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Abstract

The sensitivity of weak boson fusion and the associated ZH production

in the search for invisible decays of a Higgs boson is compared at a total

collider energy of 13 TeV. The signal and background events are produced

with Sherpa and get passed through Delphes. The signal and background

are separated with a cut-and-count approach and with boosted decision trees.

The boosted decision tree is found to improve the signal-to-background ratio in

weak boson fusion by a factor of 3.1 and in associated ZH production by 37% in

comparison to the cut-and-count approach. With a boosted decision tree, the

signal-to-background ratii of the two channels agree within their uncertaintes.

However, the weak boson fusion is favoured as it is more sensitive to the

available amount of data.

Zusammenfassung

Die Eignung der schwachen Boson-Fusion und der assoziierten

ZH-Produktion auf der Suche nach unsichtbaren Zerfällen eines Higgs-Bosons

wird bei einer Kollisionsenergie von 13 TeV untersucht. Die Signal-

und Hintergrund-Ereignisse werden mit Sherpa produziert und durchlaufen

Delphes. Signal und Hintergründe werden mit einem Cut-and-Count-Ansatz

sowie mit Boosted Decision Trees getrennt. Der Boosted Decision Tree

verbessert das Verhältnis von Signal zu Hintergrund in der schwachen

Boson-Fusion um den Faktor 3,1 und in der assoziierten ZH-Produktion

um 37%, verglichen mit dem Cut-and-Count-Ansatz. Mit einem Boosted

Decision Tree stimmen die Signal-zu-Hintergrund-Verhältnisse innerhalb ihrer

Fehlergrenzen überein. Allerdings ist die schwache Boson-Fusion bevorzugt,

da sie stärker auf die vorhandene Datenmenge anspricht.
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1 Introduction

The Standard Model of particle physics (SM) describes all known

fundamental particles and their interactions and stands up to rigorous

testing [1]. However, the nature of dark matter (DM) [2] and the origin of

gravity [3], among other open questions, cannot be explained by the SM alone.

Some dark matter models predict that the coupling between SM and DM

particles runs via a Higgs portal. This means that the Higgs boson would

decay into weakly interacting particles [4]. These are not detectable and are

therefore referred to as invisible in this thesis.

There is one invisible decay of the Higgs boson in the SM, namely H →
ZZ → 4ν. As the branching fraction is only 0.1% of all decay channels,

its detection is beyond the sensitivity of the LHC detectors and is therefore

neglected in this thesis [5]. However, the branching fraction into invisible final

states can be increased if the Higgs is allowed to decay into a pair of particles

which are not included in the SM [6].

In this thesis, two different Higgs production channels, weak boson fusion

(WBF) and associated ZH production, are investigated and compared. An

overview of the work flow can be found in Figure 1.1. The signals and their

most important backgrounds are generated with Monte Carlo simulations. A

100% branching ratio into stable or long-lived particles is assumed, which is a

good approximation because it is in principle equivalent to invisible decays [7].

In the end, the result can easily get scaled down to the minimum branching

ratio that can be detected at the 13 TeV LHC.

After event generation, the simulated samples get passed through a

detector simulation. Its effects on the event samples are also investigated.

The efficiencies of both channels are evaluated with a cut-and-count approach.

In addition, the evaluation will also be performed with a boosted decision tree
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Figure 1.1: Work flow of this thesis. The boxes represent the software packages used, the
circles the data processing.

(BDT). The importance of BDTs and other machine-learning tools has greatly

increased in high energy physics during the last decade, both in theory and

experiment. The performance of cut-and-count approach and the BDT are

subsequently compared.

The goal of this work is to compare the WBF and the ZH production

channels regarding their sensitivity to searches for invisible Higgs decays.

Chapter 2 focusses on basic elements of collider physics and phenomenology,

which will be important in this thesis.

Chapter 3 deals with the signals and backgrounds of the two production

channels. It also describes how various software packages are used for the

implementation.

In Chapter 4, the results in the WBF production channel are evaluated

and in Chapter 5, the results of the associated ZH production are similarly

studied. In the last chapter the results are summarized and the sensitivity of

both channels to invisible Higgs decays are compared.
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2 Phenomenology

Roughly speaking, phenomenology in particle physics makes predictions

for experimental results or interprets experimental results in the framework of a

theory. Monte Carlo generators are the standard tools to make predictions for

SM or new physics processes which can be tested at colliders. This chapter will

first outline the Standard Model and its limitations. Then various observables

peculiar to high energy physics and some effects of detectors will be expounded.

2.1 Standard Model

Generations of matter (fermions) gauge
bosons

scalar
bosons

I II III

up u charm c top t gluon g

q
u
ar

k
s

down d strange s bottom b photon γ

electron e− muon µ− tau τ− Z boson

le
p
to

n
s

electron
neutrino νe

muon
neutrino νµ

tau
neutrino ντ

W± boson

Higgs H

Table 2.1: Particles of the SM. This table has been created based upon [8].

The Standard Model is a theory of quantum electrodynamics, the weak

theory and quantum chromodynamics and describes all known elementary

particles. Table 2.1 provides an overview over all particles in the SM. It

contains quarks, leptons, gauge bosons and the Higgs boson [8, 9]. Quarks

and leptons are divided into three generations. The higher the generation,
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the larger the mass and the shorter the lifetime is. The gauge bosons are the

force carriers. Specifically, the photon γ carries the electromagnetic force, the

W± and Z bosons the weak interaction, and eight gluons g carry the strong

interaction between colored particles [10, 11]. The Higgs field generates the

masses of the W and Z bosons and the fermions by spontaneous symmetry

breaking [12].

