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1. Introduction

The Standard Model of Elementary Particle Physics (SM) has been very successful
in describing the fundamental building blocks of the universe. The Higgs boson
was the last particle missing to experimentally confirm the SM particle zoo. Af-
ter about 40 years of search at various experiments, it has been found in 2012
at the Large Hadron Collider (LHC) at CERN. Its properties are now under de-
tailed scrutiny and yet to be observed is its production in the vector boson fusion
channel. The goal of this thesis is to introduce new triggers that aid the ATLAS
Run 2 search of the Standard Model Higgs boson produced in such a channel and
subsequently decaying to a pair of b-quarks. Chapter 2 provides an overview of
the SM, and Chapter 3 presents a short summary of the history of the discussed
search. Chapter 4 describes the ATLAS experiment at the Large Hadron Collider,
the experiment within this thesis is written. Chapter 5 introduces new triggers
for the search that were developed within this thesis. Finally, Chapter 6 gives
an outlook onto future developments and conclusions on what to expect from the
ATLAS Run 2 search.
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2. Theoretical Framework

2.1. The Standard Model

The SM successfully describes elementary particles and their interactions. It was
formulated in the 1960s and 1970s and consists of the Glashow-Weinberg-Salam
(GWS) model of electroweak (EW) interactions (describing electromagnetic and
weak forces [1–3]) and Quantum Chromodynamics (QCD; describing the strong
force [4–6]). Since then, the predictions made by the SM were tested in many
dedicated experiments and until now are found to be valid with only a few excep-
tions.1 This makes the SM one of the most successful theories in physics.

The SM divides the particle spectrum into fermions (half integer spin) and bosons
(integer spin). Gauge bosons are the mediators of the fundamental forces:2 the
photon (γ) is the mediator of the electromagnetic interaction, the W± and Z

bosons of the weak interaction, and the gluon (g) of the strong interaction.
While the photon is massless and carries no electromagnetic charge, the W and Z
bosons are very heavy (O(100 GeV)3) in comparison with other elementary parti-
cles and the W± carry an electromagnetic charge of ±e. Gluons are massless and
electrically neutral, but carry color charges.
Fermionic elementary particles are divided into Leptons and Quarks. They are
sorted into weak isospin (the “charge” of the weak interaction) doublets. The
group of leptons consists of the isospin-down (down-type) and electrically charged
particles electron e−, muon µ−, and tau lepton τ−, and their corresponding isospin-
up (up-type) partners, the electrically neutral neutrinos νe, νµ, and ντ . The group

1Exceptions are for example neutrino masses/oscillations, or the nature of dark matter.
2Excluding gravitation.
3Throughout this thesis, natural units with c = 1 and ~ = 1 are used.
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2. Theoretical Framework

of quarks consists of the up-type quarks up u, charm c, and top t (electric charge
+2/3), paired with the down-type quarks down d, strange s, and beauty (or bot-
tom) b (electric charge −1/3). All quarks carry a color charge. Additionally, all
particles have antiparticles which are the charge conjugates of their particles. Fur-
thermore, the mentioned fermions are categorized into three generations, as shown
in Tab. 2.1. Generations of quarks and leptons differ only in mass from other gen-
erations of the respective fermion type. Fermions of generation 1 are the lightest,
and the masses increase with generation.

Matter Bosons
Gen. 1 Gen. 2 Gen. 3 γ

quarks u c t W−

d s b Z

leptons νe νµ ντ g
e− µ− τ− H

Table 2.1.: Particles of the Standard Model. All particles have antiparticles and
all bosons but the W− are their own antiparticles.

The SM is a quantum field theory that models particle interactions via the sym-
metry (invariance under transformation) group SU(3)C × SU(2)I × U(1)Y . Here,
SU(3)C is the color (C) symmetry of the strong interaction, SU(2)I is the weak
isospin (I) symmetry, and U(1)Y is the hypercharge (Y ) symmetry. The SM is
based on a Lagrangian density with all particle masses set to zero to ensure in-
variance under all the transformations of the underlying group. In a non-explicit
form, the Lagrangian of the SM can be written as

LSM = LSU(3)C
+ LSU(2)I×U(1)Y

= L Gauge
SU(3)C

+ L Matter
SU(3)C︸ ︷︷ ︸

QCD

+ L Gauge
SU(2)I×U(1)Y

+ L Matter
SU(2)I×U(1)Y

+ L Higgs
SU(2)I×U(1)Y

+ L Yukawa
SU(2)I×U(1)Y︸ ︷︷ ︸

EW

.

In this formulation, the L Gauge terms describe the dynamics of the gauge fields
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2.2. Standard Model Higgs Boson H

(QCD: gluons; EW: W , Z, and γ), and the L Matter terms model the interaction
of particles with those gauge fields. All fields in these two terms are massless and
adding a traditional mass term would spoil the local gauge invariance of the theory.
Brout, Englert and Higgs (BEH) proposed in 1964 [7, 8] a mechanism to give mass
to the bosons that preserves the gauge symmetry. Within the BEH mechanism all
massive particles acquire mass via an interaction with the Higgs field, described in
L Higgs
SU(2)I×U(1)Y

for the heavy gauge bosons, and in L Yukawa
SU(2)I×U(1)Y

for the fermions,
where the mass is proportional to the interaction strength (Yukawa coupling). As
a consequence of the Higgs field, the BEH mechanism implies the existence of a
massive scalar boson, referred to as the Higgs boson H.

2.2. Standard Model Higgs Boson H

2.2.1. Brout-Englert-Higgs Mechanism

The BEH mechanism is used in the SM to introduce masses to the massless par-
ticles in L Gauge and L Matter. Within it, spontaneous symmetry breaking from
SU(3)C × SU(2)I × U(1)Y to SU(3)C × U(1)Q (where Q is the charge symmetry
of the electromagnetic interaction) leaves the photon and gluon massless while
providing masses to the weak bosons. The symmetry breaking is achieved by
introducing the Higgs field

φ =
 φ+

φ0

 ,

an isospin doublet of complex scalar fields. This scalar particle φ can be described
by the Lagrangian

L Higgs
SU(2)I×U(1)Y

= (Dµφ)†(Dµφ)−µ2(φ†φ)− λ(φ†φ)2︸ ︷︷ ︸
−V (φ)

, (2.1)

where D is the covariant derivative containing the four gauge fields W (1), W (2),
W (3), and B that describe the W and Z bosons, and µ, λ ∈ R.
Demanding the model to be physical it is required for the Lagrangian to have a
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2. Theoretical Framework

finite minimum (“ground state”), and hence λ is set to λ > 0. Now, the non-trivial
postulate is made that the vacuum expectation value (VEV) of the field—the field
present when no excitations take place—is non zero. For this, µ2 is set to µ2 < 0.
The potential V (φ) now has a form which is commonly referred to as the “Mexican
hat potential.” This potential has an infinite set of minima on the circle with radius

√
−µ2

2λ

··=v.

The non-zero VEV φ0 will in nature be realized by a certain fixed point on this cir-
cle, spoiling the symmetry that the Lagrangian possessed (spontaneous symmetry
breaking). Without loss of generality

φ0 ··= 〈0|φ|0〉 =
 0
v/
√

2


is chosen. It is > 0 just in the neutral dimension because in case the VEV would
be charged, photons would be observed interacting with the vacuum. After apply-
ing a local gauge transformation4 referred to as the unitary gauge, the resulting
Lagrangian is referred to as the GWS model. The four physical gauge bosons of
this Lagrangian (= the four bosons of the electroweak interaction) are found to be

W±
µ = (W (1)

µ ∓ iW (2)
µ )/
√

2 with mW = 1
2gWv,

Zµ = − sin θWBµ + cos θWW
(3)
µ with mZ = 1

2
gW

cos θW
v,

Aµ = cos θWBµ + sin θWW
(3)
µ with mA = 0,

where tan θW ··= g′/gW, while gW being the coupling of the SU(2)I gauge interac-
tion, and g′ being one factor of the coupling of the U(1)Y interaction (the other is
Y/2).
The breaking of the symmetry provides mass terms for the three massive gauge
bosons of the electroweak interaction, and leaves the photon massless. However, it
is unavoidable to require the excitation of the Higgs field to be realized in nature,

4Since the Lagrangian was built to be local gauge invariant, the physics is not changed by this.
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2.2. Standard Model Higgs Boson H

a massive neutral scalar boson referred to as the Higgs boson H.
The Higgs field can also be used to create mass terms for the fermions. Here,
the fermion fields couple directly to the Higgs field via Yukawa coupling terms (in
L Yukawa
SU(2)I×U(1)Y

) and the strength of a respective Yukawa coupling determines the
mass of a respective fermion.

2.2.2. Higgs Boson Production Modes

The main production modes of the SM Higgs boson (in what follows simply Higgs
boson) at the LHC (Sec. 4.1) are gluon gluon fusion (ggF or GF), vector boson
fusion (VBF), associated production with a vector boson (VH), and associated
production with a top quark pair (ttH). Fig. 2.1 shows the leading order Feyn-
man diagrams for these production modes. Each production mode has different

H

W/Z

W/Z

q0

q

q0

H

q

q̄

q

H

W/Z

t̄

H

t

1

Figure 2.1.: Leading order Higgs boson main production modes at the LHC.
From left to right: ggF, VBF, VH, and ttH.

properties, which are briefly illustrated in this section. All predicted Higgs bo-
son production cross sections are given for a mass of mH = 125GeV and 13TeV
center-of-mass energy.

ggF The gluon gluon fusion process is the most prominent at the LHC, with a
predicted cross section of about 48.6 pb [9].5

VBF The vector boson fusion production channel has a cross section of 3.78 pb
[9]. The event signature features a high pT Higgs boson, and two high energy jets
(see Sec. 2.4.6) that result from the quarks that emit the fusing vector bosons.

