood of a Gaussian or log-normal shape. Individual
uncertainties are either treated as fully correlated, or as fully uncorrelated. Fully
correlated uncertainties are modeled by a single nuisance parameter.

Sources of experimental uncertainties include the electromagnetic and jet energy
scale systematic uncertainties, luminosity uncertainties, and others. All experi-
mental uncertainties shared between the two analyses are fully correlated in the
combined fit.

The sources of theoretical uncertainties include the PDF uncertainties [166,167],
the uncertainties in the modeling of the underlying event and parton shower
(UE/PS), which is treated sharedly between the two channels, and the uncertainties
related to the acceptance of the individual categories due to higher-order corrections
in QCD. The corresponding parameter for the inclusive njet≥2 VBF categories is
shared between H�γγ and H�ZZ∗�`+`−`′+`′−, and so is the parameter for the
splitting in the pTt categories [168, 169] in H�γγ and the njet = 0 and njet = 1
categories [151, 170, 171] in H�ZZ∗�`+`−`′+`′−.

For the measurement of the signal strength, uncertainties on the predicted cross
section are taken into account, including uncertainties from missing higher-order
QCD corrections, as well as uncertainties on the PDFs and αs. These uncertainties are
fully correlated between the different decay channels. In addition, theoretical and
parametric uncertainties on the decay branching ratios are included [19,172–175].
The correlation scheme for these systematic uncertainties follows the strategy used
for earlier combined measurements [15].
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Table 5.2.: Predicted acceptances of the fiducial volume. The uncertainties arising from
the finite size of the Monte Carlo samples are on the order of 5%�, and are
not included.

Process Contributing to σi(
∣∣yH ∣∣ < 2.5)/σi

gg → H ggF 0.907
qq′ → qq′H VBF 0.932
qq̄′ →WH(W → had) VHhad 0.870
qq̄/gg → ZH(Z → had) VHhad 0.900
qq̄′ →WH(W → lep) VHlep 0.869
qq̄ → ZH(Z → lep) VHlep 0.900
gg → ZH(Z → lep) VHlep 0.965
qq̄/gg → tt̄H top 0.985

The measurement is performed in a “central” fiducial volume of
∣∣yH∣∣ < 2.5 and

extrapolated to the total phase space with acceptances calculated for a Standard
Model scenario with simulated Monte Carlo samples and are shown in Table 5.2.
The ratio between the central and the total cross section for bb̄H and tH are
assumed to have a negligible impact on the calculation and are set to unity.

5.1.4 Products of cross sections and branching fractions
In this first parametrization, the parameters of interest are the products of cross
sections σi for Higgs boson production via some mechanism i, and the branching
fraction Bf to some final state f , which is either γγ or ZZ∗. These products (σB)fi
are measured independently for each production and decay channel.

While the five production mechanisms and two final states investigated here would
allow for ten independent measurements of (σB)fi , three of these are not significantly
constrained by the data and are fixed to their respective Standard Model prediction,
namely (σB)ZZ

∗

VHhad, (σB)ZZ
∗

VHlep, and (σB)ZZ
∗

top , as the H�ZZ∗�`+`−`′+`′−analysis
does not have a dedicated event category to measure Higgs boson production in
association with top quarks, and the VH categories provide very low statistical power.
This is summarized in Table 5.3. For the parameters fixed to their Standard Model
values, the corresponding theoretical uncertainties have been taken into account.

The resulting values of the products of cross sections and branching fractions
(σB)fi are shown in Fig. 5.3 and Table 5.4. Small differences to the measurements
in the individual analyses may arise due to the nuisance parameter correlation
scheme and the grouping of production modes.

The measurements concerning ggF and VBF Higgs boson production achieved the
highest precision. The respective event categories for either of these measurements
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Table 5.3.: Parameters of interest for the measurement of (σB)fi .

Production & Decay ggF VBF VHhad VHlep top

H�γγ (σB)γγggF (σB)γγVBF (σB)γγVHhad (σB)γγVHlep (σB)γγtop

H�ZZ∗�`+`−`′+`′− (σB)ZZggF (σB)ZZVBF SM SM SM

Table 5.4.: Best fit values of (σB)fi for each specific channel i→ H → f , as obtained
from the generic parametrization with 7 parameters as given in Table 5.3.
The SM predictions [19] are shown for each (σB)fi .

H → ZZ∗ H → γγ

ggF Best fit value (pb) 1.58 +0.46
−0.39 0.063 +0.030

−0.029

SM prediction (pb) 1.18± 0.07 0.101± 0.006

VBF Best fit value (fb) 350+260
−200 18 +6

−6

SM prediction (fb) 93.0± 2.8 8.00± 0.29

VHhad Best fit value (fb) fixed to SM −2.5 +6.8
−5.8

SM prediction (fb) 36.0± 1.2 3.09± 0.12

VHlep Best fit value (fb) fixed to SM 1.0+2.5
−1.9

SM prediction (fb) 17.0± 0.5 1.46± 0.05

top Best fit value (fb) fixed to SM −0.3+1.6
−1.2

SM prediction (fb) 15.9± 1.5 1.36± 0.13

typically have substantial contributions from the other. Figure 5.4 shows the
likelihood contours of the two measurements in the (σB)fggF–(σB)fVBF plane divided
by their respective Standard Model value.
Among the experimental uncertainties, the parameters modeling the electro-

magnetic energy resolution and photon identification efficiency are the dominant
contributions. The most prominent theory uncertainties are the ones modeling ac-
ceptance of gluon fusion events into categories depending on the number of jets. The
compatibility with the Standard Model prediction corresponds to a p-value of 11%.

Cross sections
The second parametrization focuses on the measurement of the individual pro-
duction cross sections σi under the assumption of Standard Model Higgs boson
decay branching fractions, taking into account the theory uncertainties on the
corresponding predictions.
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SM plane as measured inH�γγ and

H�ZZ∗�`+`−`′+`′− and the respective Standard Model predictions [23].

Table 5.5.: Best fit values of the production cross sections σi assuming Standard Model
Higgs boson decay branching fractions [19].

Best fit value (pb) SM prediction (pb)

σggF 47.8 +9.8
−9.4 44.5± 2.3

σVBF 7.9 +2.8
−2.4 3.52± 0.07

σVHhad −2.5 +2.9
−2.6 1.36± 0.03

σVHlep 0.32 +1.07
−0.79 0.64± 0.02

σtop −0.11 +0.67
−0.54 0.60± 0.06
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Parameter value norm. to SM value

5− 4− 3− 2− 1− 0 1 2 3 4 5

topσ

VHlepσ

VHhadσ

VBFσ

ggFσ

ATLAS Preliminary =125.09 GeVHm
 (ZZ)-1), 14.8 fbγγ (-1=13 TeV, 13.3 fbs

Observed 68% CL SM Prediction

Figure 5.5.: Production cross section measurements assuming Standard Model branching
fractions [19]. The gray bands indicate the theoretical uncertainties on
the predictions. The blue error bars show the full uncertainty, including
experimental uncertainties and theoretical uncertainties [23].
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Figure 5.5 and Table 5.5 show the corresponding fit results. The compatibility
between the measurement and the Standard Model prediction corresponds to a
p-value of 21%.

Ratios of cross sections and of branching fractions
Ratios of cross sections and branching fractions are extracted from a combined
fit to the data by normalizing the production cross section to σggF and the decay
branching fraction to BZZ∗ . The product of cross section and branching fraction
can then be expressed as

(σB)fi = (σB)ZZ
∗

ggF ·
σi
σggF

· B
f

BZZ∗ . (5.1.1)

The present analysis is only sensitive to

(σB)ZZggF , σVBF/σggF and Bγγ/BZZ , (5.1.2)

and the remaining ratios are profiled. The results of the measurement are shown in
Fig. 5.6 and compared to their Standard Model expectation, showing compatibility
corresponding to a p-value of 5%.
The evidence for Higgs boson production via vector boson fusion measured in

events collected at
√
s = 13TeV amounts to 4.0σ, where the Standard Model expec-

tation with the given data set was 1.9σ using the asymptotic approximation [48].

Table 5.6.: Best-fit values of the cross section (σB)ZZggF and of the ratios σVBF/σggF and
Bγγ/BZZ . The remaining ratios between production cross sections and ggF
are profiled in the combined fit. The SM predictions [19] are shown in the
last column.

Parameter Best-fit value SM prediction

(σB)ZZggF (pb) 1.67 +0.41
−0.37 1.18± 0.07

σVBF/σggF 0.25 +0.15
−0.10 0.079± 0.004

Bγγ/BZZ 0.041 +0.015
−0.013 0.086± 0.003
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Parameter value norm. to SM value

0 1 2 3 4 5

ggFσ/VBFσ

ZZ/B
γγ

B

ZZ

ggF
 B)⋅ σ(

ATLAS Preliminary =125.09 GeVHm
 (ZZ)-1), 14.8 fbγγ (-1=13 TeV, 13.3 fbs

Observed 68% CL SM Prediction

Figure 5.6.: Measurement of (σB)ZZggF, Bγγ/BZZ and σVBF/σggF. The gray bands indicate
the theoretical uncertainties. The remaining ratios between production cross
sections and ggF are profiled in the combined fit. The blue error bars show
the full uncertainty, including experimental and theoretical uncertainties [23].
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5.1.5 Signal strength measurements
The simplest parametrization is that of a total signal strength parameter µ, as
introduced in Section 2.4.2, defined as the total observed yield with respect to the
Standard Model expectation. The signal strength parameter

µ =
(σB)

(σB)SM
(5.1.3)

acts as a single scaling factor for all modes of Higgs boson production and decay
after extrapolation to the full phase space including

∣∣yH∣∣ ≥ 2.5.
The observed evidence for Higgs boson production amounts to a local signif-

icance of about 10σ (8.6σ expected). The global signal strength measurement
finds µ = 1.13+0.18

−0.17. The compatibility to the Standard Model corresponds to a
p-value of 43%.

5.1.6 Combination of total cross sections
Table 5.7 and Fig. 5.7 show the Standard Model predictions as well as the measured
values of the total pp→ H +X cross sections at center-of-mass energies of

√
s = 7

and 8TeV as presented in Section 3.3 [15] as well as
√
s = 13TeV, measured in

H�γγ and H�ZZ∗�`+`−`′+`′− and their combination.
The breakdown of the uncertainties into the individual sources is obtained by

fixing all other nuisance parameters to their best-fit values and calculating the
quadratic difference of the total uncertainty with respect to the result of the
full unconditional fit. For the two final states presented here, the systematic
uncertainties are smaller than the statistical ones for all three center-of-mass
energies, and the results are compatible with each other and with the Standard
Model prediction.

Table 5.7.: Total pp→ H +X cross sections
√
s = 7 and 8TeV [15] and 13TeV [23]. The

Standard Model predictions [19] assume a Higgs boson mass of 125.09GeV
[35].

H�γγ H�ZZ∗ Combination SM predictions
√
s = 7TeV 35+13

−12 pb 33+21
−16 pb 34± 10 (stat.)+4

−2 (syst.) pb 19.2± 0.9 pb
√
s = 8TeV 30.5+7.5

−7.4 pb 37+9
−8 pb 33.3+5.5

−5.3 (stat.)
+1.7
−1.3 (syst.) pb 24.5± 1.1 pb

√
s = 13TeV 37+14

−13 pb 81+18
−16 pb 59.0+9.7

−9.2 (stat.)
+4.4
−3.5 (syst.) pb 55.5+2.4

−3.4 pb
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Figure 5.7.: Total pp → H + X cross section measurements compared to Standard
Model predictions at up to N3LO in QCD, assuming a Higgs boson mass
of 125.09GeV [35], shown as a smooth curve with the light (dark) blue
band indicating the uncertainty from missing higher-order QCD corrections
(the total uncertainty). The red triangles show the measurements from
the H�γγ channel, the green rectangles show the measurements from the
H�ZZ∗�`+`−`′+`′− channel, and the black dots show their combinations.
The gray bands represent the systematic uncertainty of the combined mea-
surement, while the lines denote the total uncertainty [23].

5.1.7 Combination results
Higgs boson production is observed at

√
s = 13TeV with a local significance of

10σ (8.6σ expected) in the decay modes H�γγ and H�ZZ∗�`+`−`′+`′−, with
the evidence for vector boson fusion amounting to about 4σ (1.9σ expected). In
all parametrizations entertained, including differentiation between the two decay
modes and up to five different modes of Higgs boson production, no significant
deviation from the Standard Model predictions has been observed. The global signal
strength was measured as µ = 1.13+0.18

−0.17. The total cross section of pp→ H + X
in the full phase space was determined from fiducial cross section measurements
as 59.0+9.7

−9.2 (stat.)
+4.4
−3.5 (syst.) pb.
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5.2 Modeling Techniques
Any deviation in the parameters of the underlying theory – be it an effective
field theory or otherwise – has complicated and not trivially predictable conse-
quences on the final predictions arising from that theory. The standard procedure
of computing these predictions involves a multi-step, resource intensive process,
including calculation of

1. the Matrix Elements involved in the hard scatter,
2. the parton-level cross section, and
3. the parton shower and hadronization

as well as the simulation of
4. additional interactions from the same or different bunch crossings,
5. interaction of the particles with the detector material,
6. the data acquisition by the detector, including the trigger,

and finally the reconstruction of the physical objects used for analysis.
In the parlance of experimental high energy physics, the items 1-3 are typically

referred to as the “generation” of events by some Monte Carlo generator, whereas
the second block of items is usually referred to as “simulation”.

5.2.1 Computational cost
It is worthwhile to note that the simulation stage typically consumes several orders
of magnitude more computing time than the generation stage, as apparent from
the comparison of Fig. 5.8 with Table 5.8. The simulation of Monte Carlo events
is the most costly task of the worldwide LHC computing grid, as apparent from
Fig. 5.9. Samples, events or particles that have not been processed by the simulation
and reconstruction are usually referred to as “truth”, whereas the final physics
objects that can be directly compared to measured data events are referred to
as “reconstructed”.

While the bulk of this computing time is spent for the creation of large Standard
Model samples that are central to Standard Model measurements or serve as
background estimates for many searches for physics beyond the Standard Model
(BSM), the creation of dedicated signal samples for such searches is often much
less costly, as the higher efficacy allows them to be produced in much smaller
sizes. However, this virtue is rendered invalid once the theories subject to testing
are highly parametric.

In this case, the method of likelihood fitting introduced in Section 2.5 would in
principle call for the creation of a dedicated Monte Carlo sample, fully generated
and simulated for this precise parameter configuration for the evaluation of the
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Figure 5.8.: Distributions of CPU time for 250 tt̄ events in full, Fast Geant, and
ATLFast-II simulations. Vertical dotted lines denote the averages of the
distributions [141].

Table 5.8.: Run times for generating 10,000 events using MadGraph5. For all processes,
p = j = g/u/ū/c/c̄/d/d̄/s/s̄, l± = e±/µ±. The run times for 0-, 1- and 2-jet
processes are for a laptop computer with 1.06GHz Intel Core Duo CPU, while
the 3-, 4- and 5-jet run times (marked by ?) are for a 128-core computer
cluster with Intel Xeon 2.50GHz CPUs [176].

Process CPU time in
pp→ W+j 1:55 min
pp→ W+jj 4:19 min
pp→ W+jjj 8:14 min ?
pp→ W+jjjj 46:50 min ?
pp→ W+jjjjj 11:39 h ?
pp→ l+l−j 3:00 min
pp→ l+l−jj 11:52 min
pp→ l+l−jjj 16:38 min ?
pp→ l+l−jjjj 2:45 h ?
pp→ tt̄ 1:55 min
pp→ tt̄j 3:52 min
pp→ tt̄jj 32:37 min
pp→ tt̄jjj 23:15 min ?
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Figure 5.9.: ATLAS usage of worldwide LHC computing grid resources in 2012 [177].

likelihood at some different new physics parameter set. Seeing that a likelihood fit
of a complicated, combined model such as the ones considered in Section 3.3.3 or
Section 5.1 can easily call for hundreds of thousands of evaluations, this is clearly
unfeasible. The techniques presented in the remainder of this chapter focus on
overcoming this challenge, outlining existing and novel strategies how complicated
models can be built such that they
• are computationally feasible, and
• model the underlying physics as accurately as possible.

5.2.2 Matrix Element Reweighting
One common practice to obtain a large quantity of sampling points in the BSM
parameter space is the technique of Matrix Element Reweighting.

Each individual Monte Carlo event is usually produced with some event weight.
These event weights are technical artifacts allowing the Monte Carlo generators
to more easily and efficiently sample the phase space by assigning individual
points a larger weight than others – and while some generators like MadGraph
produce samples with uniform weight at least at leading order, others can produce
large (or even negative) event weights. Weights are also at the analysis stage
commonly applied in the context of reweighting the Monte Carlo generated samples
to reflect the pile-up distribution or other physical observables in data in the hope
of improving the general quality of the physics modeling.

Method description
The idea of Matrix Element Reweighting takes this concept one step further: The
weight of each event is necessarily proportional to the Matrix Element modulus
squared, evaluated at the corresponding phase space point. If one were to change
the parameters of the underlying theory, the Matrix Element and thus the weight
would change accordingly. As weights are multiplicative and do not alter any of
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the observable quantities of the event, they can be applied at any processing stage.
Thus, one can reweight an event from the theory parameters it was originally
generated for to a different set of theory parameters, using

wo = wi ·
|Mo|2

|Mi|2
, (5.2.1)

where wi and wo stand for the input and output weights of the event, and Mi

and Mo for the Matrix Elements accordingly.
This technique can be applied on readily simulated and reconstructed samples

and hence provides an extremely efficient approach of obtaining simulated signal
samples, as the calculation of the Matrix Element is extremely resource-efficient
compared to simulating and reconstructing the event.

Discussion
Matrix Element Reweighting is an extremely powerful and useful tool that can
be used for many different applications, not only reweighting between different
BSM physics scenarios, but also for a posteriori changing empiric parameters of the
Monte Carlo generator to assess systematic uncertainties, for example examining
the effects of the PDF set used for sample generation. For this type of task, Matrix
Element Reweighting is an invaluable mechanism to save computing resources, and
for many applications, there is no real alternative. However, some properties of
the reweighted samples pose challenges for the analyses using them:
• If the target parameter set is very different from the initial one, the weights of

individual events can become very large. The resulting samples are effectively
dominated by a few high-weight events from the tails of the kinematic distri-
butions, reducing the statistical power significantly. Strategies to overcome
this challenge by simulating more events or having samples generated closer
to the target parameters undo the benefits of the method.
• All samples obtained from reweighting the same source sample are statisti-

cally dependent. Taking this interdependence into account properly can be
challenging in some cases and will in general increase the uncertainty on the
prediction.

It should be noted, however, that the last item can also be seen as a benefit in some
scenarios, providing the analyst with an extremely high degree of reproducability
and opening the possibility to observe exact measures of agreement when assessing
newly developed methods and performing closure checks.
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Implementation
The implementation of the Matrix Element Reweighting technique is principally
straight forward in that the analysis software just needs to be interfaced back to a
Matrix Element calculation functionality present in any Monte Carlo generator –
some generators like MadGraph5 even provide methods to automatically generate
code to perform this task for a specific physics process.
However, the details are often more complicated. As the Matrix Element cal-

culator needs access to the four-momenta of the initial particles produced in the
hard scatter, they need to be identified and accessed. The principles of operation
of the computing infrastructure pose several challenges to this task.

The technical representation of the event typically contains a very large number,
often several thousand, of truth particles originating from the parton shower,
including several stages of intermediate unstable particles, as well as additional
particles from initial or final state radiation. Not only can it be difficult to
identify which particle instances correspond to the results of the hard scatter
calculated by the Monte Carlo generator itself (as opposed to, say, the parton
shower calculation), but also the initial and final state radiation can boost the
center-of-mass frame and actually change the four-momenta of these particles.
Hence, even if the identification of particles to be passed to the Matrix Element
calculator is successful, the result of its calculation may not be the same as if
applied directly on the original hard scatter event.

In order to circumvent these difficulties, one might try to pass along the original
hard scatter event, such that it can be used for the Matrix Element calculation.
However, also this approach faces difficulties. As samples are often split into
smaller chunks for processing and not necessarily merged in the same order, and
unique event identifiers are not always available, it can be difficult to identify the
reconstructed events with their original versions a posteriori.

These two approaches are referred to as direct reweighting in the case where the
post-parton-shower truth particles are passed to the Matrix Element calculation,
and as matched reweighting in the case where the truth content of the event is
matched to some original hard scatter event which is then used to recalculate
the Matrix Element.

Figure 5.10 shows distributions of two kinematic variables, the transverse massmT

and the azimuthal angle between the dilepton pair ∆φ``, forH�W±W∓∗�`−ν̄``′+ν`′
events produced via VBF or VH production modes for different EFT scenarios. Here,
an event selection equivalent to the preselection used for the analysis presented in
Section 4.6 has been applied. The parameter configurations of these scenarios in
terms of the Higgs Characterization Model introduced in Section 2.4.2 are shown
in Fig. 5.11. Notably, the predictions obtained via the two different methods of
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Figure 5.10.: Distributions of events in transverse mass mT and azimuthal angular
separation between the lepton pair ∆φ`` in H�W±W∓∗�`−ν̄``′+ν`′ events
with Higgs bosons produced via the VBF and VH production modes, as
predicted with Matrix Element Reweighting. For each configuration tested,
three data rows are depicted: One independent validation sample obtained
with a Monte Carlo generator, one obtained with direct reweighting, and
one obtained with matched reweighting. The configurations of the different
samples are displayed in Fig. 5.11.

κHww
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Figure 5.11.: Validation samples used for the Matrix Element Reweighting, generated
with MadGraph5_aMC@NLO 2.3.3.p1, showered with Pythia8.2.12 using
the Higgs Characterization model introduced in Section 2.4.2. All samples
have been generated with cosα = 1/

√
2 and Λ = 1TeV.

Matrix Element Reweighting as well as from independent validation samples are
in good agreement.
This can also be seen in Fig. 5.12, which shows the distributions of differences

in event weights between the two methods for all of the above scenarios. While
the most probable value of the difference is zero in all cases, the distributions do
have far-reaching tails. This is a result of the fact that the direct reweighting
method uses the four-momenta of the particles after initial and final state radiation,
whereas the matched variant uses the original four-momenta as produced by the
Monte Carlo generator. It is however reassuring to see that the tails are roughly
symmetric, which motivates the good agreement visible for the kinematic variables.
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Figure 5.12.: Distribution of difference in event weight as predicted by direct and matched
reweighting. The ∆Weight displayed on the horizontal axis corresponds to
the event-by-event difference in weight, where the event weight obtained
by matched reweighting is subtracted from the one obtained by direct
reweighting.

5.2.3 Morphing
As established in the previous section, it is not feasible to use Monte Carlo generators
to evaluate a likelihood during a numeric minimization process. The general strategy
in this case is to evaluate the prediction on some appropriately chosen samples, and
then interpolate or “morph” between them during the minimization. An illustration
of this process can be seen in Fig. 5.13. A wide variety of different interpolation
techniques is available and commonly used for different scenarios.

Vertical morphing
If the target function f(x | m) is known for n values of m, the Taylor expansion
of f up to order n − 1 around some reference value m0 reads

f(x | mi) ≈
n−1∑
j=0

(mi −m0)j
1

j!

d(j)

dm(j)
f(x | m0) . (5.2.2)
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Figure 5.13.: Likelihood function of two parameters of interest, gSM and gBSM. A dis-
crete representation with a finite set of samples (left) and a continuous
representation obtained by some interpolation technique (right) are shown.

f(x | m0)
f(x | m1)

f̃
(
x | m0+m1

2

)

Figure 5.14.: Simple example for vertical interpolation, using n = 2 samples for a
Gaussian curve.

Introducing

Mij = (mi −m0)j and f ′j(x | m0) =
1

j!

d(j)

dm(j)
f(x | m0) , (5.2.3)

this can be recast in matrix notation

f(x | mi) ≈Mijf
′
j(x | m0) , (5.2.4)
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such that

f ′j(x | m0) ≈M−1
ij f(x | mi) . (5.2.5)

The prediction of f at any value m′ using vertical interpolation is then given as

f̃(x | m′) =
n−1∑
i,j=0

(m′ −m0)
j
M−1

ij f(x | mi) . (5.2.6)

The behavior of this kind of interpolation can best be understood for the simplest
case of n = 2, in which case the interpolation formula is exactly the weighted average

f̃(x | m′) = f(x | m0) +
m′ −m0

m1 −m0

f(x | m1) +
m′ −m1

m1 −m0

f(x | m0) . (5.2.7)

An example for this type of vertical interpolation can be seen in Fig. 5.14.
This purely vertical interpolation technique is very useful as long as the mean

of the input distributions is identical. If this is not the case, the results are not
very satisfying, as apparent from Fig. 5.15.

Moment morphing
In order to improve the morphing technique such that differences in statistical
moments are taken into account, the vertical interpolation technique can be sup-
plemented with a coordinate transformation.

f(x | m0)
f(x | m1)

f̃
(
x | m0+m1

2

)

Figure 5.15.: Example for vertical interpolation in a simple n = 2 case where the input
distributions have very different mean values.
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f(x | m0)
f(x | m1)

f
(
x | m0+m1

2

)

Figure 5.16.: Simple example for moment morphing, using n = 2 samples for a Gaussian
curve.

If the distribution f(x | mi) has mean µ(mi) and standard deviation σ(mi), then
the estimated mean and standard deviation of the output distribution are

σ̃(m′) =
n−1∑
i,j=0

(m′ −m0)
j
M−1

ij σ(mi) (5.2.8)

µ̃(m′) =
n−1∑
i,j=0

(m′ −m0)
j
M−1

ij µ(mi) . (5.2.9)

Using these, one can employ the coordinate transformations

ξi(x | m′) =
x− µ̃(m′)

σ̃(m′)
· σ(mi) + µ(mi) (5.2.10)

to map the predicted range of values in x to an interval corresponding to the
statistical moments of the distribution corresponding to mi. Notably, vertical
interpolation is used here on the statistical momenta themselves. In this interval,
each input distribution can be evaluated. Afterwards, the final prediction can be
obtained by vertically interpolating between these remapped distributions.
The prediction of f at any value m′ using moment morphing is then given as

f(x | m′) =
n−1∑
i,j=0

(m′ −m0)
j
M−1

ij f(ξi(x | m′) | mi) . (5.2.11)

Figure 5.16 shows the same example as Fig. 5.15, but using moment morphing
instead of vertical interpolation. Clearly, the results are much more satisfactory.
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5.2.4 Considerations
The vertical interpolation and moment morphing are just two examples of a wide
range of interpolation techniques. They are frequently used for data analysis in
high energy physics and have been developed in this community [178], but are
ultimately agnostic of the underlying physics. Rather, their ability to accurately
model the physical distribution relies on a rather fine sampling of the available
parameter space, requiring a grid of pre-generated samples to interpolate between.
It is obvious that any approach that does not contain additional information about
the intricate details of QFT can never hope to accurately model effects like quantum
mechanical interference.
In some cases, it might be justifiable to take a predicted distribution and

reparametrize it using some analytical function. One example for this approach

Template
morphing

Empirical
descrip-
tions

Physics
inspired

Analytical
shapes

Vertical interpolation

Moment morphing

. . .

Crystal Ball

. . .

Analytic Computations

Effective Lagrangian Morphing
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Figure 5.17.: Mind map of common morphing techniques.



176 Coupling Measurements

would be the double-sided Crystal Ball function used in the H → γγ analysis [179].
This function is defined as

f(x;α, n, x̄, σ) = N ·
{

exp(− (x−x̄)2

2σ2 ), for x−x̄
σ
> −α

A · (B − x−x̄
σ

)−n for x−x̄
σ

6 −α , (5.2.12)

where

A =

(
n

|α|

)n
· exp

(
−|α|

2

2

)
(5.2.13)

B =
n

|α| − |α| (5.2.14)

N =
1

σ(C +D)
(5.2.15)

C =
n

|α| ·
1

n− 1
· exp

(
−|α|

2

2

)
(5.2.16)

D =

√
π

2

(
1 + erf

( |α|√
2

))
(5.2.17)

and where N is a normalization factor and α, n, x̄ and σ are parameters which
are fitted using the data. The symbol erf refers to the error function.
Even though the function is very well suited for the case at hand, the concrete

choice of parametrization for any specific application is often arbitrary and hard to
justify, and the accuracy of the result ultimately relies on the assumption that the
chosen parametrization models the prediction well within the parameter range.
In rare cases, the dependency of some individual physical observable on the

parameters might even have an analytic form, at least to some approximation.
However, short of finding such an analytic representation for a wide variety of
physics processes, there is no apparent “silver bullet” for efficiently and accurately
modeling physics distributions.
In summary, the three available approaches are:
• Empiric modeling, using some interpolation method akin to vertical or moment

morphing.
• Analytic parametrizations, like the Crystal Ball parametrization of the back-

ground used in the H → γγ analysis [179].
• Physics inspired computations, exploiting the specific mathematical form of

the cross section at hand.
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A visual representation of the above summary is also given in Fig. 5.17.
Any modeling method that could be derived from first principles and would

be capable of taking into account the quantum mechanical effects arising from
cancellations and interference of different contributions with comparable accuracy
as a Matrix Element based event generator would be nothing short of a “holy grail”.

The novel method of Effective Lagrangian Morphing introduced in Section 2.4.3
rises to this challenge for the case of modeling the dependence of physical cross
sections on Wilson coefficients in an EFT scenario.

5.3 Effective Lagrangian Morphing
All measurements conducted thus far find an excellent agreement between the
Standard Model predictions including the Higgs sector and the observed data, with
the maybe notorious exception of finding a somewhat low H → bb coupling [53],
that is, however, still within the realm of a plausible statistical fluctuation. However,
even a significant deviation in signal strength in any one channel is in and of itself
no receipe on how to construct a quantum field theory that describes the observed
data better than the Standard Model. Instead, the type of excess or deficit or the
change in shape that was observed needs to be analyzed carefully to understand its
theoretical implications. For this purpose, different frameworks of interpretation
exist, some of which are briefly introduced in Section 2.4.2. This section focuses on
the EFT interpretation of possible deviations in the Higgs sector and provides a
detailed discussion of the technique of Effective Lagrangian Morphing, introduced
in Section 2.4.3.

Employing this technique for a tree level calculation of a 2→ 2 s-channel process
like the production and decay of a Higgs boson at the LHC at leading order, the
cross section prediction can be expressed as

σ(~g) = ~P (~g) · A · ~σ, (5.3.1)

where ~P (~g) is a vector of fourth-order polynomials in the couplings g, ~σ is a
vector of precomputed cross sections at the input parameter points, and A is the
inverted morphing matrix.
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5.3.1 A simple example
The simplest possible case is a scenario where any BSM coupling would only affect
the decay vertex of the Higgs boson. One example for this would be Higgs boson
production with decay to a pair of oppositely charged muons, where one would be
interested only in two possible contributions to this vertex. These are
• a Standard Model coupling gSM, and
• a BSM coupling gBSM.
In this case, the polynomials appearing in the calculation are only of second

order, as the constant couplings of the production vertex drop out of the calculation.
The Matrix Element computation takes the form

M = gSMMSM + gBSMMBSM (5.3.2)

|M|2 = g2
SM |MSM|2 + g2

BSM |MBSM|2 + 2gSMgBSMR(MSMM∗
BSM) , (5.3.3)

where the notation R(M) denotes the real-valued component of the Matrix El-
ement M.
As Eq. 5.3.3 has three independent components proportional to g2

SM, g2
BSM and

gSMgBSM, respectively, the construction of the morphing function will need the same
number of independent input samples. For the sake of simplicity, one can choose
the values given in Table 5.9 and call the samples “SM”, “BSM” and “Mix”.
In this case, the morphing matrix and its inverse are given as


g2SM gSMgBSM g2BSM

SM 1 0 0
Mix 1 1 1
BSM 0 0 1

 inversion
=====⇒


SM Mix BSM

g2SM 1 0 0
gSMgBSM −1 1 −1
g2BSM 0 0 1

. (5.3.4)

Table 5.9.: Coupling value assignments for three input samples called “SM”, “BSM” and
“Mix”.

Sample gSM gBSM
SM 1 0
Mix 1 1
BSM 0 1
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Figure 5.18.: Illustration of the simplest case of Effective Lagrangian Morphing.

From the inverted matrix, one can directly read off the coefficients of the morphing
function. In this case, the morphing function is given as

σ(gSM, gBSM) = (g2
SM − gSM · gBSM)︸ ︷︷ ︸

wSM

σSM

+ gSM · gBSM︸ ︷︷ ︸
wMix

σMix

+ (g2
BSM − gSM · gBSM)︸ ︷︷ ︸

wBSM

σBSM,

(5.3.5)

where the effective weights used for the samples in the linear combination have
been named wSM, wBSM and wMix.

In this case, the structure of the morphing function can be understood intuitively.
The two pure samples “SM” and “BSM” enter the calculation with the corresponding
pure second-order polynomials as prefactors. The “Mix” sample is essentially a sum
of the “SM” and the “BSM” sample, plus the interference term. The interference
term can thus be isolated by subtracting the pure samples from the mixed sample.
Afterwards, the interference term can be added to the morphing function with
the mixed second order polynomial as a prefactor. Figure 5.18 illustrates this
intuitive understanding.
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5.3.2 Applicability
The method of Effective Lagrangian Morphing can be applied to interpolate
arbitrarily between physics scenarios that can be continuously transformed into one
another by adjusting a coupling-like parameter. While this is definitely true for any
Wilson coefficients appearing in effective field theories, the technique is not limited
to that case. Indeed, couplings of non-effective operators can be used just as well.

No assumption is made on the physics quantity subject to the interpolation other
than that it is a linear combination of the individual terms arising from the pure
and the interfering contributions to the process in question, with the coefficients
being polynomials in the parameters of interest. Notably, this applies to any parton-
level cross-section, total or differential, as well as branching fractions. However,
under the assumption that the new physics effects do not alter the factorization,
the hadronization, the parton shower or the interaction of the particles with the
detector, it also trivially applies to predicted cross sections on the fully reconstructed
information level. This same assumption is also required for Matrix Element
Reweighting on reconstructed events to be a viable option for the production of
BSM signal samples.
The only way in which Effective Lagrangian Morphing falls short of the ca-

pabilities of Matrix Element Reweighting is that Matrix Element Reweighting
can of course also model non-coupling-like parameters, such as masses, widths
and functional inputs such as variations in parton density functions. Effective
Lagrangian Morphing will thus not be able to replace Matrix Element Reweighting
completely, as the latter will remain an indispensable tool for the estimation of
systematic uncertainties connected to the limited accuracy of the parton density
functions, for non-EFT approaches to deriving limits on the masses of new particles,
and to studies concerning the decay widths of particles. However, in so far as an
EFT captures the parameters of the underlying theory in coupling-like parameters,
Effective Lagrangian Morphing still allows to model their effects.
On the other hand however, Effective Lagrangian Morphing is computationally

several orders of magnitude faster as compared to Matrix Element Reweighting.
For example, performing Matrix Element Reweighting within the context of a
likelihood fit for every step of the minimization is unimaginable, as it needs to
be performed on an event-by-event basis and does not work on final distributions
directly. This realization exhibits the true strengths of the method that it
• provides an interpolation method between precomputed predictions for total

or differential cross sections and branching fractions, that it
• is fast and efficient enough to be performed in the context of a likelihood fit

of the parameters, and that it
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• accurately models the underlying physics without making any additional
approximations.

It is important to stress at this point that the method of Effective Lagrangian
Morphing does not introduce any additional uncertainties to the prediction. The
resulting uncertainty estimate will be based purely on propagation of the uncertain-
ties of the input values between which the interpolation is performed. The morphing
matrix itself is derived purely as the inverse of a matrix of polynomials of arbitrarily
chosen parameters and is thus immaculate, save for the numerical inaccuracy of the
finite-precision arithmetic of computer algorithms. The calculation and reduction
of uncertainties on the predictions obtained via Effective Lagrangian Morphing is,
however, an intricate subject to which Section 5.3.6 is devoted.

5.3.3 Dimensionality
There is no conceptual limitation as to how many parameters the method of
Effective Lagrangian Morphing can model simultaneously, as the addition of more
parameters will just increase the size of the morphing matrix. The size of this
square matrix will always need to be identical to the number of independent terms
appearing in the Lagrangian, which then translates into the number of input
samples required for the method.
For a general 2 → 2 s-channel process at leading order with np couplings

appearing exclusively in the production vertex, nd couplings appearing exclusively
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Figure 5.19.: Number of input samples required for Effective Lagrangian Morphing in
comparison to a simple n = 3 grid sampling.
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in the decay vertex, and ns shared couplings appearing in both the production
and the decay vertex, this number is

N =
np (np + 1)

2
· nd (nd + 1)

2
+

(
4 + ns − 1

4

)
+

(
np · ns +

ns (ns + 1)

2

)
· nd (nd + 1)

2

+

(
nd · ns +

ns (ns + 1)

2

)
· np (np + 1)

2

+
ns (ns + 1)

2
· np · nd + (np + nd)

(
3 + ns − 1

3

)
.

(5.3.6)

This formula can be obtained by simple counting. In this representation, the
individual contributions can be identified, where
• the first line counts the terms only containing production couplings, only

containing decay couplings, or only containing shared couplings,
• the second line counts the terms which are of second order in decay-only

couplings,
• the third line counts the terms which are of second order in production-only

couplings,
• and the last line counts the terms which are only of first order in either

production or decay or both.
Particularly relevant for the studies presented here are the cases of ggF and VBF

Higgs boson production with a decay to two vector bosons in the Higgs effective
Lagrangian presented in Section 2.4.2. In the particular cases of H�W±W∓∗ and
H�ZZ∗, the parameters of primary interest are the Wilson coefficients coupling
the Higgs field to the W± and Z fields. The corresponding reduced forms of the
above formula for n free H → V V couplings are

NggF =
n (n+ 1)

2
(5.3.7)

NVBF =

(
4 + n− 1

4

)
, (5.3.8)

respectively, as displayed in Fig. 5.19. Here, one coupling is assumed for the ggF
production vertex, and all couplings are assumed shared between the two HV V
vertices in the VBF case.

From this, it becomes immediately apparent that the number of required samples
grows very quickly with increasing dimensionality of the space spanned by the
morphing. This is especially true in the VBF case where the simultaneous increase
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of the number of operators in both the production and the decay vertex accelerates
the growth with respect to the ggF scenario, where only the number of operators
in the decay vertex is effectively increasing. However, as can be seen from that
same graphic, the number of samples is still much smaller than what would be
required for even a minimalistic sampling with one Standard Model sample and
samples for all ±1σ combinations for every Wilson coefficient, resulting in a simple
grid with three grid lines along every direction.

5.3.4 Applications
In order to prove experimentally the validity of the method and its implementation
and to showcase its capabilities, several studies have been performed. They all
share a common strategy:

1. A physical mode of Higgs boson production and decay is chosen.
2. A number of Monte Carlo samples with coupling parameters suitable for use

as a basis for Effective Lagrangian Morphing is selected.
3. Additional samples are used as validation benchmarks.
4. Effective Lagrangian Morphing is used to obtain predictions at (“morph to”)

these validation benchmarks.
5. The resulting predictions of differential cross sections are studied for significant

discrepancies.
The studies presented here have been previously published [20] and encompass

investigations of
• truth level ggF H�ZZ∗�`+`−`′+`′− events at

√
s = 13TeV,

• truth level VBF H�W±W∓∗�`−ν̄``′+ν`′ events at
√
s = 13TeV, and

• simulated ggF H�ZZ∗�`+`−`′+`′− events at
√
s = 8TeV,

with varying numbers of parameters coupling the Higgs field to the respective weak
bosonic field. For the first two studies, dedicated samples have been produced,
whereas the study on simulated samples uses the samples used for earlier publications
of the H�ZZ∗�`+`−`′+`′− analysis [17].
Various distributions of differential cross sections are shown after applying the

respective object and event selection. These selections are briefly introduced in
the text, but are ultimately of little interest for the studies performed here, as
they only affect the shape or normalization of the distributions, not the agreement
between the distributions predicted by the validation sample and the morphing.
As shape and normalization effects affecting all distributions simultaneously cancel
and do not affect the validation, no conscious effort has been made to normalize or
reweight the distributions to any calculation other than the predictions of cross
section and acceptance obtained directly by the Monte Carlo generator.
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Figure 5.20.: Angles in the system of a Higgs boson decaying to four fermions.

The H�ZZ∗�`+`−`′+`′− studies employ the angular variables Φ, Φ1, cos θ? and
cos θ1/2 that can be measured in events with four charged leptons in the final state.
They are commonly used in the analysis of H�ZZ∗�`+`−`′+`′− events and are
known to have discriminatory power between different BSM scenarios, including a
CP-odd Higgs boson [180]. The definitions of these variables are shown in Fig. 5.20.

For the VBF studies, the azimuthal angle between the tagging jets ∆φjj is used,
which also provides discriminatory power between scenarios with CP-odd and
CP-even Higgs bosons [181].
The studies are based on the Higgs characterization model [47] introduced in

Section 2.4.2, using a reduced parameter set that consists of
• the Standard Model coupling gSM = κSM cosα,
• one additional non-SM CP-even coupling gHV V = 1

Λ
κHV V cosα,

• and one CP-odd coupling gAV V = 1
Λ
κAV V sinα,

where the cutoff scale has been chosen as Λ = 1TeV for all studies presented here.
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Monte Carlo samples at
√
s = 13TeV

Samples of events incorporating gluon fusion and vector boson fusion Higgs boson
production with subsequent decays into W and Z bosons decaying into purely
leptonic final states have been produced for several EFT scenarios. For each study,
exactly one Standard Model sample has been generated with the Standard Model
coupling set to unity and all BSM Wilson coefficients set to zero. All other samples
have the Standard Model coupling set to unity as well, but the non-SM couplings
chosen such that a pure non-SM sample with that coupling would have the same
cross section as the pure SM sample.

The samples have been generated for proton collisions at
√
s = 13TeV with Mad-

Graph5_aMC@NLO 2.2.2.p1 [130] using the Higgs characterization model [47],
introduced in Section 2.4.2.
The base and validation samples were generated with 50.000 events each. The

gluon fusion samples were generated using a version of that model including an
effective vertex for the coupling of gluons to the Higgs boson, effectively contracting
the fermion loop. All samples have been generated using LO precision in Standard
Model and BSM electroweak effects, but using NLO precision for QCD effects. The
leading-order PDF set NNPDF23LO [131] was used for all samples. The parton
shower and hadronization were produced with Pythia8.186 [125] with the A14
tune [134]. No simulation of detector effects has been performed, and no pile-up
has been taken into account. Jet candidates are reconstructed using the anti-kt
algorithm [103, 182] with a distance parameter of R = 0.4.