Even though many predictions of the SM have been measured with

astonishing accuracy, some observations are unexplained, for instance the

existence of dark matter [13] and the recently observed B meson anomalies [14].

These indicate that there must be new physics beyond the SM.

2.2 Collider Physics

In the following, commonly used observables in collider physics are

introduced. These can be found, for example, in [15, 16]. Figure 2.1 provides

an overview over the geometry inside a collider.

• Transverse Momentum, pT. Consider a particle emitted from a

collision. Then pT is the momentum perpendicular to the beam axis,

z. If the xy-plane is the plane that is orthogonal to the z-axis, the

transverse momentum is calculated by

pT =
√
p2x + p2y. (2.1)

• Pseudorapidity, η. The pseudorapidity is derived from the rapidity y,

defined as

y =
1

2
ln

(
E + pz
E − pz

)
. (2.2)
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Figure 2.1: Schematic overview of collider geometry. The depicted observables are pT, θ
and φ in a cartesian coordinate system. The particle with momentum ~p is produced at the
origin.

Here E is the total energy of the particle and pz is momentum in beam

direction. Then η is defined as y in the limit of massless particles,

η = lim
m→0

y = lim
m→0

1

2
ln

(
E + pz
E − pz

)
= artanh

pz
|~p|

= − ln tan
θ

2
. (2.3)

Here, θ is the angle between the momentum ~p and the positive beam

direction. So, η = 0 if θ = π/2 and η → ∞ if θ → 0. Even though

usually massive particles are described, the usage of η is justified as their

mass is small compared to the collider energy.

• Azimuthal Angle, φ. This is the angle in the plane perpendicular

to the beam direction. For symmetry reasons, the differential cross

section dσ/dφ is always expected to be evenly distributed from −π to

π. However, the difference ∆φ between two particles can be a more

interesting observable.
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• Distance, ∆R. The distance measure ∆R between two particles is,

amongst others, used in jet reconstruction. It is defined by the angular

coordinates η and φ as

∆R =
√

(∆η)2 + (∆φ)2. (2.4)

• Invariant Mass, mAB. The invariant mass of two particles A and B is

defined by their four-momenta PA and PB as

m2
AB = (PA + PB)2 = m2

A +m2
B + 2EAEB − 2 ~pA · ~pB. (2.5)

This is Lorentz-invariant by construction.

• Missing Energy Emiss. This observable should really be called

missing momentum, but is usually referred to as missing energy. It is

calculated by vectorially adding the three-momenta of all final particles.

Specifically, as there is zero energy perpendicular to the beam direction

before a collision, any net momentum afterwards indicates the existence

of missing transverse energy Emiss
T . In the SM, missing energy arises from

neutrinos but it can also come from detector effects. If an experiment

finds more missing energy than predicted by SM phenomenology, this is

an indication for unknown invisible particles.

A detector usually aims to measure all these properties in case of a

collision. From this data, jets and particles are reconstructed. A jet is

a localized peak of hadron energy interpreted as originating from a quark

or gluon with the corresponding energy and direction [15, 16]. However, a

perfect reconstruction of events is not possible as several sources of detector

effects need to be taken into account, including smearing and failed jet

reconstructions. Smearing arises because of the finite resolution of a detector.
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Figure 2.2: Distribtutions of the electroweak Z production, qq → qqZ, before and after
Delphes. 2.2a: failed jet reconstruction or misidentification, 2.2b: slightly increased missing
transverse energy, 2.2c: smearing in the distribution of the invariant mass of the two hardest
jets. Even though the effect in the missing energy distribution is not statistically significant,
it does show a tendency. All distributions include statistical errors. The events before
Delphes were processed with MadAnalysis5 [20].
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Figure 2.3: Distribtutions of the electroweak Z production, qq → qqZ, before and after
Delphes. 2.3a: Transverse momentum of the hardest jet. 2.3b: Difference of the transverse
momentum of the hardest jet. The distributions include statistical errors. The events before
Delphes were processed with MadAnalysis5 [20]. A line at pT = 0 is included to make
the shift to higher values more noticeable.

It is most prominently seen in momentum distributions, especially when

kinematic cuts are applied. Failed reconstructions can arise from the finite

resolution or from imperfect algorithms in the detector software. This can

lead to misinterpretation of results, for instance if a three-lepton event was

interpreted as a two-lepton event because one lepton got lost.

Detector effects need to be taken into account in phenomenology. To

mimic these, the detector simulation Delphes [17] is used, which includes a

track propagation system with a magnetic field, electromagnetic and hadron

calorimeters, and a muon identification system. Examples of detector effects

can be seen in Figure 2.2. It shows results for 10,000 events of the electroweak

background of the WBF channel with Z bosons. The process will be

explained in more detail in Chaper 4. The hard process was generated
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with MadGraph5 [18] and subsequently showered with Pythia6 [19]. All

histograms are normalized to one and the distributions before and after

Delphes are compared. From the top figure one can see that the number

of jets decreases after Delphes. One can also see that Emiss
T slightly increases,

which is expected as some particles will escape without being detected. In

the distribution of the invariant mass of the two hardest jets the smearing is

clearly visible.

In Figure 2.3 one can see that the transverse momentum of the hardest jet

increases after Delphes, which is rather counter-intuitive. The reason is that

Delphes takes into account that some jet energy gets lost in the detector. To

compensate for that, the measured momentum gets multiplied by a jet energy

scale, which is pT and η dependent. This scale is greater or equal to 1, causing

the distribution in Figure 2.3 to shift in the positive direction.