5Compared to for example a predicted tt cross section of around 800 pb [10] for a top quark mass
of 173.2GeV and 13TeV center of mass energy the Higgs boson production cross sections are
rather low.
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2. Theoretical Framework

Since these are radiations of virtual vector bosons, the recoil of the quarks is only
very light. This leads to only slight deflections of the quarks from the beam axis,
and thus the expectation of one or more jets in the forward direction. Additionally,
due to the nature of the electroweak interaction, no QCD color exchange occurs.
As a result, the quarks that radiated the vector bosons are color connected to the
proton remnants. The VBF production channel is addressed in this thesis.

VH With a cross section of about 2.26 pb [9], this production mode, which is also
referred to as Higgsstrahlung, includes the production of an additional vector boson
(W or Z) alongside the Higgs boson. The final states depend on the produced
vector boson and its decay mode. Hadronically decaying W and Z bosons are
usually not considered for an analysis, since they are harder to distinguish from
QCD multijet events. For leptonically decaying W bosons an isolated lepton and
missing transverse energy (MET) due to the neutrino is expected (see Sec. 2.4.6).
Z bosons are considered for analysis in their ``6 and νν decay channels, expecting
two isolated leptons boosted in the same direction in the former, or a large amount
of MET in the latter case.

ttH The cross section of the Higgs boson production with an associated tt̄-pair
has a cross section of about 0.51 pb [9]. This production mode allows for a direct
measurement of the Yukawa coupling of the top quark, which the other modes
are only sensitive to through loop effects. The final states depend on the top-pair
decay mode: dileptonic, semileptonic, or all-hadronic. The b-jets from the top
quark decays7 help to distinguish these events from background (see Sec. 2.4.6.3).
While the all-hadronic decay channel is difficult to distinguish from QCD multijet
events, the dileptonic and semileptonic decay modes (with electrons and muons)
provide better handles to identify ttH events. Here, alongside the respective one
or two leptons, MET is expected in the final state.

6` refers to either e or µ.
7Top quarks almost exclusively decay into W+b.
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2.2. Standard Model Higgs Boson H

Figure 2.2.: Exemplary VBF event recorded with the ATLAS detector. H →
ττ → eµ+ Emiss

T is shown. In red the muon path, and in green the
electron path. Also, two jets with a large pseudorapidity gap be-
tween each other are illustrated (turquoise cones). The illustration
is taken from Ref. [11].

2.2.3. Higgs Boson Decay Modes

The SM does not predict the Higgs boson’s mass, but due to various theoretical
constraints its mass is constrained to be . 1000GeV. Due to its nature the Higgs
boson can, in principle, decay to all massive SM particles (Fig. 2.4a). The SM
predicts the couplings to the various particles to be proportional to the respec-
tive masses of the decay products. It thus favors decays into high mass particles.
It cannot directly decay into photons or gluons but only via higher order loops
(Fig. 2.4b). Fig. 2.3 shows the predicted branching ratios of the Higgs boson for
different Higgs boson masses. In the recent years, the Higgs boson was experimen-
tally found and its mass determined to be 125.7± 0.4GeV [12]. This mass—which
falls in the region referred to as the intermediate mass region—results in an in-
teresting decay behavior where many decay channels are experimentally relevant.
Decays where the decay products’ total rest mass exceeds the Higgs boson rest
mass, e. g. H → tt̄, are kinematically suppressed. However, since the coupling to

9



2. Theoretical Framework

vector bosons is approximately one order of magnitude higher than to fermions
[12], the decays H → WW ∗ and H → ZZ∗ are still among the usual decay modes
of the Higgs boson. SM predictions for the branching ratios at mH = 125GeV are
[12]:

H → bb̄ (57.7+1.9
−1.9) %,

H → WW ∗ (21.5+1.0
−0.9) %,

H → τ+τ− (6.3+0.4
−0.4) %,

H → ZZ∗ (2.6+0.2
−0.1) %,

H → γγ (0.23+0.01
−0.01) %.

The decay into a pair of beauty quarks is the most common decay channel. Since
an observation here is yet to be made, this large decay channel is still open to
physics beyond the SM.
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Figure 2.3.: Standard Model Higgs boson decay branching ratios and their un-
certainties. The figure is taken from Ref. [13].
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487 17.6 Properties of the Higgs boson

17.6 Properties of the Higgs boson

The Standard Model Higgs boson H is a neutral scalar particle. Its mass is a free
parameter of the Standard Model that is given by mH = 2λv2. The Higgs boson
couples to all fermions with a coupling strength proportional to the fermion mass.
From (17.48), the Feynman rule for the interaction vertex with a fermion of mass
mf can be identified as

−i
mf

v
≡ −i

mf

2mW
gW. (17.49)

The Higgs boson therefore can decay via H → ff for all kinematically allowed
decays modes with mH > 2mf . If it is sufficiently massive, the Higgs boson can
also decay via H → W+W− or H → ZZ. The Feynman diagrams and coupling
strengths for these lowest-order decay modes are shown in Figure 17.14. In each
case, the resulting matrix element is proportional to the mass of the particle cou-
pling to the Higgs boson. The proportionality of the Higgs boson couplings to mass
determines the dominant processes through which it is produced and decays; the
Higgs boson couples preferentially to the most massive particles that are kinemat-
ically accessible.

17.6.1 Higgs decay

In principle, the Higgs boson can decay to all Standard Model particles. However,
because of the proportionality of the coupling to the mass of the particles involved,
the largest branching ratios are to the more massive particles. For a Higgs boson
mass of 125 GeV, the largest branching ratio is to bottom quarks, BR(H → bb) =
57.8%. The corresponding partial decay width Γ(H → bb) can be calculated from
the Feynman rule for the Hbb interaction vertex of (17.49) and the spinors for the
quark and antiquark. Because the Higgs boson is a scalar particle, no polarisation
four-vector is required; it is simply described by a plane wave. Consequently, the
matrix element for the Feynman diagram shown in Figure 17.15 is

H

f

mf
gW

2mW
H

W−

W+

mWgW H

Z

Z

mZ
gW

cosqW

f

�Fig. 17.14 Three lowest-order Feynman diagrams for Higgs decay.(a) LO decays to fermions and massive bosons. The coupling strengths
are indicated.

489 17.6 Properties of the Higgs boson

Table 17.1 The predicted
branching ratios of the Higgs

boson for mH = 125 GeV.

Decay mode Branching ratio

H→ bb 57.8%
H→WW∗ 21.6%
H→ τ+τ− 6.4%
H→ gg 8.6%
H→ cc 2.9%
H→ ZZ∗ 2.7%
H→ γγ 0.2%

t

t

tH

g

g
t

t

tH

W

W

WH

γ

γγ

γ

�Fig. 17.16 The Feynman diagrams for the decays H→ gg and H→ γγ.

From (17.51), it can be seen that the partial decay rate to fermions is proportional
to the square of the fermion mass, and therefore

Γ(H→ bb) : Γ(H→ cc) : Γ(H→ τ+τ−) ∼ 3m2
b : 3m2

c : m2
τ . (17.52)

It should be noted that quark masses run with q2 in a similar manner to the running
of αS. Hence the masses appearing in (17.51) are the appropriate values at q2 = m2

H,
where the charm and bottom quark masses are approximately mc(m2

H) ≈ 0.6 GeV
and mb(m2

H) ≈ 3.0 GeV.
The branching ratios for a Standard Model Higgs boson with mH = 125 GeV are

listed in Table 17.1. Despite the fact that mH < 2mW, the second largest branching
ratio is for the decay H→WW∗, where the star indicates that one of the W bosons
is produced off-mass-shell with q2 < m2

W. From the form of the W-boson propa-
gator of (16.27), the presence of the off-shell W boson will tend to suppress the
matrix element. Nevertheless, the large coupling of the Higgs boson to the mas-
sive W boson, gWmW, means that the branching ratio is relatively large. The Higgs
boson also can decay to massless particles, H→ gg and H→ γγ, through loops of
virtual top quarks and W bosons, as shown in Figure 17.16. Because the masses of
the particles in these loops are large, these decays can compete with the decays to
fermions and the off-mass-shell gauge bosons.

(b) NLO decays through loop diagrams.

Figure 2.4.: SM Higgs boson’s main decay modes. The figures are taken from
Ref. [14].

2.3. Phenomenology of QCD

2.3.1. Color Confinement

Quantum Chromodynamics is the theory that describes the strong interactions
among gluons and quarks. Since gluons are self interacting, the loop-corrections
that have to be applied to the strong coupling constant lead to an interesting
behavior of the strong force: its strength is inversely proportional to the rele-
vant energy scale (or, equivalently, proportional to distance). This phenomenon
is referred to as asymptotic freedom and results in a vanishing force as the energy
scale approaches infinity, and in an infinitely strong force towards low energies.
An implication of this is that quarks only exist in compound states, never free
(color confinement). The known compound states (hadrons and antihadrons) are
all color neutral and grouped into mesons (quark-antiquark) and baryons (three
quarks).8 Quarks are not color neutral and therefore exchange gluons. These glu-
ons in turn act on each other via gluons and thus a QCD string develops between
quark pairs (Lund string model). When quarks are separated from each other

8Recently, experimental results have been reported that are consistent with the observation of
tetraquark (four quarks) and pentaquark states (five quarks) [15, 16].
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2. Theoretical Framework

and the string elongates, it eventually becomes energetically favorable to create a
new qq̄-pair from the vacuum, rather than maintaining the string between them.
To this new pair, the same phenomenon applies and further hadrons are created
(hadronization). Macroscopically, this causes the formation of jets that consist of
many hadrons.