Validation in ggF H�ZZ∗�`+`−`′+`′−

This validation study is minimal in the sense that it reflects the setup chosen for
the simple example discussed in Section 5.3.1. It incorporates only two parameters
of interest, one Standard Model coefficient κSM and one non-SM coefficient κAZZ .
The third coupling gHgg = κHgg cosα employing the coefficient κHgg only appears
in the production vertex and has the same value for all samples. It thus drops out
of the calculation, effectively resulting in a morphing matrix that is only second
order in the couplings.
The precise values of the parameters used for the samples in this study are

listed in Table 5.10. The samples have been chosen such that there is exactly one
Standard Model sample without any non-SM contribution, exactly one pure BSM
sample with no Standard Model contribution at all, and one mixed sample that
combines the value of the SM coupling from the SM sample with the value of the
CP-odd coupling from the BSM sample. Save for the precise numerical values, the
situation is thus identical to the one discussed in Section 5.3.1.
The distributions shown here are derived from an event selection inspired by

the one applied in the nominal H�ZZ∗�`+`−`′+`′− analysis [22], as presented in
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Section 5.1.1. Electrons (muons) are required to pass ET > 7GeV (pT > 6GeV)
and to be measured in the pseudorapidity range |η| < 2.47 (|η| < 2.7). Further,
the dilepton invariant mass of the leading (subleading) lepton pair is required to lie
within 50GeV < m`` < 106GeV (c < m`` < 115GeV, where c interpolates between
12GeV for m4` < 140GeV and 50GeV for m4` > 190GeV), and m`` > 5GeV
is required for SFOC lepton pairs, and ∆R`` > 0.1 (0.2) is required for all same
(opposite) flavour lepton pairs.

Figure 5.21 shows the comparison between the morphing output and the predicted
distributions of the two validation benchmarks as listed in Table 5.10. Distributions
in cos θ1 and Φ, which are sensitive to the presence of non-SM couplings, are
shown for validation.

The distributions show the angle θ1 between the on-shell Z boson and its nega-
tively charged lepton, and the angle φ between the decay planes of the two Z bosons,
all calculated in the rest frame of the Higgs boson. Geometric representations
of these angles can be seen in Fig. 5.20.
In both cases, the prediction of the morphing and the distribution generated

from a statistically independent Monte Carlo sample are in excellent agreement.

Validation in VBF H�W
±
W

∓∗
�`

−
ν̄``

′+
ν`′

For this study, two non-SM parameters, the CP-even coefficient κHWW and the
CP-odd coefficient κAWW are taken into account in addition to the Standard
Model coefficient κSM. When assuming equality of the H → WW and H → ZZ
couplings, all three parameters appear in both vertices of the VBF H → V V process.
Employing Eq. 5.3.8 with np = 0, nd = 0, and ns = 3, the required number of
samples for this case is 15.
The parameter choices for all samples generated for this study, including two

validation samples dubbed v0 and v1, can be seen in Fig. 5.22. The value of cosα =
1/
√

2 has been chosen for all samples uniformly, as the parameter is redundant.
The parameters for all base samples have been chosen arbitrarily within ranges
such that a pure BSM sample at the limit would have the same cross section as
the Standard Model sample. A conscious attempt was made to distribute the

Table 5.10.: Overview of the H�ZZ∗�`+`−`′+`′− samples used in Section 5.3.4.

κSM κAzz κHgg cosα

Input Sample 0 “SM” 1 0 1 1

Input Sample 1 “BSM” 0 13.938
√

2 1/
√

2

Input Sample 2 “Mix”
√

2 13.938
√

2 1/
√

2

Validation Sample 1 1 0.25
√

2 1/
√

2

Validation Sample 2
√

2 −2
√

2 1/
√

2
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Figure 5.21.: Distributions of cos (θ1), where θ1 is the angle between the on-shell Z boson
and its negatively charged lepton (left) and the angle φ between the decay
planes of the two Z bosons (right). The validation benchmarks (solid) as
well as predictions calculated via morphing (dashed) are shown. The ratios
between the morphing output and the validation distributions are shown
in the bottom panels [20].

base samples evenly within the available parameter space. The parameters of
the validation samples have been chosen randomly within the available ranges,
employing a pseudo-random number generator.

On these samples, a loose event selection has been applied, requiring two selected
leptons and two selected jets on truth level. For muons or electrons to be selected,
requirements of |η| < 2.7 and pT > 6GeV or |η| < 2.47 and pT > 7GeV are imposed,
respectively. Jets are selected above pT > 25GeV in the range of |η| < 2.4 and
above pT > 30GeV in the range of |η| < 4.5. This object selection is loosely based
on the one imposed in the H�W±W∓∗�`−ν̄``′+ν`′ analysis presented in Chapter 4.
The cross section predictions as functions of the two BSM coefficients, the mor-

phing technique and their associated relative uncertainties are shown in Fig. 5.23.
It is worthwhile to note that these are no approximations, but exact predictions
with uncertainties relying solely on the finite statistical power of the Monte Carlo
generated input samples.

As expected, the physical cross sections rise as the production via the additional
BSM couplings becomes more viable at larger values of the corresponding couplings.
The uncertainties on the prediction are very small in the range of 2−3% within large
fractions of the considered parameter space. And while the relative uncertainty
rises dramatically outside the parameter space covered by the input samples, the
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Figure 5.22.: Overview of all samples used in Section 5.3.4. The SM coupling is set
to gSM = κSM cosα = 1 for all input samples, with cosα = 1/

√
2 and

κSM =
√

2 [20].
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Figure 5.23.: Cross sections (left) and associated relative uncertainties (right) for the VBF
H�W±W∓∗�`−ν̄``′+ν`′ process as a function of the non-SM CP-even and
CP-odd coupling parameters κHWW and κAWW as obtained by Effective
Lagrangian Morphing [20].
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Figure 5.24.: Relative uncertainty on the morphing prediction in colour-code. Blue
colours (inner) correspond to smaller relative uncertainties, red colours
(outer) correspond to larger relative uncertainties. The positions of the
base samples are indicated with black markers.

local maxima in the relative uncertainty do not coincide with the distribution of
the input samples in any obvious way. This is more clearly illustrated in Fig. 5.24,
which shows the same distribution in a purely colour-coded display, with the
location of the base samples added as black points. This interesting observation
is further studied in Section 5.3.6.

The kinematic observable used in this study is the azimuthal angle between the
two VBF tagging jets ∆φjj. All input distributions from the morphing and the
validation samples are shown in Fig. 5.25.

Table 5.11.: Correlation matrix from the fit to the v0 (left) and v1 (right) samples as
defined in Fig. 5.22, corresponding to the fits shown in Fig. 5.26.

κSM κHWW κAWW

κSM 1.00 0.20 -0.95
κHWW 0.20 1.00 0.09
κAWW -0.95 0.09 1.00

κSM κHWW κAWW

κSM 1.00 0.49 -0.93
κHWW 0.49 1.00 -0.16
κAWW -0.93 -0.16 1.00

An additional type of closure check is performed by building a likelihood fit
with the coefficients as free parameters, and fitting to either any base or validation
sample as pseudo-data. The fit is generally able to extract the nominal values of
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Figure 5.25.: Distributions of the azimuthal angle between the two VBF tagging jets
∆φjj for all base and validation samples used in Section 5.3.4 [20].
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Figure 5.26.: Distributions of the azimuthal angle between the two VBF tagging jets
∆φjj as obtained by morphing to the nominal parameters of the validation
samples v0 (left) and v1 (right), as obtained from the best-fit-values ob-
tained by a likelihood fit to the validation samples, and from the validation
samples themselves [20].
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the coefficients from the pseudo-data with high accuracy even for the statistically
independent validation samples, as shown in Fig. 5.26.

The post-fit parameter correlations obtained from the fit to the validation samples
are shown in Table 5.11. There is a strong correlation observed between the SM
coefficient κSM and the CP-odd coefficient κAWW , as they both have a large effect
on the total cross section.

5.3.5 Validation on reconstructed samples
In order to provide a convincing experimental proof that the technique of Effective
Lagrangian Morphing works not only on truth-level predictions, but just as well on
distributions of simulated and reconstructed events, a subset of simulated signal
samples used in the ATLAS tensor structure analysis of H�ZZ∗�`+`−`′+`′− events
at
√
s = 8TeV [17] has been used to perform a validation study similar to the

ones presented above.
This study employs the non-SM CP-even coupling κ̃HZZ and the CP-odd coefficient

κ̃AZZ , defined as

κ̃HZZ =
1

4
· v

Λ
· κHZZ and κ̃AZZ =

1

4
· v

Λ
· κAZZ , (5.3.9)

where v is the Higgs field vacuum expectation value. Only the dominant ggF Higgs
boson production process is considered.

The first observable used in this study is the angle Φ between the decay planes of
the two intermediate Z bosons. The second is the transformed optimal observable
TO2(κ̃AZZ , α), which has been introduced as one of the final discriminating vari-
ables of the H�ZZ∗�`+`−`′+`′− tensor structure measurement [17]. The optimal
observable O(κ̃AZZ , α) is defined as the ratio

O(κ̃AZZ , α) =
|M(κ̃AV V 6= 0, κSM = κ̃HV V = 0, α = π/2)|2

|M(κ̃SM 6= 0, κAV V = κ̃HV V = 0, α = π/2)|2
, (5.3.10)

where the Matrix ElementM is computed in situ given the kinematic properties
of the final state leptons. The transformation is chosen such that the observable
follows a standard Gaussian normal distribution in the Standard Model scenario.
This observable is very sensitive to the amplitude of CP-odd admixtures [183] in
the HZZ coupling structure.
The Standard Model Higgs boson production via gluon fusion at the mass

mH = 125.5GeV is simulated using the Powheg-Box [129] generator. For the
non-SM signals, the decays of the generated Higgs bosons are simulated at leading
order using the JHU Monte Carlo generator [180,184]. The parameters of the samples
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Table 5.12.: Parameter configuration of the base and validation samples used in Sec-
tion 5.3.5.

κ̃SM κ̃HZZ κ̃AZZ

Input sample 1 1 0 0
Input sample 2 0 1 0
Input sample 3 0 0 1
Input sample 4 1 1 0
Input sample 5 0 1 1
Input sample 6 1 0 1
Validation sample 1 (Φ) 1 -2 0
Validation sample 2 (Φ) 1 -1.25 0
Validation sample 3 (TO2(κ̃AZZ , α)) 1 0 5
Validation sample 4 (TO2(κ̃AZZ , α)) 1 0 3.25
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Figure 5.27.: Distributions of ggF H → ZZ∗ → 4` events at
√
s = 8TeV [17], comparing

the shapes of physical observables Φ and TO2(κ̃AZZ , α) for two validation
benchmarks with the prediction obtained via Effective Lagrangian Morphing.
The perfect agreement is due to the fact that all base and validation samples
used here have been derived from the same original sample via Matrix
Element Reweighting [20].
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selected for this study are shown in Table 5.12. It is worthwhile to note at this point
that the input samples are not statistically independent, but have been derived
from the same base sample using the technique of Matrix Element Reweighting. It
thus becomes apparent that the two methods of Effective Lagrangian Morphing and
Matrix Element Reweighting are in fact not competing, but rather complementary
in the sense that Matrix Element Reweighting can be employed to generate the
input samples required by the technique of Effective Lagrangian Morphing, as
has been done in this case.

Figure 5.27 shows distributions of the two observables in the 4` final state for the
four different validation benchmarks. The agreement between the predictions of
the morphing and of the validation sample is perfect, as the input samples are not
statistically independent. Clearly, the technique of Effective Lagrangian Morphing
is capable of perfectly reproducing distributions of complicated physical observables
like the ones studied here even at the level of reconstructed and simulated events.

5.3.6 Uncertainty estimation
As already alluded to, the uncertainty treatment in the context of Effective La-
grangian Morphing can have surprising and interesting effects – and while many
aspects are still subject to investigative research, this section attempts to provide
a comprehensive overview of the current state of research.
With the method itself being completely deterministic, the only choice to be

made is the set of parameters of the base samples. Different choices of base samples
can have sizable effects on the uncertainty of the prediction, as demonstrated by
Fig. 5.28, comparing a “good” and a “bad” choice of base samples for the morphing of
the Φ distribution in ggF H�ZZ∗�`+`−`′+`′− events, as introduced in Section 5.3.4.
The parameters of the samples are shown in Fig. 5.29. Within this section, the
uncertainty estimate of the prediction obtained via Effective Lagrangian Morphing
is formalized and quantified.

Formalization
The morphing function m is a mapping from n input parameters gi (with the
index i running trough 1, . . . , n.), typically couplings in the Lagrangian, to a single
number – a cross section or branching ratio, which is denoted as X here. This
is technically not true in cases where the prediction is a differential cross section,
but the generalization to a list of values is trivial and will not be considered here
for the sake of notational simplicity. Thus,

m : Rn → R : ~g → X. (5.3.11)
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Figure 5.28.: Morphing of ggF H�ZZ∗�`+`−`′+`′− kinematic distribution in the ob-
servable Φ, as introduced in Section 5.3.4, with two different sets of base
samples (red and blue) to the parameters of a statistically independent
benchmark (data points). The band widths indicate the propagated Monte
Carlo statistical uncertainties. The parameter choices for all samples used
here are shown in Fig. 5.29.

κSM = κHgg =
√

2

Λ = 1TeV and cosα = 1√
2
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κAZZ
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κSM
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Figure 5.29.: Base and validation samples for the morphing displayed in Fig. 5.28. The
samples have been generated with MadGraph5_aMC@NLO2.2.2.p1 [130]
in the Higgs Characterization Model introduced in Section 2.4.2 using
the leading-order PDF set NNPDF23LO [131] and showered with Pyth-
ia8.186 [125] with the A14 tune [134]. The blue and red points indicate the
locations of two different sets of base samples, and the black dot indicates
the validation benchmark.
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The morphing function m itself is fully determined by the morphing matrix M , a
square matrix of size N ×N , and the predictions ξj at the input samples. Here,
the index j is meant to run through 1, . . . , N .
The mapping d : n → N is not entirely straight-forward and will depend on

the physical process considered, but has been laid out for the case of a 2 → 2
process in Eq. 5.3.6. Knowing the size N of the morphing matrix then allows to
freely choose the n coupling parameters for the N different base sample, the sole
constraint being that the morphing matrix must remain invertible. Then, some
Monte Carlo phase space integrator F can be used to predict the N values of ξj
at the parameter configurations ~gj. The construction ? of the morphing function
itself thus proceeds using

d : N→ N : n→ N (5.3.12)
F : Rn → R : ~g → ξ (5.3.13)
? : Rn×N → [Rn → R] : {~g} → m = [M, {ξ}] (5.3.14)

There are only two principle sources of uncertainty in this process:
1. The Monte Carlo integrator F will only produce a limited set of k data points

for every one of the N configurations. The result will be an uncertainty ∆ξ
on the predictions of the input values ξ. In general, the relative uncertainty
will be proportional to the square root of the number of events produced,
that is, ∆ξ/ξ ∼

√
k

2. During the construction ? of the morphing function m, the matrix M is
obtained via a matrix inversion. Using finite precision arithmetic, this
introduces numeric inaccuracies to the calculation.

Matrix condition and numerics
While it is in theory always possible to find the exact inverse of an invertible matrix,
this inverse is not necessarily representable using finite precision. Considering,
for example, the matrix

A =

 1 0 0
1 ε ε2

0 0 ε2

 with the inverse A−1 =

 1 0 0
−1
ε

1
ε
−1
ε

0 0 1
ε2

 , (5.3.15)

the matrix A is not invertible for ε→ 0. If, however, the computation only takes
into account the first k decimal digits, then the matrix A will only be invertible
if ε > 10−k. Of course, modern day computers use floating point arithmetic, that
is, the available precision will affect the number of significant digits, not the total
number of digits. For example, the commonly used double precision will produce
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results accurate to approximately 15-17 significant digits in a simple floating point
operation, with the maximum exponent representable being 308. However, matrix
inversions are no simple floating point operations.
The most commonly used algorithm for matrix inversion is the well-known

Gaussian elimination procedure. For a matrix of size N , this technique encompasses
approximately 2/3N3 floating point operations. It is thus not entirely straight-
forward to understand how strongly finite numeric precision will affect the result
of a matrix inversion.

Some modern computer algebra systems support analytic computations. However,
the analytic computation of the inverse of a matrix encompasses a very peculiar
detail, which can best be seen in the simple N = 2 case of(

a b
c d

)−1

=
1

ad− bc

(
d −b
−c a

)
, (5.3.16)

where the denominator of the fraction is simply the determinant of the matrix.
Considering the seemingly innocuous case of(

1 ε
ε 1

)−1

=
1

1− ε2
(

1 −ε
−ε 1

)
, (5.3.17)

the determinant is no longer computable with k significant digits of precision if
ε < 10

√
k. Hence, even analytic computations are prone to numeric imprecisions.

As a matter of fact, this type of computation is often less precise than Gaussian
elimination, as specifically the matrix determinant is very vulnerable to this type
of problem.

One commonly used measure for the numerical problems arising from the inversion
of a given matrix is the condition number

CX(A)X =
∥∥A−1

∥∥
X
· ‖A‖X , (5.3.18)

where ‖A‖X denotes matrix norm. One common choice is the L2 norm

‖A‖L2
=

√∑
i,j

A2
i,j. (5.3.19)

Another common choice is the operator norm

‖A‖op. = inf {λ ≥ 0 : Ax = λx∀x} , (5.3.20)

that is, the modulus of the smallest eigenvalue λmin of A. However, if λ is an
eigenvalue of A and A is invertible, then λ−1 is an eigenvalue of A−1. Hence,
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the inverse of the largest eigenvalue λmax of A will be the smallest eigenvalue of
A−1. From this, it follows that

Cop. =
|λmax|
|λmin|

, (5.3.21)

that is, the condition number is the ratio of the largest and the smallest eigenvalue.
While determining the eigenvalues is often computationally expensive for large

matrices, upper and lower bounds for the largest and smallest eigenvalues can
often be efficiently determined by use of the Gershgorin Circle Theorem [185]. This
theorem states that each eigenvalue λ of a real-valued matrix A is contained within
an interval of [Aii −Ri, Aii +Ri], where i is some column or row of the matrix,
Aii is the corresponding diagonal entry, and Ri is the sum of absolute values of
all non-diagonal entries in that row or column. A mathematical formulation and
brief proof of this is presented in Appendix B.1.
It can be shown [186] that for a matrix of condition c ≈ 10k, one can expect

to loose at least k significant digits of precision. This proof is briefly sketched
in Appendix B.2.

The matrix from Eq. 5.3.15 has the eigenvalues {1, ε, ε2}, such that the condition
number is ε−2 for ε ≤ 1. Incidentally, the matrix is identical to the simple example
from Section 5.3.1 for ε = 1, resulting in a condition number of c = 1, as well as to
the matrix used in Section 5.3.4 with ε ≈ 10−2, resulting in a condition number of
c = 104. The condition number of the morphing matrix is c < 109 for all studies
presented here, resulting in a remaining numerical accuracy of approximately 10−7

when using double precision. This is much smaller than the approximately 2− 5%
uncertainty resulting from the finite Monte Carlo sample size.
However, the implementation used to produce the studies presented here in

fact uses the boost uBLAS and boost multiprecision libraries [187] to achieve
around 100 significant digits accuracy, to which end the numerical effects are
absolutely negligible.

Uncertainty propagation
On the surface, the propagation of the Monte Carlo statistical uncertainties on
the result of the morphing is straight-forward. Given the morphing matrix M , the
morphing function as introduced in Eq. 2.4.26 reads

X(~g) =
∑
j

wj(~g)ξj with wj(~g) =
∑
i

Pi(~g)Aij, (5.3.22)

where A = M−1, Pi(~g) are the polynomials of the coupling parameters evaluated
at the target point ~g, and ξj are the predictions obtained at the base samples.
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Assuming the matrix itself to be free of any significant uncertainty, as has been
extensively justified in the previous section, only the uncertainties ∆ξj on the
predictions ξj remain. There are, in principle, two interesting cases:

1. All ξj are fully uncorrelated. This is the case for statistically independent
base samples.

2. All ξj are fully correlated. This is the case for base samples that have been
generated with Matrix Element Reweighting from the same original samples.

The respective uncertainties ∆X on the output X compute as

∆X2
0 (~g) =

∑
j

(wj(~g)∆ξj)
2 (5.3.23)

∆X2
1 (~g) =

(∑
j

wj(~g)∆ξj

)2

, (5.3.24)

where the subscripts 0 and 1 allude to the values of the corresponding correlation
coefficients, ∆X0 denoting the uncertainty for the uncorrelated case and ∆X1

denoting the uncertainty for the fully correlated case.
The respective relative uncertainties compute as

∆X0,rel(~g) =

√∑
j (wj(~g)∆ξj)

2∑
j wj(~g)ξj

(5.3.25)

∆X1,rel(~g) =

∑
j wj(~g)∆ξj∑
j wj(~g)ξj

. (5.3.26)

Under the assumption that all input values ξj have the same relative uncertainty
q, this yields

∆X0,rel(~g) = q ·

√∑
j (wj(~g)ξj)

2∑
j wj(~g)ξj

(5.3.27)

∆X1,rel(~g) = q. (5.3.28)

It should be noted, however, that this assumption is rarely truly satisfied, especially
for the correlated case where the samples have been obtained with Matrix Element
Reweighting. The uncertainties of such reweighted samples can have extreme
variations if the parameters chosen for the original sample are very different to
the ones being reweighted to, as very few events from the tails of the respective
kinematic distributions begin to dominate the sample.
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Also for the uncorrelated case, the assumption is not always justified, as different
kinematic acceptances of the signal region for the different scenarios can affect
the statistical power, especially when looking at binned differential distributions
with very few events per bin.

In Section 5.3.4, it was pointed out that the uncertainties on the prediction are
not always minimal around the input samples, which was made visible by Fig. 5.24.
Looking at the formulas for the uncorrelated case, it now becomes apparent why this
happens. Considering a hypothetical case of equal weights for all base samples when
morphing to a certain parameter configuration, that is, wj(~g) = c ∀j, something
interesting happens. In that case, Eq. 5.3.22 is then just the arithmetic average
over all ξj save for a constant, and by definition has an uncertainty that is smaller
than any individual contribution. Then, Eq. 5.3.27 becomes

∆X0,rel = q ·

√∑
j ξ

2
j∑

j ξj
. (5.3.29)

Interestingly, the same could be achieved for the predictions as well – it could be
possible to achieve a configuration where all input values, be they cross sections
for the sake of the argument, are equal, and hence

∆X0,rel(~g) = q ·

√∑
j wj(~g)2∑
j wj(~g)

. (5.3.30)

The latter is certainly possible, given that the cross section is a polynomial of
the couplings. Hence, the base samples would only need to be distributed along
a contour line of the cross section.
It might even be possible to achieve both at the same time, yielding

∆X0,rel(~g) =
q√
N
. (5.3.31)

While it is not naively clear whether this optimum can be achieved under any
remotely realistic circumstances, it is still interesting to note that there are condi-
tions under which the prediction obtained by Effective Lagrangian Morphing can
be more precise than any of the input values, and that the accuracy is apparently
optimal when each individual contribution wiξi is of roughly the same size. No-
tably, negative contributions will deteriorate the quality significantly, causing large
cancellations in the predicted values, but not their uncertainties, thus dramatically
increasing the relative uncertainty.
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In summary, the uncertainties on the predictions obtained via Effective La-
grangian Morphing
• can fluctuate heavily depending on the choice of base sample,
• are dependent on what benchmark point is considered, and
• rely on the assumptions of correlations between the individual base samples.

5.3.7 The curse of dimensionality
It is an intuitive truth that most optimization problems get harder with increasing
dimension of the available configuration space, a problem generally known as the
“curse of dimensionality”. However, proving that this is also true for the case of
finding a good basis for Effective Lagrangian Morphing is somewhat involved.
For low dimensionalities, it is easy to find a good basis. In fact, randomly

distributing the base samples in the region of interest is a sufficient strategy for
two or three free parameters. The chance of randomly generating a non-invertible
matrix is virtually zero, and judging the quality of a basis independent of any
specific benchmark scenario is difficult. Appendix B.3 details a couple of common
misapprehensions that are capable of leading ones intuition astray on this issue.
One possibility to obtain a rough estimate of the general quality of a basis is

the norm of the associated morphing matrix, as motivated in Section 5.3.6, where
low values of the norm would correspond to generally “good” basis sets. This is
certainly no accurate method of measuring the actual performance, and better
measures will be developed in the following sections, but it can still provide an
intuition on the issue that is difficult to come by otherwise. Fig. 5.30 shows how
the L2-norm, defined by Eq. 5.3.19, is distributed. Here, several scenarios and
computational methods are compared.

The L2 norm has the appealing feature that it can be interpreted geometrically:
An N × N matrix with random entries Aij chosen in the range [−R,R] can be
viewed as a point in an N2-dimensional hypercube. The probability of this matrix
having an L2-norm smaller than some value x is then given as the volume of
an N2-dimensional hypersphere with radius x intersecting with that hypercube.
However, unfortunately, no closed-form analytic solution exists for this problem.
Some more details are given in Appendix B.4. Instead, analytic solutions can
only be given piece-wise, such that the function has been evaluated by Monte
Carlo integration in Fig. 5.30a.
Of course, the distributions can also be measured in randomly generated ma-

trices, where different methods of randomization exist. Not every random matrix
corresponds to a valid basis set. For example, it is in general not possible to find
a basis that yields the unit matrix, as interference terms enforce the presence
of non-diagonal matrix elements. The matrices used for Fig. 5.30b have been
generated with three different methods:
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Figure 5.30.: Cumulative logarithmic probability distribution of the L2-norm for ran-
domly generated basis sets for a VBF H → V V scenario with 2 (green), 3
(blue) and 4 (red) shared coupling parameters.

1. Fully random matrices with uniformly distributed entries.
For the two other cases, morphing matrices have been constructed from random
couplings such that their fourth powers follow a uniform distribution.

2. All coupling parameters have been chosen in the same range.
3. One coupling in each vertex has been chosen SM-like, values centered around

unity, and all other couplings have been chosen BSM-like, values centered
around zero and suppressed by a scale of Λ = 1TeV to reflect a physical,
EFT-like scenario.

It can be seen that the matrices chosen with the physical method have significantly
higher L2-norms than any more randomly generated matrices. Thus, it is reasonable
to assume that the subset of matrices available as morphing matrices does not
specifically cover the range of low norms. Secondly, it can be seen that the matrices
with higher dimensionality have larger norms, motivating the assumption that
finding a morphing basis becomes more difficult in higher dimensional scenarios.

5.3.8 Dimensionality reduction
Studies with a low dimensionality of the morphing are easier to conduct, not
only because they require less base samples in total, but also because viable base
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sets are easier to find. It is thus interesting to investigate which couplings can
be safely neglected in a specific study, and to possibly find other methods of
reducing the dimensionality.

Higgs boson production via vector boson fusion is a highly interesting subject of
study, as it is sensitive to a multitude of non-SM contributions in the V V → H
production vertex. In the Higgs Characterization Model, a total of 13 parameters
listed in Table 5.13 contribute to this vertex. In order to decouple production and
decay couplings completely, a decay mode of H → µµ was chosen for this generator
level study. A total of 91 Monte Carlo samples with 30.000 events each have been
generated at

√
s = 13TeV using MadGraph5_aMC@NLO 2.2.2.p1 [130] to form a

complete basis set. In order to retain gauge invariance, the production includes VBF
diagrams as well as the diagrams of the Higgs boson production in association with
a hadronically decaying vector boson. Parton showers and hadronization have been
calculated using Pythia8.186 [125] with the A14 tune [134]. The configurations of
those samples were chosen with the following requirements:
Experimental sensitivity BSM couplings were chosen to reflect the current exper-

imental limits. The Run 1 limit on the VBF Higgs boson production cross
section is σVBF / 1.25 · σVBF,SM [15]. The values of the coupling parameters
chosen reproduce the SM cross section for pure BSM samples. The values are
listed in Table 5.13.

Table 5.13.: Values of the coupling parameters to reproduce the Standard Model cross
section at

√
s = 13TeV in pure BSM scenarios. A combination of these

parameters, where either the positive or the negative of the listed value is
taken, is used to construct the 91 input samples.

κSM 1
κHγγ 203.22
κAγγ 408.62
κHZγ 109.13
κAZγ 986.88
κHZZ 5.75
κAZZ 6.96
κHWW 3.36
κAWW 3.92
κH∂WR = R(κH∂W ) 0.76
κH∂WI = I(κH∂W ) 0.84
κH∂A 1.77
κH∂Z 1.37
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Figure 5.31.: VBF H → µµ distributions for ∆φjj (top left), mjj (top right), pj1T (bottom
left), and ∆ηjj (bottom right) with mixing of SM and BSM CP -even
HWW couplings. The box sizes correspond to the Monte Carlo statistical
uncertainties [20].

Experimental constraints So far, no significant deviations from the Standard
Model have been observed. The base samples have thus been chosen to include
the Standard Model coupling with one or two additional BSM couplings.

Coverage In order to provide good coverage of the available configuration space,
the samples have been chosen to include positive and negative values of the
BSM couplings.

Subspace The input samples have been chosen such that it is easily possible to
construct subsets that can act as morphing basis sets with lower dimensional-
ity.

Events with two opposite-charge muons with pT > 6GeV and |η| < 2.7 are
selected. Furthermore, at least two anti-kt (R = 0.4) truth jets with pT > 20GeV,
|η| < 5.0 and ∆ηjj > 5 in the final state are selected, which results in a VH-
suppressed phase space. If several such jet pairs exist, the one including the jet
highest in pT is chosen as the pair of VBF tagging jets.
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Figure 5.32.: VBF H → µµ distributions for ∆φjj (top left), mjj (top right), pj1T (bottom
left), and ∆ηjj (bottom right) with mixing of SM and BSM CP -even
HZγ couplings. The box sizes correspond to the Monte Carlo statistical
uncertainties [20].

The pseudorapidity and angular distance between the two tagging jets ∆ηjj and
∆φjj, the invariant di-jet mass mjj and the transverse momentum of the leading
jet pj1T are highly sensitive to the effects of non-SM couplings, as shown in Fig. 5.31,
5.32, 5.33, and 5.34 for the samples with non-zero BSM HWW coupling. The
distributions in mjj and ∆ηjj are strongly correlated. The observable ∆φjj includes
information on the sign of the BSM coupling parameter for κHZZ , κHZA and κHWW ,
while the distributions pj1T and ∆ηjj are sign-sensitive for κH∂Z and κH∂WR.

In order to maximize the sensitivity of the model to BSM effects, the observables
are folded into a combined observable var4d, which is constructed as

var4d = 33 · i∆ηjj + 32 · imjj + 3 · i
p
j1
T

+ i∆φjj , (5.3.32)
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Figure 5.33.: VBF H → µµ distributions for ∆φjj (top left), mjj (top right), pj1T (bottom
left), and ∆ηjj (bottom right) with mixing of SM and BSM CP -even
H∂Z couplings. The box sizes correspond to the Monte Carlo statistical
uncertainties [20].

where the values of each of the four variables is divided into three bins

ix =


0 x <

(
minx + 1

3
· (maxx −minx)

)
1

(
minx + 1

3
· (maxx −minx)

)
≤ x <

(
minx + 2

3
· (maxx −minx)

)
2 x ≥

(
minx + 2

3
· (maxx −minx)

)
.

This definition is simply an “unrolling” of a four-dimensional histogram onto a
single axis, correctly taking into account all bin-by-bin correlations. The minimum
and maximum values of each variable are listed in Table 5.14. The distribution
of events in this combined observable is shown in Fig. 5.35.

Based on this binning, a likelihood is constructed and fit to pseudo-data generated
assuming the Standard Model and a statistical uncertainty of 8% on the total
cross section. The resulting uncertainties on the fit parameters then allow to assess
the influence the respective parameter has on the kinematic properties of events
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Figure 5.34.: VBF H → µµ distributions for ∆φjj (top left), mjj (top right), pj1T (bottom
left), and ∆ηjj (bottom right) with mixing of SM and BSM CP -even
H∂WR couplings. The box sizes correspond to the Monte Carlo statistical
uncertainties [20].

arising from VBF Higgs boson production, and thus on the principle capacity to
measure these parameters in such events.
Table 5.15 summarizes the resulting post-fit values and uncertainties of all

coupling parameters. The value of the uncertainty provides insight about the
sensitivity of the Monte Carlo signal distribution to this parameter for the given
scenario, where large uncertainties correspond to small sensitivity.
As could be expected, the Higgs boson couplings to photons Aγγ, AZγ, Hγγ

and H∂γ have very little influence on VBF events. One major result of this study

Table 5.14.: Minimum and maximum values of the VBF production jet variables ∆ηjj ,
mjj , p

j1
T and ∆φjj .

∆ηjj mjj [GeV] pj1T [GeV] ∆φjj
min 0 0 20 0
max 6 1000 200 π



Effective Lagrangian Morphing 207

)
t,j1

,p
jj

η ∆,
jj

φ ∆,
jj

(m
4d

var
0 10 20 30 40 50 60 70 80c

ro
s
s
-s

e
c
ti
o

n
 i
n

 a
b

it
ra

ry
 u

n
it
s

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 pure SM
>0HWWκ):HWWκ,SMκ mix(
<0HWWκ):HWWκ,SMκ mix(

ATLAS Simulation Preliminary
 = 13 TeVsMadGraph5_aMC@NLO VBF Higgs production at 

Figure 5.35.: VBF H → µµ distribution of var4d, which is a combination of ∆ηjj , ∆φjj ,
mjj and p

j1
T into one discriminating variable, shown for SM and mixing of

SM with BSM CP -even HWW couplings. The box sizes correspond to the
Monte Carlo statistical uncertainties [20].

is hence the conclusive proof that these couplings can be safely neglected in future
studies of VBF Higgs boson production and do not need to be included in the model,
allowing for a significant reduction in dimensionality.
However, it would be desirable to reduce the dimensionality of the model even

further. In order to do this, it is useful to investigate the parameter correlations
observed by the fit. They are shown in Fig. 5.36. From this, it becomes apparent
that some of the coupling parameters like κH∂Z and κH∂WR share a significant
amount of information. Hence, it might be possible to replace them with a single
parameter encoding the sensitivity of both into the model.
Going one step further, one can attempt to find a transformation of the con-

figuration space that will reduce the dimensionality of the model by removing
spurious degrees of freedom.
The most straight-forward approach for this is clearly to perform a principle

component analysis on the correlation matrix shown in Fig. 5.36 in order to trans-
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Table 5.15.: Values of the coupling parameters and their respective uncertainties after
fitting to SM pseudo-data with 8% cross section uncertainty. The top rows
list the input parameters that were fixed to their nominal values during the
fit.

parameter post-fit value + −
Λ 1000.

cosα 0.71
κH`` 1.41
κAγγ 0 +219 −441
κAWW 0 +3 −2.6
κAZγ 0 +441 −398
κAZZ 0 +2.7 −1.3
κHγγ 0 +236 −91
κH∂γ 0 +0.3 −0.6
κH∂WI 0 +1.6 −0
κH∂WR 0 +0.5 −0.3
κH∂Z 0 +1.2 −0.5
κHww 0 +1.5 −3
κHZγ 0 +38 −49
κHZZ 0 +8 −2.5
κSM 1.41 +0.22 −0.11
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Figure 5.36.: Correlation matrix of the coupling parameters after fitting to SM pseudo-
data with 8% cross section uncertainty. The area of the marker size is
proportional to the correlation.
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Figure 5.37.: Two-dimensional negative log-likelihood profiles of H → µµ VBF models
reduced to three fit parameters for the combination κSM × κH∂WI × κAWW

projected into the κSM × κAWW plane (left) and κSM × κH∂Z × κH∂WR

projected into the κSM×κH∂WR plane (right). Non-linear correlations show
up as deviations from elliptical shapes.

form the model into a lower-dimensional eigen-vector space in which all linear
correlations between the parameters are removed. However, first studies indicate
that non-linear correlations are present between some parameters of the model,
requiring a more sophisticated approach. For this insight, reduced models with
only three of the coupling parameters have been built, all others set to their re-
spective nominal Standard Model values. Then, likelihood scans are performed
over the remaining parameter triplets, and the profile likelihood projections into
each of the two-dimensional subspace are investigated. If only linear correlations
are present, the resulting shapes are expected to be elliptical. This is not the case,
as can be seen from Fig. 5.37, showing two of the more prominent examples of
non-elliptical likelihood profiles. Investigations into more sophisticated methods
of dimensionality reduction are currently ongoing.

5.3.9 Interference studies
The Lagrangian describing the interaction between the Higgs boson field X0 and
some vector boson V (like W or Z) takes the form

L =
{
a1VµV

µ + a2VµνV
µν + bVµνṼ

µν
}
X0, (5.3.33)
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where

Vµν = ∂µVν − ∂νVµ (5.3.34)

is the reduced field strength tensor, and

Ṽ µν =
1

2
εµνρσV

ρσ (5.3.35)

is the dual tensor. The couplings a1 and a2 are the SM and non-SM CP -even
couplings, and b is a non-SM CP -odd coupling. Considering the tree-level H → V V
decay, the tensor structure of this vertex is

Vµν ∝ a1g
µν + a2 (qµ1 q

ν
2 − q1q2g

µν) + bεµνρσq1ρq2σ, (5.3.36)

which will be a factor in the Matrix Element. However, the contraction of the totally
antisymmetric tensor εµνρσ with gµν will make any interference terms between CP -
even and CP -odd terms vanish when calculating cross sections or partial widths.
This section is to demonstrate that this is correctly modeled by Effective La-

grangian Morphing, and to discuss how such physical insights can be employed
to use the technique of Effective Lagrangian Morphing more efficiently. One easy
way to test this would of course be to manually modify the morphing function to
exclude the interference terms. However, there is a more elegant solution.
Figure 5.38a shows a Feynman diagram of Higgs boson production via vector

boson fusion with subsequent decay to vector bosons, with the exact same effective
vertex with two available H → V V couplings g1 and g2 being allowed for both
production and decay. The Matrix Element in this case will take the form

M∝ (g1M1 + g2M2)2 (5.3.37)

V

V

H

g1,g2 g1,g2

q

q

q

q

V

V

(a) Production via VBF, H → V V cou-
plings g1 and g2.

H

g

g

V

V

f

g′1,g′2

(b) Production via ggF, H → V V cou-
plings g′1 and g′2.

Figure 5.38.: Feynman diagrams for Higgs boson production via different production
modes and subsequent decay H → V V , employing effective H → V V
couplings.
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|M|2 ∝ g4
1 |M1|4 + g4

2 |M2|4 + 2g2
1g

2
2

(
|M1|2 |M2|2 + R(M1M∗

2)2)
+ 4g3

1g2

∣∣M2
1

∣∣R(M1M∗
2) + 4g1g

3
2R(M1M∗

2) |M2|2 .
(5.3.38)

The number of terms is five, as expected in this case.
In contrast, Fig. 5.38b shows a Feynman diagram of Higgs boson production

via gluon fusion with subsequent decay to vector bosons, with only the decay
being affected by the effective H → V V couplings this time. In this case, the
Matrix Element will take the form

M′ ∝ (g′1M′
1 + g′2M′

2) (5.3.39)

|M′|2 ∝ g′21 |M′
1|2 + g′22 |M′

2|2 + 2g′1g
′
2R(M′

1M′∗
2 ) , (5.3.40)

The number of terms is three in this case. One can now perform the replacements
g′i → g2

i and M′
i → |Mi|2 (i = 1, 2) to obtain

|M′|2 ∝ g4
1 |M1|4 + g4

2 |M2|4 + 2g2
1g

2
2 |M1|2 |M2|2 . (5.3.41)

Interestingly, this is exactly Eq. 5.3.38 without the interference terms. Hence, one
can consider the two processes VBF H → V V with some couplings g and ggF
H → V V with couplings g2 “adjoint” in the sense that they produce the same
structures in the Matrix Element with exception of the interference terms.
This similarity can be used to study the effect of interference terms without

manually removing them from the calculation.
Physical insights like this can be used to manually reduce the dimensionality

of the parameter space. For example, one can construct two different morphing
functions, one only for the CP -even and another only for the CP -odd part of the
Lagrangian, and add their predictions linearly, as no interference can occur.
In order to prove experimentally that this is possible, two sets of samples

have been generated with MadGraph5_aMC@NLO 2.3.3.p1 [130] in the Higgs
Characterization Model introduced in Section 2.4.2 using the leading-order PDF
set NNPDF23LO [131]. Hadronization and showering were performed with Pyth-
ia8.212 [125] using the A14 tune [134]. One of the sets includes the CP -even BSM
coupling κHWW , the other one includes the CP -odd BSM coupling κAWW . Then,
two versions of the morphing function have been constructed on each sample set,
one standard version including the interference terms, and another one employing
the technique of adjoint processes to exclude the interference terms. The sample
configurations as well as the resulting predictions in comparison with an independent
validation sample are shown in Fig. 5.39. Notably, the full calculation including the
interference terms requires five samples, whereas the calculation of the morphing
function without the interference terms only requires three. The reduced base
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Figure 5.39.: Comparison of Effective Lagrangian Morphing for VBF H�W±W∓∗, in-
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parameter choices of the samples. The bi-colour markers indicate sam-
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√
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Λ = 1TeV. The zig-zag lines indicate axis discontinuities.
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sets are true subsets of the full ones, hence the uncertainty bands shown are not
statistically independent of each other. However, they are still useful for comparison
with the statistically independent validation sample.

It is obvious that while in the CP -odd case, the modeling of the validation
sample is equally good with and without the interference terms, the modeling
breaks down entirely without the interference terms in the CP -even case. This is
completely expected, as the κAWWκSM interference terms are expected to vanish
either way for the CP -odd scenario, whereas the κHWWκSM interference terms
do not vanish in the CP -even case. Hence, this result illustrates that Effective
Lagrangian Morphing correctly models the interference terms, even in cases where
they contribute significantly to the final result, and that physical insights into
the tensor structure of the Matrix Element can be used to effectively reduce the
dimensionality of the setup.