All these effects need to be kept in mind when analyzing the distributions

and data yields in the subsequent chapters.
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3 Production Channels

The most important production channels of the Higgs boson are gluon

fusion, weak boson fusion, associated production with vector bosons and

associated production with top quarks [6, 16]. Gluon fusion is not a suitable

channel for the search for invisible decays. The reason is that there are no

leptons, jets or other decay products at leading order, meaning that it cannot

be detected. The associated Higgs production with top quarks would be a

possible channel but has the disadvantage that it is harder to distinguish from

the background. That is why this thesis focusses only on weak boson fusion

and Higgs production in association with a Z boson.

3.1 Weak Boson Fusion

In weak boson fusion, a Higgs boson is created in the annihilation of

two W± or Z bosons. The signature of the signal is two jets with a large

separation in pseudorapidity and large missing transverse momentum [22].

This ensures a good discrimination from the backgrounds. The four most

important backgrounds are strongly (QCD) and weakly (EW) produced Z

and W±+jets processes. Example Feynman diagrams of the signal and the

backgrounds are presented in Figure 3.1.

For the backgrounds, only the Z decays into neutrinos and the W decays

into a lepton-neutrino pair are considered, where the lepton is not detected in

case of the W decay. Other decay channels, e.g. into quark pairs, do exist and

are in fact more likely than those considered here [23]. However, these do not

contribute to the missing energy.
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Figure 3.1: Example Feynman diagrams for the WBF signal and the most important
backgrounds. The Higgs decays to invisible particles, the W boson to a neutrino and a
misidentified lepton, and the Z boson to a neutrino pair. All Feynman diagrams have been
created using FeynMF [21].

At generator level, some cuts were used to avoid divergences and provide

better efficiencies in the cut flow, which is applied after that. These are shown

in Table 3.1. The cuts are chosen to be less strict than the values in the cut

flow to ensure that losing events that could indeed contribute to a possible

background is unlikely.
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Observable Requirement

Number of Jets ≥ 2

Jet diameter ∆R < 0.4

pT,1, pT,2 > 20 GeV

|∆η1,2| > 3

|∆φ1,2| < 1.3

mlepton,neutrino > 10 GeV

Table 3.1: Cuts at generator level on the WBF signal and all important backgrounds.
Observables denoted with i refer to the i-th hardest jet, respectively. The last requirement
applies to the W production channels only.

Observable Requirement

Number of Leptons = 0

Number of Jets ≥ 2

pT,1, pT,2 > 40 GeV

|∆η1,2| > 4.4

η1 · η2 < 0

Emiss
T > 100 GeV

m1,2 > 1.2 TeV

ηj /∈ (ηmin, ηmax) if pT,j > 20 GeV

|∆φ1,2| < 1

Table 3.2: Cut flow for the WBF signal and backgrounds. Observables denoted with i
refer to the i-th hardest jet, respectively. In the seventh line, j > 2 and ηmin = min(η1, η2),
ηmax = max(η1, η2).
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After the generation and detector simulation, a cut flow is used to

separate the signal from the backgrounds, which applies stricter cuts with

each step and counts the number of events that passed after each cut. It is

summarized in Table 3.2 and closely follows those suggested in [22, 24, 25].

This cut flow is not entirely state-of-the-art any more as it has been first

suggested by [7] and has hardly been changed since. A lepton veto is applied

to suppress the W production channels. To focus on the WBF process, the two

leading jets are supposed to have a large separation in pseudorapidity and point

in opposite hemispheres. Events will also be rejected if the pseudorapidity of

a third jet with pT > 20 GeV is between the two leading jets. The reason why

these are not wanted is linked to the color structure as virtual gluon exchange

is practically absent in WBF [6]. This cut is called Central Jet Veto (CJV).

The cut on the azimuthal opening angle, ∆φ, further suppresses multi-jet

backgrounds.

3.2 Associated ZH Production

The ZH signal is a very suitable channel for the search for invisible

Higgs decays if only Z → l+l− decays are considered. The Z → νν̄ decay

is practically impossible to detect as there is no signature. The fact that the

two leptons come from the same particle makes the search much easier than

in the associated W production, in which the background is very difficult to

suppress [26]. Therefore, only the associated Z production is considered in

this thesis. Example Feynman diagrams of the signal and the most important

backgrounds are shown in Fig. 3.2. The depicted background processes are

described in more detail below, ordered by decreasing importance.
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Figure 3.2: Example Feynman diagrams for the ZH signal and the most important
backgrounds. The Higgs boson decays to invisible particles, the W boson to a neutrino
and a misidentified lepton, the Z boson to a neutrino pair and the t to a b quark and a W
boson.
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• qq̄ → WZ. The Z boson is required to decay to neutrinos and the W to

a lepton-neutrino-pair, where the lepton from the W decay gets lost.

• qq̄ → ZZ. Here one Z boson is required to decay to neutrinos and the

other to leptons to match the signature of the signal.

• gg → ZZ. Even though this is a loop process, the contribution to the

total background cannot be ignored.

• qq̄ → W+W−. The two leptons from the W decay have a chance of

complying with the signal signature, making this process a possible

background.

• qq̄ → tt̄. The top quark mostly decays to a bottom quark and a W boson,

so the above applies again.

The W+W− and the tt̄ production channels are very small and are

therefore not further analyzed. Other background contributions have been

found to be negligible [27, 28]. On generator level, some cuts were applied to

the qq̄ → WZ and gg → ZZ backgrounds. These are shown in Table 3.3. No

cuts on generator level were applied on the signal and the qq̄ → ZZ production

channel.