2.3.2. Parton Distribution Functions

Being compound particles, hadrons do not collide with each other as a whole, but
rather their partons interact with each other upon collision. The proton consists
of valence quarks (two u-quarks, one d-quark), and gluons that exert forces on the
valence quarks and keep them in a bound state. Additionally, a gluon can split
into a virtual qq̄-pair and recombine again. These virtual quarks, referred to as
sea quarks, can participate in collisions in the same way as valence quarks can. At
hadron colliders, the center-of-mass energy

√
s is the upper bound on the energy a

collision can occur with. The actual energy with that two partons collide is usually
lower and unknown event-by-event. Parton Distribution Functions (PDFs) [17]
are an approach to make statistical statements about the collision energy of two
partons. A PDF, exemplarily shown in Fig. 2.5, gives a parametrization of the
probability that a particular parton from the hadron will be found at an energy
fraction x of the hadron at some momentum scale Q2. PDFs are used for cross-
section calculations where it is averaged over possible input partons and energy
fractions.

2.4. Reconstruction and Identification of
Particles

Since the Big Bang, the universe has “cooled down” to significantly lower energy
densities. As a result, most of the SM particles are not usually present in the envi-
ronment. In order to induce nature to create particles of higher masses, it usually
takes high energy densities, which are for example naturally produced through cos-
mic rays in the upper layers of Earth’s atmosphere, or nowadays also artificially
by particle accelerators. The latter allow to build experiments where two high
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Figure 1: MSTW 2008 NLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2.

with broader grid coverage in x and Q2 than in previous sets.
In this paper we present the new MSTW 2008 PDFs at LO, NLO and NNLO. These sets are

a major update to the currently available MRST 2001 LO [15], MRST 2004 NLO [18] and MRST
2006 NNLO [21] PDFs. The “end products” of the present paper are grids and interpolation
code for the PDFs, which can be found at Ref. [27]. An example is given in Fig. 1, which
shows the NLO PDFs at scales of Q2 = 10 GeV2 and Q2 = 104 GeV2, including the associated
one-sigma (68%) confidence level (C.L.) uncertainty bands.

The contents of this paper are as follows. The new experimental information is summarised in
Section 2. An overview of the theoretical framework is presented in Section 3 and the treatment
of heavy flavours is explained in Section 4. In Section 5 we present the results of the global fits and
in Section 6 we explain the improvements made in the error propagation of the experimental data
to the PDF uncertainties, and their consequences. Then we present a more detailed discussion of
the description of different data sets included in the global fit: inclusive DIS structure functions
(Section 7), dimuon cross sections from neutrino–nucleon scattering (Section 8), heavy flavour
DIS structure functions (Section 9), low-energy Drell–Yan production (Section 10), W and Z
production at the Tevatron (Section 11), and inclusive jet production at the Tevatron and
at HERA (Section 12). In Section 13 we discuss the low-x gluon and the description of the
longitudinal structure function, in Section 14 we compare our PDFs with other recent sets,
and in Section 15 we present predictions for W and Z total cross sections at the Tevatron and
LHC. Finally, we conclude in Section 16. Throughout the text we will highlight the numerous
refinements and improvements made to the previous MRST analyses.

5

Figure 2.5.: Exemplary PDF set. It can be used to calculate the probability that
a parton in a hadron will posses the energy fraction x, dependent
on a momentum scale Q2. The figure is taken from Ref. [18].

momentum particles collide with each other (collider experiments). In a collision
event (or just event) highly energy dense environments are created, where other
particles can form in. Apart from electrons, neutrinos, photons, protons and bound
neutrons, all other SM particles have finite lifetimes and decay into other particles.
Usually these lifetimes are so short that it is not possible to build a detector close
enough to a created particle to detect it directly. Consequently, only the decay
products can be measured. The act of measurement inherently requires the par-
ticles to interact with the detector. For different particles, different measurement
techniques have been developed that exploit their behavior when interacting with
matter. A comprehensive description of these ways of measurement is beyond the
scope of this thesis, and they will only be touched on briefly in the following.

2.4.1. Electrons and Photons

These particles go through complementary processes enabling them to be mea-
sured. Highly energetic photons undergo the process of pair-production, where
a photon converts into an e+e−-pair. In the presence of charged particles (e. g.
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atomic nuclei), electrons and positrons (e+) experience deflection and deceleration,
whereby a photon is emitted, to conserve energy. This process is referred to as
bremsstrahlung. Pair-production and bremsstrahlung occur in an alternating fash-
ion, creating what is referred to as an electromagnetic shower. As more and more
particles are created, their individual kinetic energy decreases. Photons eventually
fall under the pair-production threshold, and other processes of energy loss become
relevant for electrons and positrons. The energy of the particles can be measured
via Cherenkov radiation and the photoelectric effect. Electromagnetic calorimeters
(ECals) are used to induce electromagnetic showers and measure their energy.

2.4.2. Muons

Muons are exceptional in such a way that their average lifetime (τµ = 2.2× 10−6 s
[12]) is long enough to travel macroscopic distances and they can thus be detected
directly. As muons are 200 times heavier than electrons, they do not radiate
bremsstrahlung and thus do not produce showers. They are usually measured via
ionization in the outermost regions of detectors, because they are the only charged
particles that reach these parts.

2.4.3. Neutrinos

As neutrinos only interact weakly, they are practically impossible to measure di-
rectly. Their creation can only be inferred by measuring the difference between
collision energy of the initial state particles and total detected energy of the decay
products (assuming conservation of energy). In hadron colliders, compound par-
ticles collide, and the initial energy of the partons is not measurable. As a result,
only the missing transverse energy (MET) of the event can be inferred (assuming
the particles collide with only longitudinal momentum).

2.4.4. Taus

With a mean lifetime of ττ = (290.3±0.5)×10−15 s [12], τ leptons are not directly
observable. They can decay leptonically or hadronically, leaving distinct signatures
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like a lepton, a jet with photons, or three collimated jets in the detector. They are
always accompanied by MET, since a ντ is always produced in τ decays.

2.4.5. Heavy Bosons

The heavy bosons W , Z, and H all have lifetimes under 10−21 s (calculable from
the measured or predicted decay widths [12]). The Z, and H bosons decay into
pairs of particle and antiparticle. The W boson can decay leptonically (then
accompanied by MET), or hadronically. The system of the decay products has
an invariant mass corresponding to the mass of the mother particle. Because the
masses of these heavy bosons, particularly mZ and mW , are well known nowadays,
their identification can be relatively straight forward in some decay channels (a
very prominent example is Z → µ+µ−).

2.4.6. Jets

As already indicated in Sec. 2.3.1, quarks and gluons, both color charged, are
color confined and thus cannot be observed in separation. They always form
color neutral mesons and baryons that, in accumulation, form showers of particles
referred to as jets. These are detected in ECals and hadronic calorimeters (HCals)
that measure their energy based on ionization and Cherenkov radiation. Much
information about the particles that initiated the jets is lost and the goal of jet
reconstruction is to infer as much as possible about those particles. This section
provides an overview of the topic.

2.4.6.1. The Anti-kT Jet Algorithm

Since jets are so abundantly produced at hadron colliders, they often overlap in
the detector. For this reason, it is not trivial to assign energy deposits in the
calorimeters and tracks in the pixel detector to specific jets, not by eye, neither
programmatic. Jet algorithms are used in order to reconstruct jets from various
objects. They read input 4-momenta and build output 4-momenta, and are thus
usable at any stage of perturbation theory, be it simulated parton or hadron level
events, or data from detector objects.
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Within the ATLAS experiment, the anti-kT algorithm [19] is utilized for jet recon-
struction, which is a sequential recombination algorithm. These types of algorithms
use a distance metric to cluster together pairs of particles whose “distance” is below
some threshold. The distance metric of the anti-kT algorithm uses the quantities

dij = min (1/p2
T i, 1/p2

Tj)
∆R2

ij

R2 , ∆R2
ij = (yi − yj)2 + (φi − φj)2,

diB = 1/p2
T i,

where yi is the rapidity of particle i, and R is referred to as the distance parameter.
The algorithm proceeds as follows

1. Between all pairs of particles ij, calculate dij and diB.

2. Find the minimum of all dij and diB.

3. If that minimum is a dij, combine i and j into a single particle and return to
step 1. Else, it is a diB, and then i is declared a final jet and removed from
the particle list.

4. Terminate when the particle list is empty.

The distance parameter R is a chosen parameter and determines the size of the
created jets. With the anti-kT algorithm, soft particles are always clustered with
high energy ones before they can cluster among themselves. This is why jets in this
algorithm grow outwards from “hard seeds,” and form circular jets.9 A common
distance parameter used by the ATLAS collaboration is R = 0.4, a size that is
large enough to cover most of the radiation of a typical parton shower, and small
enough to keep overlaps limited.