5.3.10 Base optimization
The techniques and studies described in the previous sections provide details on
why a high-dimensional parameter space poses a challenge for finding a usable
basis for Effective Lagrangian Morphing and provides insights how a dimensionality
reduction of the parameter space can be achieved. However, ultimately, all of
these approaches are related to the physical properties of the system subject to
study, and not every system of interest will always provide handles for possible
reduction of the dimensionality. Instead, a completely general strategy for finding
the optimal basis set is required. This section now provides a prescription of
such an algorithm. The results of this algorithm applied to the example of a VBF
H�W±W∓∗�`−ν̄``′+ν`′ study employing three free, CP -even coupling parameters
κSM, κHWW , and κH∂WR are shown in Section 5.5.2.
The previous discussion suggests that the norm of the morphing matrix or,

somewhat more sophisticated, the condition number of the morphing matrix would
pose adequate candidates for a figure of merit. However, both of these figures only
quantify the effects of the morphing matrix itself. As highlighted in Section 5.3.6,
this is not necessarily optimal. The assumption discussed there that all the base
samples have comparable statistical power is very reasonable in practice, as this
relates to an equal number of events and thus an equal amount of computing
time for the production of all base samples. Under this assumption, the actual
numerical values of the cross sections are equally as important as the entries of
the morphing matrix, as both types of quantities ultimately act as scaling factors
for the relative statistical uncertainties.



214 Coupling Measurements

The pristinely accurate figure of merit is of course the uncertainty

∆σ2(~g) =
N∑
j

(wj(~g)∆ξj)
2 with wj(~g) =

N∑
i

Pi(~g) (5.3.42)

of the prediction obtained from the morphing function with N samples. However,
this quantity is a function of the point in parameter space that is the target of
the morphing. As the underlying idea of the morphing technique is to provide full
coverage of a region A ⊂ RN×N of parameter space with a finite (and small) set
of base samples, it is questionable which is the correct strategy to minimize the
uncertainty in the entire region. One could argue that the maximum

f(~g1, . . . , ~gN) = max
~g∈A

√
∆σ2(g | ~g1, . . . , ~gN) (5.3.43)

would be a viable figure of merit, but considering Fig. 5.24 back in Section 5.3.4
reveals that such a choice would make the figure of merit entirely dependent on the
chosen boundary of the region of interest, as uncertainties usually diverge strongly
at the bounds of the region. Instead, it seems appropriate to consider the integral

f(~g1, . . . , ~gN) =

∫
~g∈A

√
∆σ2(~g | ~g1, . . . , ~gN)dA (5.3.44)

over the uncertainty in the region of interest. The uncertainty is a function of many
parameters, and it is not clear whether the calculation of the integral in a symbolic
fashion is feasible. Thus, it needs to be evaluated at a finite set B = {~b1, . . . ,~bM}
of M benchmark samples, i. e.,

f(~g1, . . . , ~gN) =
∑
b∈B

√
∆σ2(~gb | ~g1, . . . , ~gN). (5.3.45)

Additionally, the evaluation of the uncertainty at these benchmarks for some
test basis requires the knowledge of the cross sections of the constituent samples,
and thus their production with a Monte Carlo generator. With this approach, the
optimization would essentially boil down to trying out a couple of different basis sets,
and settling for the best one, which is not very satisfactory. In order to circumvent
this, one would need a technique to estimate the cross sections at any given point
in parameter space. Luckily, the method of Effective Lagrangian Morphing is
itself such a technique. From this, it becomes apparent that in order to find the
optimal set of base samples, two layers of Effective Lagrangian Morphing need
to be concatenated to a chain. The underlying layer, the cross section morphing,
provides the cross sections for the test basis. The top layer, the test morphing,
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then calculates the predictions at the benchmarks. Of course, the cross section
morphing itself needs a basis, and the precision of the prediction will depend on
the choice of this basis. Any imprecisions in the prediction of the cross sections
of the test basis will bias the results of the optimization.
The benchmarks themselves need not necessarily be generated as real samples,

they may just be defined as points in the parameter space. However, if they are
generated as real samples, this allows to estimate the bias from the imprecision
of the cross section morphing with a bias term

Bb = (σ(~gb | ~g1, . . . , ~gN)− σb)2 , (5.3.46)

which can be included in the figure of merit to avoid convergence to regions of
parameter space that are subject to large systematic biases in the calculation
of the figure of merit.
It would of course be best to start the optimization with an already optimized

basis. It thus seems desirable to restart the optimization, using the optimized basis
as the new basis of the cross section morphing. This is, however, only partially true,
as samples of the optimized basis need not themselves lie in the region of interest
covered by the benchmark samples. Nevertheless, the algorithm may be restarted
with the optimized basis used for the cross section inputs to obtain improved results.

Further effects might influence the result of the uncertainty calculation. For
example, the benchmark might be placed at a point in parameter space that is
difficult to model for the specific Monte Carlo generator or the concrete implemen-
tation of the model in question and thus associated to large uncertainties. In order
to account for this effect, the uncertainty obtained from the test morphing can be
normalized to the uncertainty found in the benchmark sample.
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Figure 5.40.: Correlation between L2-norm, condition number and optimization score
for randomly generated basis sets for a VBF H → V V scenario with two
shared coupling parameters.
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Thus, the suggested figure of merit is

f(~g1, . . . , ~gN) =
∑
b∈B

√
∆σ2(~gb | ~g1, . . . , ~gN)

∆σ2
b

· (σ(~gb | ~g1, . . . , ~gN)− σb)2. (5.3.47)

This optimization score has been evaluated on 10.000 test sets for a H → V V
configuration with two free coupling parameters and compared with the L2-norm
and the condition number of the morphing matrices. The result is shown in Fig. 5.40.
As expected, the quantities are positively correlated, but significant deviations
from a one-to-one correspondence can be observed.
With this technique, it is possible to evaluate the performance of a test basis

with sufficiently low computational effort to allow for a numeric optimization to
take place. This is, of course, a natural consequence from the fact that Effective
Lagrangian Morphing has been designed to provide the means of obtaining predic-
tions sufficiently performant to facilitate a likelihood minimization. The resulting
algorithm is schematically displayed in Fig. 5.41.

Cross Section Basis

σa κa1 κa1 . . .

σb κb1 κb2 . . .

...
...

... . . .

Test Basis

σA κA1 κA1 . . .

σB κB1 κB2 . . .
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...
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XS Morphing
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σβ κβ1 κβ2 . . .

...
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... . . .
Test Morphing

Minimization

Figure of merit
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use

use

Meta-Minimization

• optimize until converged

• make Test Basis new Cross Section Basis

• repeat until satisfied

Figure 5.41.: Schematic view of the base optimization algorithm.
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One very subtle point that has not yet been resolved to a satisfactory degree
however is the question how exactly the uncertainties on the test basis should be
defined. The morphing function predicting X at the coupling values ~g can be cast as

X(~g) = P (~g)A~ξ, (5.3.48)

where P is a vector of polynomials in ~g, A is the morphing Matrix, and ~ξ are
the predictions at the base samples. If the base samples are themselves results
of morphing, this becomes

X(~g) = P (~g)AP (~g′)A
′︸ ︷︷ ︸

Ã

~ξ′, (5.3.49)

where the expression indicated by the underbrace can be identified as a matrix
Ã. Thus, it appears that effective Lagrangian morphing is transitive in the sense
that inserting an additional layer should not change the final result, and the
uncertainties of the predictions for X will only depend on the uncertainties of the
cross section basis ~ξ′. However, if the intermediate results are actually projected
onto the intermediate test basis ξi, the correlations between the uncertainties of
the respective ξi will vanish from the calculation. This is not an accident, but an
intended effect, as the uncertainties on the test basis would also be uncorrelated in
the case of actually generated samples. In principle, the statistical fluctuations on
the test basis ~ξ propagated from the cross section basis ~ξ′ are already accounted
for by the bias term in Eq. 5.3.46. This, however, begs the question whether the
uncertainty predictions obtained by the cross section morphing for the test basis
~ξ should at all be used, or whether they should be replaced by some fixed value
corresponding to the envisioned uncertainties on the actual samples. There is no
clear answer to this question yet, and research is ongoing to investigate this detail
of the algorithm. Some preliminary results are presented in Section 5.5.2.

5.4 EFT measurements in H�ZZ∗

The analysis introduced in Section 5.1.1 [22] has also obtained a measurement
of two non-SM coupling parameters gHV V = κHV V and gAV V = κAV V · sinα,
using the technique of Effective Lagrangian Morphing and employing the Higgs
Characterization Model introduced in Section 2.4.2 [47].

Higgs boson production via the ggF, ttH and bbH modes and subsequent decay
to a pair of Z bosons includes the coupling of the Higgs boson to vector bosons
only in the decay vertex, whereas for the VBF and VH production modes, the same
coupling is also present in the production vertex. Hence, the number of independent
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base samples needed to model the effects of the non-SM coupling parameters is
different in the two cases. Following Eq. 5.3.6,

N gHZZ ,gAZZ
ggF/ttH/bbH = 3 (5.4.1)

N gHZZ ,gAZZ
VBF/VH = 5. (5.4.2)

The base samples have been produced with MadGraph5_aMC@NLO without
allowing for variations in the total width of the Higgs boson, which is thus not
modeled correctly. Hence, an additional correction corresponding to ΓBSM/ΓSM is
applied to the product (σB). The correction is approximately −2% for gAV V = ±8,
and is about +14% and −17% for gHV V = −8 and gHV V = +8, respectively. For
the gluon fusion contribution, the acceptance is assumed to be independent of
the non-SM coupling parameters and the Effective Lagrangian Morphing is just
applied as a scaling of the total rate.
For this measurement, the event categories introduced in Section 5.1.1 are

used, but only effects on the total yields in each category are considered, without
exploiting any additional discriminant shape information. The respective numbers
are on display in Table 5.1 in Section 5.1.1 in comparison to the Standard Model
predictions.
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Figure 5.42.: Observed (solid black line) and expected (dashed blue line) negative log-
likelihood scans for gHV V = κHV V (left) and gAV V = κAV V · sinα (right).
The horizontal dashed lines indicate the value of the profile likelihood ratio
corresponding to the 68% (red) and 95% (green) confidence level intervals
for the parameter of interest, assuming the asymptotic χ2 distribution of
the test statistic [22].
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Table 5.16.: Observed and expected limits at 95% CL on κHV V and κAV V · sinα [22].

Not excluded range at 95% CL expected observed central value deviation
κHV V [−6.3, 5.1] [0.9, 7.5] 1.8σ
κAV V · sinα [−6.3, 6.5] [−9.7, 11.0] 2.1σ

Limits on the two non-SM couplings are derived with a likelihood fit, where the
Standard Model coupling and the effective couplings modeling ggF Higgs boson
production are fixed to unity. Measurements of the two couplings are conducted
separately due to the low statistical power of the data set. The expected and
observed negative log-likelihood scans as functions of the non-SM couplings are
shown in Fig. 5.42 and listed in Table 5.16. As the observed number of events
exceeds the SM predictions especially in the njet≥2 VBF category, the best-fit values
are not precisely at the Standard Model point, and the observed exclusion limits
are slightly weaker than the expectation.

5.5 Prospects for H�W±W∓∗ measurements
The techniques developed in this chapter can be applied to facilitate a measurement
of BSM couplings in the H�W±W∓∗�`−ν̄``′+ν`′ decay channel. This is naturally
most feasible for the VBF production mode, which is subject to small uncertainties
from theory and will greatly profit from the inclusion of the full 2016 data set.
As a baseline for such an analysis, the Boosted Decision Tree introduced in

Section 4.6 can be used to provide a clean signal region. Discriminant power
between the different non-SM scenarios can then be derived either from individual
kinematic distributions, or in the form of a dedicated multivariate classifier, where
the latter option seems especially promising.
Figure 5.43 shows the output score of the Boosted Decision Tree used in the

H�W±W∓∗�`−ν̄``′+ν`′ VBF analysis presented in Section 4.6, applied to various
EFT scenarios in comparison to the Standard Model background, scaled to 28 fb−1

of
√
s = 13TeV pp collision data. It is clearly visible that the BDT, which was

trained as a binary classifier to distinguish between the SM signal and background
hypotheses, is very capable of separating most of the EFT scenarios quite reasonably
from the background. However, a distinction between the different EFT scenarios is
hardly possible without exploitation of dedicated kinematic properties sensitive
to BSM contributions.
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Figure 5.43.: BDT output score for the H�W±W∓∗�`−ν̄``′+ν`′ VBF analysis presented
in Section 4.6 for various EFT scenarios in comparison to the Standard
Model background expected in 28 fb−1 of

√
s = 13TeV data. The Higgs

boson signal includes ggF, VBF and VH production. All samples have
been generated with MadGraph5_aMC@NLO2.3.3.p1 [130] in the Higgs
Characterization Model introduced in Section 2.4.2 using the leading-order
PDF set NNPDF23LO [131], showered with Pythia8.212 [125] with the A14
tune [134], and processed through the full ATLAS event simulation and
reconstruction. The coupling identifiers listed in the legend encode the EFT
configuration of the corresponding sample according to the following key.

coupling label not listed listed listed “+” listed “−”
κSM SM 0

√
2

κHgg Hgg 0
√

2
κHWW = κHZZ HWW 0 2.28319 −2.28319
κAWW = κAZZ AWW 0 2.40239 −2.40239

κH∂WI = κH∂WR = κH∂Z HdW 0 0.257933 −0.257933
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5.5.1 Classifier morphing
Traditionally, multivariate classifiers have been used in High Energy Physics mainly
for binary classification into a signal and a background category. Such a classifier
ideally learns the regression function

s(x) =
p(x | H1)

p(x | H1) + p(x | H0)
, (5.5.1)

where p(x | H) is the probability to observe the data x under assumption of a
hypothesis H, where H0 and H1 denote the hypotheses assuming background only
and a superposition of signal and background, respectively.
In the case at hand, however, multiple different signal hypotheses exist which

need to be distinguished. In such a case, multiclass classifiers can be used to
discriminate between a set of distinct benchmark scenarios.
This is, however, conceptually different to the case of an EFT coupling mea-

surement. Techniques like the Effective Lagrangian Morphing allow to model the
likelihood as a function of continuous coupling parameters. It is interesting to
note that the likelihood ratio

Λ =
p(x | H1)

p(x | H0)
(5.5.2)

has a one-to-one correspondence with the regression function s in Eq. 5.5.1. Indeed,
the Neyman-Pearson lemma [188] implies that the optimal multivariate classifier
will be the one approximating the likelihood ratio.

Recent publications find that discriminative classifiers can be used to approximate
parametric likelihood functions by decomposing the combined classifier into a linear
combination of pairwise classifiers [189]. The likelihood parametric in one or more
EFT parameters θ decomposes as

p(x | θ) =
∑
c

wc(θ) pc(x) (5.5.3)

into a finite sum of non-parametric likelihoods over the event classes or benchmark
scenarios c. The likelihood ratio then similarly decomposes as

p(x | θ0)

p(x | θ1)
=

∑
cwc(θ0) pc(x)∑
c′ wc′(θ1) pc′(x)

(5.5.4)

=
∑
c

[∑
c′

wc′(θ1) pc′(x)

wc(θ0) pc(x)

]−1

. (5.5.5)
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Notably, the likelihood pc corresponds to a fixed scenario c, and the dependency
on the EFT parameters is captured solely in the weight functions wc(θ), which
yield the weight associated to scenario c when evaluating the likelihood at some
specific value of θ.
One can now replace the pairwise likelihood ratios with the evaluations of the

corresponding classifiers [189]

pc′(x)

pc(x)
=
pc′(sc,c′(x))

pc(sc,c′(x))
. (5.5.6)

This construction is absolutely coherent with the derivation of Effective La-
grangian Morphing. The weights wc are exactly the sample weights used in
Effective Lagrangian Morphing. This method allows to predict the output of a
multivariate classifier trained to distinguish between any two parametric hypotheses
as a function of the parameters of both hypotheses.

In order to supplement Effective Lagrangian Morphing with classifier morphing,
one needs a family of multivariate classifiers trained on the pairwise combinations
of the basis samples of the Effective Lagrangian Morphing. After the output
of the classifier optimal for the point of interest has been obtained by weighted
summation over the pairwise classifier outputs for any event, the distribution of
these outputs can be computed for all of the input samples. Effective Lagrangian
Morphing can be then used to predict this distribution at the point of interest
itself. With this technique, morphing can model the likelihood ratio, that is the
optimal classifier, for any arbitrary scenario.

5.5.2 Base sample optimization
The optimization algorithm introduced in Section 5.3.10 has been employed to find
an optimized set of base samples for a measurement of VBF H�W±W∓∗�`−ν̄``′+ν`′ .
The parameters subject to study are the Standard Model coupling κSM, the CP -
even vector boson coupling κHV V = κHWW = κHZZ , and the derivative coupling
κH∂V = κH∂WI = κH∂WR = κH∂Z . The resulting number of samples is 15.
Throughout the iterations of the optimization, several sample sets have been

produced. All of the samples have been generated with MadGraph5_aMC@NLO
2.3.3.p1 [130] in the Higgs Characterization Model introduced in Section 2.4.2 using
the leading-order PDF set NNPDF23LO [131]. Hadronization and showering were
performed with Pythia8.212 [125] using the A14 tune [134].
Figure 5.44 shows a scan of the optimization score of the configuration as a

function of the κHV V coupling parameter for one of the samples. The fact that
the optimization has converged to a minimum indicated by the green lines is
clearly visible. Additionally, a sharp spike can be seen, which corresponds to a
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Figure 5.44.: Optimization score as a function of the parameter κHV V for one of the
samples. The green lines indicate the minimum. The spike corresponds to
a singular morphing matrix.

non-invertible configuration of the morphing matrix, which is connected to a large
condition number and thus high uncertainties on the result.
Figure 5.45 shows distributions of the azimuthal angle between the two VBF

tagging jets ∆φjj throughout three iterations of the optimization algorithm. The
positions of the samples throughout three steps of the minimization are shown in
Fig. 5.46 and 5.47. In order to additionally investigate the question whether the
inclusion of the propagated uncertainties on the test basis cross section is sensible,
the optimization has been conducted for both scenarios – using the propagated
uncertainty as well as using a fixed relative uncertainty of 5% on the test basis
cross sections. The first row depicts the start values, which are shared between
both variants.
The variant using the propagated uncertainty seems to converge faster, but a

definite judgment is hard to make based on this type of anecdotal evidence. It is
interesting to note though that, as can be seen clearly in Fig. 5.47, the optimal
configuration includes a set of basis samples close to the region of interest near
the Standard Model, and a few extreme BSM samples. This can be understood
intuitively by realizing that the uncertainty is determined as a product of the cross
section and the weight of the sample. For a region of interest near the Standard
Model, the extreme BSM samples, which have large cross sections, will have a small
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Figure 5.45.: Prediction obtained by Effective Lagrangian Morphing (red band) in com-
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weight. The SM-like samples on the other hand will have a large weight in the
morphing function, but a relatively small cross section similar to the SM one. Thus,
there is a trade-off between the two types of samples, the optimum of which is
provided by the algorithm. However, in both cases, the resulting uncertainty of the
prediction obtained by Effective Lagrangian Morphing reduces by several orders of
magnitude in just three iterations, which is a significant success.
With these very promising results, a measurement of EFT coupling parameters

in the H�W±W∓∗�`−ν̄``′+ν`′ VBF category can certainly be conducted. However,
as the physics model will also need to include the dominant ggF production mode,
a similar optimization will be required to find a suitable basis for the gluon fusion
signal samples before a full signal model can be constructed. Whether the analysis
using the full 2016 data set and beyond can rely on a classical cut-based technique
or a simple multivariate classifier, or whether the advanced techniques of classifier
morphing presented in Section 5.5.1 will need to be employed to obtain a meaningful
physics result in this case remains to be seen.
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Figure 5.46.: Positions of samples in parameter space throughout the different steps
of optimization. Red dots indicate base samples, black crosses indicate
benchmark samples, blue squares indicate validation samples. This display
shows zoomed axis ranges such that not all base samples are visible.
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Figure 5.47.: Positions of samples in parameter space throughout the different steps
of optimization. Red dots indicate base samples, black crosses indicate
benchmark samples, blue squares indicate validation samples. This display
shows the full axis ranges.





6 Conclusions and Outlook

“ Not only is the Universe stranger than we think, it is stranger than we
can think.

Werner Heisenberg ”
With the discovery of the Higgs boson with a mass of mH = 125.09 ± 0.24GeV
in the year 2012 by the ATLAS and CMS collaborations, the last puzzle piece of
the Standard Model has fallen into place. Hence, it is natural to assume that
this Higgs boson is indeed the boson associated with the generation of masses of
the fundamental particles via the Brout-Englert-Higgs mechanism of electroweak
symmetry breaking. A thorough experimental test of this hypothesis, however, will
require more data and the development of new, sophisticated analysis techniques.

6.1 Summary
Higgs boson decays via electroweak bosons like H�W±W∓∗�`−ν̄``′+ν`′ , but also
H�ZZ∗�`+`−`′+`′− and H�γγ have been analyzed for pp collisions at

√
s =

13TeV. The analysis in the H�W±W∓∗�`−ν̄``′+ν`′ decay mode includes the
first measurement of Higgs boson production via gluon fusion in this decay mode
using data collected at

√
s = 13TeV by the ATLAS detector. State-of-the-art

techniques for obtaining predictions and continuous likelihood models for physics
measurements are discussed in detail.
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6.1.1 H�W
±
W

∓∗
�`

−
ν̄``

′+
ν`′

Chapter 4 presents a full analysis of the first 5.8 fb−1 of
√
s = 13TeV data, targeting

Higgs boson decays via a pair of W bosons into a final state with two charged,
different-flavour leptons. All three dominant modes of Higgs boson production,
gluon fusion, vector boson fusion and production in association with a W boson
were considered and targeted with mutually orthogonal event selections. Highly
optimized event selections and sophisticated techniques of background estimation
have been adapted, based on the strategy of the analyses conducted on data collected
at
√
s = 7 and 8TeV. Signal strength measurements have been conducted using

multi-dimensional likelihood profile methods, employing physics-based quantities as
well as multivariate analysis techniques. The measured values of the signal-strength
parameters and the observed and expected significances are

µggF = 0.37 +0.39
−0.37 Zobs. = 1.0σ Zexp. = 2.8σ (6.1.1)

µVBF = 1.7 +1.1
−0.9 Zobs. = 1.9σ Zexp. = 1.2σ (6.1.2)

µWH = 3.2 +4.4
−4.2 Zobs. = 0.77σ Zexp. = 0.24σ. (6.1.3)

A combination of these results assuming the Standard Model expectation for the
ratios between the contributions of the individual production modes results in a
measurement of a global signal-strength parameter and observed and expected
signal significances of

µ = 0.67 +0.34
−0.31 Zobs. = 2.2σ Zexp. = 3.4σ. (6.1.4)

The large uncertainties are a result of the relatively small data set. The sensitivity
of the analysis is comparable to the one conducted on

√
s = 7 and 8TeV when

accounting for the smaller integrated luminosity and the larger cross sections of
both signal and background processes at

√
s = 13TeV.

6.1.2 Coupling measurements
In Chapter 5, a combined analysis of the H�ZZ∗�`+`−`′+`′− and H�γγ decay
modes employing 14.8 fb−1 and 13.3 fb−1 of data collected at

√
s = 13TeV finds

µ = 1.13 +0.18
−0.17 Zobs.= 10σ Zexp. = 8.6σ. (6.1.5)

Considering multiple models of parametrization, no significant deviation from the
Standard Model prediction was found.

In order to facilitate in-depth measurements of the properties of the Higgs boson,
new and efficient methods of obtaining predictions under a wide range of possible
BSM scenarios need to be developed. State-of-the-art techniques for obtaining



Outlook 231

such predictions are discussed, including the computational cost of obtaining
accurate predictions using Monte Carlo generators as well as the shortcomings
and advantages of different implementations of Matrix Element Reweighting. As
measurements are generally based on likelihood formulations, different methods of
obtaining continuous likelihood functions from a finite set of samples are discussed.
The novel technique of Effective Lagrangian Morphing, which was developed in

the context of this thesis, can be used to obtain accurate continuous likelihood
models based on the Lagrangian structure of the underlying theory. The technique is
derived from first principles, discussed in detail and examined regarding its range of
applicability and the uncertainty propagation, carefully considering the advantages
of the method as well as the challenges faced during its application. Various
validation studies are presented, and methods to further enhance the effectiveness,
efficiency and accuracy of the method are introduced and discussed. Finally, a
sophisticated algorithm to find the optimal set of base samples is presented.
As a first application of the method of Effective Lagrangian Morphing, a mea-

surement of the CP -even and the CP -odd BSM EFT coupling parameters gHV V and
gAV V is presented for the H�ZZ∗�`+`−`′+`′− decay mode, observing compatibility
with the Standard Model prediction at the level of 1.8σ and 2.1σ, respectively.

Future applications of the Method of Effective Lagrangian Morphing for an anal-
ysis employing the H�W±W∓∗�`−ν̄``′+ν`′ decay are examined with a particular
focus on the VBF category, discussing the interplay with other newly developed
techniques like the morphing of multivariate classifiers.

6.2 Outlook
The full data set collected by the ATLAS experiment at

√
s = 13TeV in the

years 2015 and 2016 corresponds to 36.5 fb−1. With this, and the data set to
be collected in 2017 and beyond, precision measurements of the properties of
the Higgs boson will become feasible. The analysis of Higgs boson decays via
H�W±W∓∗�`−ν̄``′+ν`′ will profit greatly from this increased data set, not only
in the VBF and VH categories, where the sensitivity is currently limited by the
statistical uncertainty, but also in the gluon fusion category. There, the greater
statistical power of the data set will enable the use of more advanced techniques of
analysis and background estimation to better control the systematic uncertainties
and facilitate precise measurements of differential cross sections in the future.
The novel technique of Effective Lagrangian Morphing will, in connection with

other state-of-the-art techniques, enable measurements and derivations of lim-
its for coupling parameters in model-independent effective theories. With the
statistical power of the ever increasing data set, strong limits on BSM coupling
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parameters or discovery of BSM effects in the Higgs sector will be possible. With a
proof-of-concept analysis employing this general approach already conducted in
H�ZZ∗�`+`−`′+`′− and employing the methods of dimensionality reduction and
uncertainty minimization presented here, this method can be applied for a wide
variety of physics measurements in the future, deciphering the nature of the Higgs
sector and opening a door to what might lie beyond.



A H�W ±
W

∓∗�`−ν̄``
′+
ν`′

This appendix contains some additional material for Chapter 4 that is provided
for the sake of completeness.

A.1 Treatment of Systematic Uncertainties
Section 4.5.5 details the treatment of systematic uncertainty parameters in the
likelihood fit used in the ggF H�W±W∓∗�`−ν̄``′+ν`′ analysis. The effects of this
treatment are shown in Fig.A.1 (and Fig.A.2). Here, a colour code indicates the
treatment of the individual nuisance parameter, while the printed number indicates
the effect of that parameter in any given region for any given sample. As clearly
visible, most parameters can be effectively purged from the fit model using the
approach outlined in Section 4.5.5.

233



234 H�W±
W

∓∗�`−ν̄̀ `′+ν̀ ′
AT

LA
S_

EG
_

R
ES

O
LU

T
IO

N
_

A
LL

AT
LA

S_
EG

_
SC

A
LE

_
A

LL
C

O
R

R

AT
LA

S_
EG

_
SC

A
LE

_
E4

SC
IN

T
IL

LA
T

O
R

AT
LA

S_
EG

_
SC

A
LE

_
LA

R
C

A
LI

B
_

EX
T

R
A

20
15

PR
E

AT
LA

S_
EG

_
SC

A
LE

_
LA

RT
EM

PE
R

AT
U

R
E_

EX
T

R
A

20
15

PR
E

AT
LA

S_
EG

_
SC

A
LE

_
LA

RT
EM

PE
R

AT
U

R
E_

EX
T

R
A

20
16

PR
E

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P0

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P1

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P1

0

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P1

1

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P1

2

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P1

3

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P1

4

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P2

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P3

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P4

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P5

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P6

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P7

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P8

AT
LA

S_
EL

_
EF

F_
ID

_
C

or
rU

nc
er

ta
in

ty
_

N
P9

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P0

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P1

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P1
0

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P1
1

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P1
2

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P1
3

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P1
4

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P1
5

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P2

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P3

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P4

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P5

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P6

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P7

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P8

AT
LA

S_
EL

_
EF

F_
ID

_
U

nc
or

rU
nc

er
ta

in
ty

_
N

P9

AT
LA

S_
EL

_
EF

F_
Is

o_
T

O
TA

L_
1N

PC
O

R
_

PL
U

S_
U

N
C

O
R

AT
LA

S_
EL

_
EF

F_
R

ec
o_

T
O

TA
L_

1N
PC

O
R

_
PL

U
S_

U
N

C
O

R

AT
LA

S_
EL

_
EF

F_
T

R
IG

_
T

O
TA

L_
1N

PC
O

R
_

PL
U

S_
U

N
C

O
R

AT
LA

S_
FT

A
G

_
EX

T
R

A
P

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

B
_

0

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

B
_

1

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

B
_

2

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

C
_

0

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

C
_

1

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

C
_

2

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

C
_

3

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

Li
gh

t_
0

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

Li
gh

t_
1

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

Li
gh

t_
2

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

Li
gh

t_
3

AT
LA

S_
FT

_
EF

F_
Ei

ge
n_

Li
gh

t_
4

AT
LA

S_
FT

_
EF

F_
ex

tr
ap

ol
at

io
n_

fr
om

_
ch

ar
m

AT
LA

S_
JE

R

AT
LA

S_
JE

S_
A

FI
I

AT
LA

S_
JE

S_
B

JE
S

AT
LA

S_
JE

S_
Eff

ec
tiv

eN
P_

1

AT
LA

S_
JE

S_
Eff

ec
tiv

eN
P_

2

AT
LA

S_
JE

S_
Eff

ec
tiv

eN
P_

3

AT
LA

S_
JE

S_
Eff

ec
tiv

eN
P_

4

AT
LA

S_
JE

S_
Eff

ec
tiv

eN
P_

5

AT
LA

S_
JE

S_
Eff

ec
tiv

eN
P_

6

AT
LA

S_
JE

S_
Et

aI
nt

er
_

M
od

el

AT
LA

S_
JE

S_
Et

aI
nt

er
_

N
on

C
lo

su
re

AT
LA

S_
JE

S_
Et

aI
nt

er
_

St
at

AT
LA

S_
JE

S_
Fl

av
or

_
C

om
p

AT
LA

S_
JE

S_
Fl

av
or

_
C

om
p_

no
nT

op

AT
LA

S_
JE

S_
Fl

av
or

_
C

om
p_

to
p

AT
LA

S_
JE

S_
Fl

av
or

_
R

es
p

AT
LA

S_
JE

S_
H

ig
hP

t

AT
LA

S_
JE

S_
PU

_
O

ffs
et

M
u

AT
LA

S_
JE

S_
PU

_
O

ffs
et

N
PV

AT
LA

S_
JE

S_
PU

_
Pt

Te
rm

AT
LA

S_
JE

S_
PU

_
R

ho

AT
LA

S_
JE

S_
PU

_
R

ho
_

no
nT

op

AT
LA

S_
JE

S_
PU

_
R

ho
_

to
p

AT
LA

S_
JE

S_
Pu

nc
hT

hr
ou

gh

AT
LA

S_
JV

T

AT
LA

S_
LU

M
I_

20
15

AT
LA

S_
M

ET
_

So
ft

Tr
k_

R
es

oP
ar

a

AT
LA

S_
M

ET
_

So
ft

Tr
k_

R
es

oP
er

p

AT
LA

S_
M

ET
_

So
ft

Tr
k_

Sc
al

e

AT
LA

S_
M

U
O

N
S_

ID

AT
LA

S_
M

U
O

N
S_

M
S

AT
LA

S_
M

U
O

N
S_

SC
A

LE

AT
LA

S_
M

U
O

N
_

EF
F_

ST
AT

AT
LA

S_
M

U
O

N
_

EF
F_

SY
S

AT
LA

S_
M

U
O

N
_

EF
F_

Tr
ig

St
at

U
nc

er
ta

in
ty

AT
LA

S_
M

U
O

N
_

EF
F_

Tr
ig

Sy
st

U
nc

er
ta

in
ty

AT
LA

S_
M

U
O

N
_

IS
O

_
ST

AT

AT
LA

S_
M

U
O

N
_

IS
O

_
SY

S

AT
LA

S_
PU

_
SF

AT
LA

S_
Q

C
D

sc
al

e_
gg

H

AT
LA

S_
Q

C
D

sc
al

e_
gg

H
_

m
12

AT
LA

S_
Q

C
D

sc
al

e_
gg

H
_

pt
H

_
m

01

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

EW
SU

B
T

R

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

SA
M

PL
EC

O
M

PO
SI

T
IO

N

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

15
_

3_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

15
_

3_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

15
_

4_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

15
_

4_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

16
_

3_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

16
_

3_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

16
_

4_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
20

16
_

4_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

1_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

1_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

2_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

2_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

3_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

3_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

4_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

ST
AT

_
co

m
bi

ne
d_

4_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

el
_

W
JE

T
SS

IG
N

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

EW
SU

B
T

R

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

SA
M

PL
EC

O
M

PO
SI

T
IO

N

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

15
_

2_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

15
_

2_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

15
_

3_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

15
_

3_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

15
_

4_
1.

2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

16
_

3_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

16
_

3_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
20

16
_

4_
1.

2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
co

m
bi

ne
d_

1_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
co

m
bi

ne
d_

1_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
co

m
bi

ne
d_

2_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
co

m
bi

ne
d_

2_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
co

m
bi

ne
d_

3_
1

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
co

m
bi

ne
d_

3_
2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

ST
AT

_
co

m
bi

ne
d_

4_
1.

2

H
W

W
_

Fa
ke

Fa
ct

or
_

m
u_

W
JE

T
SS

IG
N

ex
te

rn
al

_
st

at
_

Vg
am

m
a0

je
t

ex
te

rn
al

_
st

at
_

Vg
am

m
a1

je
t

ex
te

rn
al

_
st

at
_

to
p0

je
t

th
eo

_
N

on
W

W
_

m
at

ch
in

g_
sc

al
e

th
eo

_
N

on
W

W
_

qc
d_

sc
al

e

th
eo

_
N

on
W

W
_

re
su

m
_

sc
al

e

th
eo

_
V

B
F_

pd
f_

gg

th
eo

_
V

B
F_

qc
d_

sc
al

e_
gg

th
eo

_
W

W
_

ew
co

rr
_

al
l

th
eo

_
W

Zg
am

m
aS

ta
r_

m
at

ch

th
eo

_
W

Zg
am

m
aS

ta
r_

m
uf

th
eo

_
W

Zg
am

m
aS

ta
r_

m
ur

th
eo

_
W

Zg
am

m
aS

ta
r_

re
su

m

th
eo

_
Zj

et
s_

ge
ne

ra
to

r

th
eo

_
gg

W
W

ex
tr

ap
_

0j

th
eo

_
gg

W
W

ex
tr

ap
_

1j

th
eo

_
gg

f_
N

LO
PS

th
eo

_
gg

f_
PS

U
E

th
eo

_
gg

f_
pd

f

th
eo

_
gg

f_
pd

f_
gg

th
eo

_
gg

f_
qc

d_
sc

al
e_

gg

th
eo

_
gg

f_
sc

al
e

th
eo

_
gg

f_
tu

ne

th
eo

_
pd

f_
W

g_
ac

ce
pt

th
eo

_
pd

f_
qq

th
eo

_
qc

dS
ca

le
_

V
V

th
eo

_
qc

dS
ca

le
_

W
g_

ac
ce

pt
0j

th
eo

_
qc

dS
ca

le
_

W
g_

ac
ce

pt
1j

th
eo

_
qq

W
W

_
N

LO
PS

th
eo

_
qq

W
W

_
PS

U
E

th
eo

_
qq

W
W

_
pd

f

th
eo

_
qq

W
W

_
sc

al
e

th
eo

_
to

p_
D

SD
R

th
eo

_
to

p_
PS

U
E

th
eo

_
to

p_
PS

_
ra

di
at

io
n

th
eo

_
to

p_
ge

ne
ra

to
r

W
W

C
R

n
je

t=
0

Wγ 0.15 0.16 0.02 0.08 0.05 0.04 0.33 0.41 0.75 0.37 0.35 0.06 0.33 0.08 0.26 0.82 0.14 0.69 0.98 0.26 0.12 0.04 0.02 0.02 0.00 0.30 0.10 0.03 0.01 0.01 0.00 0.36 1.44 0.32 1.54 0.02 3.47 0.73 0.17 0.07 0.00 0.04 1.60 0.04 0.76 3.76 1.13 0.09 0.29 0.04 1.26 0.01 0.16 0.05 0.05 0.04 0.23 0.05 0.10 0.25 0.22 0.21 0.04 0.17 1.47 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.97 26.37 0.00 0.00 0.01 0.01 0.01 0.00 0.07 0.01 0.59 0.39 0.42 0.24 0.51 0.35 0.60 0.43 0.00 2.06 21.46 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.04 0.18 0.17 0.06 0.08 0.23 0.11 0.21 0.00

Zγ 0.15 0.16 0.02 0.08 0.04 0.01 0.37 0.53 0.79 0.24 0.42 0.04 0.12 0.08 0.36 0.45 0.18 0.28 0.87 0.22 0.08 0.11 0.05 0.00 0.00 0.35 0.06 0.04 0.02 0.01 0.00 0.34 1.45 0.32 1.54 0.02 3.47 0.73 0.17 0.07 0.00 0.04 1.60 0.04 0.76 3.76 1.13 0.09 0.29 0.04 1.26 0.01 0.16 0.05 0.05 0.04 0.23 0.05 0.09 0.21 0.47 0.28 0.04 0.17 1.47 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.15 0.16 0.02 0.08 0.13 0.01 0.25 0.30 0.28 0.00 0.09 0.05 0.06 0.07 0.11 0.14 0.18 0.07 0.34 0.02 0.02 0.01 0.02 0.00 0.16 0.11 0.02 0.09 0.00 0.29 0.71 0.11 1.54 0.02 3.47 0.73 0.17 0.07 0.00 0.04 1.60 0.04 0.76 3.76 1.13 0.09 0.29 0.04 1.26 0.16 0.05 0.05 0.04 0.23 0.05 0.14 0.38 0.29 0.17 0.04 0.22 1.47

gg → V V 0.15 0.01 0.00 0.08 0.00 0.02 0.33 0.40 0.16 0.04 0.12 0.01 0.07 0.10 0.07 0.16 0.18 0.19 0.16 0.04 0.01 0.01 0.05 0.04 0.00 0.08 0.03 0.01 0.10 0.02 0.00 0.28 0.52 0.18 2.71 0.05 4.75 0.90 0.30 0.12 0.03 0.04 2.80 0.03 0.95 5.32 1.75 0.17 0.42 0.07 1.75 2.00 0.11 0.06 0.04 0.20 0.24 0.07 0.13 0.41 0.17 0.12 0.04 0.24 1.69 2.10 10.50 2.00 0.78 1.34 4.27 1.20
gg → WW 0.15 0.01 0.00 0.08 0.00 0.00 0.00 0.01 0.24 0.23 0.05 0.01 0.04 0.01 0.04 0.10 0.03 0.05 0.27 0.24 0.02 0.00 0.00 0.01 0.02 0.02 0.05 0.02 0.01 0.03 0.05 0.04 0.09 0.03 0.02 0.00 0.00 0.25 0.38 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.71 0.00 0.05 4.75 0.90 0.30 0.12 0.03 0.04 2.80 0.03 0.95 5.32 1.75 0.00 0.17 0.42 0.07 1.75 0.00 0.00 0.11 0.06 0.04 0.20 0.24 0.07 0.12 0.32 0.16 0.10 0.04 0.22 1.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 0.31 0.59 0.00 0.19 0.00 0.00 0.01 0.01 0.31 0.26 0.13 0.04 0.10 0.05 0.02 0.10 0.07 0.10 0.29 0.28 0.04 0.00 0.00 0.01 0.03 0.03 0.08 0.02 0.00 0.09 0.07 0.05 0.08 0.03 0.01 0.00 0.00 0.30 0.51 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.54 0.00 0.01 5.48 0.41 0.16 0.16 0.10 0.00 2.67 0.00 0.58 5.89 1.23 0.00 0.27 0.43 0.02 0.86 0.00 0.00 2.00 1.03 1.06 0.43 1.14 0.88 0.55 0.12 0.37 0.21 0.14 0.04 0.23 0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 10.50 2.00 0.78 1.34 4.27 1.20
qq → WW 0.15 0.16 0.02 0.08 0.00 0.00 0.00 0.01 0.26 0.22 0.06 0.02 0.04 0.02 0.03 0.10 0.04 0.07 0.28 0.22 0.02 0.00 0.00 0.01 0.02 0.02 0.08 0.02 0.01 0.03 0.04 0.04 0.10 0.02 0.01 0.00 0.00 0.26 0.38 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.54 0.00 0.02 3.47 0.73 0.17 0.07 0.00 0.04 1.60 0.04 0.76 3.76 1.13 0.00 0.09 0.29 0.04 1.26 0.00 0.00 0.16 0.05 0.05 0.04 0.23 0.05 0.12 0.32 0.17 0.10 0.03 0.22 1.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.05 2.32 0.57 0.60

ggF 0.43 0.34 0.00 0.01 0.00 0.00 0.01 0.01 0.28 0.26 0.12 0.02 0.09 0.03 0.02 0.10 0.07 0.09 0.39 0.20 0.06 0.00 0.00 0.02 0.06 0.03 0.06 0.01 0.00 0.07 0.11 0.06 0.10 0.01 0.00 0.00 0.00 0.31 0.54 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.84 0.00 0.31 5.63 1.10 0.52 0.25 0.03 0.03 2.83 0.02 1.13 5.80 1.89 0.00 0.13 0.47 0.05 2.48 0.00 0.00 2.00 0.17 0.03 0.10 0.53 1.04 0.13 0.14 0.38 0.28 0.16 0.04 0.23 2.14 14.71 12.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.98 7.58 1.05 3.20 3.90 1.90 1.81
VBF 0.15 0.16 0.02 0.08 0.05 0.01 0.40 0.33 0.15 0.04 0.10 0.05 0.03 0.08 0.09 0.08 0.27 0.25 0.16 0.03 0.02 0.03 0.06 0.01 0.08 0.09 0.07 0.08 0.02 0.30 0.56 0.15 1.54 0.02 3.47 0.73 0.17 0.07 0.00 0.04 1.60 0.04 0.76 3.76 1.13 0.09 0.29 0.04 1.26 2.00 0.16 0.05 0.05 0.04 0.23 0.05 0.12 0.34 0.26 0.15 0.04 0.23 1.47 2.10 0.40
top 0.35 0.12 0.02 0.17 0.00 0.00 0.00 0.00 0.04 0.03 0.03 0.01 0.02 0.00 0.01 0.00 0.00 0.02 0.03 0.09 0.02 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.03 0.01 0.00 0.00 0.00 0.01 0.04 0.00 0.00 0.10 0.13 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.68 0.00 0.42 2.28 0.72 0.24 0.14 0.06 0.11 1.34 0.13 0.86 4.30 1.41 0.00 0.19 0.50 0.21 0.85 0.00 0.91 0.11 0.53 0.52 0.12 0.32 0.04 0.02 0.09 0.03 0.02 0.01 0.04 0.40 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.00 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 0.00 3.07 9.61 12.51 2.98 14.03
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Wγ 0.27 0.28 0.09 0.07 0.04 0.02 0.52 0.60 0.76 0.23 0.42 0.01 0.12 0.04 0.26 0.51 0.02 0.12 1.01 0.15 0.08 0.10 0.06 0.03 0.00 0.38 0.05 0.00 0.07 0.00 0.00 0.35 1.41 0.03 0.72 2.60 0.46 0.05 0.03 0.00 0.01 1.45 0.12 0.50 2.96 1.03 0.12 0.33 0.07 1.04 0.01 0.17 0.23 0.08 0.03 0.19 0.51 0.33 0.02 0.12 1.09 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.13 19.83 0.01 0.00 0.00 0.00 0.04 0.02 0.02 0.01 0.43 0.25 0.26 0.22 0.28 0.21 0.06 0.05 0.00 3.29 31.77 0.02 0.02 0.01 0.01 0.02 0.14 0.11 0.03 0.13 0.11 0.12 0.11 0.07 0.07 0.01 0.00