Observable Requirement

|m1,2 −mZ | < 20 GeV

∆R1,2 < 2.4

p1,2T > 75 GeV

pT,1, pT,2 > 15 GeV

Table 3.3: Cuts at generator level on the ZH signal and the qq̄ →WZ and gg → ZZ
backgrounds. Observables denoted with i refer to the i-th hardest lepton, respectively. The
short notation p1,2T = pT,1 + pT,2 was used.
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Observable Requirement

Number of SFOS Leptons = 2

pT,1 > 30 GeV

pT,2 > 20 GeV

|m1,2 −mZ | < 15 GeV

Emiss
T > 120 GeV

∆R1,2 < 1.8

|∆φ(Emiss
T , p1,2T )| > 2.7

|pmiss,jet
T − p1,2T |/p

1,2
T < 0.2

|∆φ(Emiss
T , jets)| < 0.7

p1,2T /mT < 0.9

B-tagged Jets veto

Table 3.4: Cut flow for the ZH signal and backgrounds. For the definition of mT , see text.
The subscripts i refer to the i-th hardest lepton, respectively.

Similarly to the WBF channel, a cut flow closely following the

experimental analysis in [27] is applied, as presented in Table 3.4. Setting

the number of leptons to two and requiring same-flavor-opposite-sign (SFOS)

leptons suppresses the W+W− and tt̄ production channels especially. The

cuts on |m1,2−mZ | and on Emiss
T ensure that the lepton pair comes from the Z

boson. This especially suppresses the tt̄ and W+W− backgrounds. The cut on

Emiss
T reduces the tt̄ and W+W− backgrounds in particular. The reason is that

processes with two W bosons which decay to a lepton and a neutrino each have

lower missing energy because the momenta of the neutrinos point in different

directions. The cut on ∆R1,2 reduces the tt̄, W+W− and ZZ production

channels because in each of these processes the leptons are not necessarily

boosted. The |∆φ(Emiss
T , p1,2T )| cut further suppresses the tt̄ background

because the b-jets can lead to fake missing energy. The |∆φ(Emiss
T , jets)| and
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the p1,2T /mT cuts reject events with fake missing energy. The transverse mass

of the event mT is defined as

mT =

√
2p1,2T Emiss

T

[
1− cos ∆φ(p1,2T , Emiss

T )
]
. (3.1)

Hence, for the signal we expect p1,2T /mT ' 1√
2
' 0.7. With fake missing

transverse energy, for example through detector effects, p1,2T /mT gets larger.

Finally, the veto on b-tagged jets suppresses the tt̄ production channel.

3.3 Methods and Software

The event generation and analysis of both channels is performed in four

steps: First of all, events are generated with Sherpa [29]. These pass through

Delphes [17], a fast detector simulation. Then the detector output passes a

cut flow implemented in C++ and ROOT [30]. This way the cut-and-count

approach to distinguish between signal and background will be evaluated. The

data from the detector output is also prepared for the analysis by Boosted

Decision Trees (BDT). The results from the BDT will finally be compared

with those from the cut flow.

Sherpa calculates the matrix elements of the hard process, generates

events, merges multi-jet processes and applies parton showering and

hadronization. After parton showering the final state of stable particles is

obtained. Hadronization is the forming of hadrons from quarks and gluons.

For the setup of Sherpa, the Numbering Scheme by the Particle Data Group

was used [31].

To investigate systematic uncertainties, the cross section of the process

qq̄ → ZZ, a background of the associated ZH production, is calculated at a

17



sqrt(s) [TeV] 8 LO 8 NLO 13 LO 13 NLO
paper [32] 5.060 7.369 9.887 14.51
same settings 5.062 7.35 9.884 14.48
scheme 5.329 7.34 10.405 14.50
scales 5.120 7.15 10.475 14.25
PDF 5.610 7.31 10.878 14.48
scales + scheme 5.390 7.15 11.027 14.29
PDF + scales 5.677 7.13 11.507 14.29
PDF + scheme 5.905 7.31 11.451 14.49
all default 5.976 7.14 12.113 14.30

Table 3.5: Comparison of paper and Sherpa results, also examining the influence of setting
various parameters to Sherpa default. The uncertainties are 0.02 or smaller for all numbers.

center-of-mass-energy
√
s of 8 and 13 TeV at leading (LO) and next-to-leading

order (NLO). The settings are as chosen in [32], which are the Gµ scheme,

the Z boson mass scales and the MSTW 2008 [33] set of particle-distribution

functions and are compared with the Sherpa default settings in Table 3.5.

Interestingly, setting the scheme, scales and PDF to default results in a

slight decrease of the cross section at NLO of up to 3 %, but a big increase at

LO of up to 23% in comparison to the settings used in [32]. Of these, about 10%

are due to the PDF uncertainty. As in this thesis all simulations are carried

out at leading order and the cross section at NNLO is then estimated with

k-factors, an uncertainty of about 10% should always be taken into account

next to the statistical uncertainties.

The Sherpa output is passed to the Delphes ATLAS detector

simulation. The cut flow of each channel, as presented in Tables 3.2 and 3.4,

is implemented in a Root script. This script passes all previously generated

events through each step of the cut flow individually and calculates the cross

section after each cut. Also, the Delphes output files are prepared for the

BDT application.
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The BDT are part of the Toolkit for Multivariate Analysis TMVA [34].

A BDT is a binary tree structured classifier which can distinguish signal from

background events. It works in three phases: training, testing, and application.