2.4.6.2. Jet Inputs

Many different objects can serve as input to a jet algorithm, and it depends on the
problem which ones are chosen. For example, clustering simulated Monte Carlo
particles would result in jets referred to as truth jets; jets reclustered from tracks

9Among experimentalists this is a desired behavior.
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in the vertex detector are trackjets; and calorimeter jets are formed out of energy
deposits in the calorimeters. The measurement of the energy of latter jets is, after
applying calibrations, roughly at the same scale as the quarks that initiated them
(e. g. the invariant mass of a dijet system that emerged from a Z boson would
peak at mZ).
A widely used input for the anti-kT algorithm at the ATLAS experiment are
topoclusters [20]. These are attained by merging in a specific manner the calorime-
ter cells (which are the smallest entities in a calorimeter) to “three dimensional
topological clusters” (topoclusters). Using those as input, instead of directly the
cells, reduces the impact of some issues that come with the cells, e. g. their noisiness
and great number. The merging methods are conceived to produce approximately
one cluster per particle that interacted with the calorimeter. The clusters are
also calibrated according to some scale, typically the electromagnetic (EM) scale
or the fully calibrated scale. Former reconstructs the energy deposits of photons
and electrons correctly. However, it does not apply measures to compensate for
the generally smaller energy signals for hadrons in the ATLAS calorimeter (non-
compensating, see Sec. 4.2.3), for signal losses due to noise suppression, or for
signal losses due to inactive material between the calorimeter modules. These are
accounted for by the fully calibrated scale.
From these input clusters the anti-kT algorithm calculates, in the case of EM cal-
ibration and R = 0.4, jets that are referred to as AntiKt4EMTopoJets. Typically,
an analysis will be performed on AntiKt4EMTopoJets that have been further cal-
ibrated by a jet energy scale (JES). This is a Monte Carlo (MC) based correction
that targets the effects that varying detector technologies in η introduce and re-
stores further the energy losses due to the non-compensating and sampling nature
of the ATLAS calorimeters.

2.4.6.3. Flavor Tagging

For jet reconstruction, flavor tagging is an important method to acquire informa-
tion about whether a jet was initiated from a b-quark. The b-quark represents a
notable exception among quarks, as its hadronization products contain b-quarks,
typically B-mesons. These mesons have lifetimes of the order of 10−12 s [12], re-
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sulting in a measurable displacement of their decay position with respect to the
interaction point of the initial state particles of typically a few millimeters. A
jet that contains a secondary vertex (SV) therefore indicates the creation of a b-
quark, and is referred to as a b-jet. Algorithms to identify b-jets are referred to as
b-tagging algorithms, and a selection of those are described in the following.

Most algorithms for b-tagging rely on the lifetimes of B-mesons, which lead to
at least one displaced secondary vertex in an event. Since b-quarks can decay into
muons, it is also possible to exploit this decay for b-tagging. However, this short
overview is focused on lifetime-based b-tagging algorithms [21]. All algorithms of
this type rely on the measurement of the particles’ trajectories after their creation
(tracks). They therefore require a detector capable of tracking particles.
To b-tag a jet, the algorithms analyze the tracks associated with the jet of in-
terest. There are two common approaches: based on the impact parameter10 of
tracks (e. g. JetProb and IP3D [21]), and based on finding a secondary vertex in
a jet (e. g. SV1 and JetFitter [21]).
To achieve a better b-jet efficiency (achieved by impact-parameter-based algo-
rithms) and better light jet (gluon, or u-, d-, or s-quark induced) rejection (achieved
by secondary-vertex-based algorithms), algorithms are often combined to deliver
a unified b-tagging weight. A common combination is MV1 [21], which combines
IP3D, SV1 and JetFitter via a neural network. A version of the MV1 algorithm
that is trained to particularly reject c-jets instead of light jets is referred to as
MV1c. Its light jet rejection decreases only minorly.
The currently most powerful b-tagging algorithm is MV2 [22], a boosted decision
tree (BDT) based algorithm that, like MV1, takes as input variables the outputs of
the basic b-tagging algorithms IP3D, SV1 and JetFitter. Compared to MV1, MV2
significantly simplifies the algorithm, as the input variables of the three basic al-
gorithms are used directly.11 Also for MV2 a version trained to reject c-jets exists:

10The transverse impact parameter, d0, of a track is the distance of closest approach of the
track to the primary vertex (PV) in the plane perpendicular to the direction of the colliding
particles. Furthermore, the longitudinal impact parameter z0 is the distance of the mentioned
point of closest approach to the PV in longitudinal direction.

11The use of intermediate multivariate layers, like the neural network of the JetFitter algorithm,
is omitted.
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MV2c. For MV2c it is customary to control the fraction of c-jets with respect to
light jets in the sample it is trained with, as this has implications on its c-jet and
light jet rejection. The fraction is stated in percentage at the end of the trained
algorithm, e. g. MV2c20 or MV2c10.
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3. Searches for the Higgs Boson
Decaying to bb̄

On July 4, 2012 CERN announced the discovery of a particle consistent with the
Higgs boson, after many experiments had searched for it over the course of some 50
years. Since then, the ATLAS and CMS experiments continued to probe the new
found boson’s properties. So far, all LHC measurements, including decay width,
couplings to particles, spin, and parity are consistent with SM predictions [23–27].
However, these measurements have been mainly performed in the bosonic decay
modes of the Higgs boson (H → γγ, H → ZZ∗, H → WW ∗). In order to further
confirm the mass and SM properties of the found Higgs boson, it is necessary to
establish an observation of its fermionic decay channels (mainly1 H → bb̄ and
H → ττ). In particular, it remains to be shown that the Higgs field is the source
of mass generation for fermions, and whether the Higgs boson’s direct coupling to
the quark sector is as predicted by the SM. The efforts of the ATLAS and CMS
experiments to observe the Higgs boson decay to a τ -lepton pair have recently lead
to an evidence in that channel [28, 29]. The searches in the bb̄ channel have not yet
reached evidence status. This section will highlight the history of those searches
as well as their current state, and explain how the VBF production channel can
contribute to an observation of H(bb)2.

1Higgs boson branching ratios to other fermions are considerably smaller and thus meaningful
searches in these channels cannot be performed with current integrated luminosities of particle
collision data.

2Short for H → bb̄.
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3.1. Higgs Boson Decays to Beauty-Quarks

As mentioned in Sec. 2.2.3, the Higgs boson predominantly decays into a pair of
b-quarks. The search in this decay mode is a particularly challenging one. Firstly,
the background from QCD multijet production cannot be reduced by applying
b-tagging criteria. At the LHC this background occurs about seven orders of
magnitude more often than the signal process [30]. This problem arises in all
production channels: in ggF and VBF the b-jets are produced alongside other
jets (QCD multijet background), in VH the background becomes V bb̄, and in ttH
it is tt̄bb̄. Ways to deal with this background include estimating it by studying
signal depleted control samples in data, and making use of a fine invariant mass
resolution for bb̄-dijets.
Furthermore, the background where light quark or gluon jets are produced is
O(100 nb) [31]. To reduce this background, the light jet rejection factor of the
used b-tagging algorithm has to be sufficiently high (O(100)), but at the same
time the achieved b-jet efficiency has to be kept at a high percentage.
Due to these reasons, the production modes with additional leptonic signatures
(VH leptonic, ttH semileptonic/dileptonic) become increasingly viable with respect
to the jet-only topologies for an observation of H(bb). In the following, the history
(also prior to the Higgs boson observation) and current status of searches for H(bb)
in different production modes are presented.

3.1.1. ggF

The ggF production cross section was one of the first Higgs production mechanisms
to be discussed [32, 33]. Initiated through gluons, this production mode can only
be studied at hadron colliders. In extensive studies of those colliders [34] it was
found that the background for ggF production in case of mH < 2mW was many
orders of magnitude higher than the signal, discouraging searches for hadronic
Higgs boson decays in this mode. In the other case, mH > 2mW , the ggF is not
the dominant production mode (instead VBF dominates this regime) and a search
was thus considered to be unfavorable, too. However, more recent studies focussing
on the LHC introduced QCD corrections that increased the ggF production cross
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section significantly [35–37].
At the LHC, ggF production is the main mode for Higgs bosons searched for in
their decays to electroweak gauge bosons (and their subsequent decay to leptons
in case of the W/Z), where QCD multijets are not the dominant background. A
ggF H(bb) search effort has not been conducted so far.

3.1.2. VH

The associated production of the Higgs boson with a Z or W boson is especially
viable because of the possibility of using the leptons of W → `ν, Z → ``, or the
MET of Z → νν decays for trigger and background reduction purposes [38].
In early studies of Higgsstrahlung [39–41] it was found that the production cross
section turned out to be too low to conduct sensitive studies with the center-of-
mass energies and luminosities of existing accelerators (e. g. ISR or SPS).3 The
discussion of VH(bb) was revitalized when it became clear that the top quark was
very heavy [42], that the Higgs boson mass exceeds the limit placed by LEP, and
that b-tagging4 will be feasible in high-luminosity hadron collider environments
(with the Silicon Vertex Detector [45] of CDF). Studies on the feasibility of the
VH(bb) search at the Tevatron as well as the anticipated LHC were conducted
[38, 46, 47], and resulted in a prospect where a VH(bb) observation should be pos-
sible with 100 fb−1 for an intermediate mass Higgs boson with a mass of 120GeV.
These studies, however, were based on underestimated b-tagging algorithm perfor-
mances (as is known nowadays). At least since LEP II (1996), all LEP experiments
were equipped with vertex detectors [48–51] that made b-tagging possible. This
resulted in e+e− → ZH → Z + bb̄ being the main search channel for Higgs bo-
son physics at LEP. Combined, the LEP experiments set a lower limit on the
Higgs boson mass of 114.4GeV [52], using ZH(bb) as the most sensitive channel.
Searches for VH(bb) were also performed by the Tevatron Collaborations [53, 54],
and resulted in the first cross section limits from hadron colliders. The VH(bb)

3Note that the number of events used to discover the W and Z bosons at the UA1 and UA2
experiments at the SPS were O(1). Early cross section predictions for Higgs boson production
via Higgsstrahlung were over a hundred times smaller than the cross section for Z orW boson
production [40]—even for light Higgs bosons.