Zγ 0.27 0.28 0.09 0.07 0.07 0.03 0.42 0.43 0.62 0.29 0.29 0.06 0.15 0.05 0.23 0.48 0.09 0.25 0.47 0.17 0.02 0.09 0.04 0.03 0.00 0.27 0.00 0.03 0.01 0.00 0.00 0.34 1.20 0.30 0.72 2.60 0.46 0.05 0.03 0.00 0.01 1.45 0.12 0.50 2.96 1.03 0.12 0.33 0.07 1.04 0.01 0.17 0.23 0.08 0.09 0.26 0.25 0.23 0.04 0.16 1.09 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.27 0.28 0.09 0.07 0.01 0.02 0.31 0.35 0.27 0.08 0.13 0.02 0.04 0.08 0.16 0.20 0.37 0.40 0.29 0.06 0.06 0.06 0.05 0.15 0.10 0.11 0.06 0.00 0.38 0.84 0.23 0.72 2.60 0.46 0.05 0.03 0.00 0.01 1.45 0.12 0.50 2.96 1.03 0.12 0.33 0.07 1.04 0.17 0.23 0.08 0.14 0.38 0.37 0.21 0.05 0.24 1.09 4.75

gg → V V 0.50 1.20 0.06 0.00 0.02 0.35 0.26 0.19 0.14 0.18 0.03 0.06 0.10 0.09 0.17 0.45 0.18 0.19 0.07 0.08 0.03 0.09 0.08 0.10 0.06 0.06 0.01 0.00 0.34 0.68 0.24 4.59 4.96 1.72 0.77 0.06 0.00 0.06 3.65 1.70 6.35 1.91 1.18 1.27 0.07 1.86 2.00 1.25 0.86 0.43 0.13 0.39 0.35 0.18 0.05 0.25 4.99 2.10 10.50 2.00 0.63 0.26 7.15 4.48
gg → WW 0.50 1.20 0.00 0.06 0.00 0.00 0.00 0.02 0.29 0.34 0.21 0.06 0.11 0.03 0.04 0.09 0.11 0.13 0.26 0.27 0.28 0.00 0.00 0.04 0.02 0.02 0.05 0.00 0.00 0.13 0.09 0.07 0.09 0.01 0.00 0.00 0.00 0.32 0.63 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.59 0.00 0.00 4.96 1.72 0.77 0.06 0.00 0.06 3.65 0.00 1.70 6.35 1.91 0.00 1.18 1.27 0.07 1.86 0.00 0.00 0.00 0.00 0.00 1.25 0.86 0.43 0.14 0.37 0.31 0.17 0.04 0.24 4.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 1.37 0.67 0.00 0.09 0.00 0.00 0.01 0.03 0.31 0.33 0.29 0.07 0.23 0.03 0.03 0.09 0.15 0.20 0.34 0.35 0.34 0.00 0.00 0.05 0.06 0.05 0.05 0.00 0.00 0.15 0.10 0.08 0.07 0.00 0.00 0.00 0.00 0.38 0.81 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.94 0.00 0.00 3.76 0.55 0.15 0.09 0.00 0.00 1.17 0.05 0.61 3.81 1.05 0.00 0.31 0.41 0.03 1.25 0.00 0.00 2.00 0.00 0.00 0.00 0.93 1.34 1.00 0.13 0.36 0.44 0.22 0.04 0.24 3.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 10.50 2.00 0.63 0.26 7.15 4.48
qq → WW 0.27 0.28 0.09 0.07 0.00 0.00 0.01 0.02 0.30 0.30 0.14 0.05 0.08 0.02 0.02 0.10 0.10 0.11 0.35 0.33 0.12 0.00 0.00 0.04 0.04 0.04 0.06 0.00 0.00 0.07 0.08 0.09 0.08 0.00 0.00 0.00 0.00 0.32 0.58 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72 0.00 0.00 2.60 0.46 0.05 0.03 0.00 0.01 1.45 0.12 0.50 2.96 1.03 0.00 0.12 0.33 0.07 1.04 0.00 0.00 0.00 0.00 0.00 0.17 0.23 0.08 0.13 0.35 0.28 0.16 0.04 0.23 1.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.81 2.11 0.73 1.33

ggF 0.63 0.15 0.00 0.05 0.00 0.00 0.00 0.01 0.31 0.38 0.26 0.05 0.16 0.08 0.05 0.07 0.14 0.18 0.27 0.27 0.30 0.00 0.00 0.03 0.03 0.02 0.05 0.00 0.00 0.17 0.11 0.08 0.08 0.01 0.00 0.00 0.00 0.34 0.73 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.00 0.00 5.42 0.82 0.08 0.08 0.08 0.08 2.36 0.06 1.41 5.96 2.21 0.00 0.33 0.34 0.00 2.16 0.00 0.00 2.00 0.00 0.00 0.00 0.73 0.34 0.08 0.15 0.39 0.46 0.20 0.05 0.24 2.06 14.71 12.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.45 0.41 0.96 3.20 3.90 1.89 3.54
VBF 0.27 0.28 0.09 0.07 0.01 0.01 0.28 0.56 0.45 0.03 0.19 0.04 0.07 0.06 0.19 0.24 0.19 0.18 0.61 0.08 0.01 0.02 0.04 0.23 0.10 0.04 0.05 0.00 0.36 1.02 0.20 0.72 2.60 0.46 0.05 0.03 0.00 0.01 1.45 0.12 0.50 2.96 1.03 0.12 0.33 0.07 1.04 2.00 0.17 0.23 0.08 0.15 0.44 0.54 0.26 0.04 0.24 1.09 2.10 0.40
top 0.62 1.72 0.02 0.05 0.00 0.00 0.00 0.00 0.03 0.02 0.10 0.02 0.06 0.01 0.03 0.00 0.08 0.00 0.11 0.20 0.11 0.00 0.00 0.02 0.02 0.02 0.01 0.03 0.05 0.06 0.09 0.01 0.00 0.04 0.08 0.00 0.00 0.04 0.12 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.35 0.00 2.79 2.19 2.80 0.78 0.95 0.08 0.02 2.50 0.25 2.54 2.74 0.61 0.00 1.36 1.94 0.42 2.53 0.00 0.91 0.23 0.58 0.65 1.33 1.98 0.17 0.00 0.05 0.20 0.09 0.01 0.04 5.10 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.00 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 0.00 3.07 0.00 0.00 0.00 0.00

W
W

C
R

n
je

t=
1

Wγ 0.10 0.19 0.00 0.05 0.01 0.02 0.24 0.22 0.26 0.18 0.04 0.01 0.04 0.14 0.16 0.24 0.66 0.11 0.20 0.03 0.21 0.05 0.03 0.04 0.13 0.14 0.22 0.02 0.03 0.01 0.03 0.16 0.83 0.04 0.02 0.16 0.02 0.08 0.58 0.15 0.05 0.02 0.97 0.02 0.06 0.01 0.03 0.28 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 0.63 0.10 0.20 0.22 0.04 0.19 0.05 0.08 0.18 0.81 0.28 0.02 0.13 1.15 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.42 26.83 0.00 0.00 0.04 0.01 0.00 0.01 0.13 0.02 0.23 0.23 0.25 0.32 0.57 0.35 1.09 0.96 0.00 4.94 20.74 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.05 0.06 0.13 0.10 0.08 0.12 0.19 0.96 0.00

Zγ 0.10 0.19 0.00 0.05 0.05 0.04 0.40 0.28 0.42 0.22 0.14 0.17 0.07 0.04 0.12 0.36 0.66 0.10 0.30 0.15 0.23 0.03 0.15 0.05 0.42 0.16 0.21 0.05 0.00 0.00 0.09 0.29 0.87 0.21 0.02 0.18 0.02 0.07 0.66 0.14 0.01 0.01 0.28 0.00 0.04 0.00 0.00 0.21 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 0.62 0.10 0.20 0.22 0.04 0.19 0.05 0.06 0.10 0.93 0.37 0.01 0.09 1.15 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.10 0.19 0.00 0.05 0.05 0.00 0.41 0.25 0.10 0.01 0.03 0.11 0.11 0.03 0.01 0.06 0.35 0.26 0.06 0.08 0.04 0.07 0.05 0.04 0.02 0.02 0.06 0.01 0.06 0.02 0.06 0.32 0.58 0.14 0.00 0.51 0.08 0.06 0.06 1.45 0.05 0.10 0.04 0.03 0.00 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 1.10 0.10 0.20 0.22 0.04 0.19 0.05 0.12 0.51 0.39 0.13 0.05 0.23 1.15

gg → V V 0.23 0.15 0.00 0.03 0.01 0.00 0.28 0.13 0.01 0.01 0.00 0.01 0.02 0.08 0.03 0.01 0.28 0.22 0.03 0.00 0.02 0.01 0.06 0.06 0.11 0.00 0.06 0.01 0.04 0.03 0.11 0.37 0.43 0.11 0.12 0.02 0.01 1.02 0.23 0.10 0.02 1.78 0.06 0.15 0.05 0.03 0.79 1.18 0.00 2.12 0.81 0.33 0.40 0.14 0.33 0.79 0.06 0.74 2.26 0.50 0.64 0.49 0.25 0.33 0.00 1.38 2.00 0.12 0.19 0.22 0.11 0.24 0.04 0.11 0.40 0.11 0.07 0.04 0.22 0.99 2.10 10.50 2.00 0.97 2.16 7.32 1.29
gg → WW 0.23 0.15 0.00 0.03 0.00 0.00 0.02 0.00 0.21 0.19 0.03 0.01 0.01 0.01 0.04 0.06 0.05 0.03 0.18 0.34 0.05 0.00 0.00 0.01 0.01 0.01 0.03 0.02 0.06 0.02 0.02 0.02 0.06 0.05 0.13 0.00 0.00 0.38 0.39 0.12 0.00 0.16 0.00 0.01 0.21 0.05 0.00 0.00 1.90 0.08 0.15 0.06 0.03 0.00 1.18 0.00 0.00 2.12 0.81 0.33 0.40 0.14 0.33 0.79 0.06 0.74 2.26 0.50 0.00 0.64 0.49 0.25 0.33 0.00 1.32 0.12 0.19 0.22 0.11 0.24 0.04 0.12 0.39 0.09 0.06 0.04 0.22 0.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 0.34 0.54 0.00 0.52 0.00 0.00 0.02 0.00 0.26 0.17 0.04 0.02 0.03 0.01 0.03 0.07 0.02 0.03 0.24 0.25 0.26 0.00 0.00 0.01 0.01 0.01 0.08 0.07 0.09 0.02 0.06 0.02 0.05 0.03 0.08 0.00 0.00 0.38 0.45 0.15 0.00 0.09 0.01 0.00 0.73 0.15 0.03 0.01 1.46 0.03 0.10 0.04 0.02 0.31 2.08 0.00 0.00 3.70 0.75 0.60 0.62 0.05 0.03 3.09 0.06 1.71 3.96 2.12 0.00 0.58 0.24 0.43 2.02 0.00 1.01 2.00 0.28 1.44 1.15 0.44 0.36 0.02 0.12 0.38 0.13 0.08 0.04 0.22 2.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 10.50 2.00 0.97 2.16 7.32 1.29
qq → WW 0.10 0.19 0.00 0.05 0.00 0.00 0.02 0.00 0.24 0.18 0.02 0.01 0.02 0.01 0.03 0.07 0.04 0.04 0.20 0.32 0.03 0.00 0.00 0.01 0.01 0.01 0.05 0.04 0.09 0.01 0.02 0.02 0.06 0.04 0.10 0.00 0.00 0.37 0.39 0.12 0.00 0.05 0.00 0.00 0.23 0.03 0.00 0.00 1.73 0.02 0.09 0.03 0.03 0.00 1.43 0.00 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.00 0.09 0.22 0.11 0.67 0.00 1.19 0.10 0.20 0.22 0.04 0.19 0.05 0.12 0.40 0.10 0.06 0.04 0.22 1.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.52 11.91 0.89 1.72

ggF 0.23 0.15 0.00 0.03 0.07 0.10 0.47 0.31 0.13 0.05 0.01 0.00 0.10 0.35 0.01 0.72 0.00 0.05 0.31 0.09 0.06 0.06 0.02 0.31 0.37 0.14 1.75 0.00 0.13 0.04 0.03 1.18 0.00 2.12 0.81 0.33 0.40 0.14 0.33 0.79 0.06 0.74 2.26 0.50 0.64 0.49 0.25 0.33 0.00 0.51 2.00 0.12 0.19 0.22 0.11 0.24 0.04 0.10 0.31 0.13 0.10 0.04 0.21 0.99 48.93 31.64 23.25 9.62 0.91 3.20 3.90 2.54 16.24
VBF 0.10 0.19 0.00 0.05 0.00 0.01 0.25 0.19 0.03 0.06 0.06 0.03 0.07 0.20 0.28 0.14 0.03 0.02 0.07 0.02 0.02 0.12 0.03 0.03 0.22 0.26 0.11 0.24 0.02 0.05 0.01 2.05 0.11 0.13 0.16 0.00 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 0.19 2.00 0.10 0.20 0.22 0.04 0.19 0.05 0.12 0.25 0.04 0.04 0.04 0.22 1.15 2.10 0.40
top 0.09 0.30 0.00 0.02 0.00 0.00 0.02 0.00 0.22 0.18 0.03 0.01 0.02 0.01 0.04 0.06 0.04 0.03 0.18 0.34 0.01 0.00 0.00 0.01 0.01 0.01 0.04 0.04 0.09 0.01 0.02 0.02 0.05 0.05 0.13 0.00 0.00 0.37 0.41 0.13 0.26 11.67 1.92 1.30 0.17 1.92 0.01 0.00 1.14 0.04 0.10 0.04 0.02 0.00 0.55 0.00 0.92 6.75 1.22 0.41 0.26 0.13 0.08 2.24 0.12 1.19 5.50 1.83 0.00 0.20 0.51 0.17 2.40 0.00 1.06 0.07 0.10 0.10 0.04 0.01 0.09 0.12 0.40 0.10 0.06 0.04 0.22 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.68 4.00 0.00

Z
→
τ
τ

C
R

n
je

t=
1

Wγ 0.26 0.18 0.00 0.18 0.44 0.06 0.52 0.20 0.22 0.16 0.15 0.66 0.01 0.16 0.15 0.08 0.82 0.67 0.54 0.14 0.15 0.17 0.16 0.02 0.01 0.24 0.22 0.03 0.02 0.00 0.01 0.23 0.19 0.11 0.02 0.16 0.02 0.08 0.67 0.11 0.36 0.01 1.57 0.07 0.13 0.03 0.03 0.28 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 1.82 0.34 0.13 0.77 0.16 0.41 0.13 0.10 0.28 0.58 0.17 0.03 0.14 2.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.14 22.11 0.01 0.01 0.01 0.01 0.02 0.00 0.08 0.02 0.46 0.19 0.32 0.19 0.33 0.32 0.02 0.25 0.00 3.58 28.17 0.00 0.00 0.01 0.01 0.00 0.05 0.05 0.08 0.21 0.11 0.26 0.03 0.07 0.19 0.06 0.00

Zγ 0.26 0.18 0.00 0.18 0.11 0.03 0.29 0.06 0.05 0.15 0.11 0.26 0.09 0.14 0.01 0.14 0.51 0.11 0.08 0.10 0.06 0.02 0.12 0.02 0.02 0.22 0.21 0.01 0.00 0.00 0.01 0.21 0.70 0.03 0.02 0.54 0.00 0.02 0.58 0.11 0.02 0.01 0.44 0.08 0.03 0.02 0.01 0.08 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 0.51 0.34 0.13 0.77 0.16 0.41 0.13 0.03 0.16 0.66 0.16 0.02 0.13 2.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.26 0.18 0.00 0.18 0.02 0.02 0.30 0.34 0.22 0.06 0.13 0.06 0.03 0.08 0.13 0.20 0.33 0.47 0.25 0.03 0.05 0.04 0.06 0.00 0.00 0.12 0.06 0.12 0.06 0.00 0.01 0.34 0.71 0.24 0.17 0.01 0.01 0.32 0.06 0.01 0.01 1.63 0.04 0.11 0.03 0.03 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 1.35 0.34 0.13 0.77 0.16 0.41 0.13 0.14 0.40 0.30 0.18 0.05 0.24 2.77 6.97

gg → V V 0.92 0.57 0.29 0.02 0.01 0.26 0.33 0.18 0.06 0.04 0.07 0.06 0.05 0.09 0.16 0.22 0.40 0.20 0.02 0.03 0.01 0.06 0.00 0.05 0.10 0.03 0.09 0.07 0.01 0.00 0.28 0.54 0.15 0.18 0.03 0.01 1.10 0.15 0.05 0.01 1.75 0.05 0.12 0.04 0.03 0.97 0.70 0.00 0.86 3.06 1.20 0.38 0.17 0.14 3.79 0.75 4.12 2.49 2.19 1.74 3.46 0.73 3.42 0.00 1.15 2.00 2.33 3.30 4.28 0.53 2.51 0.11 0.14 0.37 0.25 0.13 0.04 0.23 0.25 2.10 10.50 2.00 3.52 1.06 7.27 3.38
gg → WW 0.92 0.57 0.00 0.29 0.00 0.00 0.01 0.01 0.27 0.31 0.16 0.04 0.11 0.02 0.04 0.10 0.10 0.11 0.28 0.31 0.20 0.00 0.00 0.03 0.02 0.03 0.05 0.02 0.01 0.09 0.07 0.07 0.09 0.01 0.00 0.00 0.00 0.31 0.59 0.16 0.00 0.06 0.01 0.00 0.36 0.10 0.01 0.01 1.70 0.08 0.11 0.06 0.02 0.00 0.70 0.00 0.00 0.86 3.06 1.20 0.38 0.17 0.14 3.79 0.75 4.12 2.49 2.19 0.00 1.74 3.46 0.73 3.42 0.00 1.03 2.33 3.30 4.28 0.53 2.51 0.11 0.13 0.35 0.29 0.16 0.04 0.23 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 0.26 0.18 0.00 0.18 0.02 0.03 0.32 0.28 0.18 0.12 0.11 0.05 0.03 0.08 0.10 0.17 0.41 0.37 0.19 0.07 0.07 0.04 0.07 0.00 0.01 0.06 0.06 0.10 0.06 0.00 0.00 0.34 0.71 0.22 0.48 0.04 0.02 0.03 1.61 0.02 0.11 0.03 0.03 0.43 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 0.96 2.00 0.34 0.13 0.77 0.16 0.41 0.13 0.14 0.39 0.25 0.17 0.04 0.23 2.77 2.10 10.50 2.00 3.52 1.06 7.27 3.38
qq → WW 0.26 0.18 0.00 0.18 0.00 0.00 0.02 0.02 0.27 0.28 0.15 0.04 0.10 0.02 0.04 0.09 0.08 0.12 0.32 0.29 0.13 0.00 0.00 0.03 0.04 0.03 0.06 0.01 0.01 0.08 0.07 0.07 0.08 0.02 0.02 0.00 0.00 0.32 0.58 0.18 0.01 0.04 0.02 0.00 0.31 0.02 0.00 0.00 1.73 0.00 0.07 0.03 0.03 0.00 0.29 0.00 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.00 0.45 0.02 0.29 1.01 0.00 0.85 0.34 0.13 0.77 0.16 0.41 0.13 0.13 0.36 0.25 0.14 0.04 0.23 2.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 13.34 12.80 0.46 0.55

ggF 0.24 1.81 0.00 0.73 0.00 0.00 0.04 0.01 0.26 0.34 0.23 0.05 0.11 0.05 0.08 0.06 0.09 0.17 0.32 0.18 0.27 0.00 0.00 0.07 0.04 0.02 0.03 0.01 0.01 0.11 0.09 0.05 0.09 0.02 0.01 0.00 0.00 0.33 0.72 0.18 0.00 0.03 0.02 0.00 0.19 0.02 0.02 0.01 1.57 0.01 0.08 0.03 0.02 0.00 2.59 0.00 0.00 6.38 2.54 1.49 1.44 0.70 0.74 3.81 0.17 3.69 6.54 5.22 0.00 0.53 0.34 0.27 4.33 0.00 0.88 2.00 3.71 1.13 0.72 0.07 0.13 0.79 0.14 0.37 0.34 0.18 0.05 0.25 2.56 48.93 31.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.37 14.81 0.72 3.20 3.90 2.11 2.24
VBF 0.98 1.01 0.00 0.03 0.00 0.00 0.04 0.02 0.23 0.29 0.20 0.04 0.10 0.06 0.04 0.08 0.09 0.14 0.27 0.27 0.24 0.00 0.00 0.02 0.03 0.01 0.04 0.00 0.00 0.13 0.08 0.07 0.07 0.03 0.03 0.00 0.00 0.33 0.63 0.16 0.00 0.00 0.00 0.00 0.40 0.00 0.02 0.02 1.37 0.03 0.03 0.03 0.02 0.00 0.40 0.00 0.00 3.24 3.16 1.16 0.05 0.00 0.00 1.14 2.16 1.73 2.29 1.35 0.00 1.58 1.03 0.48 2.63 0.00 0.33 2.00 0.86 0.74 2.63 0.28 0.95 1.01 0.15 0.35 0.33 0.16 0.04 0.23 3.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.40
top 0.68 0.73 0.04 0.54 0.00 0.00 0.01 0.02 0.26 0.26 0.12 0.04 0.10 0.03 0.04 0.08 0.08 0.10 0.30 0.32 0.12 0.00 0.00 0.02 0.03 0.04 0.05 0.01 0.01 0.07 0.06 0.07 0.08 0.02 0.01 0.00 0.00 0.30 0.54 0.17 0.14 11.35 3.25 1.74 0.15 3.25 0.01 0.01 1.02 0.03 0.08 0.04 0.01 0.00 1.46 0.00 1.89 7.38 2.66 1.09 0.77 0.11 0.16 3.28 0.35 1.36 5.71 2.74 0.00 0.47 0.87 0.69 3.36 0.00 0.66 0.99 0.92 0.05 0.71 1.27 0.67 0.14 0.37 0.22 0.13 0.04 0.24 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.26 0.00 10.57 0.00
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Wγ 0.13 0.08 0.00 0.02 0.00 0.01 0.42 0.30 0.33 0.08 0.16 0.02 0.01 0.08 0.14 0.26 0.63 0.17 0.26 0.06 0.23 0.07 0.03 0.01 0.00 0.16 0.22 0.05 0.01 0.00 0.00 0.31 1.07 0.11 0.02 0.16 0.02 0.08 5.23 0.02 0.36 0.01 27.39 0.33 1.57 0.67 0.73 0.28 2.29 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.29 0.21 0.26 1.05 0.00 0.40 0.31 0.67 0.62 0.23 0.39 0.02 0.08 0.36 0.84 0.32 0.04 0.15 0.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.40 25.48 0.01 0.00 0.03 0.01 0.08 0.01 0.36 0.06 0.30 0.12 0.20 0.19 0.17 0.20 0.72 0.19 0.00 6.15 22.87 0.00 0.00 0.01 0.01 0.01 0.06 0.01 0.15 0.13 0.08 0.16 0.07 0.12 0.07 0.60 0.00

Zγ 0.13 0.08 0.00 0.02 0.03 0.06 0.38 0.31 0.28 0.22 0.16 0.15 0.22 0.27 0.19 0.27 0.07 0.18 0.01 0.01 0.17 0.07 0.12 0.01 0.02 0.16 0.22 0.01 0.03 0.01 0.01 0.22 0.76 0.15 0.02 0.59 0.00 0.14 7.91 2.23 0.39 0.20 14.65 1.22 0.70 0.34 0.23 0.28 2.29 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.29 0.21 0.26 1.05 0.00 0.05 0.31 0.67 0.62 0.23 0.39 0.02 0.05 0.10 0.63 0.16 0.02 0.13 0.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.13 0.08 0.00 0.02 0.19 0.02 0.34 0.58 0.51 0.05 0.00 0.36 0.20 0.03 0.20 0.29 0.13 0.38 0.77 0.27 0.03 0.02 0.00 0.16 0.05 0.11 0.04 0.00 0.03 0.43 0.92 0.23 0.49 0.29 0.25 7.99 1.46 0.17 0.39 7.85 0.17 0.22 0.13 0.22 5.30 2.29 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.29 0.21 0.26 1.05 0.00 2.20 0.31 0.67 0.62 0.23 0.39 0.02 0.41 0.40 0.39 0.22 0.05 0.25 0.77

gg → V V 0.08 0.03 0.01 0.05 0.02 0.23 0.19 0.09 0.00 0.01 0.05 0.07 0.09 0.04 0.09 0.19 0.38 0.17 0.03 0.01 0.10 0.06 0.03 0.14 0.07 0.08 0.01 0.30 0.51 0.25 0.23 0.02 0.04 14.29 2.13 0.16 0.57 12.91 0.98 0.65 0.24 0.21 11.58 0.92 0.66 2.74 1.38 0.98 0.43 0.04 0.06 1.25 0.07 1.11 4.08 0.82 1.16 0.41 0.40 1.77 2.01 2.00 1.75 0.10 0.98 0.07 0.26 0.00 0.14 0.66 0.23 0.09 0.04 0.23 2.16 2.10 10.50 2.00
gg → WW 0.08 0.03 0.00 0.01 0.00 0.00 0.01 0.01 0.21 0.20 0.08 0.02 0.12 0.03 0.05 0.08 0.03 0.08 0.21 0.30 0.13 0.00 0.00 0.01 0.02 0.02 0.03 0.02 0.03 0.06 0.03 0.03 0.08 0.03 0.06 0.00 0.00 0.28 0.41 0.13 0.00 1.53 0.05 0.09 2.48 0.61 0.04 0.16 23.20 0.76 1.26 0.01 0.51 0.00 0.92 0.00 0.66 2.74 1.38 0.98 0.43 0.04 0.06 1.25 0.07 1.11 4.08 0.82 0.00 1.16 0.41 0.40 1.77 0.00 2.05 1.75 0.10 0.98 0.07 0.26 0.00 0.14 0.40 0.15 0.10 0.04 0.23 2.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 0.65 0.06 0.00 0.00 0.00 0.00 0.01 0.02 0.37 0.33 0.22 0.04 0.13 0.07 0.06 0.10 0.08 0.17 0.13 0.26 0.25 0.00 0.00 0.02 0.00 0.01 0.06 0.02 0.06 0.13 0.03 0.02 0.07 0.02 0.04 0.00 0.00 0.36 0.70 0.16 0.04 0.46 0.02 0.06 6.11 0.43 0.72 0.21 18.96 0.24 0.99 0.36 0.28 1.95 6.28 0.00 0.16 2.25 2.02 0.97 0.60 0.00 0.01 2.81 0.98 2.77 1.38 2.70 0.00 1.02 1.27 0.00 2.69 0.00 1.64 2.00 0.10 2.95 0.76 0.42 0.97 0.49 0.15 0.34 0.19 0.13 0.04 0.22 0.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 10.50 2.00
qq → WW 0.13 0.08 0.00 0.02 0.00 0.00 0.01 0.01 0.27 0.24 0.08 0.02 0.05 0.02 0.05 0.08 0.03 0.08 0.22 0.30 0.02 0.00 0.00 0.01 0.01 0.02 0.06 0.02 0.04 0.04 0.03 0.04 0.07 0.03 0.05 0.00 0.00 0.31 0.44 0.15 0.03 0.49 0.02 0.03 4.90 0.69 0.29 0.16 20.40 0.32 0.82 0.01 0.42 0.00 2.29 0.00 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.00 0.29 0.21 0.26 1.05 0.00 1.57 0.31 0.67 0.62 0.23 0.39 0.02 0.13 0.35 0.15 0.09 0.04 0.22 0.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ggF 0.59 0.05 0.00 0.01 0.00 0.00 0.02 0.02 0.31 0.27 0.13 0.03 0.11 0.02 0.04 0.08 0.07 0.10 0.30 0.28 0.19 0.00 0.00 0.02 0.02 0.02 0.04 0.01 0.00 0.08 0.08 0.08 0.09 0.01 0.02 0.00 0.00 0.31 0.51 0.19 0.19 1.53 0.15 0.14 2.66 0.34 0.17 0.16 18.87 0.59 0.73 0.11 0.36 0.00 3.66 0.00 0.92 1.07 1.95 1.10 0.03 0.02 0.02 1.56 0.08 1.67 0.98 2.06 0.00 0.52 0.40 0.09 3.08 0.00 1.49 2.00 0.16 1.14 1.37 0.00 0.21 0.03 0.13 0.35 0.22 0.14 0.04 0.23 1.97 48.93 31.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.20 3.90
VBF 0.18 0.17 0.00 0.01 0.00 0.00 0.03 0.01 0.31 0.26 0.11 0.02 0.13 0.05 0.03 0.11 0.06 0.12 0.26 0.27 0.12 0.00 0.00 0.01 0.04 0.04 0.07 0.01 0.01 0.07 0.05 0.04 0.07 0.03 0.02 0.00 0.00 0.29 0.49 0.17 0.00 0.46 0.08 0.08 6.73 0.50 0.68 0.08 13.54 0.50 0.24 0.17 0.22 0.00 0.70 0.00 1.39 2.63 0.85 1.13 1.65 1.25 1.26 0.92 0.25 1.29 4.92 1.68 0.00 2.08 1.04 0.56 0.52 0.00 1.05 2.00 1.48 0.67 1.71 1.21 1.61 0.32 0.12 0.35 0.31 0.14 0.04 0.24 4.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.40
top 0.03 0.13 0.01 0.04 0.00 0.00 0.01 0.00 0.22 0.24 0.08 0.02 0.05 0.01 0.04 0.07 0.02 0.06 0.23 0.29 0.09 0.00 0.00 0.01 0.02 0.01 0.04 0.02 0.03 0.04 0.05 0.04 0.07 0.04 0.07 0.00 0.00 0.30 0.45 0.14 0.04 3.52 0.71 0.59 0.03 0.71 0.00 0.00 0.38 0.01 0.03 0.01 0.01 0.00 1.43 0.00 0.99 8.09 1.26 0.30 0.10 0.04 0.10 3.68 0.13 1.54 6.04 1.76 0.00 0.17 0.70 0.15 2.67 0.00 1.16 0.07 0.16 0.02 0.01 0.15 0.04 0.12 0.35 0.16 0.10 0.04 0.22 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.85 6.81 0.51 12.67
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Wγ 1.50 1.27 0.28 0.51 0.04 0.01 0.46 0.10 0.39 0.06 0.23 0.60 0.24 0.19 0.06 0.16 0.59 0.24 1.04 0.27 0.12 0.17 0.08 0.03 0.00 0.08 0.08 0.05 0.04 0.00 0.00 0.06 0.58 0.46 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.00 0.00 0.00 0.90 0.40 0.06 0.07 0.23 0.11 0.05 0.03 0.17 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.35 34.26 2.05 1.09 2.69 9.04 0.00 0.01 0.02 0.01 0.01 0.09 0.06

Zγ 1.50 1.27 0.28 0.51 0.30 0.02 0.50 0.05 0.31 0.03 0.41 1.30 0.40 0.27 0.01 0.02 0.34 0.32 1.00 0.71 0.12 0.17 0.08 0.03 0.00 0.31 0.08 0.05 0.04 0.00 0.00 0.06 0.28 0.46 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.00 0.00 0.00 0.90 0.40 0.06 0.06 0.22 0.08 0.06 0.04 0.17 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 1.50 1.27 0.28 0.51 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.00 0.00 0.00 0.90 0.40 0.06 0.53 25.81

gg → V V 1.99 2.80 2.28 0.33 0.04 0.20 0.79 1.21 1.12 0.09 1.42 0.62 0.24 0.35 0.75 0.01 0.31 1.71 0.88 0.19 0.63 2.19 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 2.00 0.00 0.00 0.00 0.10 1.73 0.28 0.10 0.32 0.64 0.52 0.03 0.21 4.92 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
gg → WW 1.99 2.80 2.28 0.04 0.00 0.25 1.03 1.46 0.37 0.94 0.22 0.31 0.05 0.55 1.08 0.50 0.57 1.96 0.21 0.85 0.65 2.34 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 0.00 0.00 0.00 0.10 1.73 0.28 0.11 0.27 1.00 0.54 0.03 0.21 4.92 0.69 26.00
qq → V V 1.50 1.27 0.28 0.51 0.04 0.02 0.25 0.96 1.41 0.22 0.49 0.01 0.34 0.08 0.52 1.04 0.44 0.52 1.89 0.30 0.75 0.65 2.41 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.00 0.00 0.00 0.90 0.40 0.06 0.12 0.32 1.17 0.52 0.04 0.22 0.53 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
qq → WW 1.50 1.27 0.28 0.51 0.08 0.01 0.24 0.97 1.40 0.44 0.70 0.13 0.38 0.09 0.51 1.01 0.39 0.51 1.91 0.38 0.67 0.68 2.46 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.00 0.00 0.00 0.90 0.40 0.06 0.12 0.31 0.95 0.52 0.03 0.21 0.53 0.69 0.00 0.00 1.66 0.97

ggF 0.43 1.51 0.00 0.48 0.05 0.01 0.24 0.99 1.42 0.34 0.81 0.01 0.35 0.08 0.53 1.04 0.43 0.53 1.92 0.30 0.76 0.67 2.42 2.70 4.12 0.77 0.06 0.02 0.02 0.02 2.27 0.03 1.07 4.73 1.16 0.24 0.60 0.05 1.19 2.00 0.36 0.00 0.00 0.35 0.18 0.10 0.12 0.29 0.94 0.52 0.03 0.21 1.51 14.71 12.11 6.54 1.43 0.98 3.20 3.90 1.95 1.79
VBF 1.50 1.27 0.28 0.51 0.36 0.05 0.20 1.12 1.51 0.36 0.85 0.23 0.34 0.05 0.56 1.09 0.46 0.60 2.05 0.25 0.82 0.70 2.37 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.00 0.00 0.00 0.90 0.40 0.06 0.11 0.28 1.07 0.52 0.03 0.21 0.53 2.10 0.40
top 4.81 2.66 0.02 0.47 0.04 0.00 0.03 0.69 1.30 0.38 1.03 0.12 0.31 0.17 0.48 0.93 0.67 0.17 1.80 0.35 0.02 0.02 0.05 0.03 0.05 0.60 0.06 0.05 0.08 0.05 0.08 0.27 1.76 0.16 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.58 0.65 2.04 1.31 1.96 0.04 0.14 0.63 0.42 0.01 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.78 0.22 0.00 0.06 0.07 0.04 0.46 0.53 0.91 0.44 0.43 0.02 0.34 0.19 0.13 0.54 0.12 0.02 2.93 0.28 0.12 0.50 0.02 0.03 0.00 0.38 0.08 0.01 0.01 0.00 0.00 0.31 1.59 0.78 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.33 0.03 0.03 0.76 1.84 0.16 0.02 0.02 0.75 0.46 0.00 0.04 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 7.05 19.65 0.03 0.03 0.02 0.05 0.04 0.03 0.23 0.21 32.05 0.50 0.45

Zγ 0.78 0.22 0.00 0.06 0.04 0.03 0.28 0.35 0.91 0.44 0.43 0.20 0.26 0.08 0.22 0.57 0.07 0.34 1.18 0.28 0.12 0.03 0.17 0.03 0.00 0.38 0.08 0.14 0.04 0.00 0.00 0.33 1.63 0.53 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.33 0.03 0.03 0.76 1.84 0.16 0.02 0.05 0.75 0.46 0.00 0.04 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.78 0.22 0.00 0.06 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.33 0.03 0.03 0.76 1.84 0.16 0.53 25.81

gg → V V 0.35 0.18 0.00 0.13 0.01 0.00 0.24 0.36 0.09 0.01 0.11 0.10 0.08 0.27 0.79 0.10 0.05 0.07 0.20 0.05 0.24 0.30 0.66 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 2.00 0.00 0.00 0.00 2.77 1.42 2.63 0.19 0.57 0.08 0.35 4.92 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
gg → WW 0.35 0.18 0.00 0.13 0.01 0.01 0.17 0.19 0.03 0.04 0.09 0.02 0.05 0.19 0.34 0.02 0.01 0.05 0.03 0.03 0.06 0.11 0.03 0.02 0.22 0.27 0.43 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 0.00 0.00 0.00 2.77 1.42 2.63 0.18 0.52 0.08 0.35 4.92 0.69 26.00
qq → V V 0.78 0.22 0.00 0.06 0.02 0.04 0.22 0.22 0.10 0.03 0.11 0.11 0.08 0.30 0.72 0.05 0.12 0.10 0.00 0.17 0.06 0.00 0.27 0.35 0.75 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.33 0.03 0.03 0.76 1.84 0.16 0.20 0.54 0.08 0.35 0.53 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
qq → WW 0.78 0.22 0.00 0.06 0.01 0.02 0.21 0.21 0.05 0.03 0.12 0.05 0.07 0.25 0.46 0.02 0.05 0.08 0.01 0.00 0.10 0.11 0.01 0.01 0.24 0.28 0.56 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.33 0.03 0.03 0.76 1.84 0.16 0.19 0.56 0.08 0.35 0.53 0.69 0.00 0.00 1.80 1.30

ggF 0.52 0.51 0.01 0.08 0.01 0.03 0.18 0.27 0.04 0.03 0.13 0.04 0.07 0.24 0.39 0.04 0.03 0.07 0.00 0.09 0.13 0.00 0.23 0.26 0.55 2.70 4.12 0.77 0.06 0.02 0.02 0.02 2.27 0.03 1.07 4.73 1.16 0.24 0.60 0.05 1.19 2.00 0.03 0.06 1.41 0.78 0.74 0.19 0.55 0.08 0.35 1.51 14.71 12.11 6.92 4.45 0.98 3.20 3.90 1.70 1.89
VBF 0.78 0.22 0.00 0.06 0.03 0.02 0.25 0.64 0.04 0.00 0.15 0.07 0.10 0.23 0.50 0.08 0.02 0.08 0.23 0.09 0.01 0.29 0.36 0.68 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.33 0.03 0.03 0.76 1.84 0.16 0.19 0.53 0.08 0.35 0.53 2.10 0.40
top 0.18 0.29 0.02 0.05 0.01 0.00 0.13 0.11 0.10 0.03 0.07 0.01 0.01 0.02 0.02 0.03 0.09 0.05 0.16 0.02 0.02 0.01 0.01 0.01 0.03 0.06 0.06 0.00 0.02 0.01 0.06 0.15 0.32 0.28 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.26 0.65 6.25 0.49 0.32 0.02 0.12 0.20 0.12 0.03 0.08 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.82 0.52 0.31 0.02 0.09 0.29 0.63 0.91 0.44 0.43 0.29 0.44 0.11 0.17 0.48 0.54 0.52 1.39 0.28 0.15 0.34 0.08 0.03 0.00 0.38 0.05 0.01 0.04 0.00 0.00 0.29 1.36 0.30 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.00 0.00 0.00 0.27 0.49 0.23 0.09 0.29 0.49 0.27 0.04 0.18 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.72 22.54 0.00 0.01 0.01 0.59 1.46 0.80 1.02 0.19 0.47 5.32 27.51 0.00 0.06 0.01 0.06 0.17 0.23 0.30 0.11 0.47

Zγ 0.82 0.52 0.31 0.05 0.02 0.32 0.75 0.91 0.44 0.43 0.02 0.31 0.20 0.58 0.07 1.84 0.91 3.02 0.28 0.84 0.11 0.08 0.03 0.00 0.38 0.08 0.05 0.04 0.00 0.00 0.26 1.15 0.37 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.00 0.00 0.00 0.27 0.49 0.23 0.09 0.27 0.19 0.05 0.04 0.17 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.82 0.52 0.31 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.00 0.00 0.00 0.27 0.49 0.23 0.77 25.81

gg → V V 0.71 0.12 0.47 0.03 0.01 0.62 0.14 0.09 0.03 0.14 0.02 0.23 1.07 0.29 0.65 0.27 0.07 0.05 0.09 0.11 0.04 0.35 0.55 0.16 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 2.00 0.05 0.00 0.00 0.23 0.22 0.34 0.10 0.32 0.39 0.27 0.03 0.21 3.46 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
gg → WW 0.71 0.12 0.47 0.01 0.01 0.37 0.18 0.03 0.07 0.10 0.08 0.09 0.69 0.26 0.03 0.07 0.05 0.03 0.24 0.16 0.06 0.33 0.53 0.10 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 0.05 0.00 0.00 0.23 0.22 0.34 0.12 0.28 0.38 0.22 0.03 0.21 3.46 0.25 26.00
qq → V V 0.82 0.52 0.31 0.04 0.01 0.33 0.08 0.05 0.13 0.13 0.01 0.15 1.20 0.32 0.14 0.23 0.05 0.00 0.41 0.08 0.05 0.38 0.73 0.05 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.00 0.00 0.00 0.27 0.49 0.23 0.13 0.31 0.50 0.30 0.04 0.21 0.77 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
qq → WW 0.82 0.52 0.31 0.02 0.00 0.46 0.15 0.02 0.10 0.12 0.07 0.09 0.96 0.09 0.15 0.17 0.10 0.03 0.30 0.12 0.03 0.00 0.38 0.66 0.09 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.00 0.00 0.00 0.27 0.49 0.23 0.12 0.30 0.52 0.29 0.03 0.21 0.77 0.25 0.00 4.40 1.48 1.13

ggF 0.53 0.27 0.00 0.03 0.04 0.00 0.57 0.15 0.02 0.14 0.08 0.07 0.23 1.03 0.11 0.10 0.14 0.05 0.01 0.42 0.16 0.03 0.39 0.70 0.08 2.38 4.15 0.84 0.62 0.10 0.02 0.02 2.66 0.03 1.13 5.13 1.58 0.16 0.32 0.02 1.58 2.00 0.09 0.03 0.00 0.83 0.72 0.47 0.11 0.27 0.54 0.32 0.03 0.21 4.53 14.71 12.11 9.33 0.55 0.97 3.20 3.90 1.73 1.12
VBF 0.82 0.52 0.31 0.06 0.02 0.40 0.19 0.08 0.19 0.11 0.05 0.41 0.85 0.32 0.08 0.05 0.01 0.04 0.57 0.12 0.04 0.40 0.74 0.10 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.00 0.00 0.00 0.27 0.49 0.23 0.10 0.22 0.54 0.34 0.03 0.21 0.77 2.10 0.40
top 0.43 1.61 0.02 0.10 0.03 0.00 0.02 0.12 0.10 0.03 0.07 0.01 0.13 0.03 0.03 0.17 0.41 0.12 0.16 0.02 0.08 0.03 0.01 0.03 0.05 0.06 0.18 0.10 0.02 0.05 0.08 0.03 0.04 0.07 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.58 0.65 1.87 1.47 0.19 0.04 0.14 0.15 0.10 0.02 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.09 0.07 0.00 0.03 0.03 0.02 0.17 0.65 0.91 0.44 0.43 0.28 0.24 0.07 0.23 0.66 0.06 0.70 0.41 0.28 0.12 0.01 0.07 0.03 0.00 0.38 0.08 0.28 0.02 0.00 0.00 0.41 1.53 0.01 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.02 0.00 0.02 0.75 0.87 0.22 0.10 0.29 0.65 0.42 0.03 0.17 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 3.94 31.41 0.01 0.01 0.03 0.03 0.08 0.12 1.04 1.32 0.54 0.68 1.00 13.54 0.01 0.02 0.00 0.22 0.39 0.03 0.05 0.20