Training builds the tree by taking the original sample and applying a random

cut on it, thus dividing it into two distinct groups. Then the purity of these

groups is evaluated, which indicates the distinguishing power of the BDT. After

that, more decisions are applied to this sample until the purity of all groups

is high enough. Perfect splitting between signal and background is usually

not ideal as this would make the tree very specific for the training sample

and could not be applied to other samples as well. This phenomenon is called

overtraining. To increase the scope of the BDT from the sample it trained

on to other samples, it gets boosted, which means a lot of trees are generated

by testing on the original sample with slightly modified weights. Then these

trees get averaged. In the end this, this tree can be applied to a sample with

unknown classification. In this thesis, the training and testing is performed

and evaluated, but not the application to data.

The reason why the data gets passed through a cut flow and a

BDT is to investigate the performance of multivariate analysis tools in

comparison to cut-and-count analyses. All calculations have been carried out

on BwUniCluster [35].
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4 Results in Weak Boson Fusion

4.1 Cut Flow

In Table 4.1 the expected data yields of the signal and the backgrounds

after each individual cut are given. These are obtained by running a BDT with

the same preselection cuts as the cut flow and with settings as specified in 4.2.

The cross sections are at LO only and are taken directly from Sherpa. They

are not calculated to higher orders with k-factors because the results would be

distorted by the cuts that were applied at generator level.

Cut Signal EW W EW Z QCD W QCD Z

before all 8.58e-1 5.31 1.94e-1 636.76 132.30

Lepton Veto 8.43e-1 2.37 1.91e-1 303.10 130.98

Jet Veto 6.57e-1 1.50 1.22e-1 153.46 58.61

pT,1, pT,2 4.26e-1 7.17e-1 8.48e-2 78.32 30.30

|∆η1,2| 1.03e-1 1.06e-1 1.85e-2 6.62 3.24

|η1 · η2| 1.03e-1 1.06e-1 1.84e-2 6.62 3.24

Emiss
T 8.92e-2 3.59e-2 1.73e-2 2.92 2.35

m1,2 3.04e-2 9.35e-3 8.42e-3 1.78 1.23

CJV 2.24e-2 5.42e-3 5.84e-3 6.49e-1 5.38e-1

|∆φ1,2| 1.54e-2 3.08e-3 4.00e-3 4.07e-1 3.51e-1

Efficiency 1.80e-2 5.80e-4 2.06e-2 6.39e-4 2.65e-3

Table 4.1: Signal expectations and background contributions after each step of the cut
flow. All cross sections are given in units of pb. The statistical uncertainties on the
cross sections are: signal 0.1%, EW W 0.3%, EW Z 0.3%, QCD W 0.3%, QCD Z 2.3%.
The systematic uncertainties of Monte Carlo-based predictions amounts to about 10% from
particle distribution functions and the luminosity uncertainty, as found in Section 3.3. All
data is generated with Sherpa at LO.
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Figures 4.1 depicts various distributions of the WBF signal and its

most important backgrounds before all cuts. The distributions are presented

without statistical errors as these are rather small in this case, considering the

sample sizes of 10 million events for the QCD W channel and 1 million events

for all other channels.

Figure 4.1a illustrates why the cut on pT,1 and pT,2 are so effective.

Compared to the backgrounds, the signal has very hard leading jets. One

can also see from the pT distribution that the QCD processes would diverge

when pT → 0. In contrast, the pT,1 of the EW processes and the signal decrease

at lower values. This is the soft divergence in QCD processes which is cut out

at generator level.

The cut on the invariant mass is justified by the distribution in Figure

4.1b. As the invariant mass is closely connected to the energy of the two

hardest jets, as can be seen in equation 2.5, the soft divergence is clearly to be

seen in the distributions of the QCD processes. If the available amount of data

is big enough, one could make the cut on m1,2 even stricter, thus increasing

the signal-to-background ratio.

From the distributions of the number of jets (Figure 4.1c) and the number

of leptons (Figure 4.1d), one can clearly see that the backgrounds are best

suppressed at the cut values specified in Table 3.2. The cut on the number

of jets supresses the QCD processes especially, not only because they have a

large cross section to begin with, but also because the distributions reach their

maxima at Njets = 1 and are still sizeable at Njets = 0. The cut on the leptons

also increases the signal-to-background ratio as the signal is highest at zero

leptons, but especially the W production channels are not. The reason why

a signal event can have more than zero leptons is that some leptons occur in

jets.
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Figure 4.1: Distributions before all cuts. Some samples have been scaled for better visibility
as can be seen in the legends.
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4.2 Boosted Decision Trees

In this section, the performance of the BDT in comparison to the

cut-and-count approach is investigated. Also, the performance of BDTs with

simple variables and more sophisticated ones are compared. All BDTs consist

of 400 trees with three layers and have been checked against overtraining. The

variables used in the tree are

pT,1, η1, φ1, pT,2, η2, φ2, E
miss
T , φEmiss

T
,m1,2. (4.1)

These are basic variables which require no deeper understanding of the involved

processes. In addition to those mentioned above, the variables used in the more

sophisticated tree are

|∆η1,2|, |∆φ1,2|, Nleptons, Njets. (4.2)

The choice for these variables is motivated by those in the cut-and-count

approach.

In Figure 4.2, the receiver operating characteristics curves (ROC curves),

which are the background efficiencies as a function of the signal efficiency, can

be seen of the most important backgrounds against the signal.

The BDT of the EW W production in Figure 4.2a performs slightly

worse than the cut flow. At the same signal efficiency, the BDT increases the

background efficiency by about 42% in comparison to the cut flow after all

cuts. However, this is not very much given that the background efficiency and

the data yield after all cuts are rather low compared to the signal, as can be

seen in Table 4.1.