4Tagging of heavy long-lived particles for Higgs boson detection was first proposed in the early
1980s [43, 44].
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searches at the Tevatron ended with an evidence consistent with the production
of the Higgs boson in the mass range 120–135GeV [55].
Nowadays, VH is the LHC’s main channel in the H(bb) search, and is the one clos-
est to an evidence: The observed deviation from the background-only hypothesis
corresponds to a significance of 1.4 standard deviations at the ATLAS experiment
[56]. The dominant backgrounds are (W/Z)+jets and tt̄ events, as well as multijet
events where jets are misidentified as electrons, or where heavy-flavor quarks decay
semileptonically. Searches in this decay mode are usually performed in the 0`, 1`,
and 2` channels separately, and to improve the significance the channels are split
further according to the transverse momentum of the vector boson.5

The ATLAS and CMS experiments are actively searching for VH(bb). Using the
Run 1 dataset, the CMS collaboration reports an upper limit of the production
cross section times branching fraction at the 95% confidence level of about 1.89
times the SM prediction6 [57], while the ATLAS analysis reports 1.2 for the same
quantity [56].

3.1.3. ttH

The ttH production mode allows for a direct measurement of the Yukawa coupling
of the top quark. The ttH channel can thus help exclude proposed extensions of
the SM [58] that result in an increased top-Higgs coupling, or help find a non-SM
Higgs boson.
Due to the top quarks produced in association with the Higgs boson, and their
very distinct decay patterns, a separation of the signal from background events
becomes feasible.
The first cross section calculations of this production mode were given by [59, 60],7

and it was acknowledged that the cross section falls behind that of the ggF pro-

5The background composition varies among the different pV
T categories, and the high pV

T cate-
gories have a better signal-to-noise ratio.

6In the following, analogous quantities will be referred to as “upper limit on σ × BR.” When
no specification of mH is given, a Higgs boson mass of 125GeV is implied.

7Besides that, the Higgs boson production by heavy-quark flavors, alongside the ttH Feynman
diagram, was mentioned in a publication about the ggF mode [33]. However, no cross sections
were calculated.
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duction. Still before the discovery of the top quark,8 but after the exclusion of
light Higgs bosons [62], the discussions in ttH were mainly targeting the more dis-
tinct decay channels involving leptons and photons [61, 63]. With the exclusion of
light intermediate mass Higgs bosons [64], more research was done in assessing also
the viability of the ttH mode with a decay of the Higgs boson into b-quarks—an
observation of ttH(bb) was prospected to become feasible with O(100) fb−1 of pp
collision data [65–67]. The first analysis in the ttH(bb) channel was performed
within the CDF experiment (Run 2) at Fermilab, where an upper limit on σ×BR
of 176 (for mH = 115GeV) was reported [68]. Later, the DØ collaboration pub-
lished first results, too, and reported an upper limit on σ × BR of 84.8 [69].9

Both the ATLAS and CMS experiments conducted searches in this production
channel in the LHC Run 1; searches that make use of the semileptonic and dilep-
tonic top pair decay channels [72–74], or the hadronic channel [75]. The CMS
collaboration reports an upper limit on σ×BR of about 4.1 [73], and the ATLAS
analysis in the semi/dileptonic channels reports 3.4 for the same quantity [72].10

3.2. Vector Boson Fusion Higgs Boson

This section gives an overview of the Higgs boson’s VBF production mode, which
can contribute to enhance the sensitivity in the bb̄ decay channel. With the second
highest production cross section at the LHC and a distinct event topology the
VBF production mode provides beneficial features.

3.2.1. History

The VBF production mode was first considered when studies about the feasibility
of Higgs boson searches at e+e− colliders were conducted [76]. While having a lower

8The pp → tt̄HX production cross section at the prospected LHC was found to be fairly
insensitive to the actual mass of the top quark [61], for mt . 200GeV and intermediate mass
Higgs bosons.

9Subsequent analyses by DØ and CDF performed on their respective full datasets could reduce
the upper limit on σ × BR to 74.3 and 20.5, respectively [70, 71].

10The most recent ATLAS ttH(bb) publication [75] combines the results of the hadronic and
semi/dileptonic ttH(bb) searches of the ATLAS collaboration. However, no upper limit on
σ × BR is quoted, only a combined signal strength of µ = 1.4± 1.0.
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cross section than ZH, it was noted that the VBF channel could produce Higgs
bosons of higher masses more efficiently than ZH [76, 77]. At prospected multi-TeV
hadron colliders, too, VBF would primarily be considered as a means to produce
heavy Higgs bosons (mH > 2mW ), since in this mass regime the production mode
would start to dominate over ggF11 and VH [44, 78, 79]. Soon, the possibility
of using the VBF topology (see Sec. 3.2.3) as a method to identify heavy Higgs
bosons was pointed out [80, 81]. However, these studies targeted the dominant
decay channel for heavy Higgs bosons, H → WW and H → ZZ. When LEP
was built it was expected to find the Higgs boson if it was mH < 80GeV, and
plans for the LHC would have it target the high mass region mH > 130GeV.
Unclear was how the intermediate mass region, where the decayH → bb̄ dominates,
should be approached with the LHC. Studies were conducted and showed that a
LEP/LHC run in an ep-mode, where VBF production dominates for all Higgs
boson mass ranges, would provide an effective means observing VBF H(bb) [82].12

The LEP/LHC, however, has not been realized yet. The first LHC (run in pp

mode) studies for VBF H(bb) suggested that the channel may play an important
role in studying the intermediate mass Higgs boson at the LHC [85–88]. The
main difficulties were seen in identifying the rapidity gaps (see Sec. 3.2.3) among
pileup events.13 The years until the LHC launch were mainly used to compute
corrections to the VBF production cross section and implement MC calculations
[89–91]. With the start of data-taking at the ATLAS and CMS experiments the
first results would follow a few years after the other more promising channels were
searched for.

11The calculation was based on an assumed top mass an order of magnitude lower than it actually
turned out to be.

12The only other ep experiment, HERA, lacked the capabilities of searching for the Higgs [44,
83, 84].

13Pileup events are interactions (in case of the LHC, proton-proton) that are recorded in the
detector alongside the event of interest. They can occur due to multiple proton-proton inter-
actions per bunch crossing, multiple parton-parton interactions per proton-proton collision,
or because detection systems have sensitivity time windows longer than the bunch spacing
time.
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3.2.2. Current State of the Observation

The VBF channel has the second highest production cross section for Higgs bosons
at the LHC. In this channel the distinct topology (detailed in Sec. 3.2.3) provides
a handle to reject background events (that consist mostly of irreducible bb̄jj mul-
tijet events). Both the ATLAS and CMS experiments have published VBF H(bb)
searches [92, 93] using data at 8TeV center-of-mass energy. The CMS collabora-
tion reports an upper limit on σ × BR of 5.5, while the ATLAS analysis reports
4.4. These analyses are described in more detail in Sec. 3.2.5.
A problem dominant in this production channel is the low trigger efficiency for
signal events. In the past it has been < 10 %.14 To enhance the trigger efficiency,
a variant of the VBF H → bb̄ channel has been proposed: VBF H(bb)+γ [95],
which now has an ongoing analysis in the ATLAS Run 2.15 This channel benefits
from a significantly reduced background due to destructive interference occurring
between various processes with central photon emission. However, the cross sec-
tion of the signal process is suppressed by a factor of α (fine-structure constant).
In order to achieve a sensitive search, even higher integrated luminosities than for
the inclusive VBF H(bb) search are required.
Another approach to increase the trigger efficiency consists of employing triggers
that are specifically geared towards the properties of the VBF H(bb) signal—this
approach is elaborated in this thesis and is part of the ATLAS Run 2 search effort
for VBF H(bb).

3.2.3. Topological Features

This section gives a description of the special topology that VBF H(bb) events
show, which will serve as the basis for the developments presented in Sec. 5.
In the VBF production mode, as already indicated in Sec. 2.2.2, two (typically
valence) quarks from the colliding protons scatter off each other via vector boson
(W or Z) emission, and these fuse into a Higgs boson (Fig. 2.1).

14For comparison, VH(bb) triggers are almost fully efficient [94].
15In Run 1, the ATLAS experiment had no search in the VBF H(bb)+γ channel.
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Jets The vector bosons are emitted by quarks, since they are the only partons
able to do so. After production, the Higgs boson decays into a pair of b-quarks.
Based on this process the VBF H(bb) final state features four high pT jets: two
light quark jets, and two b-quark jets. The Higgs boson transverse momentum is
of the order of MW and so is the transverse momentum of both light jets [80]. In
the following, the two hadronization products of the light quarks will be referred
to as VBF jets [80] (abbreviated as the JJ pair).
The b-jets from the decaying Higgs boson tend to be in the more central region of
the detector. The VBF jets, on the other hand, are likely to be found in the more
forward/backward region of the detector, on opposite sides. The pseudorapidity
difference between the VBF jets is therefore relatively high. A typical topology is
shown in Fig. 3.1.

1New VBF H(bb) trigger

New VBF H→bb triggers

Make use of the event signature 
• 2 VBF tagging jets (forward or central) 
• central HT ≥ 120 GeV from Higgs 
• large |Δη| gap between most forward/backward jets

z

VBF jet

VBF jet
b jet

b jet

Mar 1, 2016

Figure 3.1.: Simplified illustration of a typical topology of a VBF H(bb) event
in a detector.