Zγ 0.09 0.07 0.00 0.03 0.03 0.05 0.74 0.44 0.91 0.44 0.43 0.18 0.37 0.18 0.14 0.58 0.01 0.10 1.63 0.28 0.12 0.35 0.06 0.03 0.00 0.38 0.08 0.05 0.00 0.00 0.00 0.28 1.57 1.01 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.02 0.00 0.02 0.75 0.87 0.22 0.08 0.12 0.69 0.40 0.03 0.17 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.09 0.07 0.00 0.03 0.02 0.06 1.16 0.05 0.02 0.21 0.04 0.04 0.30 0.05 0.04 0.31 0.43 0.24 0.64 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.02 0.00 0.02 0.75 0.87 0.22 0.15 0.77 0.06 0.23 0.77 25.81

gg → V V 0.67 0.52 0.05 0.02 0.03 0.19 0.14 0.08 0.01 0.08 0.08 0.06 0.26 0.68 0.02 0.12 0.04 0.02 0.16 0.10 0.01 0.26 0.38 0.21 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 2.00 0.00 0.00 0.00 1.21 0.90 0.88 0.11 0.30 0.10 0.05 0.04 0.22 3.46 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
gg → WW 0.67 0.52 0.05 0.01 0.02 0.19 0.21 0.01 0.04 0.11 0.01 0.05 0.20 0.23 0.05 0.01 0.06 0.01 0.04 0.13 0.03 0.00 0.21 0.23 0.19 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 0.00 0.00 0.00 1.21 0.90 0.88 0.14 0.37 0.06 0.04 0.04 0.22 3.46 0.25 26.00
qq → V V 0.09 0.07 0.00 0.03 0.00 0.02 0.26 0.19 0.05 0.04 0.11 0.04 0.07 0.29 0.55 0.02 0.05 0.08 0.11 0.12 0.00 0.00 0.26 0.30 0.32 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.02 0.00 0.02 0.75 0.87 0.22 0.14 0.43 0.06 0.03 0.05 0.22 0.77 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
qq → WW 0.09 0.07 0.00 0.03 0.01 0.02 0.23 0.19 0.04 0.03 0.14 0.03 0.07 0.25 0.36 0.08 0.04 0.09 0.00 0.00 0.07 0.12 0.01 0.00 0.24 0.26 0.25 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.02 0.00 0.02 0.75 0.87 0.22 0.15 0.41 0.07 0.04 0.05 0.22 0.77 0.25 0.00 4.40 1.49 1.06

ggF 0.35 0.45 0.07 0.01 0.02 0.19 0.25 0.05 0.03 0.12 0.05 0.07 0.25 0.47 0.02 0.03 0.06 0.11 0.13 0.00 0.00 0.24 0.27 0.28 2.38 4.15 0.84 0.62 0.10 0.02 0.02 2.66 0.03 1.13 5.13 1.58 0.16 0.32 0.02 1.58 2.00 0.03 0.04 0.00 1.07 1.39 0.39 0.15 0.43 0.07 0.04 0.05 0.22 4.53 14.71 12.11 6.19 3.69 0.98 3.20 3.90 1.68 1.78
VBF 0.09 0.07 0.00 0.03 0.00 0.03 0.18 0.16 0.03 0.03 0.13 0.03 0.07 0.23 0.30 0.03 0.03 0.09 0.05 0.13 0.00 0.23 0.23 0.20 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.02 0.00 0.02 0.75 0.87 0.22 0.14 0.39 0.07 0.04 0.04 0.22 0.77 2.10 0.40
top 2.34 1.40 0.02 0.38 0.00 0.00 0.09 0.06 0.10 0.03 0.07 0.00 0.00 0.02 0.02 0.03 0.08 0.00 0.09 0.02 0.02 0.00 0.00 0.02 0.04 0.06 0.06 0.01 0.02 0.00 0.07 0.16 0.32 0.05 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.58 0.65 3.51 1.60 0.52 0.02 0.07 0.13 0.07 0.00 0.05 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 1.53 1.02 0.08 0.52 0.18 0.04 0.43 0.11 0.40 0.49 1.30 0.49 0.22 0.18 0.08 0.18 0.62 0.22 1.06 0.25 0.12 0.17 0.08 0.03 0.00 0.33 0.08 0.05 0.04 0.00 0.00 0.06 0.58 0.46 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.30 0.29 0.20 0.04 0.18 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.38 37.03 2.03 1.42 2.13 4.68 0.00 0.01 0.00 0.01 0.07 0.06

Zγ 1.53 1.02 0.08 0.52 0.23 0.05 0.42 0.03 0.30 0.14 0.41 0.88 0.26 0.23 0.02 0.09 0.55 0.33 0.90 0.30 0.12 0.17 0.08 0.03 0.00 0.00 0.08 0.05 0.04 0.00 0.00 0.07 0.04 0.46 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.22 0.19 0.00 0.04 0.17 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 1.53 1.02 0.08 0.52 0.23 0.06 0.27 0.83 1.31 1.54 2.47 0.36 0.39 0.11 0.49 0.97 0.37 0.45 1.77 0.51 0.44 0.61 1.98 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.36 0.02 0.20 0.83 0.78 0.22 0.09 0.35 0.33 0.63 0.03 0.21 1.16 25.81

gg → V V 1.68 0.44 0.70 1.13 0.11 0.00 0.23 1.02 1.44 0.55 0.80 0.00 0.36 0.08 0.53 1.04 0.41 0.55 1.96 0.34 0.82 0.71 2.32 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 2.00 0.11 0.00 0.00 0.35 2.07 0.20 0.12 0.28 1.03 0.53 0.03 0.21 1.28 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
gg → WW 1.68 0.44 0.70 1.13 0.02 0.01 0.25 1.00 1.44 0.37 1.04 0.13 0.32 0.06 0.54 1.06 0.48 0.55 1.93 0.25 0.82 0.68 2.41 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 0.11 0.00 0.00 0.35 2.07 0.20 0.10 0.27 1.09 0.54 0.03 0.21 1.28 0.47 26.00
qq → V V 1.53 1.02 0.08 0.52 0.27 0.03 0.22 1.08 1.48 0.31 0.45 0.12 0.35 0.06 0.54 1.06 0.43 0.58 2.01 0.27 0.86 0.67 2.21 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.32 0.90 0.51 0.03 0.21 1.16 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
qq → WW 1.53 1.02 0.08 0.52 0.03 0.01 0.25 0.99 1.43 0.37 0.88 0.08 0.33 0.07 0.54 1.05 0.47 0.54 1.92 0.26 0.81 0.67 2.40 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.29 0.94 0.53 0.03 0.21 1.16 0.47 2.95 0.00 1.32 0.76

ggF 2.72 1.99 0.10 0.03 0.01 0.25 0.98 1.43 0.34 1.11 0.08 0.33 0.07 0.53 1.05 0.46 0.54 1.92 0.26 0.80 0.67 2.38 0.43 0.03 4.34 0.73 0.34 0.09 0.05 0.05 2.19 0.02 0.87 4.57 1.53 0.33 0.48 0.09 1.50 2.00 0.01 0.13 0.07 0.24 0.50 0.46 0.11 0.27 0.93 0.55 0.03 0.21 3.27 14.71 12.11 7.99 1.83 1.02 3.20 3.90 1.81 1.27
VBF 1.53 1.02 0.08 0.52 0.13 0.02 0.23 0.96 1.38 0.41 0.73 0.34 0.42 0.11 0.49 0.97 0.31 0.49 1.89 0.49 0.64 0.69 2.11 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.36 0.02 0.20 0.83 0.78 0.22 0.10 0.25 0.86 0.49 0.03 0.21 1.16 2.10 0.40
top 0.99 1.97 0.02 0.24 0.09 0.01 0.02 0.69 1.31 0.27 0.78 0.04 0.27 0.15 0.50 0.97 0.74 0.19 1.79 0.25 0.02 0.02 0.05 0.03 0.05 0.72 0.06 0.05 0.08 0.05 0.08 0.29 1.83 0.16 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.09 0.49 0.80 0.19 2.27 0.08 0.03 0.14 0.75 0.40 0.02 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.27 0.03 0.00 0.03 0.04 0.00 0.04 0.72 0.91 0.44 0.43 0.17 0.23 0.02 0.23 0.65 0.03 0.56 0.51 0.28 0.12 0.16 0.07 0.03 0.00 0.38 0.08 0.32 0.04 0.00 0.00 0.32 1.61 0.40 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.03 0.00 0.02 0.25 0.84 0.22 0.01 0.15 0.75 0.46 0.00 0.04 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 5.26 11.94 0.02 0.02 0.00 0.01 0.03 0.21 0.04 0.28 44.20 0.88 0.46

Zγ 0.27 0.03 0.00 0.03 0.11 0.37 0.44 0.74 0.91 0.44 0.43 0.16 0.05 0.19 0.34 0.31 0.42 0.15 5.90 0.28 0.12 0.16 0.08 1.46 0.03 0.38 0.08 0.05 0.04 0.00 0.00 0.10 1.23 1.74 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.03 0.00 0.02 0.25 0.84 0.22 0.03 0.15 0.75 0.46 0.00 0.04 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.27 0.03 0.00 0.03 0.01 0.07 1.72 0.05 0.05 0.24 0.01 0.08 0.44 0.29 0.04 0.38 0.32 0.32 0.62 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.03 0.00 0.02 0.25 0.84 0.22 0.23 0.36 0.08 0.35 1.16 25.81

gg → V V 0.90 0.20 0.01 0.02 0.00 0.19 0.19 0.01 0.04 0.11 0.01 0.05 0.19 0.21 0.00 0.02 0.07 0.02 0.02 0.06 0.07 0.18 0.21 0.34 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 2.00 0.09 0.00 0.00 0.52 1.86 0.78 0.18 0.56 0.08 0.35 1.28 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
gg → WW 0.90 0.20 0.01 0.01 0.00 0.17 0.22 0.01 0.06 0.10 0.00 0.06 0.18 0.26 0.10 0.01 0.07 0.02 0.01 0.02 0.09 0.08 0.04 0.22 0.26 0.44 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 0.09 0.00 0.00 0.52 1.86 0.78 0.18 0.56 0.08 0.35 1.28 0.47 26.00
qq → V V 0.27 0.03 0.00 0.03 0.02 0.02 0.18 0.20 0.07 0.01 0.12 0.06 0.08 0.23 0.49 0.05 0.03 0.08 0.02 0.00 0.12 0.11 0.00 0.00 0.24 0.30 0.55 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.03 0.00 0.02 0.25 0.84 0.22 0.18 0.56 0.08 0.35 1.16 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
qq → WW 0.27 0.03 0.00 0.03 0.01 0.02 0.21 0.22 0.04 0.04 0.11 0.02 0.06 0.22 0.32 0.03 0.02 0.08 0.01 0.01 0.06 0.10 0.02 0.01 0.23 0.25 0.48 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.03 0.00 0.02 0.25 0.84 0.22 0.18 0.54 0.08 0.35 1.16 0.47 2.95 0.00 1.25 0.78

ggF 0.28 0.40 0.00 0.01 0.02 0.18 0.26 0.04 0.03 0.12 0.03 0.06 0.21 0.32 0.00 0.03 0.06 0.00 0.07 0.13 0.00 0.00 0.21 0.23 0.48 0.43 0.03 4.34 0.73 0.34 0.09 0.05 0.05 2.19 0.02 0.87 4.57 1.53 0.33 0.48 0.09 1.50 2.00 0.19 0.06 0.15 1.00 1.23 0.32 0.19 0.55 0.08 0.35 3.27 14.71 12.11 4.49 3.54 1.04 3.20 3.90 1.68 1.77
VBF 0.27 0.03 0.00 0.03 0.00 0.03 0.10 0.15 0.01 0.05 0.13 0.01 0.05 0.21 0.16 0.03 0.00 0.05 0.03 0.02 0.14 0.02 0.19 0.20 0.39 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.03 0.00 0.02 0.25 0.84 0.22 0.17 0.54 0.08 0.35 1.16 2.10 0.40
top 1.21 0.07 0.02 0.05 0.01 0.00 0.11 0.05 0.10 0.03 0.07 0.00 0.01 0.02 0.04 0.05 0.10 0.01 0.04 0.02 0.02 0.01 0.02 0.01 0.04 0.06 0.06 0.00 0.01 0.01 0.02 0.16 0.31 0.25 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.09 0.33 0.65 0.20 3.36 1.22 0.03 0.09 0.20 0.12 0.03 0.08 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.31 0.52 0.04 0.19 0.06 0.04 0.42 0.43 0.91 0.44 0.43 0.07 0.21 0.13 0.39 0.75 0.41 0.46 1.06 0.28 0.01 0.17 0.08 0.03 0.00 0.38 0.06 0.02 0.17 0.00 0.00 0.41 1.55 0.40 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.06 0.03 0.35 0.40 0.17 0.10 0.29 0.55 0.26 0.05 0.18 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 1.08 31.35 0.00 0.00 0.00 1.90 2.01 0.52 0.79 0.01 0.01 4.53 13.62 0.01 0.05 0.02 0.05 0.11 0.04 0.03 0.10 0.39

Zγ 0.31 0.52 0.04 0.19 0.06 0.04 1.03 0.54 0.91 0.44 0.43 0.22 0.30 0.02 0.21 0.85 0.63 0.01 1.01 0.28 0.10 0.17 0.08 0.03 0.00 0.38 0.24 0.10 0.04 0.00 0.00 0.27 1.36 0.34 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.06 0.03 0.35 0.40 0.17 0.10 0.26 0.39 0.15 0.05 0.18 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.31 0.52 0.04 0.19 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.02 0.06 0.03 0.35 0.40 0.17 3.16 25.81

gg → V V 0.91 0.38 0.00 0.29 0.05 0.01 0.33 0.16 0.01 0.00 0.15 0.04 0.02 0.70 0.13 0.56 0.14 0.06 0.06 0.21 0.08 0.09 0.33 0.54 0.08 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 2.00 0.00 0.02 0.02 0.68 0.26 0.10 0.10 0.26 0.29 0.22 0.03 0.21 2.71 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
gg → WW 0.91 0.38 0.00 0.29 0.02 0.01 0.38 0.23 0.03 0.06 0.10 0.08 0.09 0.60 0.28 0.00 0.05 0.05 0.03 0.00 0.19 0.15 0.08 0.00 0.31 0.48 0.11 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 0.00 0.02 0.02 0.68 0.26 0.10 0.11 0.28 0.35 0.20 0.03 0.21 2.71 0.40 26.00
qq → V V 0.31 0.52 0.04 0.19 0.01 0.03 0.50 0.13 0.03 0.13 0.14 0.07 0.19 1.06 0.14 0.34 0.18 0.09 0.04 0.43 0.07 0.03 0.00 0.41 0.68 0.09 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.02 0.06 0.03 0.35 0.40 0.17 0.11 0.31 0.57 0.32 0.03 0.21 3.16 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
qq → WW 0.31 0.52 0.04 0.19 0.01 0.01 0.46 0.18 0.03 0.08 0.10 0.08 0.07 0.81 0.25 0.09 0.12 0.08 0.04 0.00 0.00 0.24 0.16 0.05 0.00 0.35 0.59 0.10 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.02 0.06 0.03 0.35 0.40 0.17 0.11 0.29 0.44 0.24 0.03 0.21 3.16 0.40 0.00 3.95 0.97 0.91

ggF 0.73 0.82 0.00 0.30 0.03 0.00 0.46 0.18 0.01 0.11 0.09 0.08 0.15 0.93 0.08 0.07 0.14 0.07 0.01 0.34 0.15 0.03 0.37 0.66 0.09 2.01 0.00 6.02 1.21 0.37 0.37 0.15 0.07 3.71 0.04 1.29 6.31 2.09 0.33 0.55 0.12 1.68 2.00 0.02 0.00 0.02 0.46 0.09 0.04 0.12 0.28 0.56 0.30 0.03 0.21 2.48 14.71 12.11 8.36 2.98 1.02 3.20 3.90 1.65 1.91
VBF 0.31 0.52 0.04 0.19 0.01 0.00 0.58 0.17 0.03 0.16 0.10 0.11 0.15 0.78 0.23 0.21 0.10 0.07 0.04 0.30 0.20 0.04 0.37 0.63 0.13 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.02 0.06 0.03 0.35 0.40 0.17 0.18 0.28 0.43 0.30 0.03 0.21 3.16 2.10 0.40
top 0.82 0.17 0.06 0.08 0.02 0.00 0.21 0.05 0.10 0.03 0.07 0.00 0.13 0.03 0.03 0.15 0.48 0.18 0.16 0.02 0.08 0.04 0.01 0.03 0.05 0.06 0.17 0.09 0.02 0.05 0.08 0.03 0.03 0.05 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.06 1.04 0.37 0.81 1.11 0.08 0.05 0.16 0.19 0.12 0.02 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.07 0.20 0.06 0.08 0.00 0.01 0.30 0.72 0.91 0.44 0.43 0.16 0.21 0.17 0.34 0.68 0.04 0.41 0.66 0.28 0.12 0.05 0.11 0.03 0.02 0.38 0.08 0.05 0.02 0.00 0.01 0.50 1.84 0.19 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.01 0.02 0.02 0.27 0.25 0.12 0.05 0.03 0.69 0.43 0.02 0.16 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 9.50 29.65 0.00 0.01 0.01 0.01 0.06 0.31 0.04 0.56 0.70 1.16 1.53 0.92 16.30 0.00 0.00 0.00 0.00 0.37 0.25 0.14 0.26 0.08

Zγ 0.07 0.20 0.06 0.08 0.01 0.02 0.38 0.69 0.91 0.44 0.43 0.18 0.24 0.14 0.33 0.69 0.04 0.47 0.71 0.28 0.12 0.12 0.18 0.03 0.00 0.38 0.08 0.05 0.03 0.00 0.00 0.52 1.88 0.29 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.01 0.02 0.02 0.27 0.25 0.12 0.08 0.15 0.70 0.43 0.03 0.17 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.07 0.20 0.06 0.08 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.02 0.27 0.25 0.12 3.16 25.81

gg → V V 0.47 0.24 0.00 0.04 0.00 0.02 0.24 0.21 0.07 0.01 0.09 0.10 0.08 0.25 0.70 0.03 0.14 0.07 0.13 0.09 0.00 0.27 0.33 0.38 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 2.00 0.00 0.00 0.02 0.26 0.34 0.26 0.14 0.43 0.07 0.05 0.05 0.22 2.71 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
gg → WW 0.47 0.24 0.00 0.04 0.01 0.01 0.16 0.20 0.01 0.05 0.11 0.00 0.05 0.18 0.21 0.06 0.01 0.07 0.01 0.01 0.02 0.12 0.03 0.01 0.20 0.22 0.16 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 0.00 0.00 0.02 0.26 0.34 0.26 0.13 0.36 0.07 0.04 0.04 0.22 2.71 0.40 26.00
qq → V V 0.07 0.20 0.06 0.08 0.01 0.02 0.20 0.20 0.04 0.03 0.09 0.03 0.05 0.21 0.39 0.00 0.02 0.04 0.01 0.00 0.09 0.12 0.01 0.00 0.22 0.24 0.23 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.01 0.02 0.02 0.27 0.25 0.12 0.13 0.41 0.06 0.04 0.04 0.22 3.16 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
qq → WW 0.07 0.20 0.06 0.08 0.01 0.02 0.21 0.20 0.03 0.03 0.13 0.02 0.06 0.23 0.28 0.09 0.03 0.10 0.01 0.00 0.05 0.12 0.01 0.00 0.23 0.24 0.20 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.02 0.27 0.25 0.12 0.14 0.39 0.07 0.04 0.04 0.22 3.16 0.40 0.00 3.95 0.89 0.89

ggF 0.06 0.42 0.00 0.00 0.01 0.02 0.17 0.22 0.04 0.04 0.13 0.03 0.06 0.23 0.36 0.02 0.02 0.06 0.00 0.08 0.13 0.00 0.22 0.25 0.24 2.01 0.00 6.02 1.21 0.37 0.37 0.15 0.07 3.71 0.04 1.29 6.31 2.09 0.33 0.55 0.12 1.68 2.00 0.05 0.00 0.07 0.33 0.33 0.40 0.15 0.42 0.07 0.04 0.05 0.22 2.48 14.71 12.11 7.48 7.21 1.01 3.20 3.90 1.79 2.38
VBF 0.07 0.20 0.06 0.08 0.01 0.02 0.23 0.26 0.02 0.05 0.12 0.02 0.05 0.23 0.28 0.05 0.03 0.08 0.00 0.04 0.13 0.00 0.22 0.23 0.22 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.01 0.02 0.02 0.27 0.25 0.12 0.15 0.38 0.09 0.05 0.04 0.22 3.16 2.10 0.40
top 0.32 0.36 0.02 0.28 0.00 0.01 0.12 0.08 0.10 0.03 0.07 0.00 0.01 0.02 0.03 0.03 0.09 0.13 0.13 0.02 0.02 0.01 0.01 0.01 0.04 0.06 0.06 0.02 0.04 0.02 0.06 0.17 0.35 0.00 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.91 1.20 0.44 0.45 0.70 0.27 0.02 0.05 0.15 0.08 0.00 0.05 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 1.64 0.54 0.03 0.67 0.27 0.00 0.31 0.48 0.95 0.46 0.06 0.23 0.25 0.26 0.36 0.65 1.38 0.26 1.58 0.06 0.23 0.07 0.16 0.02 0.02 0.55 0.22 0.05 0.05 0.01 0.01 0.05 0.59 0.19 0.02 0.16 0.02 0.08 0.26 0.14 0.02 0.03 0.38 0.07 0.03 0.02 0.01 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 0.08 0.23 0.84 0.85 0.86 1.12 0.17 0.07 0.21 0.07 0.09 0.03 0.14 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.37 35.23 2.45 0.66 4.75 7.59 0.01 0.06 0.01 0.11 0.10

Zγ 1.64 0.54 0.03 0.67 0.34 0.00 0.40 0.44 0.82 0.16 0.16 1.02 0.54 0.39 0.24 0.40 0.91 0.14 1.56 0.90 0.23 0.07 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.02 0.56 0.19 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.28 0.28 0.09 0.02 0.02 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.95 0.23 0.84 0.85 0.86 1.12 0.17 0.08 0.05 0.88 0.27 0.02 0.14 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 1.64 0.54 0.03 0.67 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 0.23 0.84 0.85 0.86 1.12 0.17 5.30 10.00

gg → V V 2.94 3.75 0.44 0.35 0.05 0.30 0.89 1.38 0.53 1.32 0.13 0.29 0.06 0.53 1.06 0.53 0.51 1.82 0.17 0.81 0.66 2.14 0.62 0.07 0.02 0.03 1.62 0.02 0.17 0.04 0.04 0.55 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 0.91 2.00 0.00 0.52 0.00 0.44 1.70 0.44 0.10 0.31 0.89 0.58 0.04 0.21 1.31 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
gg → WW 2.94 3.75 0.44 0.03 0.00 0.25 0.99 1.43 0.41 0.80 0.10 0.33 0.07 0.54 1.06 0.47 0.54 1.93 0.26 0.76 0.64 2.49 0.25 0.06 0.04 0.01 1.96 0.10 0.16 0.06 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.42 0.00 0.52 0.00 0.44 1.70 0.44 0.11 0.34 0.99 0.57 0.04 0.21 1.31 1.50 39.00
qq → V V 1.64 0.54 0.03 0.67 0.08 0.04 0.26 0.92 1.36 0.36 0.48 0.31 0.39 0.11 0.49 0.97 0.35 0.48 1.85 0.40 0.78 0.76 2.60 0.05 0.00 0.00 0.59 0.22 0.09 0.02 1.65 0.06 0.12 0.04 0.02 0.06 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.69 2.00 0.23 0.84 0.85 0.86 1.12 0.17 0.13 0.33 1.01 0.48 0.04 0.21 5.30 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
qq → WW 1.64 0.54 0.03 0.67 0.06 0.01 0.24 0.98 1.42 0.40 0.82 0.02 0.35 0.08 0.52 1.03 0.43 0.53 1.91 0.30 0.74 0.67 2.52 0.05 0.01 0.00 0.36 0.07 0.01 0.01 1.73 0.04 0.12 0.05 0.03 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.25 0.23 0.84 0.85 0.86 1.12 0.17 0.11 0.30 0.91 0.53 0.03 0.21 5.30 1.50 7.40 14.20 1.20 0.96

ggF 1.77 2.32 0.66 0.14 0.02 0.23 1.06 1.48 0.40 1.00 0.23 0.32 0.05 0.56 1.09 0.49 0.58 1.99 0.22 0.86 0.68 2.55 0.36 0.06 0.03 0.03 1.71 0.07 0.12 0.03 0.03 4.66 0.00 3.03 0.57 0.06 0.08 0.00 0.00 0.82 0.07 0.48 3.91 0.34 0.11 0.55 0.09 0.61 1.49 2.00 0.08 0.96 0.15 0.06 1.13 0.10 0.11 0.30 1.06 0.53 0.03 0.21 1.24 48.93 31.64 0.34 4.17 0.90 3.20 3.90 0.18 2.81
VBF 9.14 4.21 3.32 0.01 0.01 0.25 1.00 1.44 0.38 1.25 0.10 0.33 0.07 0.54 1.06 0.47 0.55 1.93 0.27 0.79 0.68 2.47 0.23 0.07 0.01 0.00 1.18 0.05 0.07 0.04 0.02 2.24 7.41 0.42 1.11 0.85 0.11 0.00 6.33 1.20 3.14 7.52 4.67 0.66 0.16 1.65 2.16 0.00 0.79 2.00 1.98 0.22 0.25 0.60 1.80 1.69 0.11 0.26 0.98 0.53 0.03 0.21 4.11 2.10 0.40
top 1.87 1.07 1.63 0.06 0.02 0.26 0.98 1.42 0.43 0.79 0.08 0.33 0.07 0.54 1.05 0.46 0.54 1.92 0.26 0.84 0.68 2.36 0.31 13.74 1.20 1.69 0.22 1.20 0.02 0.01 1.15 0.04 0.11 0.05 0.02 4.06 1.10 8.60 3.46 0.68 0.15 0.35 0.32 6.07 0.93 3.48 4.77 4.54 1.29 0.39 0.90 5.16 1.31 0.21 1.56 1.76 0.22 2.43 0.19 0.11 0.30 0.99 0.57 0.03 0.21 0.98 0.00 12.89 6.44 9.79
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Wγ 0.68 0.74 0.00 0.00 0.00 0.03 0.27 0.10 0.43 0.24 0.16 0.30 0.05 0.02 0.09 0.36 0.52 0.31 0.09 0.16 0.23 0.07 0.06 0.02 0.02 0.16 0.22 0.14 0.03 0.01 0.01 0.30 1.20 1.10 0.02 0.16 0.02 0.08 0.84 0.18 0.02 0.01 0.79 0.16 0.02 0.08 0.04 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 0.46 0.03 0.59 0.09 1.80 1.58 0.43 0.01 0.06 0.97 0.40 0.02 0.00 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 6.17 23.67 0.00 0.01 0.07 0.05 0.13 0.10 0.07 0.16 25.71 0.56 0.22

Zγ 0.68 0.74 0.00 0.00 0.00 0.02 0.54 0.41 0.43 0.24 0.16 0.24 0.11 0.09 0.12 0.24 0.44 0.32 0.46 0.16 0.23 0.07 0.16 0.62 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.23 1.20 0.34 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 2.64 0.01 0.14 0.04 0.05 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 2.02 0.03 0.59 0.09 1.80 1.58 0.43 0.00 0.18 0.97 0.40 0.02 0.00 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.68 0.74 0.00 0.00 0.02 0.02 0.19 1.02 0.01 0.08 0.11 0.03 0.04 0.14 0.11 0.03 0.14 0.11 0.14 0.41 5.80 3.01 1.82 0.60 1.31 0.09 0.04 0.08 0.04 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 2.32 0.03 0.59 0.09 1.80 1.58 0.43 0.12 0.51 0.08 0.35 5.30 10.00

gg → V V 0.30 0.27 0.01 0.01 0.36 0.21 0.04 0.05 0.04 0.01 0.02 0.14 0.37 0.09 0.08 0.04 0.05 0.03 0.08 0.05 0.24 0.28 0.40 0.32 0.16 0.10 0.03 1.59 0.12 0.06 0.01 0.04 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.46 2.00 0.15 0.43 0.01 2.12 3.38 2.42 0.18 0.45 0.08 0.35 1.31 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
gg → WW 0.30 0.27 0.01 0.01 0.13 0.18 0.04 0.04 0.10 0.03 0.05 0.19 0.40 0.05 0.01 0.02 0.04 0.00 0.10 0.11 0.05 0.01 0.21 0.27 0.45 0.04 0.01 0.00 0.00 1.73 0.11 0.16 0.08 0.02 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.34 0.15 0.43 0.01 2.12 3.38 2.42 0.19 0.53 0.08 0.35 1.31 1.50 39.00
qq → V V 0.68 0.74 0.00 0.00 0.02 0.02 0.19 0.16 0.06 0.01 0.09 0.03 0.04 0.22 0.54 0.07 0.03 0.06 0.03 0.06 0.07 0.06 0.02 0.07 0.37 0.33 0.51 1.08 0.17 0.08 0.02 1.52 0.01 0.09 0.03 0.03 0.00 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.13 2.00 0.03 0.59 0.09 1.80 1.58 0.43 0.18 0.56 0.08 0.35 5.30 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
qq → WW 0.68 0.74 0.00 0.00 0.02 0.01 0.21 0.19 0.03 0.04 0.11 0.02 0.06 0.22 0.41 0.03 0.03 0.06 0.02 0.01 0.08 0.10 0.03 0.02 0.24 0.28 0.50 0.46 0.10 0.03 0.03 1.63 0.01 0.11 0.04 0.03 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.27 0.03 0.59 0.09 1.80 1.58 0.43 0.20 0.54 0.08 0.35 5.30 1.50 7.40 14.20 1.71 1.19

ggF 0.73 0.18 0.01 0.01 0.02 0.17 0.22 0.06 0.02 0.11 0.04 0.06 0.23 0.42 0.00 0.04 0.08 0.02 0.00 0.09 0.10 0.01 0.00 0.24 0.28 0.52 0.02 0.00 0.00 0.06 0.01 0.00 0.00 1.69 0.07 0.12 0.04 0.03 4.66 0.00 3.03 0.57 0.06 0.08 0.00 0.00 0.82 0.07 0.48 3.91 0.34 0.11 0.55 0.09 0.61 1.44 2.00 1.37 0.12 0.26 0.53 3.45 0.69 0.18 0.55 0.08 0.35 1.24 48.93 31.64 10.38 0.81 0.87 3.20 3.90 0.53 3.77
VBF 0.33 0.71 0.27 0.02 0.02 0.18 0.23 0.03 0.04 0.11 0.03 0.06 0.23 0.41 0.04 0.02 0.06 0.02 0.00 0.10 0.10 0.03 0.01 0.23 0.29 0.49 0.55 0.11 0.01 0.00 1.26 0.02 0.06 0.01 0.02 2.24 7.41 0.42 1.11 0.85 0.11 0.00 6.33 1.20 3.14 7.52 4.67 0.66 0.16 1.65 2.16 0.00 0.74 2.00 0.61 2.44 0.16 1.82 0.44 0.42 0.18 0.54 0.08 0.35 4.11 2.10 0.40
top 0.18 0.16 0.10 0.01 0.02 0.23 0.19 0.03 0.05 0.10 0.02 0.05 0.20 0.37 0.01 0.01 0.06 0.03 0.03 0.08 0.11 0.03 0.03 0.25 0.30 0.49 0.06 9.83 1.03 1.02 0.24 1.03 0.00 0.01 1.22 0.03 0.09 0.03 0.02 0.04 4.06 1.10 8.60 3.46 0.68 0.15 0.35 0.32 6.07 0.93 3.48 4.77 4.54 1.29 0.39 0.90 5.16 1.34 0.16 0.27 0.08 2.38 4.76 1.50 0.19 0.54 0.08 0.35 0.98 0.00 12.89 6.44 9.79
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Wγ 0.76 0.34 0.02 0.26 0.03 0.01 0.23 0.34 0.43 0.24 0.16 0.16 0.07 0.03 0.13 0.19 0.06 0.21 0.50 0.16 0.02 0.04 0.10 0.00 0.02 0.16 0.09 0.05 0.05 0.01 0.00 0.33 1.06 0.09 0.02 0.16 0.02 0.08 0.39 0.05 0.10 0.06 0.57 0.07 0.03 0.02 0.01 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.35 0.65 0.53 0.56 0.22 0.70 0.14 0.09 0.29 0.55 0.15 0.03 0.15 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.21 26.12 0.00 0.00 0.02 1.91 1.89 0.04 0.58 0.58 0.65 12.11 21.86 0.09 0.00 0.02 0.42 0.05 0.24 0.62

Zγ 0.76 0.34 0.02 0.26 0.00 0.02 0.56 0.30 0.43 0.24 0.16 0.18 0.12 0.07 0.19 0.08 0.24 0.36 0.19 0.16 0.13 0.07 0.15 0.02 0.02 0.16 0.22 0.15 0.01 0.01 0.01 0.35 1.00 0.11 0.02 0.16 0.02 0.08 0.67 0.09 0.20 0.24 1.49 0.06 0.07 0.01 0.04 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.19 0.65 0.53 0.56 0.22 0.70 0.14 0.12 0.12 0.52 0.20 0.02 0.14 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.76 0.34 0.02 0.26 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 0.65 0.53 0.56 0.22 0.70 0.14 1.03 10.00

gg → V V 0.45 1.31 1.19 0.04 0.00 0.26 0.13 0.01 0.09 0.09 0.07 0.05 0.68 0.36 0.22 0.11 0.04 0.02 0.17 0.26 0.06 0.35 0.61 0.11 0.43 0.10 0.04 0.00 2.08 0.05 0.17 0.04 0.04 0.30 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.00 2.00 0.13 0.09 0.09 0.42 1.14 0.07 0.11 0.28 0.50 0.22 0.03 0.21 1.31 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
gg → WW 0.45 1.31 1.19 0.02 0.00 0.45 0.18 0.02 0.06 0.10 0.07 0.09 0.67 0.15 0.01 0.09 0.05 0.03 0.00 0.22 0.14 0.07 0.00 0.32 0.52 0.08 0.08 0.01 0.00 0.23 0.03 0.01 0.01 1.73 0.07 0.14 0.05 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.43 0.13 0.09 0.09 0.42 1.14 0.07 0.11 0.29 0.34 0.21 0.03 0.21 1.31 2.80 39.00
qq → V V 0.76 0.34 0.02 0.26 0.00 0.00 0.35 0.09 0.04 0.00 0.14 0.02 0.08 0.93 0.08 0.21 0.24 0.08 0.03 0.00 0.19 0.06 0.06 0.00 0.33 0.56 0.08 0.52 0.11 0.03 0.05 1.89 0.08 0.13 0.05 0.03 0.03 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.38 2.00 0.65 0.53 0.56 0.22 0.70 0.14 0.24 0.34 0.54 0.26 0.03 0.21 1.03 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
qq → WW 0.76 0.34 0.02 0.26 0.02 0.01 0.49 0.20 0.01 0.06 0.12 0.05 0.08 0.74 0.12 0.10 0.10 0.06 0.05 0.00 0.00 0.24 0.10 0.07 0.00 0.00 0.33 0.54 0.09 0.00 0.03 0.00 0.00 0.29 0.03 0.01 0.00 1.58 0.02 0.09 0.02 0.03 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.24 0.65 0.53 0.56 0.22 0.70 0.14 0.11 0.29 0.38 0.23 0.03 0.21 1.03 2.80 6.46 7.08 0.73 1.32

ggF 1.15 0.25 0.38 0.02 0.01 0.47 0.20 0.02 0.06 0.10 0.07 0.09 0.70 0.17 0.09 0.08 0.07 0.03 0.00 0.00 0.24 0.13 0.06 0.00 0.00 0.33 0.53 0.10 0.05 0.00 0.00 0.20 0.04 0.01 0.01 1.68 0.05 0.09 0.03 0.03 1.26 0.01 1.41 0.64 0.64 0.39 0.25 0.11 2.01 0.24 0.92 2.39 1.75 0.65 1.04 0.28 1.05 1.11 2.00 1.05 0.11 0.34 0.55 0.69 0.59 0.11 0.30 0.36 0.23 0.03 0.21 1.89 48.93 31.64 9.32 7.34 0.83 3.20 3.90 0.54 2.12
VBF 0.68 0.29 0.00 0.16 0.01 0.01 0.36 0.19 0.03 0.04 0.11 0.05 0.01 0.68 0.18 0.05 0.10 0.03 0.05 0.00 0.00 0.18 0.12 0.07 0.00 0.00 0.32 0.47 0.10 0.00 0.57 0.13 0.01 0.02 1.22 0.05 0.04 0.03 0.02 0.77 0.00 5.13 0.40 0.04 0.19 0.12 0.05 3.10 0.15 1.27 5.10 2.25 0.09 0.36 0.42 2.00 0.66 2.00 1.01 2.28 0.71 0.49 0.06 0.03 0.12 0.28 0.27 0.19 0.03 0.21 3.15 2.10 0.40
top 0.28 0.63 0.15 0.01 0.02 0.44 0.19 0.02 0.07 0.10 0.08 0.07 0.65 0.19 0.10 0.08 0.06 0.05 0.00 0.20 0.12 0.06 0.00 0.32 0.49 0.10 0.01 10.43 1.77 1.88 0.19 1.77 0.02 0.01 1.05 0.03 0.09 0.03 0.02 1.15 0.68 8.28 1.04 0.29 0.26 0.25 0.26 3.20 0.10 1.06 7.82 1.98 0.72 1.03 0.35 2.23 0.00 1.02 0.10 0.50 0.11 0.27 0.26 0.07 0.10 0.28 0.34 0.21 0.03 0.21 1.44 0.00 12.89 6.44 9.79
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Wγ 0.18 0.09 0.00 0.09 0.01 0.04 0.17 0.28 0.43 0.24 0.16 0.20 0.01 0.04 0.14 0.33 0.59 0.09 0.42 0.16 0.23 0.07 0.07 0.09 0.01 0.16 0.22 0.01 0.03 0.00 0.01 0.36 1.25 0.08 0.02 0.16 0.02 0.08 0.71 0.19 0.03 0.03 0.97 0.10 0.01 0.05 0.04 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 0.35 0.03 0.38 0.09 0.62 1.20 0.38 0.05 0.19 0.93 0.36 0.02 0.14 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 10.70 33.98 0.01 0.00 0.07 0.04 0.34 0.27 0.94 0.70 0.88 1.14 0.39 9.70 0.01 0.03 0.17 0.28 0.57 0.39 0.21