23



Signal efficiency
0 0.02 0.04 0.06 0.08 0.1 0.12

B
ac

kg
ro

u
n

d
 e

ff
ic

ie
n

cy

4−10

4−10×2

4−10×3

4−10×4

3−10

3−10×2

3−10×3

2−10

miss
TE

1,2m

|
1,2

φ∆| EW W production at 13 TeV

Simple BDT

Cut Flow

MVA_BDT

(a) EW W production. Rank of
variables in BDT: Emiss

T , pT,1, m1,2, pT,2,
η2, φ2, η1, φ1, φEmiss

T
.

Signal efficiency
0 0.02 0.04 0.06 0.08 0.1 0.12

B
ac

kg
ro

u
n

d
 e

ff
ic

ie
n

cy

3−10×3

3−10×4

2−10

2−10×2

2−10×3

2−10×4

1−10
miss
TE

1,2m

|
1,2

φ∆|

EW Z production at 13 TeV

Simple BDT

Cut Flow

MVA_BDT

(b) EW Z production. Rank of
variables in BDT: Emiss

T , pT,1, η1, φ1,
pT,2, m1,2, η2, φ2, φEmiss

T
.

Signal efficiency
0 0.02 0.04 0.06 0.08 0.1 0.12

B
ac

kg
ro

u
n

d
 e

ff
ic

ie
n

cy

4−10

4−10×2

4−10×3

4−10×4

3−10

3−10×2

3−10×3

3−10×4

miss
TE

1,2m

|
1,2

φ∆|

QCD W production at 13 TeV

Simple BDT

Cut Flow

MVA_BDT

(c) QCD W production. Rank of
variables in BDT: Emiss

T , η1, pT,1, η2,
m1,2, φ1, φEmiss

T
, pT,2, φ2.

Signal efficiency
0 0.02 0.04 0.06 0.08 0.1 0.12

B
ac

kg
ro

u
n

d
 e

ff
ic

ie
n

cy

3−10

3−10×2

3−10×3

3−10×4

3−10×5

2−10

2−10×2

2−10×3
miss
TE

1,2m

|
1,2

φ∆|
QCD Z production at 13 TeV

Simple BDT

Cut Flow

MVA_BDT

(d) QCD Z production. Rank of
variables in BDT: Emiss

T , η1, m1,2, η2,
pT,1, pT,2, φ2, φ1, φEmiss

T
.

Figure 4.2: ROC curves of the most important backgrounds against the WBF signal. The
black dots refer to the efficiencies of the cut flow after the cut on the observable specified
on the label.

24



Signal efficiency
0 0.02 0.04 0.06 0.08 0.1 0.12

B
ac

kg
ro

u
n

d
 e

ff
ic

ie
n

cy

3−10

3−10×2

3−10×3

3−10×4

2−10

2−10×2

2−10×3

2−10×4
miss
TE

1,2m

|
1,2

φ∆|

Most important WBF backgrounds at 13 TeV

Simple BDT

Sophisticated BDT

Cut Flow

MVA_BDT

Figure 4.3: Simple and sophisticated ROC curves of all backgrounds against the WBF
signal. The black dots refer to the efficiencies of the cut flow after the cut on the observable
specified on the label. Rank of variables in BDT (observables in brackets apply to the
sophisticated BDT only): Emiss

T , pT,1, (Njets), m1,2, (|∆η1,2|), (Nleptons), (|∆φ1,2|), η1, pT,2,
φ1, η2, φ2, ηEmiss

T
, φEmiss

T
.

The BDT of the EW Z production, to be seen in Figure 4.2b, decreases

the background efficiency by about 81%. This is a lot, considering that this

background is very similar to the signal and therefore irreducible with the

cut-and-count approach. As can be seen in Table 4.1, in the cut flow the

efficiency of the EW Z channel is actually higher than that of the signal. A

possible reason for this great decrease is that this channel could be better

suppressed with a stricter cut on pT,1, pT,2 and Emiss
T . Also, a cut on φ1 could

be applied after a cut on η1 (and for φ2 and η2 analogously). An indication

that is was done can be found in the rank of the variables in the BDT of the

EW Z production channel.
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In the QCD W production in Figure 4.2c, the BDT reduces the

background efficiency by approximately 31% at the same signal efficiency. This

is a large amount as this channel contributes 53% to the total background.

The BDT reduces the background of the QCD Z production by about

53%, which is a similarly large amount as that of the QCD W production. It

contributes about 46% to the total background. The ROC curve can be seen

in Figure 4.2d.

Figure 4.3 shows the ROC curves of a simple BDT with the simple

variables of Equation 4.1 and a more sophisticated BDT with the variables of

Equations 4.1 and 4.2. The more sophisticated BDT performs a little better

than the simple one. However, the difference between the simple and the

sophisticated tree less than 10% throughout the depicted range. After all cuts,

the simple BDT decreases the total background efficiency by about 68% at

same signal efficiency, the more sophisticated one by 69%.