Rapidity Gap The emitted vector bosons are color singlets and thus the emit-
ting quarks do not change color. For this reason, there is no color connection
between the initial state quarks, but they interact with their respective proton
remnants in order to hadronize, since they are color neutral as a system [96].16

Additionally, since the Higgs boson is created by an electroweak process, the in-
volved vector bosons are not interacting strongly, and thus are not able to radiate
off gluons. As a result, ideally the region between the VBF jets is almost free from
QCD activity (referred to as rapidity gap [97]), except in the region where the
Higgs boson decays, since there the b-quarks color connect between each other and
16This would change if gluons had been emitted instead of vector bosons. As part of a color

octet, the initial state proton becomes colored upon emittance of a gluon and the two initial
state hadrons would have to exchange color in order to become color neutral again.
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cause hadronic activity. This ideal case can, however, be spoiled by some effects:
It was shown in MC studies that even though it is expected that the hadronization
products of the remnants of the initial state hadrons stay close to the beam line,
many of them still appear in a more central region [96]. Furthermore, pileup events
can have an effect on the rapidity gap.
Depending on the chosen model for hadron collisions, the probability that a ra-
pidity gap would “survive” [97] in a VBF event (i. e. that no other parton-parton
interaction occurs17) was calculated to be between 5.5% and 22.1% for an energy
around the LHC energy [98].

3.2.4. Background Processes

The dominant background for the VBF H(bb) signal at the LHC are non-resonant
multijet events from QCD production, mimicking the signal signature that consists
of four high pT jets. Other backgrounds are hadronic decays of Z (resonant)
or W bosons produced in association with other jets, hadronic tt̄ decays (i. e.
tt̄ → bW+b̄W− → b + hadrons + b̄ + hadrons), and hadronic decays of single top
events.

3.2.5. LHC Results

3.2.5.1. Analysis Strategy of CMS

For their recent publication [93] the CMS collaboration employed the analysis
strategy of searching for a “signal bump” in the distribution of the bb̄ pair invariant
mass mbb.
This is done by fitting a combination of MC simulations of background (Z + jets,
top pair and single top) and signal (VBF and ggF H(bb)) mbb distributions for
different Higgs boson mass hypotheses (“templates” for 115, 120, 125, 130, and
135GeV) to the data distribution. Additionally, the QCD multijet background is
shaped using a data-driven approach. A MC generation of the multijet background
is computationally not feasible due to the stringent cuts that are placed for the
17Note that this does not account for pileup events of other origins nor for the filling of the gap

by the proton remnants.
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VBF analysis: far too many multijet events would have to be produced in order
to achieve satisfactorily high statistics.
The Higgs boson signal strength is extracted from thembb distribution in data with
a binned likelihood fit. The signal strength µH and the QCD multijet background
event yield, NQCD, are free parameters of the histogram likelihood

L(µH, NQCD) =
∏

bins b

(fb[µH, NQCD])nb e−fb

nb!
,

where fb is the value of the fit model f [µH, NQCD] in bin b of the histogram,
and nb is the observed value (data).18 It is assumed that nb follows a Poissonian
distribution. Along with the free parameters µH andNQCD, the fit model f includes
parameterized analytic functions for the shapes of the signal and background mbb

distributions that have been acquired by fitting analytic functions to the discrete
distributions.
In order to enhance the sensitivity, the sample is divided into four categories,
and the fit is performed simultaneously for all categories. The categories differ
in their signal-to-noise ratio: from mostly background to signal-enriched. The
latter categories provide high sensitivity, while the background uncertainties are
constrained in the former categories, mostly unbiased from signal contribution.
The classification of an event into a specific category is done employing a BDT.
For each event, a BDT output variable is computed and based on its value the
corresponding category is chosen. The categories are correspondent for a specific
range of output values. A BDT is built from input variables chosen in such a
way that variables with high separation between signal and background processes
and low correlation among each other and with respect to mbb are preferred. The
following input variables are considered:

• the kinematics of the VBF jet system: ∆ηJJ , ∆φJJ , and mJJ ,

• the b-tagging weights of the two best b-tagged jets (highest b-tagging weights),

• the quark-gluon likelihood (QGL) for the two best b-tagged jets and the two
VBF jets,

18The mbb templates are fitted individually; each mbb value has its own L.
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• the Hsoft
T of the event,

• the number N soft of soft trackjets with pT > 2GeV, and

• the angular kinematics of the production: cosine of the angle between the JJ
and bb̄ planes in the center-of-mass frame of the four leading jets (cos θ∗JJ,bb).

The variables QGL, Hsoft
T , and N soft will be explained in the following.

Quark-Gluon Likelihood The VBF topology is characterized by two light
quarks that radiate off vector bosons which then fuse into a Higgs boson that
subsequently decays. Since the only partons that can radiate vector bosons are
quarks, it is useful to require that the VBF jets originated from quarks, and not
from gluons, as the same topology could have been formed from gluons radiat-
ing off other gluons that fuse and decay into a pair of (b-)quarks (an example of
multijet background). To aid the discrimination of these processes on a statistical
basis, the quark-gluon likelihood [99] is employed by the CMS analysis.
It has been observed that gluon jets feature a higher charged particle multiplicity,
a softer fragmentation function,19 and are ‘wider’ (less collimated in the η-φ plane)
than light quark originated jets [99]. The QGL is a discriminant that is formed
by exploiting these differences. For quantification, jets are approximated by an
ellipse in the η-φ plane whose major and minor axes can be extracted for further
processing. The likelihood is computed from the following internal jet composition
variables [93]:

• the root-mean square of the distribution of jet constituents along the major
axis,

• the root-mean square of the distribution of jet constituents along the minor
axis,

• the jet asymmetry pull20,
19So the jet constituents are not so likely to carry a disproportionally large fraction of the total

jet energy.
20The jet asymmetry pull measures the favored direction in which the internal components of

the jet mostly shower towards, relative to the jet center [100]. With respect to the jet center
it can be represented in polar coordinates as an angle and a magnitude in the η-φ plane. For
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• the jet particle multiplicity, and

• the maximum fraction of total jet energy carried by a jet constituent.

From these variables a likelihood-product discriminator is calculated that serves
as a measure of probability that a jet originated from a gluon. Fig. 3.2a shows
that VBF jets are expected to have low values of QGL, while gluons tend towards
a higher QGL.

Soft Hadronic Activity The existence of a rapidity gap between the VBF jets
in the VBF topology has been pointed out in Sec. 3.2.3. In order to quantify the
QCD activity between the VBF jets, the CMS analysis defines the event variable
Hsoft
T , which is able to statistically distinguish between VBF H(bb) and other

processes producing the same final state (ggF H(bb), backgrounds) [93]. The
computation of this variable will be explained in the following.
The PV of the event is defined as the reconstructed vertex that ends up with the
largest sum of squared transverse momenta of tracks used to reconstruct it. For
the PV, a collection of “additional tracks” is built with tracks that

• have pT > 300MeV,

• fulfill high purity quality requirements [101],

• are not associated with any of the four leading jets of the event,

• are associated with the PV rather than with other (pileup) vertices, and

• are not in the region between the two best b-tagged jets. This region is
defined as an ellipse in the η-φ plane with the b-jets as foci, with the major
axis having length ∆R(bb̄) + 1 =

√
(∆ηbb)2 + (∆φbb)2 + 1 and pointing in the

direction that connects the two b-jets, and minor axis of length 1.

The selected tracks are subsequently clustered into “soft trackjets” using the anti-
kT algorithm with a distance parameter of 0.5. Hsoft

T is then computed as the scalar

color flow reasons explained in footnote 16, gluons are expected to tend to pull towards the
decay products of the gluon fusion, and not towards the beam line as is the case for VBF
quarks.
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sum of the pT s of soft trackjets with pT > 1GeV. Fig. 3.2b shows the distribution
of Hsoft

T for signal and background events. Due to the rapidity gap, a low Hsoft
T

is expected for signal events, while QCD multijet events statistically have higher
values. Lastly, N soft is defined as the number of soft trackjets with pT > 2GeV.9
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Figure 4: Normalized distribution in quark-gluon likelihood discriminant of the first light-jet
candidate. Quark jets are expected to have low likelihood values (closer to 0), while gluon
jets are expected to have higher ones (closer to 1). The selection corresponds to set A, data
are shown by the points, and the sum of all simulated backgrounds is shown by the filled his-
togram. The VBF Higgs boson signal is displayed by a solid line, and the GF Higgs boson signal
is shown by a dashed line. The panel at the bottom shows the fractional difference between the
data and the background simulation, with the shaded band representing the statistical uncer-
tainties in the MC samples.

method [48] to reconstruct the hadronization of partons with very low energies down to a few
GeV [49]; an extensive study of the soft TrackJet activity can be found in Refs. [43, 44].

The discriminating variable, Hsoft
T , that encapsulates the differences between the signal and the

QCD background, is the scalar pT sum of the soft TrackJets with pT > 1 GeV, and is shown in
Fig. 5.

8 Extraction of the Z boson signal
The Z +jets background process, with the Z boson decaying to a b-quark pair, provides a vali-
dation of the analysis strategy used for the Higgs boson search. The extraction of the Z boson
signal demonstrates the ability to observe a relatively wide hadronic resonance on top of a
smooth QCD background. Also, if such a signal can be seen, it can serve for in situ confirma-
tion of the scale and resolution of the invariant mass of the two b jets. Recently, the observation
of a Z ! bb signal was reported by the ATLAS Collaboration [50] in the Z +1 jet final state,
and similar techniques are applied here. The overall strategy has two parts. First, events are
selected from set A, with the additional requirement to have at least one CSVM jet. It should
be noted that it is important to extract the Z boson signal in the same four-jet phase space in
which the Higgs boson search is performed. Then, a multivariate discriminant is trained to
separate the Z +jets process from the QCD multijet production, using variables that are only
weakly correlated to mbb. According to the value of the discriminant the events are divided
into three categories, ranging from a signal-depleted control category, to a signal-enriched one.
Finally, a simultaneous fit of the signal and the QCD background mbb shape is performed in all
three categories. The subsequent sections give details of the outlined procedure.