Zγ 0.18 0.09 0.00 0.09 0.01 0.01 0.59 0.37 0.43 0.24 0.16 0.25 0.02 0.06 0.15 0.36 0.58 0.06 0.16 0.16 0.23 0.03 0.02 0.00 0.07 0.16 0.22 0.05 0.05 0.01 0.04 0.23 1.21 0.36 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.09 0.04 0.02 0.08 0.04 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.25 0.03 0.38 0.09 0.62 1.20 0.38 0.03 0.02 0.95 0.38 0.01 0.13 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.18 0.09 0.00 0.09 0.19 0.21 1.19 0.25 0.41 0.36 0.39 0.42 0.05 0.44 5.18 0.82 0.55 0.41 2.02 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 0.03 0.38 0.09 0.62 1.20 0.38 0.23 0.47 0.06 0.23 1.03 10.00

gg → V V 1.37 0.09 0.00 0.03 0.02 0.19 0.11 0.03 0.04 0.06 0.02 0.02 0.14 0.25 0.02 0.00 0.08 0.01 0.04 0.01 0.08 0.01 0.09 0.27 0.28 0.11 0.53 0.06 0.00 0.01 1.21 0.04 0.04 0.01 0.03 0.42 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.05 2.00 0.00 0.67 0.02 0.16 1.35 0.84 0.15 0.42 0.04 0.02 0.04 0.22 1.31 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
gg → WW 1.37 0.09 0.00 0.00 0.01 0.17 0.20 0.02 0.06 0.10 0.00 0.05 0.19 0.27 0.01 0.02 0.05 0.01 0.01 0.03 0.12 0.04 0.02 0.21 0.23 0.18 0.01 0.00 0.00 0.12 0.04 0.01 0.01 1.97 0.09 0.17 0.07 0.03 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.38 0.00 0.67 0.02 0.16 1.35 0.84 0.14 0.39 0.07 0.04 0.04 0.22 1.31 2.80 39.00
qq → V V 0.18 0.09 0.00 0.09 0.00 0.01 0.19 0.23 0.04 0.04 0.10 0.03 0.06 0.22 0.51 0.02 0.03 0.06 0.01 0.00 0.11 0.09 0.00 0.02 0.23 0.25 0.25 0.73 0.07 0.06 0.06 1.33 0.04 0.10 0.03 0.02 0.19 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.19 2.00 0.03 0.38 0.09 0.62 1.20 0.38 0.16 0.45 0.06 0.04 0.05 0.22 1.03 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
qq → WW 0.18 0.09 0.00 0.09 0.01 0.01 0.22 0.18 0.03 0.04 0.10 0.01 0.06 0.22 0.31 0.11 0.03 0.08 0.05 0.01 0.04 0.10 0.02 0.02 0.24 0.27 0.20 0.00 0.02 0.01 0.00 0.27 0.04 0.03 0.01 1.65 0.01 0.09 0.02 0.03 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.26 0.03 0.38 0.09 0.62 1.20 0.38 0.14 0.38 0.06 0.04 0.04 0.22 1.03 2.80 6.46 7.08 0.86 1.20

ggF 0.49 0.32 0.04 0.08 0.01 0.02 0.17 0.21 0.03 0.04 0.10 0.01 0.05 0.20 0.32 0.01 0.02 0.05 0.01 0.01 0.05 0.13 0.03 0.02 0.23 0.25 0.20 0.10 0.01 0.01 0.16 0.03 0.00 0.00 1.58 0.03 0.09 0.02 0.03 1.26 0.01 1.41 0.64 0.64 0.39 0.25 0.11 2.01 0.24 0.92 2.39 1.75 0.65 1.04 0.28 1.05 1.20 2.00 0.71 0.29 0.07 1.12 1.42 0.02 0.14 0.38 0.06 0.04 0.04 0.22 1.89 48.93 31.64 10.63 7.66 0.83 3.20 3.90 0.77 2.04
VBF 0.82 0.09 0.02 0.09 0.02 0.01 0.18 0.19 0.02 0.05 0.09 0.00 0.04 0.18 0.28 0.01 0.01 0.06 0.02 0.01 0.03 0.10 0.03 0.06 0.23 0.27 0.18 0.28 0.04 0.02 0.54 0.07 0.02 0.03 1.08 0.04 0.03 0.02 0.02 0.77 0.00 5.13 0.40 0.04 0.19 0.12 0.05 3.10 0.15 1.27 5.10 2.25 0.09 0.36 0.42 2.00 0.31 2.00 0.23 0.75 0.26 1.10 0.34 0.03 0.14 0.36 0.06 0.03 0.04 0.22 3.15 2.10 0.40
top 0.57 0.31 0.10 0.01 0.02 0.20 0.18 0.02 0.05 0.11 0.01 0.05 0.21 0.24 0.04 0.01 0.08 0.03 0.00 0.03 0.10 0.04 0.02 0.22 0.24 0.17 0.02 11.23 1.61 1.42 0.17 1.61 0.01 0.00 1.11 0.04 0.09 0.04 0.02 1.15 0.68 8.28 1.04 0.29 0.26 0.25 0.26 3.20 0.10 1.06 7.82 1.98 0.72 1.03 0.35 2.23 0.00 1.07 0.39 0.28 0.51 0.63 0.33 0.32 0.14 0.37 0.06 0.03 0.04 0.22 1.44 0.00 12.89 6.44 9.79
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Wγ 0.99 0.43 0.12 0.52 0.02 0.07 0.35 0.14 0.60 0.43 0.16 2.05 0.66 0.52 0.07 0.17 0.67 0.12 1.20 0.88 0.23 0.07 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.45 1.15 0.19 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 2.30 0.02 0.13 0.04 0.04 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.67 0.02 0.62 0.03 0.61 0.23 0.56 0.07 0.24 0.39 0.04 0.03 0.15 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.37 36.12 2.05 1.29 2.53 6.11 0.01 0.01 0.01 0.07 0.10

Zγ 0.99 0.43 0.12 0.52 0.18 0.08 0.33 0.22 0.68 2.31 1.03 1.51 0.56 0.46 0.15 0.28 0.83 0.02 1.30 0.67 0.23 0.07 0.16 0.02 0.02 0.21 0.22 0.05 0.05 0.01 0.01 0.06 0.75 0.19 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.12 0.06 0.08 0.02 0.02 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 0.97 0.02 0.62 0.03 0.61 0.23 0.56 0.07 0.26 0.39 0.18 0.03 0.14 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.99 0.43 0.12 0.52 0.49 0.07 0.31 0.85 1.36 0.15 0.15 0.13 0.27 0.06 0.54 1.06 0.55 0.50 1.78 0.20 0.73 0.76 3.17 0.17 0.02 0.01 0.00 0.00 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 0.00 0.02 0.62 0.03 0.61 0.23 0.56 0.08 0.29 0.59 0.46 0.03 0.21 2.01 10.00

gg → V V 3.28 2.75 0.35 0.68 0.07 0.17 1.15 1.50 0.16 0.43 0.06 0.42 0.09 0.52 1.03 0.33 0.57 2.07 0.35 0.75 0.83 2.91 0.38 0.04 0.01 0.02 1.57 0.05 0.09 0.03 0.03 0.34 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 0.90 2.00 2.19 0.39 0.22 0.35 0.13 0.13 0.09 0.28 1.00 0.53 0.03 0.21 1.31 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
gg → WW 3.28 2.75 0.35 0.04 0.01 0.25 1.00 1.44 0.45 1.27 0.16 0.32 0.06 0.55 1.07 0.49 0.55 1.93 0.22 0.86 0.68 2.51 0.24 0.11 0.06 0.01 1.82 0.08 0.15 0.06 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.41 2.19 0.39 0.22 0.35 0.13 0.13 0.10 0.29 0.95 0.61 0.03 0.21 1.31 1.60 39.00
qq → V V 0.99 0.43 0.12 0.52 0.02 0.02 0.25 0.95 1.40 0.39 1.17 0.06 0.35 0.09 0.51 1.02 0.43 0.50 1.87 0.27 0.73 0.61 2.17 1.20 0.06 0.20 0.03 1.50 0.08 0.10 0.04 0.03 0.14 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.04 2.00 0.02 0.62 0.03 0.61 0.23 0.56 0.11 0.31 0.99 0.50 0.03 0.21 2.01 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
qq → WW 0.99 0.43 0.12 0.52 0.02 0.01 0.25 0.99 1.43 0.36 0.95 0.06 0.34 0.07 0.53 1.05 0.45 0.54 1.92 0.27 0.79 0.66 2.36 0.01 0.00 0.00 0.27 0.05 0.02 0.01 1.64 0.04 0.11 0.04 0.03 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.42 0.02 0.62 0.03 0.61 0.23 0.56 0.11 0.30 0.92 0.52 0.03 0.21 2.01 1.60 7.40 10.34 1.13 1.18

ggF 1.99 0.67 0.09 0.66 0.08 0.00 0.24 1.01 1.44 0.36 0.93 0.08 0.34 0.07 0.54 1.06 0.46 0.55 1.94 0.28 0.76 0.66 2.45 0.35 0.04 0.00 0.20 0.06 0.01 0.01 1.58 0.05 0.11 0.03 0.03 1.93 0.36 3.50 0.51 0.43 0.13 0.08 0.08 1.51 0.09 1.11 3.39 1.17 0.24 0.35 0.22 2.03 1.33 2.00 1.19 0.77 0.00 0.57 0.91 0.10 0.11 0.28 0.88 0.54 0.03 0.21 2.54 48.93 31.64 8.57 0.89 0.93 3.20 3.90 0.33 3.38
VBF 2.08 2.91 0.00 1.39 0.05 0.00 0.24 1.02 1.45 0.29 1.00 0.18 0.32 0.06 0.55 1.07 0.49 0.56 1.95 0.23 0.83 0.68 2.49 0.38 0.03 0.06 0.01 1.08 0.06 0.07 0.04 0.01 1.48 2.74 0.87 0.60 0.32 0.20 0.32 3.07 0.43 0.65 3.98 0.88 0.16 0.53 0.15 0.81 0.00 0.71 2.00 0.86 0.85 0.53 1.14 1.68 1.72 0.10 0.29 1.09 0.59 0.03 0.21 3.25 2.10 0.40
top 0.64 2.69 0.18 0.12 0.01 0.23 1.02 1.44 0.36 1.08 0.07 0.34 0.07 0.54 1.05 0.45 0.55 1.95 0.28 0.75 0.67 2.47 0.03 12.73 1.54 1.84 0.14 1.54 0.00 0.00 1.08 0.04 0.10 0.05 0.01 0.08 0.10 0.77 5.67 1.16 0.03 0.05 0.30 0.05 2.74 0.11 1.41 6.30 1.64 0.32 0.19 0.46 2.08 1.24 0.28 0.20 0.22 0.65 0.64 0.10 0.12 0.31 0.94 0.54 0.03 0.21 1.10 0.00 12.89 6.44 9.79
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Wγ 0.40 0.27 0.00 0.00 0.15 0.13 0.40 0.05 0.43 0.24 0.16 0.09 0.03 0.03 0.11 0.39 0.85 0.10 0.11 0.16 0.23 0.07 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.53 0.41 1.08 0.22 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 0.53 0.26 0.15 0.25 0.08 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 2.02 0.00 0.38 0.35 0.14 0.74 0.40 0.05 0.01 0.97 0.40 0.02 0.00 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 2.23 8.10 0.03 0.00 0.03 0.01 0.08 0.32 50.24 0.88 0.63

Zγ 0.40 0.27 0.00 0.00 0.01 0.11 1.15 0.14 0.43 0.24 0.16 0.57 0.28 0.17 0.11 0.41 0.41 0.89 0.00 0.16 0.23 0.67 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.23 0.96 0.98 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 0.42 0.13 0.12 0.04 0.04 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 0.74 0.00 0.38 0.35 0.14 0.74 0.40 0.05 0.02 0.97 0.40 0.02 0.00 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.40 0.27 0.00 0.00 0.01 0.00 0.05 0.32 0.01 0.04 0.08 0.01 0.05 0.14 0.30 0.06 0.06 0.17 0.20 0.21 0.37 1.28 0.09 0.06 0.05 0.04 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.82 0.00 0.38 0.35 0.14 0.74 0.40 0.18 0.54 0.08 0.35 2.01 10.00

gg → V V 0.32 0.20 0.00 0.00 0.00 0.26 0.40 0.01 0.08 0.09 0.01 0.04 0.19 0.30 0.04 0.02 0.07 0.00 0.02 0.09 0.07 0.00 0.21 0.24 0.43 1.10 0.25 0.10 0.01 1.90 0.05 0.14 0.05 0.03 0.80 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.02 2.00 1.19 0.00 0.92 0.95 1.30 1.16 0.20 0.53 0.08 0.35 1.31 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
gg → WW 0.32 0.20 0.00 0.01 0.01 0.15 0.20 0.02 0.05 0.08 0.00 0.04 0.16 0.31 0.04 0.00 0.02 0.03 0.02 0.04 0.09 0.05 0.05 0.21 0.26 0.39 0.04 0.00 0.00 0.09 0.04 0.02 0.00 2.09 0.10 0.19 0.07 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.60 1.19 0.00 0.92 0.95 1.30 1.16 0.17 0.55 0.08 0.35 1.31 1.60 39.00
qq → V V 0.40 0.27 0.00 0.00 0.01 0.03 0.32 0.17 0.05 0.02 0.15 0.05 0.07 0.30 0.45 0.01 0.10 0.11 0.01 0.03 0.07 0.03 0.01 0.24 0.29 0.64 1.45 0.29 0.07 0.01 1.13 0.04 0.09 0.03 0.02 1.02 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.27 2.00 0.00 0.38 0.35 0.14 0.74 0.40 0.17 0.52 0.08 0.35 2.01 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
qq → WW 0.40 0.27 0.00 0.00 0.02 0.01 0.17 0.18 0.03 0.05 0.09 0.01 0.05 0.20 0.38 0.01 0.02 0.06 0.03 0.03 0.06 0.09 0.03 0.05 0.24 0.29 0.46 0.04 0.01 0.00 0.26 0.04 0.02 0.01 1.73 0.02 0.11 0.03 0.03 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.38 0.00 0.38 0.35 0.14 0.74 0.40 0.19 0.56 0.08 0.35 2.01 1.60 7.40 10.34 1.37 1.70

ggF 0.82 0.40 0.16 0.01 0.01 0.17 0.21 0.02 0.05 0.10 0.01 0.05 0.19 0.27 0.01 0.01 0.06 0.02 0.00 0.04 0.11 0.04 0.02 0.21 0.24 0.44 0.03 0.00 0.00 0.25 0.08 0.02 0.00 1.66 0.05 0.12 0.03 0.03 1.93 0.36 3.50 0.51 0.43 0.13 0.08 0.08 1.51 0.09 1.11 3.39 1.17 0.24 0.35 0.22 2.03 1.46 2.00 1.60 1.12 1.80 1.68 1.74 0.67 0.19 0.56 0.08 0.35 2.54 48.93 31.64 8.60 0.07 0.93 3.20 3.90 0.50 3.41
VBF 0.40 0.92 0.00 0.01 0.01 0.14 0.22 0.03 0.05 0.08 0.01 0.04 0.18 0.32 0.02 0.03 0.05 0.01 0.00 0.03 0.10 0.05 0.02 0.20 0.24 0.41 0.66 0.13 0.05 0.04 1.21 0.09 0.05 0.03 0.02 1.48 2.74 0.87 0.60 0.32 0.20 0.32 3.07 0.43 0.65 3.98 0.88 0.16 0.53 0.15 0.81 0.00 0.75 2.00 0.52 1.57 0.20 0.35 1.48 0.40 0.17 0.56 0.08 0.35 3.25 2.10 0.40
top 1.59 0.09 0.09 0.02 0.01 0.19 0.19 0.02 0.06 0.09 0.00 0.05 0.18 0.32 0.00 0.01 0.05 0.03 0.04 0.04 0.08 0.05 0.06 0.24 0.30 0.46 12.34 1.97 2.12 0.09 1.97 0.01 0.00 0.99 0.04 0.09 0.04 0.01 0.00 0.10 0.77 5.67 1.16 0.03 0.05 0.30 0.05 2.74 0.11 1.41 6.30 1.64 0.32 0.19 0.46 2.08 1.13 0.86 0.62 0.89 1.79 1.71 0.55 0.19 0.55 0.08 0.35 1.10 0.00 12.89 6.44 9.79
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Wγ 0.34 0.33 0.01 0.10 0.03 0.07 0.03 0.41 0.43 0.24 0.16 0.41 0.25 0.16 0.05 0.44 0.14 0.31 0.37 0.16 0.13 0.44 0.13 0.02 0.02 0.16 0.07 0.05 0.05 0.01 0.01 0.27 0.98 0.01 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.49 0.12 0.10 0.07 0.02 0.28 0.84 0.05 0.92 0.45 0.11 0.15 0.03 0.02 0.39 0.03 0.30 0.90 0.37 0.04 0.19 0.18 0.45 1.56 0.54 0.30 0.21 0.15 0.39 0.36 0.11 0.37 0.26 0.15 0.02 0.14 0.69 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 2.18 30.79 0.00 0.00 0.00 0.04 1.41 1.03 1.43 0.32 0.61 0.19 7.72 14.51 0.00 0.00 0.01 0.01 0.10 0.08 0.03 0.17 1.56

Zγ 0.34 0.33 0.01 0.10 0.07 0.04 0.25 0.38 0.43 0.24 0.16 0.32 0.28 0.05 0.11 0.04 0.82 0.29 0.37 0.16 0.27 0.28 0.16 0.02 0.02 0.16 0.22 0.03 0.05 0.01 0.01 0.27 0.76 0.08 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.40 0.09 0.08 0.02 0.02 0.28 0.84 0.05 0.92 0.45 0.11 0.15 0.03 0.02 0.39 0.03 0.30 0.90 0.37 0.04 0.19 0.18 0.45 0.90 0.54 0.30 0.21 0.15 0.39 0.36 0.07 0.19 0.38 0.04 0.04 0.15 0.69 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.34 0.33 0.01 0.10 0.04 0.00 1.24 0.36 0.18 0.11 0.25 0.10 0.20 1.02 0.29 1.13 0.40 0.26 0.12 0.41 0.63 0.07 3.06 0.13 0.23 0.11 0.05 0.84 0.05 0.92 0.45 0.11 0.15 0.03 0.02 0.39 0.03 0.30 0.90 0.37 0.04 0.19 0.18 0.45 0.57 0.54 0.30 0.21 0.15 0.39 0.36 0.10 0.28 0.37 0.38 0.03 0.20 0.69 10.00

gg → V V 0.44 0.98 0.08 0.03 0.04 0.56 0.28 0.05 0.02 0.13 0.06 0.08 0.60 0.30 0.08 0.13 0.17 0.07 0.10 0.05 0.05 0.00 0.32 0.44 0.08 0.12 0.03 0.01 0.00 1.37 0.07 0.11 0.04 0.02 0.05 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 0.93 2.00 0.02 0.36 0.56 0.15 0.60 0.07 0.12 0.34 0.28 0.19 0.03 0.21 1.31 2.10 10.50 2.00 2.70 2.80 3.73 6.33 2.16
gg → WW 0.44 0.98 0.08 0.02 0.01 0.36 0.22 0.02 0.04 0.11 0.05 0.06 0.62 0.22 0.04 0.07 0.05 0.03 0.18 0.12 0.09 0.00 0.00 0.31 0.47 0.11 0.35 0.03 0.01 0.17 0.06 0.02 0.00 1.70 0.08 0.14 0.05 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.32 0.02 0.36 0.56 0.15 0.60 0.07 0.11 0.27 0.31 0.19 0.03 0.21 1.31 2.70 39.00
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Figure A.1.: Treatment of systematic uncertainties in the ggF analysis. The columns
indicate individual uncertainty parameters, the rows indicate categories
(signal or control regions) and samples contributing to the estimate. The
cell entries indicate the relative effects the ±1σ variations have on the total
yield of that sample in that category. The cell colours encode the treatment
of the corresponding parameter.
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gg → V V 0.50 1.20 0.06 0.00 0.02 0.35 0.26 0.19 0.14 0.18 0.03 0.06 0.10 0.09 0.17 0.45 0.18 0.19 0.07 0.08 0.03 0.09 0.08 0.10 0.06 0.06 0.01 0.00 0.34 0.68 0.24 4.59 4.96 1.72 0.77 0.06 0.00 0.06 3.65 1.70 6.35 1.91 1.18 1.27 0.07 1.86 2.00 1.25 0.86 0.43 0.13 0.39 0.35 0.18 0.05 0.25 4.99 2.10 10.50 2.00 0.63 0.26 7.15 4.48
gg → WW 0.50 1.20 0.00 0.06 0.00 0.00 0.00 0.02 0.29 0.34 0.21 0.06 0.11 0.03 0.04 0.09 0.11 0.13 0.26 0.27 0.28 0.00 0.00 0.04 0.02 0.02 0.05 0.00 0.00 0.13 0.09 0.07 0.09 0.01 0.00 0.00 0.00 0.32 0.63 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.59 0.00 0.00 4.96 1.72 0.77 0.06 0.00 0.06 3.65 0.00 1.70 6.35 1.91 0.00 1.18 1.27 0.07 1.86 0.00 0.00 0.00 0.00 0.00 1.25 0.86 0.43 0.14 0.37 0.31 0.17 0.04 0.24 4.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 1.37 0.67 0.00 0.09 0.00 0.00 0.01 0.03 0.31 0.33 0.29 0.07 0.23 0.03 0.03 0.09 0.15 0.20 0.34 0.35 0.34 0.00 0.00 0.05 0.06 0.05 0.05 0.00 0.00 0.15 0.10 0.08 0.07 0.00 0.00 0.00 0.00 0.38 0.81 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.94 0.00 0.00 3.76 0.55 0.15 0.09 0.00 0.00 1.17 0.05 0.61 3.81 1.05 0.00 0.31 0.41 0.03 1.25 0.00 0.00 2.00 0.00 0.00 0.00 0.93 1.34 1.00 0.13 0.36 0.44 0.22 0.04 0.24 3.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 10.50 2.00 0.63 0.26 7.15 4.48
qq → WW 0.27 0.28 0.09 0.07 0.00 0.00 0.01 0.02 0.30 0.30 0.14 0.05 0.08 0.02 0.02 0.10 0.10 0.11 0.35 0.33 0.12 0.00 0.00 0.04 0.04 0.04 0.06 0.00 0.00 0.07 0.08 0.09 0.08 0.00 0.00 0.00 0.00 0.32 0.58 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72 0.00 0.00 2.60 0.46 0.05 0.03 0.00 0.01 1.45 0.12 0.50 2.96 1.03 0.00 0.12 0.33 0.07 1.04 0.00 0.00 0.00 0.00 0.00 0.17 0.23 0.08 0.13 0.35 0.28 0.16 0.04 0.23 1.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.81 2.11 0.73 1.33

ggF 0.63 0.15 0.00 0.05 0.00 0.00 0.00 0.01 0.31 0.38 0.26 0.05 0.16 0.08 0.05 0.07 0.14 0.18 0.27 0.27 0.30 0.00 0.00 0.03 0.03 0.02 0.05 0.00 0.00 0.17 0.11 0.08 0.08 0.01 0.00 0.00 0.00 0.34 0.73 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.00 0.00 5.42 0.82 0.08 0.08 0.08 0.08 2.36 0.06 1.41 5.96 2.21 0.00 0.33 0.34 0.00 2.16 0.00 0.00 2.00 0.00 0.00 0.00 0.73 0.34 0.08 0.15 0.39 0.46 0.20 0.05 0.24 2.06 14.71 12.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.45 0.41 0.96 3.20 3.90 1.89 3.54
VBF 0.27 0.28 0.09 0.07 0.01 0.01 0.28 0.56 0.45 0.03 0.19 0.04 0.07 0.06 0.19 0.24 0.19 0.18 0.61 0.08 0.01 0.02 0.04 0.23 0.10 0.04 0.05 0.00 0.36 1.02 0.20 0.72 2.60 0.46 0.05 0.03 0.00 0.01 1.45 0.12 0.50 2.96 1.03 0.12 0.33 0.07 1.04 2.00 0.17 0.23 0.08 0.15 0.44 0.54 0.26 0.04 0.24 1.09 2.10 0.40
top 0.62 1.72 0.02 0.05 0.00 0.00 0.00 0.00 0.03 0.02 0.10 0.02 0.06 0.01 0.03 0.00 0.08 0.00 0.11 0.20 0.11 0.00 0.00 0.02 0.02 0.02 0.01 0.03 0.05 0.06 0.09 0.01 0.00 0.04 0.08 0.00 0.00 0.04 0.12 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.35 0.00 2.79 2.19 2.80 0.78 0.95 0.08 0.02 2.50 0.25 2.54 2.74 0.61 0.00 1.36 1.94 0.42 2.53 0.00 0.91 0.23 0.58 0.65 1.33 1.98 0.17 0.00 0.05 0.20 0.09 0.01 0.04 5.10 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.00 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 0.00 3.07 0.00 0.00 0.00 0.00

W
W

C
R

n
je

t=
1

Wγ 0.10 0.19 0.00 0.05 0.01 0.02 0.24 0.22 0.26 0.18 0.04 0.01 0.04 0.14 0.16 0.24 0.66 0.11 0.20 0.03 0.21 0.05 0.03 0.04 0.13 0.14 0.22 0.02 0.03 0.01 0.03 0.16 0.83 0.04 0.02 0.16 0.02 0.08 0.58 0.15 0.05 0.02 0.97 0.02 0.06 0.01 0.03 0.28 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 0.63 0.10 0.20 0.22 0.04 0.19 0.05 0.08 0.18 0.81 0.28 0.02 0.13 1.15 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.42 26.83 0.00 0.00 0.04 0.01 0.00 0.01 0.13 0.02 0.23 0.23 0.25 0.32 0.57 0.35 1.09 0.96 0.00 4.94 20.74 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.05 0.06 0.13 0.10 0.08 0.12 0.19 0.96 0.00

Zγ 0.10 0.19 0.00 0.05 0.05 0.04 0.40 0.28 0.42 0.22 0.14 0.17 0.07 0.04 0.12 0.36 0.66 0.10 0.30 0.15 0.23 0.03 0.15 0.05 0.42 0.16 0.21 0.05 0.00 0.00 0.09 0.29 0.87 0.21 0.02 0.18 0.02 0.07 0.66 0.14 0.01 0.01 0.28 0.00 0.04 0.00 0.00 0.21 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 0.62 0.10 0.20 0.22 0.04 0.19 0.05 0.06 0.10 0.93 0.37 0.01 0.09 1.15 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.10 0.19 0.00 0.05 0.05 0.00 0.41 0.25 0.10 0.01 0.03 0.11 0.11 0.03 0.01 0.06 0.35 0.26 0.06 0.08 0.04 0.07 0.05 0.04 0.02 0.02 0.06 0.01 0.06 0.02 0.06 0.32 0.58 0.14 0.00 0.51 0.08 0.06 0.06 1.45 0.05 0.10 0.04 0.03 0.00 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 1.10 0.10 0.20 0.22 0.04 0.19 0.05 0.12 0.51 0.39 0.13 0.05 0.23 1.15

gg → V V 0.23 0.15 0.00 0.03 0.01 0.00 0.28 0.13 0.01 0.01 0.00 0.01 0.02 0.08 0.03 0.01 0.28 0.22 0.03 0.00 0.02 0.01 0.06 0.06 0.11 0.00 0.06 0.01 0.04 0.03 0.11 0.37 0.43 0.11 0.12 0.02 0.01 1.02 0.23 0.10 0.02 1.78 0.06 0.15 0.05 0.03 0.79 1.18 0.00 2.12 0.81 0.33 0.40 0.14 0.33 0.79 0.06 0.74 2.26 0.50 0.64 0.49 0.25 0.33 0.00 1.38 2.00 0.12 0.19 0.22 0.11 0.24 0.04 0.11 0.40 0.11 0.07 0.04 0.22 0.99 2.10 10.50 2.00 0.97 2.16 7.32 1.29
gg → WW 0.23 0.15 0.00 0.03 0.00 0.00 0.02 0.00 0.21 0.19 0.03 0.01 0.01 0.01 0.04 0.06 0.05 0.03 0.18 0.34 0.05 0.00 0.00 0.01 0.01 0.01 0.03 0.02 0.06 0.02 0.02 0.02 0.06 0.05 0.13 0.00 0.00 0.38 0.39 0.12 0.00 0.16 0.00 0.01 0.21 0.05 0.00 0.00 1.90 0.08 0.15 0.06 0.03 0.00 1.18 0.00 0.00 2.12 0.81 0.33 0.40 0.14 0.33 0.79 0.06 0.74 2.26 0.50 0.00 0.64 0.49 0.25 0.33 0.00 1.32 0.12 0.19 0.22 0.11 0.24 0.04 0.12 0.39 0.09 0.06 0.04 0.22 0.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 0.34 0.54 0.00 0.52 0.00 0.00 0.02 0.00 0.26 0.17 0.04 0.02 0.03 0.01 0.03 0.07 0.02 0.03 0.24 0.25 0.26 0.00 0.00 0.01 0.01 0.01 0.08 0.07 0.09 0.02 0.06 0.02 0.05 0.03 0.08 0.00 0.00 0.38 0.45 0.15 0.00 0.09 0.01 0.00 0.73 0.15 0.03 0.01 1.46 0.03 0.10 0.04 0.02 0.31 2.08 0.00 0.00 3.70 0.75 0.60 0.62 0.05 0.03 3.09 0.06 1.71 3.96 2.12 0.00 0.58 0.24 0.43 2.02 0.00 1.01 2.00 0.28 1.44 1.15 0.44 0.36 0.02 0.12 0.38 0.13 0.08 0.04 0.22 2.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 10.50 2.00 0.97 2.16 7.32 1.29
qq → WW 0.10 0.19 0.00 0.05 0.00 0.00 0.02 0.00 0.24 0.18 0.02 0.01 0.02 0.01 0.03 0.07 0.04 0.04 0.20 0.32 0.03 0.00 0.00 0.01 0.01 0.01 0.05 0.04 0.09 0.01 0.02 0.02 0.06 0.04 0.10 0.00 0.00 0.37 0.39 0.12 0.00 0.05 0.00 0.00 0.23 0.03 0.00 0.00 1.73 0.02 0.09 0.03 0.03 0.00 1.43 0.00 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.00 0.09 0.22 0.11 0.67 0.00 1.19 0.10 0.20 0.22 0.04 0.19 0.05 0.12 0.40 0.10 0.06 0.04 0.22 1.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.52 11.91 0.89 1.72

ggF 0.23 0.15 0.00 0.03 0.07 0.10 0.47 0.31 0.13 0.05 0.01 0.00 0.10 0.35 0.01 0.72 0.00 0.05 0.31 0.09 0.06 0.06 0.02 0.31 0.37 0.14 1.75 0.00 0.13 0.04 0.03 1.18 0.00 2.12 0.81 0.33 0.40 0.14 0.33 0.79 0.06 0.74 2.26 0.50 0.64 0.49 0.25 0.33 0.00 0.51 2.00 0.12 0.19 0.22 0.11 0.24 0.04 0.10 0.31 0.13 0.10 0.04 0.21 0.99 48.93 31.64 23.25 9.62 0.91 3.20 3.90 2.54 16.24
VBF 0.10 0.19 0.00 0.05 0.00 0.01 0.25 0.19 0.03 0.06 0.06 0.03 0.07 0.20 0.28 0.14 0.03 0.02 0.07 0.02 0.02 0.12 0.03 0.03 0.22 0.26 0.11 0.24 0.02 0.05 0.01 2.05 0.11 0.13 0.16 0.00 1.43 0.01 1.81 0.44 0.16 0.04 0.04 0.03 0.99 0.07 0.43 1.96 0.62 0.09 0.22 0.11 0.67 0.00 0.19 2.00 0.10 0.20 0.22 0.04 0.19 0.05 0.12 0.25 0.04 0.04 0.04 0.22 1.15 2.10 0.40
top 0.09 0.30 0.00 0.02 0.00 0.00 0.02 0.00 0.22 0.18 0.03 0.01 0.02 0.01 0.04 0.06 0.04 0.03 0.18 0.34 0.01 0.00 0.00 0.01 0.01 0.01 0.04 0.04 0.09 0.01 0.02 0.02 0.05 0.05 0.13 0.00 0.00 0.37 0.41 0.13 0.26 11.67 1.92 1.30 0.17 1.92 0.01 0.00 1.14 0.04 0.10 0.04 0.02 0.00 0.55 0.00 0.92 6.75 1.22 0.41 0.26 0.13 0.08 2.24 0.12 1.19 5.50 1.83 0.00 0.20 0.51 0.17 2.40 0.00 1.06 0.07 0.10 0.10 0.04 0.01 0.09 0.12 0.40 0.10 0.06 0.04 0.22 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.68 4.00 0.00

Z
→
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τ

C
R

n
je

t=
1

Wγ 0.26 0.18 0.00 0.18 0.44 0.06 0.52 0.20 0.22 0.16 0.15 0.66 0.01 0.16 0.15 0.08 0.82 0.67 0.54 0.14 0.15 0.17 0.16 0.02 0.01 0.24 0.22 0.03 0.02 0.00 0.01 0.23 0.19 0.11 0.02 0.16 0.02 0.08 0.67 0.11 0.36 0.01 1.57 0.07 0.13 0.03 0.03 0.28 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 1.82 0.34 0.13 0.77 0.16 0.41 0.13 0.10 0.28 0.58 0.17 0.03 0.14 2.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.14 22.11 0.01 0.01 0.01 0.01 0.02 0.00 0.08 0.02 0.46 0.19 0.32 0.19 0.33 0.32 0.02 0.25 0.00 3.58 28.17 0.00 0.00 0.01 0.01 0.00 0.05 0.05 0.08 0.21 0.11 0.26 0.03 0.07 0.19 0.06 0.00

Zγ 0.26 0.18 0.00 0.18 0.11 0.03 0.29 0.06 0.05 0.15 0.11 0.26 0.09 0.14 0.01 0.14 0.51 0.11 0.08 0.10 0.06 0.02 0.12 0.02 0.02 0.22 0.21 0.01 0.00 0.00 0.01 0.21 0.70 0.03 0.02 0.54 0.00 0.02 0.58 0.11 0.02 0.01 0.44 0.08 0.03 0.02 0.01 0.08 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 0.51 0.34 0.13 0.77 0.16 0.41 0.13 0.03 0.16 0.66 0.16 0.02 0.13 2.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.26 0.18 0.00 0.18 0.02 0.02 0.30 0.34 0.22 0.06 0.13 0.06 0.03 0.08 0.13 0.20 0.33 0.47 0.25 0.03 0.05 0.04 0.06 0.00 0.00 0.12 0.06 0.12 0.06 0.00 0.01 0.34 0.71 0.24 0.17 0.01 0.01 0.32 0.06 0.01 0.01 1.63 0.04 0.11 0.03 0.03 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 1.35 0.34 0.13 0.77 0.16 0.41 0.13 0.14 0.40 0.30 0.18 0.05 0.24 2.77 6.97

gg → V V 0.92 0.57 0.29 0.02 0.01 0.26 0.33 0.18 0.06 0.04 0.07 0.06 0.05 0.09 0.16 0.22 0.40 0.20 0.02 0.03 0.01 0.06 0.00 0.05 0.10 0.03 0.09 0.07 0.01 0.00 0.28 0.54 0.15 0.18 0.03 0.01 1.10 0.15 0.05 0.01 1.75 0.05 0.12 0.04 0.03 0.97 0.70 0.00 0.86 3.06 1.20 0.38 0.17 0.14 3.79 0.75 4.12 2.49 2.19 1.74 3.46 0.73 3.42 0.00 1.15 2.00 2.33 3.30 4.28 0.53 2.51 0.11 0.14 0.37 0.25 0.13 0.04 0.23 0.25 2.10 10.50 2.00 3.52 1.06 7.27 3.38
gg → WW 0.92 0.57 0.00 0.29 0.00 0.00 0.01 0.01 0.27 0.31 0.16 0.04 0.11 0.02 0.04 0.10 0.10 0.11 0.28 0.31 0.20 0.00 0.00 0.03 0.02 0.03 0.05 0.02 0.01 0.09 0.07 0.07 0.09 0.01 0.00 0.00 0.00 0.31 0.59 0.16 0.00 0.06 0.01 0.00 0.36 0.10 0.01 0.01 1.70 0.08 0.11 0.06 0.02 0.00 0.70 0.00 0.00 0.86 3.06 1.20 0.38 0.17 0.14 3.79 0.75 4.12 2.49 2.19 0.00 1.74 3.46 0.73 3.42 0.00 1.03 2.33 3.30 4.28 0.53 2.51 0.11 0.13 0.35 0.29 0.16 0.04 0.23 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 0.26 0.18 0.00 0.18 0.02 0.03 0.32 0.28 0.18 0.12 0.11 0.05 0.03 0.08 0.10 0.17 0.41 0.37 0.19 0.07 0.07 0.04 0.07 0.00 0.01 0.06 0.06 0.10 0.06 0.00 0.00 0.34 0.71 0.22 0.48 0.04 0.02 0.03 1.61 0.02 0.11 0.03 0.03 0.43 0.29 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.45 0.02 0.29 1.01 0.00 0.96 2.00 0.34 0.13 0.77 0.16 0.41 0.13 0.14 0.39 0.25 0.17 0.04 0.23 2.77 2.10 10.50 2.00 3.52 1.06 7.27 3.38
qq → WW 0.26 0.18 0.00 0.18 0.00 0.00 0.02 0.02 0.27 0.28 0.15 0.04 0.10 0.02 0.04 0.09 0.08 0.12 0.32 0.29 0.13 0.00 0.00 0.03 0.04 0.03 0.06 0.01 0.01 0.08 0.07 0.07 0.08 0.02 0.02 0.00 0.00 0.32 0.58 0.18 0.01 0.04 0.02 0.00 0.31 0.02 0.00 0.00 1.73 0.00 0.07 0.03 0.03 0.00 0.29 0.00 0.00 0.64 0.41 0.25 0.35 0.21 0.20 0.47 0.16 0.75 0.88 1.09 0.00 0.45 0.02 0.29 1.01 0.00 0.85 0.34 0.13 0.77 0.16 0.41 0.13 0.13 0.36 0.25 0.14 0.04 0.23 2.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 13.34 12.80 0.46 0.55

ggF 0.24 1.81 0.00 0.73 0.00 0.00 0.04 0.01 0.26 0.34 0.23 0.05 0.11 0.05 0.08 0.06 0.09 0.17 0.32 0.18 0.27 0.00 0.00 0.07 0.04 0.02 0.03 0.01 0.01 0.11 0.09 0.05 0.09 0.02 0.01 0.00 0.00 0.33 0.72 0.18 0.00 0.03 0.02 0.00 0.19 0.02 0.02 0.01 1.57 0.01 0.08 0.03 0.02 0.00 2.59 0.00 0.00 6.38 2.54 1.49 1.44 0.70 0.74 3.81 0.17 3.69 6.54 5.22 0.00 0.53 0.34 0.27 4.33 0.00 0.88 2.00 3.71 1.13 0.72 0.07 0.13 0.79 0.14 0.37 0.34 0.18 0.05 0.25 2.56 48.93 31.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.37 14.81 0.72 3.20 3.90 2.11 2.24
VBF 0.98 1.01 0.00 0.03 0.00 0.00 0.04 0.02 0.23 0.29 0.20 0.04 0.10 0.06 0.04 0.08 0.09 0.14 0.27 0.27 0.24 0.00 0.00 0.02 0.03 0.01 0.04 0.00 0.00 0.13 0.08 0.07 0.07 0.03 0.03 0.00 0.00 0.33 0.63 0.16 0.00 0.00 0.00 0.00 0.40 0.00 0.02 0.02 1.37 0.03 0.03 0.03 0.02 0.00 0.40 0.00 0.00 3.24 3.16 1.16 0.05 0.00 0.00 1.14 2.16 1.73 2.29 1.35 0.00 1.58 1.03 0.48 2.63 0.00 0.33 2.00 0.86 0.74 2.63 0.28 0.95 1.01 0.15 0.35 0.33 0.16 0.04 0.23 3.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.40
top 0.68 0.73 0.04 0.54 0.00 0.00 0.01 0.02 0.26 0.26 0.12 0.04 0.10 0.03 0.04 0.08 0.08 0.10 0.30 0.32 0.12 0.00 0.00 0.02 0.03 0.04 0.05 0.01 0.01 0.07 0.06 0.07 0.08 0.02 0.01 0.00 0.00 0.30 0.54 0.17 0.14 11.35 3.25 1.74 0.15 3.25 0.01 0.01 1.02 0.03 0.08 0.04 0.01 0.00 1.46 0.00 1.89 7.38 2.66 1.09 0.77 0.11 0.16 3.28 0.35 1.36 5.71 2.74 0.00 0.47 0.87 0.69 3.36 0.00 0.66 0.99 0.92 0.05 0.71 1.27 0.67 0.14 0.37 0.22 0.13 0.04 0.24 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.26 0.00 10.57 0.00

to
p

C
R

n
je
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Wγ 0.13 0.08 0.00 0.02 0.00 0.01 0.42 0.30 0.33 0.08 0.16 0.02 0.01 0.08 0.14 0.26 0.63 0.17 0.26 0.06 0.23 0.07 0.03 0.01 0.00 0.16 0.22 0.05 0.01 0.00 0.00 0.31 1.07 0.11 0.02 0.16 0.02 0.08 5.23 0.02 0.36 0.01 27.39 0.33 1.57 0.67 0.73 0.28 2.29 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.29 0.21 0.26 1.05 0.00 0.40 0.31 0.67 0.62 0.23 0.39 0.02 0.08 0.36 0.84 0.32 0.04 0.15 0.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.40 25.48 0.01 0.00 0.03 0.01 0.08 0.01 0.36 0.06 0.30 0.12 0.20 0.19 0.17 0.20 0.72 0.19 0.00 6.15 22.87 0.00 0.00 0.01 0.01 0.01 0.06 0.01 0.15 0.13 0.08 0.16 0.07 0.12 0.07 0.60 0.00