All in all, in the WBF production channel the usage of a BDT can

increase the signal-to-background ratio to more than three times the ratio

after the cut-and-count approach. Using more sophisticated variables in the

BDT does not have a large influence on the overall performance.
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5 Results in Associated ZH

Production

5.1 Cut Flow

In Table 5.1 the expected data yields of the signal and the most important

backgrounds at QCD NNLO and EW NLO after each individual cut are given,

analogously to Chapter 4. The data yields for the qq̄ → W+W− and qq̄ → tt̄

production channels are not shown because they are very small and statistically

insignificant with the generated amount of events. The events were generated

Cut Signal qq̄ → WZ qq̄ → ZZ gg → ZZ

before all 5.95e-2 7.33e-1 1.03 1.79e-1

SFOS Leptons 2.78e-2 1.03e-1 1.62e-1 7.21e-2

pT,1, pT,2 2.40e-2 7.29e-2 1.37e-1 6.12e-2

|m1,2 −mZ | 2.30-2 5.25e-2 1.30e-1 4.46e-2

Emiss
T 6.07e-3 1.24e-2 1.10e-2 1.67e-3

∆R1,2 5.60e-3 1.05e-2 9.21e-3 1.06e-3

|∆φ(Emiss
T , p1,2T )| 2.56e-3 4.74e-3 4.00e-3 4.24e-4

|pmiss,jet
T − p1,2T |/p

1,2
T 2.50e-3 4.46e-3 3.85e-3 3.88e-4

|∆φ(Emiss
T , jets)| 2.30e-4 3.99e-3 4.54e-4 5.91e-5

p1,2T /mT 2.30e-4 3.99e-3 4.54e-4 5.91e-5

b-Jets Veto 2.20e-4 3.87e-3 4.33e-4 5.37e-5

Efficiency 3.70e-3 5.28e-4 6.50e-3 3.00e-4

Table 5.1: Signal expectations and background contributions after each step of the cut
flow. The factor e-x means 10−x. All cross sections are given in units of pb. The statistical
uncertainties on the cross sections are: signal 1%, qq̄ →WZ 5%, qq̄ → ZZ 0.1%, gg → ZZ
2%. The systematic uncertainties of Monte Carlo-based predictions amount to about 10%
from particle distribution functions and the luminosity uncertainty, as found in Section 3.3.
The last line shows the efficiencies of each channel.
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with Sherpa at LO, and were scaled to the NNLO value. The cross sections

were taken from [37] for the signal, from [38] for the qq̄ → WZ, from [32] for

the qq̄ → ZZ and gg → ZZ processes, from [39] qq̄ → W+W−, and from [40]

for qq̄ → tt̄, assuming that the higher-order contributions pass the cut flow the

same way the LO contributions do.

Figure 5.1 shows distributions of the ZH signal and its most important

backgrounds before all cuts, including the W+W− and tt̄ processes. The

distributions are presented without statistical errors as these are rather small,

considering the sample sizes of 1 million events for all channels.

The distribution in Figure 5.1a implies that the cut on pT suppresses

all backgrounds similarly well. With large enough data samples, one could

cut at higher values between 150 to 200 GeV in order to further suppress the

gg → ZZ, the W+W− and the tt̄ production channels.

The cut on Emiss
T effectively suppresses the e W+W− and the gg → ZZ

production channels, as can be seen in Figure 5.1b. Cutting at a higher value

would not be reasonable as the signal efficiency would get very small and the

WZ and the qq̄ → ZZ production channels would hardly be suppressed.

In Figure 5.1c one can clearly see that the signal, the qq̄ → WZ and

qq̄ → ZZ production channels peak at the mass of the Z boson. This is

expected as the two hardest leptons must come from the Z decay. The W+W−

and the tt̄ production channels have a flat m1,2 distribution because the leptons

come from two different W bosons. As the peaks of the backgrounds around

the mass of the Z boson are broader than that of the signal, the m1,2 cut is

justified.

The cut on Nleptons mainly suppresses the WZ and ZZ production

channels, as to be seen in Figure 5.1d. The requirement that the lepton pair

be SFOS also reduces the W+W− and tt̄ production channels.
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Figure 5.1: Distributions before all cuts. Some distributions have been scaled down for
better visibility, as can be seen in the legend.
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5.2 Boosted Decision Trees

Similarly to Chapter 4.2, a BDT with 400 trees with three layers is

used for each background individually and for all of them together. The

variables used in the simple and those added in the more sophisticated BDT,

respectively, are

pT,1, η1, φ1, pT,2, η2, φ2, E
miss
T , φEmiss

T
,m1,2, (5.1)

Nb-jets, Nleptons, |∆φ1,2|, |∆φ(Emiss
T , p1,2T )|,

|∆R1,2|, |pmiss,jet
T − p1,2T |/p

1,2
T , p1,2T /mT .

(5.2)

Also, |m1,2−mZ | is used instead of m1,2. The more sophisticated variables

are motivated by the choices in the cut-and-count approach. All BDT were

checked against overtraining. The ROC curves of the BDTs against the most

important backgrounds are depicted in Figure 5.2.

The BDT suppresses the WZ production completely at the signal

efficiency of the last cut, as can be seen in Figure 5.2a. The background

efficiency only gets non-zero at values above a signal efficiency of about 0.04.

This is a very good performance given that the WZ production contributes

about 89% to the total background, as can be seen from Table 5.1.

The BDT of the qq̄ → ZZ production channel reduces the background

efficiency by about 23% at the same signal efficiency after all cuts of the cut

flow. The ROC curve can be seen in Figure 5.2b.

Figure 5.2c shows that the BDT reduces the background efficiency by

93% at same signal efficiency in the gg → ZZ production channel. However,

the influence on the overall BDT is rather low because the contribution of this

process to the total background is rather small.
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Figure 5.2: Simple ROC Curve of BDT of the signal against the most important
backgrounds. The black dots are the results from the cut flow after the cut on the observable
specified on the label.
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Figure 5.3: ROC curves of the qq̄ → ZZ and the qq̄ →WZ production channels together.
The black dots are the results from the cut flow after the cut on the observable specified
on the label. Rank of variables in BDT (observables in brackets apply to the sophisticated
BDT only): m1,2 (or |m1,2 −mZ |), (Nleptons), (|∆φ1,2|), pT,2, η2, Emiss

T , η1, φ2, (|∆R1,2|),
φ1, pT,1, (|pmiss,jet

T − p1,2T |/p
1,2
T ), (∆φ(Emiss

T ), p1,2T ), φEmiss
T

, (p1,2T /mT ), (Nb-jets).