(a)
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Figure 5: Normalized distribution of the scalar pT sum of TrackJets that are associated with the
soft QCD activity (Hsoft

T ). The selection corresponds to set A, data are shown by the points, and
the sum of all simulated backgrounds is shown by the filled histogram. The VBF Higgs boson
signal is displayed by a solid line, and the GF Higgs boson signal is shown by a dashed line.
The panel at the bottom shows the fractional difference between the data and the background
simulation, with the shaded band representing the statistical uncertainties in the MC samples.

8.1 Z boson signal vs. background discrimination

As discussed above, the selection of events is based on set A, with the additional requirement
of having at least one CSVM jet; the tightening of the b-tagging condition was found to im-
prove the expected sensitivity. A Fisher discriminant (FD) [41] is implemented with the TMVA
package and trained to discriminate between the Z +jets signal and the background. For this
purpose, seven variables are used: (i) the absolute h difference |Dhqq| of the VBF jets; (ii) the ab-
solute h of the b-jet system |hbb|; (iii) the CSV value of the jet with highest CSV value (with best
b tag); and (iv)-(vii) the QGL values of the four leading jets. Due to the very small correlations
between the variables, the FD performs almost as well as more advanced, nonlinear discrim-
inators. Figure 6 shows the normalized distribution of the discriminant, where the output of
the Z +jets signal is compared to the background.

8.2 Fit of the dijet invariant mass spectrum

The selected events are divided into three categories, based on the FD output. Table 2 summa-
rizes the event categories and corresponding yields.

Table 2: Definition of the event categories for the Z boson signal extraction and corresponding
yields in the mbb interval [60, 170] GeV.

Category 1 Category 2 Category 3
FD < �0.02 �0.02 < FD < 0.02 FD > 0.02

Data 659873 374797 342931
Z +jets 1374 1467 2783

tt 2124 1821 2327
Single t 657 569 812

(b)

Figure 3.2.: Normalized distributions of (a) the QGL and (b)Hsoft
T for signal and

the sum of all background MC datasets. The bottom panel shows
the difference between the data and the background simulation.
The shaded band represents the statistical uncertainties in the MC
samples. The figures are taken from Ref. [93].

3.2.5.2. Analysis Strategy of ATLAS

The approach used by the ATLAS collaboration in their most recent VBF H(bb)
results [92], currently being reviewed for publication, is very similar to the CMS
analysis. Here, too, a binned likelihood fit of the different contributing components
to the mbb distribution is performed simultaneously in different categories. The
categories have been formed by placing different cuts on a discriminant that was
built via a BDT. However, there are slight differences in the strategies.
While the CMS analysts only treat µH and NQCD as free parameters in the fit, the
ATLAS analysis also allows µZ (ratio of Z + jets yield to the SM prediction) to
be varied within its theoretical uncertainty around the SM prediction of 1. µZ is,
as opposed to µH , not fitted simultaneously in all categories, but individually in
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each of them.
Furthermore, in the ATLAS analysis MC mbb distributions for VBF H(bb) and
Z+jets are fitted directly to the data histograms (as opposed to fitting an analytic
function onto the MC yield which is then in turn fitted with the data). For the
non-resonant background both analyses use an empirical parametrized analytical
function to fit with the data. However, in the ATLAS search the fit for the
dominant QCD background is only performed in the non-signal regions of the
data ([70–90]GeV, [150–190]GeV) and is then extrapolated to the signal region.
Compared with the CMS search, the ATLAS search uses different input variables
that the BDT is built upon. They are chosen to be discriminating between VBF
signal and background events, and to be mostly uncorrelated to mbb, so that the
non-resonant background fit in the non-signal regions of the distribution is not
influenced by the values of the BDT variables in the signal region. The used
variables (ordered by descending discrimination power) are

• the jet widths21 of VBF jets within |η| < 2.1 to distinguish quark and gluon
initiated jets,

• the scalar sum HATL
T of pT of additional (not the VBF or Higgs jets) jets

with pT > 20GeV and |η| < 2.5,

• the invariant mass mJJ of the two VBF jets,

• the η separation ∆ηJJ of the two VBF jets,

• the maximum |η| of the two VBF jets,

• the η separation between the average of the VBF jets and the Higgs boson
candidate (ηJ1+ηJ2

2 − ηb1+ηb2
2 ), and

• the cosine of the polar angle θ of the cross product of the VBF jets’ momenta
in the rest frame of the Higgs boson candidate (b1, b2 system); this quantity
is sensitive to the production mechanism of the event.

21The width of a jet is computed by summing up its ET deposits in the calorimeter, weighted
by their angular distance from the jet axis.
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4.1. The Large Hadron Collider

The Large Hadron Collider [102] is a proton-proton collider located at CERN (Eu-
ropean Organization for Nuclear Research), built within the 27 km circumference
tunnel of the previous particle accelerator LEP. Currently, the LHC is the largest
of its kind, with a design instantaneous luminosity of 1034 cm−2 s−1 and a design
center-of-mass energy of 14 TeV—unattained by its predecessors.
The first run of LHC data-taking (Run 1) took place from 2009 to 2013. Within
this period, 2011 and 2012 were the years of primary data-taking with pp collisions.
During these years, the LHC ran with a center-of-mass energy of 7TeV and 8TeV,
respectively, and an instantaneous luminosity of ∼ 1033 cm−2 s−1.
After Run 1 the LHC operations were paused and the machine was prepared for
Run 2, which labels the 2015 to 2018 period of data-taking. During Run 2 the
center-of-mass energy has been increased to 13TeV, and the instantaneous lu-
minosity has exceeded its design value. The experiments at the LHC were and
continue to be upgraded to cope with the higher luminosity1 conditions. In 2015,
the first 3.2 fb−1 of 13TeV pp collisions were recorded, and data-taking resumed
again in 2016, collecting an additional 30 fb−1 as of September 2016.
In the following, the LHC experiment ATLAS is described. A full discussion of its
features as well as planned upgrades is beyond the scope of this thesis, which only
gives a brief summary of essential information.

1Throughout this thesis, a no further specified luminosity translates to instantaneous luminos-
ity.
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4.2. ATLAS
The ATLAS detector [103] is the largest of the experiments housed by the LHC,
with a length of 44 m and a height of 25 m, at a weight of approximately 7000 t. It
is a hermetic detector and from the interaction point outwards, ATLAS consists
of the tracking systems (inner detector), solenoid magnets, calorimeters, toroidal
magnets, and muon chamber devices.

4.2.1. Coordinate System

ATLAS uses a right-handed coordinate system with origin in the experiment’s
nominal interaction point (IP), centered in the detector. The z-axis points along
the beam pipe, the x-axis from the IP to the center of the LHC ring, and the
y-axis points upwards. In the transverse plane (x-y) cylindrical coordinates (r, φ)
are used, where r is the transverse distance from the beam pipe, and φ the
azimuthal angle around the beam pipe. The polar angle θ defines the pseu-
dorapidity η as η = − ln tan (θ/2). Distances in the η-φ plane are defined as
∆R =

√
(∆η)2 + (∆φ)2. The transverse energy and momentum are defined as

ET = E sin θ and pT = p sin θ, respectively.

4.2.2. Tracking System

The tracking detector is required in order to reconstruct the trajectories of charged
particles (tracks) created in a collision event. The detector itself is made of silicon
(Si) pixels and strips paired with a transition radiation tracker (TRT). The gran-
ularity of the tracking system is very high2 to provide both a sufficient separation
power for tracks and a low occupancy. To allow determination of charged parti-
cles’ momenta and charge, the inner detector is surrounded by superconducting
solenoid magnets delivering a 2 T field in direction of the beam axis. The over-
all tracking system achieves a range coverage3 of |η| < 2.5 and a resolution of
σpT

/pT = 0.05 % pT ⊕ 1 %, with pT in GeV.
2The highest granularity is achieved by the pixel detector with a minimum pixel size in r-φ× z
of 50× 400µm2.

3Beyond |η| = 2.4 the tracking performance decreases rapidly. b-tagging is only possible within
the coverage of the tracking system.
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4.2.3. Calorimeters

The detector’s calorimeter system measures the energies of (charged and neu-
tral) particles created at collision events. Within the process of measurement the
particles are destroyed. The ATLAS calorimeter system consists of various sub-
systems: the liquid-argon (LAr) electromagnetic barrel (EMB), the tile barrel, the
extended tile barrel, the LAr electromagnetic end-cap (EMEC), the LAr hadronic
end-cap (HEC), and the LAr forward calorimeter (FCal). All subdetectors have
non-compensating4, sampling designs, alternating active readout and dense pas-
sive layers that collect energy deposits via scintillation or ionization, and induce
showers, respectively. The total calorimeter coverage comes to |η| < 4.9.

4.2.3.1. LAr Electromagnetic Barrel

This part of the ECal extends over |η| < 1.475. It uses lead as its passive, shower-
inducing, material and LAr as the active material. The EMB is separated in three
layers longitudinally, the first layer being the most finely segmented subsystem
of the ATLAS calorimeters, with a granularity of ∆η × ∆φ = 0.025/8 × 0.01.
It provides particularly good capabilities to identify individual photons from π0

decays.5 The remaining two layers have coarser resolution.