Zγ 0.13 0.08 0.00 0.02 0.03 0.06 0.38 0.31 0.28 0.22 0.16 0.15 0.22 0.27 0.19 0.27 0.07 0.18 0.01 0.01 0.17 0.07 0.12 0.01 0.02 0.16 0.22 0.01 0.03 0.01 0.01 0.22 0.76 0.15 0.02 0.59 0.00 0.14 7.91 2.23 0.39 0.20 14.65 1.22 0.70 0.34 0.23 0.28 2.29 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.29 0.21 0.26 1.05 0.00 0.05 0.31 0.67 0.62 0.23 0.39 0.02 0.05 0.10 0.63 0.16 0.02 0.13 0.77 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.13 0.08 0.00 0.02 0.19 0.02 0.34 0.58 0.51 0.05 0.00 0.36 0.20 0.03 0.20 0.29 0.13 0.38 0.77 0.27 0.03 0.02 0.00 0.16 0.05 0.11 0.04 0.00 0.03 0.43 0.92 0.23 0.49 0.29 0.25 7.99 1.46 0.17 0.39 7.85 0.17 0.22 0.13 0.22 5.30 2.29 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.29 0.21 0.26 1.05 0.00 2.20 0.31 0.67 0.62 0.23 0.39 0.02 0.41 0.40 0.39 0.22 0.05 0.25 0.77

gg → V V 0.08 0.03 0.01 0.05 0.02 0.23 0.19 0.09 0.00 0.01 0.05 0.07 0.09 0.04 0.09 0.19 0.38 0.17 0.03 0.01 0.10 0.06 0.03 0.14 0.07 0.08 0.01 0.30 0.51 0.25 0.23 0.02 0.04 14.29 2.13 0.16 0.57 12.91 0.98 0.65 0.24 0.21 11.58 0.92 0.66 2.74 1.38 0.98 0.43 0.04 0.06 1.25 0.07 1.11 4.08 0.82 1.16 0.41 0.40 1.77 2.01 2.00 1.75 0.10 0.98 0.07 0.26 0.00 0.14 0.66 0.23 0.09 0.04 0.23 2.16 2.10 10.50 2.00
gg → WW 0.08 0.03 0.00 0.01 0.00 0.00 0.01 0.01 0.21 0.20 0.08 0.02 0.12 0.03 0.05 0.08 0.03 0.08 0.21 0.30 0.13 0.00 0.00 0.01 0.02 0.02 0.03 0.02 0.03 0.06 0.03 0.03 0.08 0.03 0.06 0.00 0.00 0.28 0.41 0.13 0.00 1.53 0.05 0.09 2.48 0.61 0.04 0.16 23.20 0.76 1.26 0.01 0.51 0.00 0.92 0.00 0.66 2.74 1.38 0.98 0.43 0.04 0.06 1.25 0.07 1.11 4.08 0.82 0.00 1.16 0.41 0.40 1.77 0.00 2.05 1.75 0.10 0.98 0.07 0.26 0.00 0.14 0.40 0.15 0.10 0.04 0.23 2.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
qq → V V 0.65 0.06 0.00 0.00 0.00 0.00 0.01 0.02 0.37 0.33 0.22 0.04 0.13 0.07 0.06 0.10 0.08 0.17 0.13 0.26 0.25 0.00 0.00 0.02 0.00 0.01 0.06 0.02 0.06 0.13 0.03 0.02 0.07 0.02 0.04 0.00 0.00 0.36 0.70 0.16 0.04 0.46 0.02 0.06 6.11 0.43 0.72 0.21 18.96 0.24 0.99 0.36 0.28 1.95 6.28 0.00 0.16 2.25 2.02 0.97 0.60 0.00 0.01 2.81 0.98 2.77 1.38 2.70 0.00 1.02 1.27 0.00 2.69 0.00 1.64 2.00 0.10 2.95 0.76 0.42 0.97 0.49 0.15 0.34 0.19 0.13 0.04 0.22 0.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 10.50 2.00
qq → WW 0.13 0.08 0.00 0.02 0.00 0.00 0.01 0.01 0.27 0.24 0.08 0.02 0.05 0.02 0.05 0.08 0.03 0.08 0.22 0.30 0.02 0.00 0.00 0.01 0.01 0.02 0.06 0.02 0.04 0.04 0.03 0.04 0.07 0.03 0.05 0.00 0.00 0.31 0.44 0.15 0.03 0.49 0.02 0.03 4.90 0.69 0.29 0.16 20.40 0.32 0.82 0.01 0.42 0.00 2.29 0.00 0.23 0.62 0.27 0.29 0.10 0.03 0.02 1.04 0.23 0.34 0.52 0.35 0.00 0.29 0.21 0.26 1.05 0.00 1.57 0.31 0.67 0.62 0.23 0.39 0.02 0.13 0.35 0.15 0.09 0.04 0.22 0.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ggF 0.59 0.05 0.00 0.01 0.00 0.00 0.02 0.02 0.31 0.27 0.13 0.03 0.11 0.02 0.04 0.08 0.07 0.10 0.30 0.28 0.19 0.00 0.00 0.02 0.02 0.02 0.04 0.01 0.00 0.08 0.08 0.08 0.09 0.01 0.02 0.00 0.00 0.31 0.51 0.19 0.19 1.53 0.15 0.14 2.66 0.34 0.17 0.16 18.87 0.59 0.73 0.11 0.36 0.00 3.66 0.00 0.92 1.07 1.95 1.10 0.03 0.02 0.02 1.56 0.08 1.67 0.98 2.06 0.00 0.52 0.40 0.09 3.08 0.00 1.49 2.00 0.16 1.14 1.37 0.00 0.21 0.03 0.13 0.35 0.22 0.14 0.04 0.23 1.97 48.93 31.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.20 3.90
VBF 0.18 0.17 0.00 0.01 0.00 0.00 0.03 0.01 0.31 0.26 0.11 0.02 0.13 0.05 0.03 0.11 0.06 0.12 0.26 0.27 0.12 0.00 0.00 0.01 0.04 0.04 0.07 0.01 0.01 0.07 0.05 0.04 0.07 0.03 0.02 0.00 0.00 0.29 0.49 0.17 0.00 0.46 0.08 0.08 6.73 0.50 0.68 0.08 13.54 0.50 0.24 0.17 0.22 0.00 0.70 0.00 1.39 2.63 0.85 1.13 1.65 1.25 1.26 0.92 0.25 1.29 4.92 1.68 0.00 2.08 1.04 0.56 0.52 0.00 1.05 2.00 1.48 0.67 1.71 1.21 1.61 0.32 0.12 0.35 0.31 0.14 0.04 0.24 4.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.40
top 0.03 0.13 0.01 0.04 0.00 0.00 0.01 0.00 0.22 0.24 0.08 0.02 0.05 0.01 0.04 0.07 0.02 0.06 0.23 0.29 0.09 0.00 0.00 0.01 0.02 0.01 0.04 0.02 0.03 0.04 0.05 0.04 0.07 0.04 0.07 0.00 0.00 0.30 0.45 0.14 0.04 3.52 0.71 0.59 0.03 0.71 0.00 0.00 0.38 0.01 0.03 0.01 0.01 0.00 1.43 0.00 0.99 8.09 1.26 0.30 0.10 0.04 0.10 3.68 0.13 1.54 6.04 1.76 0.00 0.17 0.70 0.15 2.67 0.00 1.16 0.07 0.16 0.02 0.01 0.15 0.04 0.12 0.35 0.16 0.10 0.04 0.22 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.85 6.81 0.51 12.67
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Wγ 1.50 1.27 0.28 0.51 0.04 0.01 0.46 0.10 0.39 0.06 0.23 0.60 0.24 0.19 0.06 0.16 0.59 0.24 1.04 0.27 0.12 0.17 0.08 0.03 0.00 0.08 0.08 0.05 0.04 0.00 0.00 0.06 0.58 0.46 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.00 0.00 0.00 0.90 0.40 0.06 0.07 0.23 0.11 0.05 0.03 0.17 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.35 34.26 2.05 1.09 2.69 9.04 0.00 0.01 0.02 0.01 0.01 0.09 0.06

Zγ 1.50 1.27 0.28 0.51 0.30 0.02 0.50 0.05 0.31 0.03 0.41 1.30 0.40 0.27 0.01 0.02 0.34 0.32 1.00 0.71 0.12 0.17 0.08 0.03 0.00 0.31 0.08 0.05 0.04 0.00 0.00 0.06 0.28 0.46 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.00 0.00 0.00 0.90 0.40 0.06 0.06 0.22 0.08 0.06 0.04 0.17 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 1.50 1.27 0.28 0.51 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.00 0.00 0.00 0.90 0.40 0.06 0.53 25.81

gg → V V 1.99 2.80 2.28 0.33 0.04 0.20 0.79 1.21 1.12 0.09 1.42 0.62 0.24 0.35 0.75 0.01 0.31 1.71 0.88 0.19 0.63 2.19 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 2.00 0.00 0.00 0.00 0.10 1.73 0.28 0.10 0.32 0.64 0.52 0.03 0.21 4.92 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
gg → WW 1.99 2.80 2.28 0.04 0.00 0.25 1.03 1.46 0.37 0.94 0.22 0.31 0.05 0.55 1.08 0.50 0.57 1.96 0.21 0.85 0.65 2.34 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 0.00 0.00 0.00 0.10 1.73 0.28 0.11 0.27 1.00 0.54 0.03 0.21 4.92 0.69 26.00
qq → V V 1.50 1.27 0.28 0.51 0.04 0.02 0.25 0.96 1.41 0.22 0.49 0.01 0.34 0.08 0.52 1.04 0.44 0.52 1.89 0.30 0.75 0.65 2.41 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.00 0.00 0.00 0.90 0.40 0.06 0.12 0.32 1.17 0.52 0.04 0.22 0.53 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
qq → WW 1.50 1.27 0.28 0.51 0.08 0.01 0.24 0.97 1.40 0.44 0.70 0.13 0.38 0.09 0.51 1.01 0.39 0.51 1.91 0.38 0.67 0.68 2.46 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.00 0.00 0.00 0.90 0.40 0.06 0.12 0.31 0.95 0.52 0.03 0.21 0.53 0.69 0.00 0.00 1.66 0.97

ggF 0.43 1.51 0.00 0.48 0.05 0.01 0.24 0.99 1.42 0.34 0.81 0.01 0.35 0.08 0.53 1.04 0.43 0.53 1.92 0.30 0.76 0.67 2.42 2.70 4.12 0.77 0.06 0.02 0.02 0.02 2.27 0.03 1.07 4.73 1.16 0.24 0.60 0.05 1.19 2.00 0.36 0.00 0.00 0.35 0.18 0.10 0.12 0.29 0.94 0.52 0.03 0.21 1.51 14.71 12.11 6.54 1.43 0.98 3.20 3.90 1.95 1.79
VBF 1.50 1.27 0.28 0.51 0.36 0.05 0.20 1.12 1.51 0.36 0.85 0.23 0.34 0.05 0.56 1.09 0.46 0.60 2.05 0.25 0.82 0.70 2.37 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.00 0.00 0.00 0.90 0.40 0.06 0.11 0.28 1.07 0.52 0.03 0.21 0.53 2.10 0.40
top 4.81 2.66 0.02 0.47 0.04 0.00 0.03 0.69 1.30 0.38 1.03 0.12 0.31 0.17 0.48 0.93 0.67 0.17 1.80 0.35 0.02 0.02 0.05 0.03 0.05 0.60 0.06 0.05 0.08 0.05 0.08 0.27 1.76 0.16 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.58 0.65 2.04 1.31 1.96 0.04 0.14 0.63 0.42 0.01 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.78 0.22 0.00 0.06 0.07 0.04 0.46 0.53 0.91 0.44 0.43 0.02 0.34 0.19 0.13 0.54 0.12 0.02 2.93 0.28 0.12 0.50 0.02 0.03 0.00 0.38 0.08 0.01 0.01 0.00 0.00 0.31 1.59 0.78 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.33 0.03 0.03 0.76 1.84 0.16 0.02 0.02 0.75 0.46 0.00 0.04 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 7.05 19.65 0.03 0.03 0.02 0.05 0.04 0.03 0.23 0.21 32.05 0.50 0.45

Zγ 0.78 0.22 0.00 0.06 0.04 0.03 0.28 0.35 0.91 0.44 0.43 0.20 0.26 0.08 0.22 0.57 0.07 0.34 1.18 0.28 0.12 0.03 0.17 0.03 0.00 0.38 0.08 0.14 0.04 0.00 0.00 0.33 1.63 0.53 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.01 0.33 0.03 0.03 0.76 1.84 0.16 0.02 0.05 0.75 0.46 0.00 0.04 0.53 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.78 0.22 0.00 0.06 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.33 0.03 0.03 0.76 1.84 0.16 0.53 25.81

gg → V V 0.35 0.18 0.00 0.13 0.01 0.00 0.24 0.36 0.09 0.01 0.11 0.10 0.08 0.27 0.79 0.10 0.05 0.07 0.20 0.05 0.24 0.30 0.66 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 2.00 0.00 0.00 0.00 2.77 1.42 2.63 0.19 0.57 0.08 0.35 4.92 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
gg → WW 0.35 0.18 0.00 0.13 0.01 0.01 0.17 0.19 0.03 0.04 0.09 0.02 0.05 0.19 0.34 0.02 0.01 0.05 0.03 0.03 0.06 0.11 0.03 0.02 0.22 0.27 0.43 3.60 6.41 0.58 0.04 0.04 0.00 0.07 4.97 0.10 1.45 6.59 1.89 0.18 0.25 0.15 2.44 0.00 0.00 0.00 2.77 1.42 2.63 0.18 0.52 0.08 0.35 4.92 0.69 26.00
qq → V V 0.78 0.22 0.00 0.06 0.02 0.04 0.22 0.22 0.10 0.03 0.11 0.11 0.08 0.30 0.72 0.05 0.12 0.10 0.00 0.17 0.06 0.00 0.27 0.35 0.75 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.33 0.03 0.03 0.76 1.84 0.16 0.20 0.54 0.08 0.35 0.53 2.10 10.50 2.00 0.69 2.01 2.05 2.74 0.17
qq → WW 0.78 0.22 0.00 0.06 0.01 0.02 0.21 0.21 0.05 0.03 0.12 0.05 0.07 0.25 0.46 0.02 0.05 0.08 0.01 0.00 0.10 0.11 0.01 0.01 0.24 0.28 0.56 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 0.33 0.03 0.03 0.76 1.84 0.16 0.19 0.56 0.08 0.35 0.53 0.69 0.00 0.00 1.80 1.30

ggF 0.52 0.51 0.01 0.08 0.01 0.03 0.18 0.27 0.04 0.03 0.13 0.04 0.07 0.24 0.39 0.04 0.03 0.07 0.00 0.09 0.13 0.00 0.23 0.26 0.55 2.70 4.12 0.77 0.06 0.02 0.02 0.02 2.27 0.03 1.07 4.73 1.16 0.24 0.60 0.05 1.19 2.00 0.03 0.06 1.41 0.78 0.74 0.19 0.55 0.08 0.35 1.51 14.71 12.11 6.92 4.45 0.98 3.20 3.90 1.70 1.89
VBF 0.78 0.22 0.00 0.06 0.03 0.02 0.25 0.64 0.04 0.00 0.15 0.07 0.10 0.23 0.50 0.08 0.02 0.08 0.23 0.09 0.01 0.29 0.36 0.68 0.29 2.57 0.72 0.28 0.16 0.08 0.09 1.53 0.08 0.80 2.80 0.98 0.11 0.32 0.01 0.91 2.00 0.33 0.03 0.03 0.76 1.84 0.16 0.19 0.53 0.08 0.35 0.53 2.10 0.40
top 0.18 0.29 0.02 0.05 0.01 0.00 0.13 0.11 0.10 0.03 0.07 0.01 0.01 0.02 0.02 0.03 0.09 0.05 0.16 0.02 0.02 0.01 0.01 0.01 0.03 0.06 0.06 0.00 0.02 0.01 0.06 0.15 0.32 0.28 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.26 0.65 6.25 0.49 0.32 0.02 0.12 0.20 0.12 0.03 0.08 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.82 0.52 0.31 0.02 0.09 0.29 0.63 0.91 0.44 0.43 0.29 0.44 0.11 0.17 0.48 0.54 0.52 1.39 0.28 0.15 0.34 0.08 0.03 0.00 0.38 0.05 0.01 0.04 0.00 0.00 0.29 1.36 0.30 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.00 0.00 0.00 0.27 0.49 0.23 0.09 0.29 0.49 0.27 0.04 0.18 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.72 22.54 0.00 0.01 0.01 0.59 1.46 0.80 1.02 0.19 0.47 5.32 27.51 0.00 0.06 0.01 0.06 0.17 0.23 0.30 0.11 0.47

Zγ 0.82 0.52 0.31 0.05 0.02 0.32 0.75 0.91 0.44 0.43 0.02 0.31 0.20 0.58 0.07 1.84 0.91 3.02 0.28 0.84 0.11 0.08 0.03 0.00 0.38 0.08 0.05 0.04 0.00 0.00 0.26 1.15 0.37 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.00 0.00 0.00 0.27 0.49 0.23 0.09 0.27 0.19 0.05 0.04 0.17 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.82 0.52 0.31 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.00 0.00 0.00 0.27 0.49 0.23 0.77 25.81

gg → V V 0.71 0.12 0.47 0.03 0.01 0.62 0.14 0.09 0.03 0.14 0.02 0.23 1.07 0.29 0.65 0.27 0.07 0.05 0.09 0.11 0.04 0.35 0.55 0.16 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 2.00 0.05 0.00 0.00 0.23 0.22 0.34 0.10 0.32 0.39 0.27 0.03 0.21 3.46 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
gg → WW 0.71 0.12 0.47 0.01 0.01 0.37 0.18 0.03 0.07 0.10 0.08 0.09 0.69 0.26 0.03 0.07 0.05 0.03 0.24 0.16 0.06 0.33 0.53 0.10 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 0.05 0.00 0.00 0.23 0.22 0.34 0.12 0.28 0.38 0.22 0.03 0.21 3.46 0.25 26.00
qq → V V 0.82 0.52 0.31 0.04 0.01 0.33 0.08 0.05 0.13 0.13 0.01 0.15 1.20 0.32 0.14 0.23 0.05 0.00 0.41 0.08 0.05 0.38 0.73 0.05 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.00 0.00 0.00 0.27 0.49 0.23 0.13 0.31 0.50 0.30 0.04 0.21 0.77 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
qq → WW 0.82 0.52 0.31 0.02 0.00 0.46 0.15 0.02 0.10 0.12 0.07 0.09 0.96 0.09 0.15 0.17 0.10 0.03 0.30 0.12 0.03 0.00 0.38 0.66 0.09 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.00 0.00 0.00 0.27 0.49 0.23 0.12 0.30 0.52 0.29 0.03 0.21 0.77 0.25 0.00 4.40 1.48 1.13

ggF 0.53 0.27 0.00 0.03 0.04 0.00 0.57 0.15 0.02 0.14 0.08 0.07 0.23 1.03 0.11 0.10 0.14 0.05 0.01 0.42 0.16 0.03 0.39 0.70 0.08 2.38 4.15 0.84 0.62 0.10 0.02 0.02 2.66 0.03 1.13 5.13 1.58 0.16 0.32 0.02 1.58 2.00 0.09 0.03 0.00 0.83 0.72 0.47 0.11 0.27 0.54 0.32 0.03 0.21 4.53 14.71 12.11 9.33 0.55 0.97 3.20 3.90 1.73 1.12
VBF 0.82 0.52 0.31 0.06 0.02 0.40 0.19 0.08 0.19 0.11 0.05 0.41 0.85 0.32 0.08 0.05 0.01 0.04 0.57 0.12 0.04 0.40 0.74 0.10 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.00 0.00 0.00 0.27 0.49 0.23 0.10 0.22 0.54 0.34 0.03 0.21 0.77 2.10 0.40
top 0.43 1.61 0.02 0.10 0.03 0.00 0.02 0.12 0.10 0.03 0.07 0.01 0.13 0.03 0.03 0.17 0.41 0.12 0.16 0.02 0.08 0.03 0.01 0.03 0.05 0.06 0.18 0.10 0.02 0.05 0.08 0.03 0.04 0.07 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.58 0.65 1.87 1.47 0.19 0.04 0.14 0.15 0.10 0.02 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.09 0.07 0.00 0.03 0.03 0.02 0.17 0.65 0.91 0.44 0.43 0.28 0.24 0.07 0.23 0.66 0.06 0.70 0.41 0.28 0.12 0.01 0.07 0.03 0.00 0.38 0.08 0.28 0.02 0.00 0.00 0.41 1.53 0.01 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.02 0.00 0.02 0.75 0.87 0.22 0.10 0.29 0.65 0.42 0.03 0.17 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 3.94 31.41 0.01 0.01 0.03 0.03 0.08 0.12 1.04 1.32 0.54 0.68 1.00 13.54 0.01 0.02 0.00 0.22 0.39 0.03 0.05 0.20

Zγ 0.09 0.07 0.00 0.03 0.03 0.05 0.74 0.44 0.91 0.44 0.43 0.18 0.37 0.18 0.14 0.58 0.01 0.10 1.63 0.28 0.12 0.35 0.06 0.03 0.00 0.38 0.08 0.05 0.00 0.00 0.00 0.28 1.57 1.01 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.01 0.02 0.00 0.02 0.75 0.87 0.22 0.08 0.12 0.69 0.40 0.03 0.17 0.77 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.09 0.07 0.00 0.03 0.02 0.06 1.16 0.05 0.02 0.21 0.04 0.04 0.30 0.05 0.04 0.31 0.43 0.24 0.64 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.02 0.00 0.02 0.75 0.87 0.22 0.15 0.77 0.06 0.23 0.77 25.81

gg → V V 0.67 0.52 0.05 0.02 0.03 0.19 0.14 0.08 0.01 0.08 0.08 0.06 0.26 0.68 0.02 0.12 0.04 0.02 0.16 0.10 0.01 0.26 0.38 0.21 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 2.00 0.00 0.00 0.00 1.21 0.90 0.88 0.11 0.30 0.10 0.05 0.04 0.22 3.46 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
gg → WW 0.67 0.52 0.05 0.01 0.02 0.19 0.21 0.01 0.04 0.11 0.01 0.05 0.20 0.23 0.05 0.01 0.06 0.01 0.04 0.13 0.03 0.00 0.21 0.23 0.19 2.95 5.93 1.24 0.49 0.12 0.05 0.05 3.52 0.05 1.00 6.21 2.32 0.45 0.50 0.07 2.67 0.00 0.00 0.00 1.21 0.90 0.88 0.14 0.37 0.06 0.04 0.04 0.22 3.46 0.25 26.00
qq → V V 0.09 0.07 0.00 0.03 0.00 0.02 0.26 0.19 0.05 0.04 0.11 0.04 0.07 0.29 0.55 0.02 0.05 0.08 0.11 0.12 0.00 0.00 0.26 0.30 0.32 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.02 0.00 0.02 0.75 0.87 0.22 0.14 0.43 0.06 0.03 0.05 0.22 0.77 2.10 10.50 2.00 0.25 2.01 2.05 2.74 0.17
qq → WW 0.09 0.07 0.00 0.03 0.01 0.02 0.23 0.19 0.04 0.03 0.14 0.03 0.07 0.25 0.36 0.08 0.04 0.09 0.00 0.00 0.07 0.12 0.01 0.00 0.24 0.26 0.25 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 0.02 0.00 0.02 0.75 0.87 0.22 0.15 0.41 0.07 0.04 0.05 0.22 0.77 0.25 0.00 4.40 1.49 1.06

ggF 0.35 0.45 0.07 0.01 0.02 0.19 0.25 0.05 0.03 0.12 0.05 0.07 0.25 0.47 0.02 0.03 0.06 0.11 0.13 0.00 0.00 0.24 0.27 0.28 2.38 4.15 0.84 0.62 0.10 0.02 0.02 2.66 0.03 1.13 5.13 1.58 0.16 0.32 0.02 1.58 2.00 0.03 0.04 0.00 1.07 1.39 0.39 0.15 0.43 0.07 0.04 0.05 0.22 4.53 14.71 12.11 6.19 3.69 0.98 3.20 3.90 1.68 1.78
VBF 0.09 0.07 0.00 0.03 0.00 0.03 0.18 0.16 0.03 0.03 0.13 0.03 0.07 0.23 0.30 0.03 0.03 0.09 0.05 0.13 0.00 0.23 0.23 0.20 2.24 0.02 3.58 0.48 0.07 0.00 0.03 0.04 1.70 0.04 0.42 3.74 0.75 0.22 0.34 0.05 0.78 2.00 0.02 0.00 0.02 0.75 0.87 0.22 0.14 0.39 0.07 0.04 0.04 0.22 0.77 2.10 0.40
top 2.34 1.40 0.02 0.38 0.00 0.00 0.09 0.06 0.10 0.03 0.07 0.00 0.00 0.02 0.02 0.03 0.08 0.00 0.09 0.02 0.02 0.00 0.00 0.02 0.04 0.06 0.06 0.01 0.02 0.00 0.07 0.16 0.32 0.05 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.23 0.58 0.65 3.51 1.60 0.52 0.02 0.07 0.13 0.07 0.00 0.05 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59

SR
n

je
t=

0

m
``
∈
[3
0,
55
]

G
eV

p
T
∈
[1
5,
20
]G

eV
` 2

=
e

Wγ 1.53 1.02 0.08 0.52 0.18 0.04 0.43 0.11 0.40 0.49 1.30 0.49 0.22 0.18 0.08 0.18 0.62 0.22 1.06 0.25 0.12 0.17 0.08 0.03 0.00 0.33 0.08 0.05 0.04 0.00 0.00 0.06 0.58 0.46 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.30 0.29 0.20 0.04 0.18 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 0.38 37.03 2.03 1.42 2.13 4.68 0.00 0.01 0.00 0.01 0.07 0.06

Zγ 1.53 1.02 0.08 0.52 0.23 0.05 0.42 0.03 0.30 0.14 0.41 0.88 0.26 0.23 0.02 0.09 0.55 0.33 0.90 0.30 0.12 0.17 0.08 0.03 0.00 0.00 0.08 0.05 0.04 0.00 0.00 0.07 0.04 0.46 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.22 0.19 0.00 0.04 0.17 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 1.53 1.02 0.08 0.52 0.23 0.06 0.27 0.83 1.31 1.54 2.47 0.36 0.39 0.11 0.49 0.97 0.37 0.45 1.77 0.51 0.44 0.61 1.98 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.36 0.02 0.20 0.83 0.78 0.22 0.09 0.35 0.33 0.63 0.03 0.21 1.16 25.81

gg → V V 1.68 0.44 0.70 1.13 0.11 0.00 0.23 1.02 1.44 0.55 0.80 0.00 0.36 0.08 0.53 1.04 0.41 0.55 1.96 0.34 0.82 0.71 2.32 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 2.00 0.11 0.00 0.00 0.35 2.07 0.20 0.12 0.28 1.03 0.53 0.03 0.21 1.28 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
gg → WW 1.68 0.44 0.70 1.13 0.02 0.01 0.25 1.00 1.44 0.37 1.04 0.13 0.32 0.06 0.54 1.06 0.48 0.55 1.93 0.25 0.82 0.68 2.41 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 0.11 0.00 0.00 0.35 2.07 0.20 0.10 0.27 1.09 0.54 0.03 0.21 1.28 0.47 26.00
qq → V V 1.53 1.02 0.08 0.52 0.27 0.03 0.22 1.08 1.48 0.31 0.45 0.12 0.35 0.06 0.54 1.06 0.43 0.58 2.01 0.27 0.86 0.67 2.21 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.32 0.90 0.51 0.03 0.21 1.16 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
qq → WW 1.53 1.02 0.08 0.52 0.03 0.01 0.25 0.99 1.43 0.37 0.88 0.08 0.33 0.07 0.54 1.05 0.47 0.54 1.92 0.26 0.81 0.67 2.40 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.36 0.02 0.20 0.83 0.78 0.22 0.11 0.29 0.94 0.53 0.03 0.21 1.16 0.47 2.95 0.00 1.32 0.76

ggF 2.72 1.99 0.10 0.03 0.01 0.25 0.98 1.43 0.34 1.11 0.08 0.33 0.07 0.53 1.05 0.46 0.54 1.92 0.26 0.80 0.67 2.38 0.43 0.03 4.34 0.73 0.34 0.09 0.05 0.05 2.19 0.02 0.87 4.57 1.53 0.33 0.48 0.09 1.50 2.00 0.01 0.13 0.07 0.24 0.50 0.46 0.11 0.27 0.93 0.55 0.03 0.21 3.27 14.71 12.11 7.99 1.83 1.02 3.20 3.90 1.81 1.27
VBF 1.53 1.02 0.08 0.52 0.13 0.02 0.23 0.96 1.38 0.41 0.73 0.34 0.42 0.11 0.49 0.97 0.31 0.49 1.89 0.49 0.64 0.69 2.11 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.36 0.02 0.20 0.83 0.78 0.22 0.10 0.25 0.86 0.49 0.03 0.21 1.16 2.10 0.40
top 0.99 1.97 0.02 0.24 0.09 0.01 0.02 0.69 1.31 0.27 0.78 0.04 0.27 0.15 0.50 0.97 0.74 0.19 1.79 0.25 0.02 0.02 0.05 0.03 0.05 0.72 0.06 0.05 0.08 0.05 0.08 0.29 1.83 0.16 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.09 0.49 0.80 0.19 2.27 0.08 0.03 0.14 0.75 0.40 0.02 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.27 0.03 0.00 0.03 0.04 0.00 0.04 0.72 0.91 0.44 0.43 0.17 0.23 0.02 0.23 0.65 0.03 0.56 0.51 0.28 0.12 0.16 0.07 0.03 0.00 0.38 0.08 0.32 0.04 0.00 0.00 0.32 1.61 0.40 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.03 0.00 0.02 0.25 0.84 0.22 0.01 0.15 0.75 0.46 0.00 0.04 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 5.26 11.94 0.02 0.02 0.00 0.01 0.03 0.21 0.04 0.28 44.20 0.88 0.46

Zγ 0.27 0.03 0.00 0.03 0.11 0.37 0.44 0.74 0.91 0.44 0.43 0.16 0.05 0.19 0.34 0.31 0.42 0.15 5.90 0.28 0.12 0.16 0.08 1.46 0.03 0.38 0.08 0.05 0.04 0.00 0.00 0.10 1.23 1.74 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.01 0.03 0.00 0.02 0.25 0.84 0.22 0.03 0.15 0.75 0.46 0.00 0.04 1.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.27 0.03 0.00 0.03 0.01 0.07 1.72 0.05 0.05 0.24 0.01 0.08 0.44 0.29 0.04 0.38 0.32 0.32 0.62 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.03 0.00 0.02 0.25 0.84 0.22 0.23 0.36 0.08 0.35 1.16 25.81

gg → V V 0.90 0.20 0.01 0.02 0.00 0.19 0.19 0.01 0.04 0.11 0.01 0.05 0.19 0.21 0.00 0.02 0.07 0.02 0.02 0.06 0.07 0.18 0.21 0.34 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 2.00 0.09 0.00 0.00 0.52 1.86 0.78 0.18 0.56 0.08 0.35 1.28 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
gg → WW 0.90 0.20 0.01 0.01 0.00 0.17 0.22 0.01 0.06 0.10 0.00 0.06 0.18 0.26 0.10 0.01 0.07 0.02 0.01 0.02 0.09 0.08 0.04 0.22 0.26 0.44 2.20 0.21 5.21 0.77 0.06 0.05 0.01 0.01 2.48 0.00 1.32 5.36 1.39 0.35 0.69 0.03 1.52 0.09 0.00 0.00 0.52 1.86 0.78 0.18 0.56 0.08 0.35 1.28 0.47 26.00
qq → V V 0.27 0.03 0.00 0.03 0.02 0.02 0.18 0.20 0.07 0.01 0.12 0.06 0.08 0.23 0.49 0.05 0.03 0.08 0.02 0.00 0.12 0.11 0.00 0.00 0.24 0.30 0.55 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.03 0.00 0.02 0.25 0.84 0.22 0.18 0.56 0.08 0.35 1.16 2.10 10.50 2.00 0.47 2.01 2.05 2.74 0.17
qq → WW 0.27 0.03 0.00 0.03 0.01 0.02 0.21 0.22 0.04 0.04 0.11 0.02 0.06 0.22 0.32 0.03 0.02 0.08 0.01 0.01 0.06 0.10 0.02 0.01 0.23 0.25 0.48 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 0.03 0.00 0.02 0.25 0.84 0.22 0.18 0.54 0.08 0.35 1.16 0.47 2.95 0.00 1.25 0.78

ggF 0.28 0.40 0.00 0.01 0.02 0.18 0.26 0.04 0.03 0.12 0.03 0.06 0.21 0.32 0.00 0.03 0.06 0.00 0.07 0.13 0.00 0.00 0.21 0.23 0.48 0.43 0.03 4.34 0.73 0.34 0.09 0.05 0.05 2.19 0.02 0.87 4.57 1.53 0.33 0.48 0.09 1.50 2.00 0.19 0.06 0.15 1.00 1.23 0.32 0.19 0.55 0.08 0.35 3.27 14.71 12.11 4.49 3.54 1.04 3.20 3.90 1.68 1.77
VBF 0.27 0.03 0.00 0.03 0.00 0.03 0.10 0.15 0.01 0.05 0.13 0.01 0.05 0.21 0.16 0.03 0.00 0.05 0.03 0.02 0.14 0.02 0.19 0.20 0.39 1.57 3.11 0.67 0.05 0.04 0.00 0.01 1.38 0.06 0.70 3.77 0.97 0.27 0.41 0.12 1.04 2.00 0.03 0.00 0.02 0.25 0.84 0.22 0.17 0.54 0.08 0.35 1.16 2.10 0.40
top 1.21 0.07 0.02 0.05 0.01 0.00 0.11 0.05 0.10 0.03 0.07 0.00 0.01 0.02 0.04 0.05 0.10 0.01 0.04 0.02 0.02 0.01 0.02 0.01 0.04 0.06 0.06 0.00 0.01 0.01 0.02 0.16 0.31 0.25 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.09 0.33 0.65 0.20 3.36 1.22 0.03 0.09 0.20 0.12 0.03 0.08 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.31 0.52 0.04 0.19 0.06 0.04 0.42 0.43 0.91 0.44 0.43 0.07 0.21 0.13 0.39 0.75 0.41 0.46 1.06 0.28 0.01 0.17 0.08 0.03 0.00 0.38 0.06 0.02 0.17 0.00 0.00 0.41 1.55 0.40 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.06 0.03 0.35 0.40 0.17 0.10 0.29 0.55 0.26 0.05 0.18 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 1.08 31.35 0.00 0.00 0.00 1.90 2.01 0.52 0.79 0.01 0.01 4.53 13.62 0.01 0.05 0.02 0.05 0.11 0.04 0.03 0.10 0.39

Zγ 0.31 0.52 0.04 0.19 0.06 0.04 1.03 0.54 0.91 0.44 0.43 0.22 0.30 0.02 0.21 0.85 0.63 0.01 1.01 0.28 0.10 0.17 0.08 0.03 0.00 0.38 0.24 0.10 0.04 0.00 0.00 0.27 1.36 0.34 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.06 0.03 0.35 0.40 0.17 0.10 0.26 0.39 0.15 0.05 0.18 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.31 0.52 0.04 0.19 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.02 0.06 0.03 0.35 0.40 0.17 3.16 25.81

gg → V V 0.91 0.38 0.00 0.29 0.05 0.01 0.33 0.16 0.01 0.00 0.15 0.04 0.02 0.70 0.13 0.56 0.14 0.06 0.06 0.21 0.08 0.09 0.33 0.54 0.08 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 2.00 0.00 0.02 0.02 0.68 0.26 0.10 0.10 0.26 0.29 0.22 0.03 0.21 2.71 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
gg → WW 0.91 0.38 0.00 0.29 0.02 0.01 0.38 0.23 0.03 0.06 0.10 0.08 0.09 0.60 0.28 0.00 0.05 0.05 0.03 0.00 0.19 0.15 0.08 0.00 0.31 0.48 0.11 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 0.00 0.02 0.02 0.68 0.26 0.10 0.11 0.28 0.35 0.20 0.03 0.21 2.71 0.40 26.00
qq → V V 0.31 0.52 0.04 0.19 0.01 0.03 0.50 0.13 0.03 0.13 0.14 0.07 0.19 1.06 0.14 0.34 0.18 0.09 0.04 0.43 0.07 0.03 0.00 0.41 0.68 0.09 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.02 0.06 0.03 0.35 0.40 0.17 0.11 0.31 0.57 0.32 0.03 0.21 3.16 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
qq → WW 0.31 0.52 0.04 0.19 0.01 0.01 0.46 0.18 0.03 0.08 0.10 0.08 0.07 0.81 0.25 0.09 0.12 0.08 0.04 0.00 0.00 0.24 0.16 0.05 0.00 0.35 0.59 0.10 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.02 0.06 0.03 0.35 0.40 0.17 0.11 0.29 0.44 0.24 0.03 0.21 3.16 0.40 0.00 3.95 0.97 0.91

ggF 0.73 0.82 0.00 0.30 0.03 0.00 0.46 0.18 0.01 0.11 0.09 0.08 0.15 0.93 0.08 0.07 0.14 0.07 0.01 0.34 0.15 0.03 0.37 0.66 0.09 2.01 0.00 6.02 1.21 0.37 0.37 0.15 0.07 3.71 0.04 1.29 6.31 2.09 0.33 0.55 0.12 1.68 2.00 0.02 0.00 0.02 0.46 0.09 0.04 0.12 0.28 0.56 0.30 0.03 0.21 2.48 14.71 12.11 8.36 2.98 1.02 3.20 3.90 1.65 1.91
VBF 0.31 0.52 0.04 0.19 0.01 0.00 0.58 0.17 0.03 0.16 0.10 0.11 0.15 0.78 0.23 0.21 0.10 0.07 0.04 0.30 0.20 0.04 0.37 0.63 0.13 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.02 0.06 0.03 0.35 0.40 0.17 0.18 0.28 0.43 0.30 0.03 0.21 3.16 2.10 0.40
top 0.82 0.17 0.06 0.08 0.02 0.00 0.21 0.05 0.10 0.03 0.07 0.00 0.13 0.03 0.03 0.15 0.48 0.18 0.16 0.02 0.08 0.04 0.01 0.03 0.05 0.06 0.17 0.09 0.02 0.05 0.08 0.03 0.03 0.05 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.06 1.04 0.37 0.81 1.11 0.08 0.05 0.16 0.19 0.12 0.02 0.06 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 0.07 0.20 0.06 0.08 0.00 0.01 0.30 0.72 0.91 0.44 0.43 0.16 0.21 0.17 0.34 0.68 0.04 0.41 0.66 0.28 0.12 0.05 0.11 0.03 0.02 0.38 0.08 0.05 0.02 0.00 0.01 0.50 1.84 0.19 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.01 0.02 0.02 0.27 0.25 0.12 0.05 0.03 0.69 0.43 0.02 0.16 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69 3.00 4.00 6.10 9.00
W+jets 9.50 29.65 0.00 0.01 0.01 0.01 0.06 0.31 0.04 0.56 0.70 1.16 1.53 0.92 16.30 0.00 0.00 0.00 0.00 0.37 0.25 0.14 0.26 0.08

Zγ 0.07 0.20 0.06 0.08 0.01 0.02 0.38 0.69 0.91 0.44 0.43 0.18 0.24 0.14 0.33 0.69 0.04 0.47 0.71 0.28 0.12 0.12 0.18 0.03 0.00 0.38 0.08 0.05 0.03 0.00 0.00 0.52 1.88 0.29 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.01 0.02 0.02 0.27 0.25 0.12 0.08 0.15 0.70 0.43 0.03 0.17 3.16 1.76 33.85 0.00 0.01 0.00 0.01 0.00 0.04 0.00 0.04 0.83 1.01 0.39 0.56 0.44 0.27 0.06 0.13 13.31 0.63 13.12 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.21 0.06 0.05 0.04 0.00 0.04 0.00 2.79 29.69
Z+jets 0.07 0.20 0.06 0.08 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.02 0.27 0.25 0.12 3.16 25.81

gg → V V 0.47 0.24 0.00 0.04 0.00 0.02 0.24 0.21 0.07 0.01 0.09 0.10 0.08 0.25 0.70 0.03 0.14 0.07 0.13 0.09 0.00 0.27 0.33 0.38 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 2.00 0.00 0.00 0.02 0.26 0.34 0.26 0.14 0.43 0.07 0.05 0.05 0.22 2.71 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
gg → WW 0.47 0.24 0.00 0.04 0.01 0.01 0.16 0.20 0.01 0.05 0.11 0.00 0.05 0.18 0.21 0.06 0.01 0.07 0.01 0.01 0.02 0.12 0.03 0.01 0.20 0.22 0.16 2.54 0.02 4.90 0.69 0.13 0.02 0.00 0.00 2.67 0.11 0.74 5.73 1.10 0.28 0.54 0.02 1.08 0.00 0.00 0.02 0.26 0.34 0.26 0.13 0.36 0.07 0.04 0.04 0.22 2.71 0.40 26.00
qq → V V 0.07 0.20 0.06 0.08 0.01 0.02 0.20 0.20 0.04 0.03 0.09 0.03 0.05 0.21 0.39 0.00 0.02 0.04 0.01 0.00 0.09 0.12 0.01 0.00 0.22 0.24 0.23 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.01 0.02 0.02 0.27 0.25 0.12 0.13 0.41 0.06 0.04 0.04 0.22 3.16 2.10 10.50 2.00 0.40 2.01 2.05 2.74 0.17
qq → WW 0.07 0.20 0.06 0.08 0.01 0.02 0.21 0.20 0.03 0.03 0.13 0.02 0.06 0.23 0.28 0.09 0.03 0.10 0.01 0.00 0.05 0.12 0.01 0.00 0.23 0.24 0.20 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 0.01 0.02 0.02 0.27 0.25 0.12 0.14 0.39 0.07 0.04 0.04 0.22 3.16 0.40 0.00 3.95 0.89 0.89

ggF 0.06 0.42 0.00 0.00 0.01 0.02 0.17 0.22 0.04 0.04 0.13 0.03 0.06 0.23 0.36 0.02 0.02 0.06 0.00 0.08 0.13 0.00 0.22 0.25 0.24 2.01 0.00 6.02 1.21 0.37 0.37 0.15 0.07 3.71 0.04 1.29 6.31 2.09 0.33 0.55 0.12 1.68 2.00 0.05 0.00 0.07 0.33 0.33 0.40 0.15 0.42 0.07 0.04 0.05 0.22 2.48 14.71 12.11 7.48 7.21 1.01 3.20 3.90 1.79 2.38
VBF 0.07 0.20 0.06 0.08 0.01 0.02 0.23 0.26 0.02 0.05 0.12 0.02 0.05 0.23 0.28 0.05 0.03 0.08 0.00 0.04 0.13 0.00 0.22 0.23 0.22 1.04 0.06 3.21 0.59 0.23 0.10 0.00 0.02 1.35 0.04 0.64 3.34 1.11 0.17 0.40 0.02 1.22 2.00 0.01 0.02 0.02 0.27 0.25 0.12 0.15 0.38 0.09 0.05 0.04 0.22 3.16 2.10 0.40
top 0.32 0.36 0.02 0.28 0.00 0.01 0.12 0.08 0.10 0.03 0.07 0.00 0.01 0.02 0.03 0.03 0.09 0.13 0.13 0.02 0.02 0.01 0.01 0.01 0.04 0.06 0.06 0.02 0.04 0.02 0.06 0.17 0.35 0.00 4.71 0.62 3.32 0.68 0.23 0.24 0.04 0.04 1.26 0.13 0.95 4.77 1.89 0.20 0.70 0.13 1.16 0.00 0.91 0.91 1.20 0.44 0.45 0.70 0.27 0.02 0.05 0.15 0.08 0.00 0.05 2.74 0.40 1.42 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.31 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 3.07 10.37 17.40 10.21 12.59
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Wγ 1.64 0.54 0.03 0.67 0.27 0.00 0.31 0.48 0.95 0.46 0.06 0.23 0.25 0.26 0.36 0.65 1.38 0.26 1.58 0.06 0.23 0.07 0.16 0.02 0.02 0.55 0.22 0.05 0.05 0.01 0.01 0.05 0.59 0.19 0.02 0.16 0.02 0.08 0.26 0.14 0.02 0.03 0.38 0.07 0.03 0.02 0.01 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 0.08 0.23 0.84 0.85 0.86 1.12 0.17 0.07 0.21 0.07 0.09 0.03 0.14 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.37 35.23 2.45 0.66 4.75 7.59 0.01 0.06 0.01 0.11 0.10