The performances of the three aforementioned BDTs suggest that stricter

cuts in the cut flow could improve the search for invisible Higgs decays. Even

so, the overall BDT only decreases the background efficiency by 27% with the

simple variables, and by 33% with the sophisticated ones. In this production

channel, the usage of a more sophisticated BDT improves the search a litte

more. The simple BDT increases the signal-to-background ratio by about 37%,

the sophisticated one by about 49%. A possible reason why the performance

of the total BDT is not overwhelmingly good is that the WZ and the ZZ

production channels are very different from one another. This would make the

application of effective cuts harder for the BDT.
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6 Comparison
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Figure 6.1: Comparison of the ROC curves of the simple BDTs and cut flow efficiencies
of the WBF channel and the associated ZH production. The WBF ROC curve includes all
mentioned backgrounds, the ZH ROC curve includes the WZ and ZZ production channels.
The rank of the variables in the BDTs is as stated for the simple trees in Figures 4.3 and
5.3. The efficiencies of the WBF and ZH channel are given after the cut on the observable
specified on the label.

Figure 6.1 shows the performances of the cut-and-count approach and the

BDTs of both production channels. One can clearly see that the background

efficiencies of the ROC curve and the cut flow of the WBF channel is about

twice as large as that of the associated ZH production at same signal efficiency.

On the other hand, the improvement of the simple BDT in comparison to the

cut flow is 68% in the WBF channel, compared to only 27% in the associated

ZH production.

33



As can be seen in Table 6.1, the signal-to-background ratio of the

associated ZH production is about 2.5 times larger than that of the WBF

channel after all cuts. As the application of the BDT especially reduces

the backgrounds of the WBF channel, the ratio gets very similar to that

of the associated ZH production. The performances of the simple and the

more sophisticated BDTs are very similar, differing by 10% at most in the

signal-to-background ratio and the significance S/
√
B. Even though the

signal-to-background ratio is larger in the associated ZH production, the

significance of the WBF channel is five times larger than that of the associated

ZH production after the cut-to-count approach, and eight times higher after

the simple BDT.

WBF ZH

cut-to-count approach (·10−2)

S/B 2.01± 0.10 5.05± 0.37

S/
√
B [pb−1/2] 1.76± 0.05 0.33± 0.01)

simple boosted decision trees (·10−2)

S/B 6.29± 0.32 6.92± 0.50

S/
√
B [pb−1/2] 3.11± 0.08 0.39± 0.02

sophisticated boosted decision trees (·10−2)

S/B 6.49± 0.33 7.54± 0.50

S/
√
B [pb−1/2] 3.16± 0.09 0.41± 0.02

Table 6.1: Summary of the results of the cut-to-count approach and the BDTs at 13 TeV.
The uncertainties are statistical uncertainties on the cross section and the passed events only.
S refers to the cross section of the signal, B to the total cross section of the background
after all cuts.
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WBF and ZH at 13 TeV
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Figure 6.2: Comparison of WBF and ZH performances at luminosities up to 50fb−1. The
filled areas represent the 1σ-range of statistical uncertainties. The vertical gray line refers
to the integrated luminosity at 13 TeV in 2016. This plot was generated with Wolfram
Mathematica [41].

This can also be seen in Figure 6.2, in which a plot of the ratio of the

number of events Nsig/
√
Nbg after the cut flow and after the BDT is drawn

as a function of the luminosity. Denoting cross sections as σ, this follows the

equation
Nsig√
Nbg

=
σsig · L√
σbg · L

=
σsig√
σbg
·
√
L. (6.1)

It is clear that the improvement from the BDT is rather small in the

associated ZH production. In contrast, the significance almost doubles in WBF

due to the BDT. This means that the WBF channel profits much more from

a high amount of data than the ZH, especially when a BDT is used.
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7 Conclusion and Outlook

In this thesis, the sensitivity of the WBF channel and the associated

ZH production in the search for invisible Higgs decays at 13 TeV has been

investigated. The cut flow of the associated ZH production could be improved

by setting the cut on the missing energy from 90 GeV to 120 GeV. After the

cut flow, the signal-to-background ratio of the associated ZH production is

found to be about 2.5 times larger than that of the WBF channel. However,

the WBF channel profits much more from large amounts of data, as S/
√
B

is more than five times larger than in ZH after all cuts. So if only a cut flow

is used and a relatively small amount of data is available, the associated ZH

production is preferred.

Using a BDT with simple variables increases the signal-to-background

ratio of the WBF channel more than three-fold. In contrast to that, the ratio

increases only by about 37% in ZH, making the signal-to-background ratii of

the channels very similar. As the profit of data in WBF is about 8 times as

large as in ZH, the WBF channel is favoured in the search for invisible Higgs

decays if BDT are used.

With more sophisticated variables the performance of the BDT is

improved by a maximum of 10%. This implies that simple BDTs are sufficient

to use in most cases. In future work, this knowledge can be particularly useful

in the investigation of a process with an unknown signature.

The performance of other tools rather than BDTs could also be

investigated. With higher energies one could also perform the search for

invisible decays of a Higgs boson in other production channels, for instance

in the qq̄ → bb̄H process.
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