Zγ 1.64 0.54 0.03 0.67 0.34 0.00 0.40 0.44 0.82 0.16 0.16 1.02 0.54 0.39 0.24 0.40 0.91 0.14 1.56 0.90 0.23 0.07 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.02 0.56 0.19 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.28 0.28 0.09 0.02 0.02 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.95 0.23 0.84 0.85 0.86 1.12 0.17 0.08 0.05 0.88 0.27 0.02 0.14 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 1.64 0.54 0.03 0.67 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 0.23 0.84 0.85 0.86 1.12 0.17 5.30 10.00

gg → V V 2.94 3.75 0.44 0.35 0.05 0.30 0.89 1.38 0.53 1.32 0.13 0.29 0.06 0.53 1.06 0.53 0.51 1.82 0.17 0.81 0.66 2.14 0.62 0.07 0.02 0.03 1.62 0.02 0.17 0.04 0.04 0.55 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 0.91 2.00 0.00 0.52 0.00 0.44 1.70 0.44 0.10 0.31 0.89 0.58 0.04 0.21 1.31 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
gg → WW 2.94 3.75 0.44 0.03 0.00 0.25 0.99 1.43 0.41 0.80 0.10 0.33 0.07 0.54 1.06 0.47 0.54 1.93 0.26 0.76 0.64 2.49 0.25 0.06 0.04 0.01 1.96 0.10 0.16 0.06 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.42 0.00 0.52 0.00 0.44 1.70 0.44 0.11 0.34 0.99 0.57 0.04 0.21 1.31 1.50 39.00
qq → V V 1.64 0.54 0.03 0.67 0.08 0.04 0.26 0.92 1.36 0.36 0.48 0.31 0.39 0.11 0.49 0.97 0.35 0.48 1.85 0.40 0.78 0.76 2.60 0.05 0.00 0.00 0.59 0.22 0.09 0.02 1.65 0.06 0.12 0.04 0.02 0.06 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.69 2.00 0.23 0.84 0.85 0.86 1.12 0.17 0.13 0.33 1.01 0.48 0.04 0.21 5.30 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
qq → WW 1.64 0.54 0.03 0.67 0.06 0.01 0.24 0.98 1.42 0.40 0.82 0.02 0.35 0.08 0.52 1.03 0.43 0.53 1.91 0.30 0.74 0.67 2.52 0.05 0.01 0.00 0.36 0.07 0.01 0.01 1.73 0.04 0.12 0.05 0.03 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.25 0.23 0.84 0.85 0.86 1.12 0.17 0.11 0.30 0.91 0.53 0.03 0.21 5.30 1.50 7.40 14.20 1.20 0.96

ggF 1.77 2.32 0.66 0.14 0.02 0.23 1.06 1.48 0.40 1.00 0.23 0.32 0.05 0.56 1.09 0.49 0.58 1.99 0.22 0.86 0.68 2.55 0.36 0.06 0.03 0.03 1.71 0.07 0.12 0.03 0.03 4.66 0.00 3.03 0.57 0.06 0.08 0.00 0.00 0.82 0.07 0.48 3.91 0.34 0.11 0.55 0.09 0.61 1.49 2.00 0.08 0.96 0.15 0.06 1.13 0.10 0.11 0.30 1.06 0.53 0.03 0.21 1.24 48.93 31.64 0.34 4.17 0.90 3.20 3.90 0.18 2.81
VBF 9.14 4.21 3.32 0.01 0.01 0.25 1.00 1.44 0.38 1.25 0.10 0.33 0.07 0.54 1.06 0.47 0.55 1.93 0.27 0.79 0.68 2.47 0.23 0.07 0.01 0.00 1.18 0.05 0.07 0.04 0.02 2.24 7.41 0.42 1.11 0.85 0.11 0.00 6.33 1.20 3.14 7.52 4.67 0.66 0.16 1.65 2.16 0.00 0.79 2.00 1.98 0.22 0.25 0.60 1.80 1.69 0.11 0.26 0.98 0.53 0.03 0.21 4.11 2.10 0.40
top 1.87 1.07 1.63 0.06 0.02 0.26 0.98 1.42 0.43 0.79 0.08 0.33 0.07 0.54 1.05 0.46 0.54 1.92 0.26 0.84 0.68 2.36 0.31 13.74 1.20 1.69 0.22 1.20 0.02 0.01 1.15 0.04 0.11 0.05 0.02 4.06 1.10 8.60 3.46 0.68 0.15 0.35 0.32 6.07 0.93 3.48 4.77 4.54 1.29 0.39 0.90 5.16 1.31 0.21 1.56 1.76 0.22 2.43 0.19 0.11 0.30 0.99 0.57 0.03 0.21 0.98 0.00 12.89 6.44 9.79
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Wγ 0.68 0.74 0.00 0.00 0.00 0.03 0.27 0.10 0.43 0.24 0.16 0.30 0.05 0.02 0.09 0.36 0.52 0.31 0.09 0.16 0.23 0.07 0.06 0.02 0.02 0.16 0.22 0.14 0.03 0.01 0.01 0.30 1.20 1.10 0.02 0.16 0.02 0.08 0.84 0.18 0.02 0.01 0.79 0.16 0.02 0.08 0.04 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 0.46 0.03 0.59 0.09 1.80 1.58 0.43 0.01 0.06 0.97 0.40 0.02 0.00 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 6.17 23.67 0.00 0.01 0.07 0.05 0.13 0.10 0.07 0.16 25.71 0.56 0.22

Zγ 0.68 0.74 0.00 0.00 0.00 0.02 0.54 0.41 0.43 0.24 0.16 0.24 0.11 0.09 0.12 0.24 0.44 0.32 0.46 0.16 0.23 0.07 0.16 0.62 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.23 1.20 0.34 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 2.64 0.01 0.14 0.04 0.05 0.28 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 2.02 0.03 0.59 0.09 1.80 1.58 0.43 0.00 0.18 0.97 0.40 0.02 0.00 5.30 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.68 0.74 0.00 0.00 0.02 0.02 0.19 1.02 0.01 0.08 0.11 0.03 0.04 0.14 0.11 0.03 0.14 0.11 0.14 0.41 5.80 3.01 1.82 0.60 1.31 0.09 0.04 0.08 0.04 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 2.32 0.03 0.59 0.09 1.80 1.58 0.43 0.12 0.51 0.08 0.35 5.30 10.00

gg → V V 0.30 0.27 0.01 0.01 0.36 0.21 0.04 0.05 0.04 0.01 0.02 0.14 0.37 0.09 0.08 0.04 0.05 0.03 0.08 0.05 0.24 0.28 0.40 0.32 0.16 0.10 0.03 1.59 0.12 0.06 0.01 0.04 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.46 2.00 0.15 0.43 0.01 2.12 3.38 2.42 0.18 0.45 0.08 0.35 1.31 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
gg → WW 0.30 0.27 0.01 0.01 0.13 0.18 0.04 0.04 0.10 0.03 0.05 0.19 0.40 0.05 0.01 0.02 0.04 0.00 0.10 0.11 0.05 0.01 0.21 0.27 0.45 0.04 0.01 0.00 0.00 1.73 0.11 0.16 0.08 0.02 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.34 0.15 0.43 0.01 2.12 3.38 2.42 0.19 0.53 0.08 0.35 1.31 1.50 39.00
qq → V V 0.68 0.74 0.00 0.00 0.02 0.02 0.19 0.16 0.06 0.01 0.09 0.03 0.04 0.22 0.54 0.07 0.03 0.06 0.03 0.06 0.07 0.06 0.02 0.07 0.37 0.33 0.51 1.08 0.17 0.08 0.02 1.52 0.01 0.09 0.03 0.03 0.00 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.13 2.00 0.03 0.59 0.09 1.80 1.58 0.43 0.18 0.56 0.08 0.35 5.30 2.10 10.50 2.00 1.50 2.80 3.73 6.33 2.16
qq → WW 0.68 0.74 0.00 0.00 0.02 0.01 0.21 0.19 0.03 0.04 0.11 0.02 0.06 0.22 0.41 0.03 0.03 0.06 0.02 0.01 0.08 0.10 0.03 0.02 0.24 0.28 0.50 0.46 0.10 0.03 0.03 1.63 0.01 0.11 0.04 0.03 4.51 0.00 3.08 1.64 0.71 0.34 0.13 0.12 2.55 0.12 1.37 3.27 1.57 0.33 0.72 0.42 1.80 1.27 0.03 0.59 0.09 1.80 1.58 0.43 0.20 0.54 0.08 0.35 5.30 1.50 7.40 14.20 1.71 1.19

ggF 0.73 0.18 0.01 0.01 0.02 0.17 0.22 0.06 0.02 0.11 0.04 0.06 0.23 0.42 0.00 0.04 0.08 0.02 0.00 0.09 0.10 0.01 0.00 0.24 0.28 0.52 0.02 0.00 0.00 0.06 0.01 0.00 0.00 1.69 0.07 0.12 0.04 0.03 4.66 0.00 3.03 0.57 0.06 0.08 0.00 0.00 0.82 0.07 0.48 3.91 0.34 0.11 0.55 0.09 0.61 1.44 2.00 1.37 0.12 0.26 0.53 3.45 0.69 0.18 0.55 0.08 0.35 1.24 48.93 31.64 10.38 0.81 0.87 3.20 3.90 0.53 3.77
VBF 0.33 0.71 0.27 0.02 0.02 0.18 0.23 0.03 0.04 0.11 0.03 0.06 0.23 0.41 0.04 0.02 0.06 0.02 0.00 0.10 0.10 0.03 0.01 0.23 0.29 0.49 0.55 0.11 0.01 0.00 1.26 0.02 0.06 0.01 0.02 2.24 7.41 0.42 1.11 0.85 0.11 0.00 6.33 1.20 3.14 7.52 4.67 0.66 0.16 1.65 2.16 0.00 0.74 2.00 0.61 2.44 0.16 1.82 0.44 0.42 0.18 0.54 0.08 0.35 4.11 2.10 0.40
top 0.18 0.16 0.10 0.01 0.02 0.23 0.19 0.03 0.05 0.10 0.02 0.05 0.20 0.37 0.01 0.01 0.06 0.03 0.03 0.08 0.11 0.03 0.03 0.25 0.30 0.49 0.06 9.83 1.03 1.02 0.24 1.03 0.00 0.01 1.22 0.03 0.09 0.03 0.02 0.04 4.06 1.10 8.60 3.46 0.68 0.15 0.35 0.32 6.07 0.93 3.48 4.77 4.54 1.29 0.39 0.90 5.16 1.34 0.16 0.27 0.08 2.38 4.76 1.50 0.19 0.54 0.08 0.35 0.98 0.00 12.89 6.44 9.79
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Wγ 0.76 0.34 0.02 0.26 0.03 0.01 0.23 0.34 0.43 0.24 0.16 0.16 0.07 0.03 0.13 0.19 0.06 0.21 0.50 0.16 0.02 0.04 0.10 0.00 0.02 0.16 0.09 0.05 0.05 0.01 0.00 0.33 1.06 0.09 0.02 0.16 0.02 0.08 0.39 0.05 0.10 0.06 0.57 0.07 0.03 0.02 0.01 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.35 0.65 0.53 0.56 0.22 0.70 0.14 0.09 0.29 0.55 0.15 0.03 0.15 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.21 26.12 0.00 0.00 0.02 1.91 1.89 0.04 0.58 0.58 0.65 12.11 21.86 0.09 0.00 0.02 0.42 0.05 0.24 0.62

Zγ 0.76 0.34 0.02 0.26 0.00 0.02 0.56 0.30 0.43 0.24 0.16 0.18 0.12 0.07 0.19 0.08 0.24 0.36 0.19 0.16 0.13 0.07 0.15 0.02 0.02 0.16 0.22 0.15 0.01 0.01 0.01 0.35 1.00 0.11 0.02 0.16 0.02 0.08 0.67 0.09 0.20 0.24 1.49 0.06 0.07 0.01 0.04 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.19 0.65 0.53 0.56 0.22 0.70 0.14 0.12 0.12 0.52 0.20 0.02 0.14 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.76 0.34 0.02 0.26 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 0.65 0.53 0.56 0.22 0.70 0.14 1.03 10.00

gg → V V 0.45 1.31 1.19 0.04 0.00 0.26 0.13 0.01 0.09 0.09 0.07 0.05 0.68 0.36 0.22 0.11 0.04 0.02 0.17 0.26 0.06 0.35 0.61 0.11 0.43 0.10 0.04 0.00 2.08 0.05 0.17 0.04 0.04 0.30 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.00 2.00 0.13 0.09 0.09 0.42 1.14 0.07 0.11 0.28 0.50 0.22 0.03 0.21 1.31 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
gg → WW 0.45 1.31 1.19 0.02 0.00 0.45 0.18 0.02 0.06 0.10 0.07 0.09 0.67 0.15 0.01 0.09 0.05 0.03 0.00 0.22 0.14 0.07 0.00 0.32 0.52 0.08 0.08 0.01 0.00 0.23 0.03 0.01 0.01 1.73 0.07 0.14 0.05 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.43 0.13 0.09 0.09 0.42 1.14 0.07 0.11 0.29 0.34 0.21 0.03 0.21 1.31 2.80 39.00
qq → V V 0.76 0.34 0.02 0.26 0.00 0.00 0.35 0.09 0.04 0.00 0.14 0.02 0.08 0.93 0.08 0.21 0.24 0.08 0.03 0.00 0.19 0.06 0.06 0.00 0.33 0.56 0.08 0.52 0.11 0.03 0.05 1.89 0.08 0.13 0.05 0.03 0.03 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.38 2.00 0.65 0.53 0.56 0.22 0.70 0.14 0.24 0.34 0.54 0.26 0.03 0.21 1.03 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
qq → WW 0.76 0.34 0.02 0.26 0.02 0.01 0.49 0.20 0.01 0.06 0.12 0.05 0.08 0.74 0.12 0.10 0.10 0.06 0.05 0.00 0.00 0.24 0.10 0.07 0.00 0.00 0.33 0.54 0.09 0.00 0.03 0.00 0.00 0.29 0.03 0.01 0.00 1.58 0.02 0.09 0.02 0.03 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.24 0.65 0.53 0.56 0.22 0.70 0.14 0.11 0.29 0.38 0.23 0.03 0.21 1.03 2.80 6.46 7.08 0.73 1.32

ggF 1.15 0.25 0.38 0.02 0.01 0.47 0.20 0.02 0.06 0.10 0.07 0.09 0.70 0.17 0.09 0.08 0.07 0.03 0.00 0.00 0.24 0.13 0.06 0.00 0.00 0.33 0.53 0.10 0.05 0.00 0.00 0.20 0.04 0.01 0.01 1.68 0.05 0.09 0.03 0.03 1.26 0.01 1.41 0.64 0.64 0.39 0.25 0.11 2.01 0.24 0.92 2.39 1.75 0.65 1.04 0.28 1.05 1.11 2.00 1.05 0.11 0.34 0.55 0.69 0.59 0.11 0.30 0.36 0.23 0.03 0.21 1.89 48.93 31.64 9.32 7.34 0.83 3.20 3.90 0.54 2.12
VBF 0.68 0.29 0.00 0.16 0.01 0.01 0.36 0.19 0.03 0.04 0.11 0.05 0.01 0.68 0.18 0.05 0.10 0.03 0.05 0.00 0.00 0.18 0.12 0.07 0.00 0.00 0.32 0.47 0.10 0.00 0.57 0.13 0.01 0.02 1.22 0.05 0.04 0.03 0.02 0.77 0.00 5.13 0.40 0.04 0.19 0.12 0.05 3.10 0.15 1.27 5.10 2.25 0.09 0.36 0.42 2.00 0.66 2.00 1.01 2.28 0.71 0.49 0.06 0.03 0.12 0.28 0.27 0.19 0.03 0.21 3.15 2.10 0.40
top 0.28 0.63 0.15 0.01 0.02 0.44 0.19 0.02 0.07 0.10 0.08 0.07 0.65 0.19 0.10 0.08 0.06 0.05 0.00 0.20 0.12 0.06 0.00 0.32 0.49 0.10 0.01 10.43 1.77 1.88 0.19 1.77 0.02 0.01 1.05 0.03 0.09 0.03 0.02 1.15 0.68 8.28 1.04 0.29 0.26 0.25 0.26 3.20 0.10 1.06 7.82 1.98 0.72 1.03 0.35 2.23 0.00 1.02 0.10 0.50 0.11 0.27 0.26 0.07 0.10 0.28 0.34 0.21 0.03 0.21 1.44 0.00 12.89 6.44 9.79
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Wγ 0.18 0.09 0.00 0.09 0.01 0.04 0.17 0.28 0.43 0.24 0.16 0.20 0.01 0.04 0.14 0.33 0.59 0.09 0.42 0.16 0.23 0.07 0.07 0.09 0.01 0.16 0.22 0.01 0.03 0.00 0.01 0.36 1.25 0.08 0.02 0.16 0.02 0.08 0.71 0.19 0.03 0.03 0.97 0.10 0.01 0.05 0.04 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 0.35 0.03 0.38 0.09 0.62 1.20 0.38 0.05 0.19 0.93 0.36 0.02 0.14 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 10.70 33.98 0.01 0.00 0.07 0.04 0.34 0.27 0.94 0.70 0.88 1.14 0.39 9.70 0.01 0.03 0.17 0.28 0.57 0.39 0.21

Zγ 0.18 0.09 0.00 0.09 0.01 0.01 0.59 0.37 0.43 0.24 0.16 0.25 0.02 0.06 0.15 0.36 0.58 0.06 0.16 0.16 0.23 0.03 0.02 0.00 0.07 0.16 0.22 0.05 0.05 0.01 0.04 0.23 1.21 0.36 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.09 0.04 0.02 0.08 0.04 0.28 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.25 0.03 0.38 0.09 0.62 1.20 0.38 0.03 0.02 0.95 0.38 0.01 0.13 1.03 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.18 0.09 0.00 0.09 0.19 0.21 1.19 0.25 0.41 0.36 0.39 0.42 0.05 0.44 5.18 0.82 0.55 0.41 2.02 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 0.03 0.38 0.09 0.62 1.20 0.38 0.23 0.47 0.06 0.23 1.03 10.00

gg → V V 1.37 0.09 0.00 0.03 0.02 0.19 0.11 0.03 0.04 0.06 0.02 0.02 0.14 0.25 0.02 0.00 0.08 0.01 0.04 0.01 0.08 0.01 0.09 0.27 0.28 0.11 0.53 0.06 0.00 0.01 1.21 0.04 0.04 0.01 0.03 0.42 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.05 2.00 0.00 0.67 0.02 0.16 1.35 0.84 0.15 0.42 0.04 0.02 0.04 0.22 1.31 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
gg → WW 1.37 0.09 0.00 0.00 0.01 0.17 0.20 0.02 0.06 0.10 0.00 0.05 0.19 0.27 0.01 0.02 0.05 0.01 0.01 0.03 0.12 0.04 0.02 0.21 0.23 0.18 0.01 0.00 0.00 0.12 0.04 0.01 0.01 1.97 0.09 0.17 0.07 0.03 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.38 0.00 0.67 0.02 0.16 1.35 0.84 0.14 0.39 0.07 0.04 0.04 0.22 1.31 2.80 39.00
qq → V V 0.18 0.09 0.00 0.09 0.00 0.01 0.19 0.23 0.04 0.04 0.10 0.03 0.06 0.22 0.51 0.02 0.03 0.06 0.01 0.00 0.11 0.09 0.00 0.02 0.23 0.25 0.25 0.73 0.07 0.06 0.06 1.33 0.04 0.10 0.03 0.02 0.19 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.19 2.00 0.03 0.38 0.09 0.62 1.20 0.38 0.16 0.45 0.06 0.04 0.05 0.22 1.03 2.10 10.50 2.00 2.80 2.80 3.73 6.33 2.16
qq → WW 0.18 0.09 0.00 0.09 0.01 0.01 0.22 0.18 0.03 0.04 0.10 0.01 0.06 0.22 0.31 0.11 0.03 0.08 0.05 0.01 0.04 0.10 0.02 0.02 0.24 0.27 0.20 0.00 0.02 0.01 0.00 0.27 0.04 0.03 0.01 1.65 0.01 0.09 0.02 0.03 2.92 0.00 2.55 0.18 0.02 0.10 0.01 0.05 0.84 0.13 0.22 2.41 0.27 0.40 0.22 0.07 0.12 0.00 1.26 0.03 0.38 0.09 0.62 1.20 0.38 0.14 0.38 0.06 0.04 0.04 0.22 1.03 2.80 6.46 7.08 0.86 1.20

ggF 0.49 0.32 0.04 0.08 0.01 0.02 0.17 0.21 0.03 0.04 0.10 0.01 0.05 0.20 0.32 0.01 0.02 0.05 0.01 0.01 0.05 0.13 0.03 0.02 0.23 0.25 0.20 0.10 0.01 0.01 0.16 0.03 0.00 0.00 1.58 0.03 0.09 0.02 0.03 1.26 0.01 1.41 0.64 0.64 0.39 0.25 0.11 2.01 0.24 0.92 2.39 1.75 0.65 1.04 0.28 1.05 1.20 2.00 0.71 0.29 0.07 1.12 1.42 0.02 0.14 0.38 0.06 0.04 0.04 0.22 1.89 48.93 31.64 10.63 7.66 0.83 3.20 3.90 0.77 2.04
VBF 0.82 0.09 0.02 0.09 0.02 0.01 0.18 0.19 0.02 0.05 0.09 0.00 0.04 0.18 0.28 0.01 0.01 0.06 0.02 0.01 0.03 0.10 0.03 0.06 0.23 0.27 0.18 0.28 0.04 0.02 0.54 0.07 0.02 0.03 1.08 0.04 0.03 0.02 0.02 0.77 0.00 5.13 0.40 0.04 0.19 0.12 0.05 3.10 0.15 1.27 5.10 2.25 0.09 0.36 0.42 2.00 0.31 2.00 0.23 0.75 0.26 1.10 0.34 0.03 0.14 0.36 0.06 0.03 0.04 0.22 3.15 2.10 0.40
top 0.57 0.31 0.10 0.01 0.02 0.20 0.18 0.02 0.05 0.11 0.01 0.05 0.21 0.24 0.04 0.01 0.08 0.03 0.00 0.03 0.10 0.04 0.02 0.22 0.24 0.17 0.02 11.23 1.61 1.42 0.17 1.61 0.01 0.00 1.11 0.04 0.09 0.04 0.02 1.15 0.68 8.28 1.04 0.29 0.26 0.25 0.26 3.20 0.10 1.06 7.82 1.98 0.72 1.03 0.35 2.23 0.00 1.07 0.39 0.28 0.51 0.63 0.33 0.32 0.14 0.37 0.06 0.03 0.04 0.22 1.44 0.00 12.89 6.44 9.79
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Wγ 0.99 0.43 0.12 0.52 0.02 0.07 0.35 0.14 0.60 0.43 0.16 2.05 0.66 0.52 0.07 0.17 0.67 0.12 1.20 0.88 0.23 0.07 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.45 1.15 0.19 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 2.30 0.02 0.13 0.04 0.04 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.67 0.02 0.62 0.03 0.61 0.23 0.56 0.07 0.24 0.39 0.04 0.03 0.15 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 0.37 36.12 2.05 1.29 2.53 6.11 0.01 0.01 0.01 0.07 0.10

Zγ 0.99 0.43 0.12 0.52 0.18 0.08 0.33 0.22 0.68 2.31 1.03 1.51 0.56 0.46 0.15 0.28 0.83 0.02 1.30 0.67 0.23 0.07 0.16 0.02 0.02 0.21 0.22 0.05 0.05 0.01 0.01 0.06 0.75 0.19 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 1.12 0.06 0.08 0.02 0.02 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 0.97 0.02 0.62 0.03 0.61 0.23 0.56 0.07 0.26 0.39 0.18 0.03 0.14 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.99 0.43 0.12 0.52 0.49 0.07 0.31 0.85 1.36 0.15 0.15 0.13 0.27 0.06 0.54 1.06 0.55 0.50 1.78 0.20 0.73 0.76 3.17 0.17 0.02 0.01 0.00 0.00 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 0.00 0.02 0.62 0.03 0.61 0.23 0.56 0.08 0.29 0.59 0.46 0.03 0.21 2.01 10.00

gg → V V 3.28 2.75 0.35 0.68 0.07 0.17 1.15 1.50 0.16 0.43 0.06 0.42 0.09 0.52 1.03 0.33 0.57 2.07 0.35 0.75 0.83 2.91 0.38 0.04 0.01 0.02 1.57 0.05 0.09 0.03 0.03 0.34 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 0.90 2.00 2.19 0.39 0.22 0.35 0.13 0.13 0.09 0.28 1.00 0.53 0.03 0.21 1.31 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
gg → WW 3.28 2.75 0.35 0.04 0.01 0.25 1.00 1.44 0.45 1.27 0.16 0.32 0.06 0.55 1.07 0.49 0.55 1.93 0.22 0.86 0.68 2.51 0.24 0.11 0.06 0.01 1.82 0.08 0.15 0.06 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.41 2.19 0.39 0.22 0.35 0.13 0.13 0.10 0.29 0.95 0.61 0.03 0.21 1.31 1.60 39.00
qq → V V 0.99 0.43 0.12 0.52 0.02 0.02 0.25 0.95 1.40 0.39 1.17 0.06 0.35 0.09 0.51 1.02 0.43 0.50 1.87 0.27 0.73 0.61 2.17 1.20 0.06 0.20 0.03 1.50 0.08 0.10 0.04 0.03 0.14 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.04 2.00 0.02 0.62 0.03 0.61 0.23 0.56 0.11 0.31 0.99 0.50 0.03 0.21 2.01 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
qq → WW 0.99 0.43 0.12 0.52 0.02 0.01 0.25 0.99 1.43 0.36 0.95 0.06 0.34 0.07 0.53 1.05 0.45 0.54 1.92 0.27 0.79 0.66 2.36 0.01 0.00 0.00 0.27 0.05 0.02 0.01 1.64 0.04 0.11 0.04 0.03 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.42 0.02 0.62 0.03 0.61 0.23 0.56 0.11 0.30 0.92 0.52 0.03 0.21 2.01 1.60 7.40 10.34 1.13 1.18

ggF 1.99 0.67 0.09 0.66 0.08 0.00 0.24 1.01 1.44 0.36 0.93 0.08 0.34 0.07 0.54 1.06 0.46 0.55 1.94 0.28 0.76 0.66 2.45 0.35 0.04 0.00 0.20 0.06 0.01 0.01 1.58 0.05 0.11 0.03 0.03 1.93 0.36 3.50 0.51 0.43 0.13 0.08 0.08 1.51 0.09 1.11 3.39 1.17 0.24 0.35 0.22 2.03 1.33 2.00 1.19 0.77 0.00 0.57 0.91 0.10 0.11 0.28 0.88 0.54 0.03 0.21 2.54 48.93 31.64 8.57 0.89 0.93 3.20 3.90 0.33 3.38
VBF 2.08 2.91 0.00 1.39 0.05 0.00 0.24 1.02 1.45 0.29 1.00 0.18 0.32 0.06 0.55 1.07 0.49 0.56 1.95 0.23 0.83 0.68 2.49 0.38 0.03 0.06 0.01 1.08 0.06 0.07 0.04 0.01 1.48 2.74 0.87 0.60 0.32 0.20 0.32 3.07 0.43 0.65 3.98 0.88 0.16 0.53 0.15 0.81 0.00 0.71 2.00 0.86 0.85 0.53 1.14 1.68 1.72 0.10 0.29 1.09 0.59 0.03 0.21 3.25 2.10 0.40
top 0.64 2.69 0.18 0.12 0.01 0.23 1.02 1.44 0.36 1.08 0.07 0.34 0.07 0.54 1.05 0.45 0.55 1.95 0.28 0.75 0.67 2.47 0.03 12.73 1.54 1.84 0.14 1.54 0.00 0.00 1.08 0.04 0.10 0.05 0.01 0.08 0.10 0.77 5.67 1.16 0.03 0.05 0.30 0.05 2.74 0.11 1.41 6.30 1.64 0.32 0.19 0.46 2.08 1.24 0.28 0.20 0.22 0.65 0.64 0.10 0.12 0.31 0.94 0.54 0.03 0.21 1.10 0.00 12.89 6.44 9.79
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Wγ 0.40 0.27 0.00 0.00 0.15 0.13 0.40 0.05 0.43 0.24 0.16 0.09 0.03 0.03 0.11 0.39 0.85 0.10 0.11 0.16 0.23 0.07 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.53 0.41 1.08 0.22 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 0.53 0.26 0.15 0.25 0.08 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 2.02 0.00 0.38 0.35 0.14 0.74 0.40 0.05 0.01 0.97 0.40 0.02 0.00 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08 3.00 4.00 6.10 53.00
W+jets 2.23 8.10 0.03 0.00 0.03 0.01 0.08 0.32 50.24 0.88 0.63

Zγ 0.40 0.27 0.00 0.00 0.01 0.11 1.15 0.14 0.43 0.24 0.16 0.57 0.28 0.17 0.11 0.41 0.41 0.89 0.00 0.16 0.23 0.67 0.16 0.02 0.02 0.16 0.22 0.05 0.05 0.01 0.01 0.23 0.96 0.98 0.02 0.16 0.02 0.08 0.86 0.18 0.01 0.01 0.42 0.13 0.12 0.04 0.04 0.28 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 0.74 0.00 0.38 0.35 0.14 0.74 0.40 0.05 0.02 0.97 0.40 0.02 0.00 2.01 0.79 20.58 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.69 0.58 0.31 0.24 0.22 0.07 0.15 0.44 8.07 2.19 20.78 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.17 0.14 0.14 0.07 0.01 0.06 0.24 4.24 30.08
Z+jets 0.40 0.27 0.00 0.00 0.01 0.00 0.05 0.32 0.01 0.04 0.08 0.01 0.05 0.14 0.30 0.06 0.06 0.17 0.20 0.21 0.37 1.28 0.09 0.06 0.05 0.04 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.82 0.00 0.38 0.35 0.14 0.74 0.40 0.18 0.54 0.08 0.35 2.01 10.00

gg → V V 0.32 0.20 0.00 0.00 0.00 0.26 0.40 0.01 0.08 0.09 0.01 0.04 0.19 0.30 0.04 0.02 0.07 0.00 0.02 0.09 0.07 0.00 0.21 0.24 0.43 1.10 0.25 0.10 0.01 1.90 0.05 0.14 0.05 0.03 0.80 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.02 2.00 1.19 0.00 0.92 0.95 1.30 1.16 0.20 0.53 0.08 0.35 1.31 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
gg → WW 0.32 0.20 0.00 0.01 0.01 0.15 0.20 0.02 0.05 0.08 0.00 0.04 0.16 0.31 0.04 0.00 0.02 0.03 0.02 0.04 0.09 0.05 0.05 0.21 0.26 0.39 0.04 0.00 0.00 0.09 0.04 0.02 0.00 2.09 0.10 0.19 0.07 0.03 0.55 0.00 3.47 0.39 0.13 0.04 0.08 0.08 2.03 0.28 0.34 3.34 0.89 0.42 0.77 0.11 1.12 0.00 1.60 1.19 0.00 0.92 0.95 1.30 1.16 0.17 0.55 0.08 0.35 1.31 1.60 39.00
qq → V V 0.40 0.27 0.00 0.00 0.01 0.03 0.32 0.17 0.05 0.02 0.15 0.05 0.07 0.30 0.45 0.01 0.10 0.11 0.01 0.03 0.07 0.03 0.01 0.24 0.29 0.64 1.45 0.29 0.07 0.01 1.13 0.04 0.09 0.03 0.02 1.02 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.27 2.00 0.00 0.38 0.35 0.14 0.74 0.40 0.17 0.52 0.08 0.35 2.01 2.10 10.50 2.00 1.60 2.80 3.73 6.33 2.16
qq → WW 0.40 0.27 0.00 0.00 0.02 0.01 0.17 0.18 0.03 0.05 0.09 0.01 0.05 0.20 0.38 0.01 0.02 0.06 0.03 0.03 0.06 0.09 0.03 0.05 0.24 0.29 0.46 0.04 0.01 0.00 0.26 0.04 0.02 0.01 1.73 0.02 0.11 0.03 0.03 0.58 0.01 1.89 0.63 0.14 0.07 0.01 0.03 0.35 0.11 1.00 2.38 0.04 0.33 0.53 0.24 0.52 0.00 1.38 0.00 0.38 0.35 0.14 0.74 0.40 0.19 0.56 0.08 0.35 2.01 1.60 7.40 10.34 1.37 1.70

ggF 0.82 0.40 0.16 0.01 0.01 0.17 0.21 0.02 0.05 0.10 0.01 0.05 0.19 0.27 0.01 0.01 0.06 0.02 0.00 0.04 0.11 0.04 0.02 0.21 0.24 0.44 0.03 0.00 0.00 0.25 0.08 0.02 0.00 1.66 0.05 0.12 0.03 0.03 1.93 0.36 3.50 0.51 0.43 0.13 0.08 0.08 1.51 0.09 1.11 3.39 1.17 0.24 0.35 0.22 2.03 1.46 2.00 1.60 1.12 1.80 1.68 1.74 0.67 0.19 0.56 0.08 0.35 2.54 48.93 31.64 8.60 0.07 0.93 3.20 3.90 0.50 3.41
VBF 0.40 0.92 0.00 0.01 0.01 0.14 0.22 0.03 0.05 0.08 0.01 0.04 0.18 0.32 0.02 0.03 0.05 0.01 0.00 0.03 0.10 0.05 0.02 0.20 0.24 0.41 0.66 0.13 0.05 0.04 1.21 0.09 0.05 0.03 0.02 1.48 2.74 0.87 0.60 0.32 0.20 0.32 3.07 0.43 0.65 3.98 0.88 0.16 0.53 0.15 0.81 0.00 0.75 2.00 0.52 1.57 0.20 0.35 1.48 0.40 0.17 0.56 0.08 0.35 3.25 2.10 0.40
top 1.59 0.09 0.09 0.02 0.01 0.19 0.19 0.02 0.06 0.09 0.00 0.05 0.18 0.32 0.00 0.01 0.05 0.03 0.04 0.04 0.08 0.05 0.06 0.24 0.30 0.46 12.34 1.97 2.12 0.09 1.97 0.01 0.00 0.99 0.04 0.09 0.04 0.01 0.00 0.10 0.77 5.67 1.16 0.03 0.05 0.30 0.05 2.74 0.11 1.41 6.30 1.64 0.32 0.19 0.46 2.08 1.13 0.86 0.62 0.89 1.79 1.71 0.55 0.19 0.55 0.08 0.35 1.10 0.00 12.89 6.44 9.79
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Figure A.2.: (cont.) Light (dark) gray indicates uncertainties neglected because they have
little (no) effect on the yield. Blue indicates uncertainties dropped because
the statistical power of the variational template is too low to conclusively
determine the effect. Pink indicates cases where the templates have been
symmetrized. Green finally indicates that the systematic is used as-is.
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This appendix contains some additional material for Chapter 5 that is provided
for the sake of completeness.

B.1 The Gershgorin Circle Theorem
Considering a square matrix A of size N ×N , choose one of its eigenvalues λ and
consider the corresonding eigenvector ~x, i. e.,∑

j

Aijxj = λxi ∀i ∈ {1, . . . , N} (B.1.1)∑
j 6=i

Aijxj = λxi − Aiixi ∀i ∈ {1, . . . , N} (B.1.2)

Picking i such that xi is the largest value in ~x, and recognizing that since ~x is an
eigenvector of A, |xi| 6= 0, one can divide by xi and take the absolute value to find

|λ− Aii| =
∣∣∣∣
∑

j 6=iAijxj

xi

∣∣∣∣ ≤∑
j 6=i

∣∣∣∣Aijxjxi

∣∣∣∣ ≤∑
j 6=i

|Aij| def= Ri, (B.1.3)

where the last inequality is valid because xi is explicitly the largest value of
~x, and thus

|xj|
|xi|
≤ 1. (B.1.4)

Here, Ri is the sum over all entries in row i, excluding the diagonal entry Aii.
Equation B.1.3 implies that every eigenvalue lies within an interval

λ ∈ [Aii −Ri, Aii +Ri] (B.1.5)

for some row i. This is also true for matrices with complex entries, where the interval
takes the form of a circle with radius Ri around Aii, called a Gershgorin disc [185].
The theorem also applies to the columns instead of rows, which can be easily

seen by replacing the matrix A with its transpose.
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B.2 Condition Numbers and Uncertainties
For an invertible system of linear equations

Ax = b, (B.2.1)

assume that the values x carry an uncertainty ∆x. Then,

A (x+ ∆x) = Ax+ A∆x = b+ ∆b, (B.2.2)

where

∆b = A∆x (B.2.3)

is the uncertainty on the outcome b.
Taking the norm of Eq.B.2.1, one obtains

‖b‖ = ‖Ax‖ ≤ ‖A‖ ‖x‖ , (B.2.4)

which results in

1

‖x‖ ≤
‖A‖
‖b‖ (B.2.5)

Empoying Eq.B.2.3, one finds

δx = A−1∆b.. (B.2.6)

By multiplying Eq.B.2.5 and Eq.B.2.6, one obtains

‖∆x‖
‖x‖ ≤ C(A) · ‖∆b‖‖b‖ , (B.2.7)

where

C(A) =
∥∥A−1

∥∥ · ‖A‖ (B.2.8)

is the condition number of the matrix A [186].

B.3 Intuitive Misapprehensions
Intuitive appraoches to the problem of finding a good set of base samples for any
concrete application of Effective Lagrangian Morphing often lead to wrong results.
This section contains a set of “blind alleys” of argumentation to justify this claim,
and to help develop the problem more clearly.
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Proximity to base samples
Effective Lagrangian Morphing is an interpolation method, and as

such, is most realiable directly at the base samples. It is thus reason-
able to distribute the base samples evenly across the parameter space
of interest.

Effective Lagrangian Morphing is no classical interpolation method like the
vertical morphing presented in Section 5.2.3 or the moment morphing presented
in Section 5.2.3. Instead, as demonstrated in Section 5.3.6, the result can even
improve when the base samples are chosen such that they do not coincide with the
region of interest. This can also be seen in Fig. 5.24 in Section 5.3.4.

Randomness and invertibility
Effective Lagrangian Morphing is a technique relying on a linear

system of equations. Thus, the error propagation is primarily deter-
mined by the stability of the system, and thus by the determinant of
the matrix encoding the system. As randomly generated matrices are
virtually always invertible, randomly choosing a basis is a promising
approach.

While it is true that randomly generated matrices are almost always invertible,
the morphing matrices are not truly random:. The number of free parameters
is n × N , with n denoting the number of coupling parameters and N denoting
the number of base samples. The number of entries in the morphing matrix are
N ×N . Here, n is always smaller (and usually much smaller) than N , as argued in
Section 5.3.3 and shown in Fig. 5.19. Additionally, the deteriminant (or invertibility)
of the matrix is only related to the numeric stability of the matrix, which needs not
coincide with how uncertainties on the base samples propagate through the method.

Base condition
The accurate measure for the quality of a basis is the condition

number of the associate matrix, as this governs the uncertainty propa-
gation.

If the base samples are all of equal size, their relative uncertainties are the same.
Under these circumstances, it is actually the value of the physical observable ξi,
usually a cross section, that determines the absolute value of the uncertainty. In
a sense, the “weight” with which the relative uncertainty on ξi propagates to the
final prediction is the product of wiξi, as argued in Section 5.3.6. The condition
number of the matrix, however, is agnostic of the ξi and only takes into account
the wi. Hence, the optimal basis needs to be determined by taking into account
both, the values of the physical observables ξi and the entries of the morphing
matrix, wheras the condition number only takes into account the former. Putting
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it differently, the condition of the matrix does govern the propagation of the total
uncertainties of the ξi – but these uncertainties and the matrix itself both ultimately
result from choice of the same parameters. Thus, only choosing a matrix with a
small condition number may not result in a good basis set, as the careful blance
established for the wi might be easily spoiled by an imbalance in the ξi, which
result from the same choice of parameters.

B.4 Hypergeometry
Let S be an n-dimensional sphere of radius R centered around the origin. Let H
be an n-dimensional hypercube with edges of length 2A be centered around the
origin. What is the volume H ∩ S shared between the two?
Consider the following three cases:
1. If R < A, the sphere is fully contained in the hypercube. The volume of the

intersection is then simply the volume of the sphere itself, which is

Vn (R) =
π
n
2

Γ
(
n
2

+ 1
)Rn.

2. If R >
√
nA, the diameter of the sphere is larger than the diagonal of the

cube. Thus, the hypercube is fully contained in the sphere. The volume is
simply the Volume of the cube, which is

Vn (A) = (2A)n

3. If R > A, but R <
√
nA, caps of the sphere start to punsh through the

surfaces of the cube. Each cap will be centered in such a surface. These caps
are non-overlapping exactly if their opening angle φ is smaller than π/4, or
sin2 φ < 1/2. If the base of the cap has radius x, it follows that

sin2 φ =
x2

R2
=
R2 − A2

R2
.

Figure B.1.: Spiked star representation of the inscription of an n-dimensional hypersphere
in an n-dimensional hypercube for n = 2, 3, 4, 5. Clearly, the fraction of
volume in the sphere (gray) becomes smaller for increasing dimensionality.
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Thus, the caps are overlapping exactly if R <
√

2A. However, if the caps are
overlapping, then the corners of the cube will be completely disjoint. Thus,
one can distinguish the following cases.
a) If R > A, but R <

√
2A, the caps are disjoint. The volume of the

intersection is then the volume of the sphere minus the volume of the
n · 2n−1 caps [190], that is,

Vn (R,A) =
π
n
2

Γ
(
n
2

+ 1
)Rn

(
1− n · 2n−1 · 1

2
IR2−A2

R2

(
n+ 1

2
,
1

2

))
where Isin2 φ (a, b) is the incomplete beta function.

b) If R >
√

2A, but R <
√
nA, then the caps are overlapping. While

for n = 3 this implies that the corners of the cube would be disjoint
and could be computed separately, this is no longer true for higher
dimensions.

In the general case of n dimensions, there are n− 1 types of extended boundaries
of the hypercube, in which 1, 2, . . . , n− 1 coordinates are maxed-out at ±A. While
there are only edges and faces in 3 dimensions, the hypersphere starts intersecting
the boundaries of type j when its radius reaches A

√
j, and only fully contains

them when its radius exceeds A
√
n, leading to a new piecewise defined section

of the function in any new dimension.
It is, however, possible to derive a recursive integral formula. Let Vn(R,A) be

the volume of the intersection in n dimensions. Then

Vn(R,A) =

∫ +A

x1=−A

∫ +A

x2=−A
· · ·
∫ +A

xn=−A
I
(

n∑
i=1

x2
i < R2

)
dx1dx2 · · · dxn, (B.4.1)

where

I(Φ) =

{
1 if Φ

0 otherwise
(B.4.2)

The integrand is non-zero only when |x1| < R, in which case

I
(

n∑
i=1

x2
i < R2

)
= I

(
n∑
i=2

x2
i < R2 − x2

1

)
, (B.4.3)

such that

Vn(R,A) =

∫ + min(A,R)

−min(A,R)

Vn−1

(√
R2 − x2

)
dx. (B.4.4)
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The base of the recursion is

V0(R,A) = 1 (B.4.5)

or, if the 0-dimensional volume seems too contrived,

V1(R,A) = 2 min(A,R) . (B.4.6)

As a closed form solution of this recursive integral formula is not feasible at this
point, a mere numeric estimation using Monte Carlo integration methods will suffice.
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