4.2.3.2. Tile Barrels

Behind the EMB and EMEC, the HCal components tile barrel and extended tile
barrel are located. Combined, the pseudorapidity range < 1.7 is covered. Steel is
used as the passive material, while the active parts consist of polystyrene scintil-
lating tiles. Like the EMB, it consists of three layers: the two inner layers have
the finest granularity (∆η × ∆φ = 0.1 × 0.1), while the third layer has coarser
resolution (0.2× 0.1).

4Non-compensating denotes that energy is lost within the passive layers that is not measured
in the active layers. The full energy readout will not equal an incoming particles’ energy, but
will be lower.

5π0 mesons decay into two (often collimated) photons with a branching ratio of 98.8 % [12].
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4.2.3.3. LAr Electromagnetic End-Cap

Each end-cap calorimeter is divided into an outer and an inner wheel that cover the
ranges 1.375 < |η| < 2.5 and 2.5 < |η| < 3.2, respectively. Like in the EMB, Pb-
LAr is used as the material combination. The outer wheel is separated into three
longitudinal layers, while the inner wheel consists of two layers. The granularity
for the outer wheel is better than or equal to ∆η×∆φ = 0.050× 0.1 for all layers.
In the forward region, the inner wheel has a resolution of 0.1× 0.1 for both layers.

4.2.3.4. LAr Hadronic End-Cap

The HEC is located behind the EMEC and uses copper and LAr as its material
composition. It consists of two independent wheels that are divided into two
layers each. The region 1.5 < |η| < 2.5 is covered with a readout cell granularity
of ∆η ×∆φ = 0.1× 0.1, while the range 2.5 < |η| < 3.2 has a lower resolution of
0.2× 0.2.

4.2.3.5. LAr Forward Calorimeter

The FCal extends over the range 3.1 < |η| < 4.9 and is divided into three mod-
ules: FCal1, FCal2, and FCal3. The first one is designed as an electromagnetic
calorimeter and uses copper as its passive material, while FCal2/3 are HCals and
use tungsten. All FCal modules use LAr as their active medium. The granularity
of the FCal does not easily map to coordinates of ∆η×∆φ and is therefore usually
given in values of ∆x×∆y [104]. The granularity is relatively coarse, and of the
order of centimeters—the coarsest granularity being ∆x×∆y = 5.4 cm × 4.7 cm,
and the finest being 1.5 cm× 1.3 cm.6 Approximations for a granularity in values
of ∆η ×∆φ are 0.15× 0.15 (0.3× 0.3) at |η| = 3.5 (4.5) [105].

4.2.4. Muon Chambers

As muons are too heavy to radiate bremsstrahlung and do not interact strongly,
they are not stopped by either the ECal or HCal but are detected in the outermost

6For comparison, the second layer of the EMB has a granularity of ∆x × ∆y = 4.69 mm ×
36.8 mm.
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layers of the detector, beyond the superconducting toroid magnets7—in the muon
spectrometer. The additional magnetic field of the toroidal magnets can bend the
path of the muons in the z-y plane of the detector, while the solenoid magnetic
field only bends in the transverse x-y plane. As a result, the momentum of muons
can be determined more precisely by combining the muon chamber track with the
track in the inner detector. To acquire the muon tracks, the system uses three
layers of monitored drift tubes (covering |η| < 2.7) and highly granular cathode-
strip chambers (covering 2 < |η| < 2.7). Triggering on muons is only possible
within |η| < 2.4 with signals from the resistive plate chambers in the barrel region
(|η| < 1.05) and the gap chambers in the endcap regions (1.05 < |η| < 2.4).

4.2.5. Trigger and Data Acquisition System

A problem of high luminosity particle colliders is that the rate at which events
are produced is too high to store them all. With a bunch spacing time of 25 ns
in the LHC Run 2, storing all the 40× 106 events per second (event rate 40MHz)
would result in over 50× 106 MB = 50 TB of data per second8—mostly containing
uninteresting physics phenomena. To decrease the event rate to values that are
technically feasible to process and store, and collect only the interesting events, a
dedicated trigger and data acquisition (TDAQ) system is used. The trigger sys-
tem is used with trigger menus, which are tables that determine what events the
system is supposed to accept. The menus contain signatures that are likely to be
produced by physics processes of interest.
In Run 2, the trigger system consists of two steps of event selection: Level-1 (L1),
and High-Level Trigger (HLT). The L1 trigger is based on custom hardware, while
the HLT is a software trigger run on commercially available computers.
The L1 trigger searches for trigger objects. These include signatures of jets, elec-
trons/photons, high-pT muons, hadronic τ -leptons, and sums of total and missing
transverse energy. For the non-muon signatures it uses all parts of the calorime-
ter with reduced granularity and precision, and for high-pT muon detection it uses
parts of the muon chambers. The L1 trigger analyzes every event (bunch crossing),

7These toroidal magnet give ATLAS its name (A Toroidal LHC ApparatuS).
8Average event size of 1.3MB assumed [103].
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but the maximum number of events that can be passed on to the HLT is 100,000
per second (L1 acceptance rate). The HLT has a further reduced acceptance rate
of 1 kHz. The L1 and HLT trigger menus have to ensure that the maximum rates
are not exceeded.
The HLT uses algorithms that are very similar to offline9 analysis software, with
the constraint of processing time limits. It makes use of the full (non-reduced)
granularity and precision of the calorimeter and muon chamber (independently of
L1), and also incorporates (limited) tracking information from the inner detector.
It is therefore able to trigger on more complex signatures, like secondary vertices
from B-hadrons (b-tagging, see. Sec. 2.4.6.3) over the entire event.
Until the end of Run 2 in 2018, wide-ranging changes to the trigger system will
have been made [106]. One of them is the addition of a new hardware component
to the L1 Trigger: the Topological Processor (L1Topo) [107]. With it, the L1 trig-
ger is capable of making trigger decisions not solely based on simple kinematics
of objects, but also by incorporating topological information of the event. These
include but are not limited to requirements for angular distributions (∆η, ∆R), in-
variant masses, or the central transverse energy (HCT ) [108]. The algorithms are,
however, limited by processing time and certain constraints apply. For example,
invariant mass calculations can only be performed among the leading six jet RoIs
(regions of interest; see Sec. 4.2.5.1). Because L1Topo triggers require firmware
implementation, changes to the trigger menu cannot be applied on-the-fly.10

4.2.5.1. L1 Jets

Due to the restrictions imposed on the L1 trigger by latency requirements, jets at
L1 cannot be reconstructed using the methods discussed in Sec. 2.4.6. Instead,
“jets” at L1 are simple energy depositions in a coarse η-φ grid.
Within the L1Calo [109], jets are built from jet elements, which in turn are sourced
from roughly 7200 trigger towers from all ATLAS calorimeters. The trigger towers
are formed by summing the outputs of multiple calorimeter cells (also in depth

9The analysis that is performed on permanently stored events (after having been accepted by
the trigger system) is referred to as the offline analysis. Corresponding to that is the online
analysis, which is performed in real-time by the trigger system.

10Only thresholds can be changed on-the-fly.
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between ECal and HCal) and therefore have a reduced granularity.11 The number
of calorimeter cells per trigger tower is dependent on the granularity of the consid-
ered calorimeter. Fig. 4.1 shows the granularity of the jet elements that are used
to form jets.
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Figure 4. Trigger-tower granularity for η > 0 and one quadrant in φ. 
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the latency for an individual event must be less than 2.5µs. The HLT further
reduces the rate to 1 kHz. It uses full event information for its selection and can
therefore use algorithms that are basically identical to o�ine analysis software,
with the constraint of processing time limits. The HLT trigger makes use of the
full (non-reduced) granularity and precision of the calorimeter and muon chamber
(independently of L1), and also incorporates (limited) tracking information from
the inner detector. It is therefore able to trigger on more involved structures, like
second vertices from B-hadrons (b-tagging, see. Sec. 2.4.6) over the entire event.
Until the end of Run 2 in 2018, wide-ranging changes to the trigger system will
have been made [107]; two main changes are described in the following.
The L1 trigger is complemented with a new hardware component: the Topological
Processor (L1Topo) [108]. With it, the L1 trigger is capable of making trigger
decisions not solely based on simple kinematics of objects, but also by incorpo-
rating topological information of the event. These include but are not limited to
requirements for angular distributions (�÷, �R), invariant masses, or the central
transverse energy (HCT ) [106]. The algorithms are, however, limited by process-
ing time and certain constraints apply. For example, invariant mass calculations
can only be performed among the leading six jet RoIs. Because L1Topo triggers
require hardware implementation, changes to the trigger menu cannot be applied
on-the-fly but have to be requested beforehand.7

As another new component, the Fast Tracker (FTK) [109] is introduced as an
upgrade to the HLT. It is a hardware tracker that provides full silicon tracking
information (|÷| < 2.5) within 100µs after the L1 trigger decision. This new com-
ponent will, among other features, make it possible to compute primary vertices,
and association of objects with them, without relying on the software implemented
HLT that is limited by processing time.

L1 Jet Trigger

The �÷◊�„ granularity for jets—which are the important objects for this thesis—
is 0.2 ◊ 0.2 for |÷| < 2.4, 0.27 ◊ 0.2 for 2.4 < |÷| < 3.2, and 1.7 ◊ 0.4 for 3.2 <
|÷| < 4.9 (no segmentation in the FCal) [106].

7Only thresholds can be changed on-the-fly.
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Figure 4.1.: Granularity of jet elements for one quadrant of the detector. In the
high precision parts of the detector, the granularity is 0.2 × 0.2 in
∆η × ∆φ. In the forward region the granularity is coarser. The
dashed lines in the FCal jet elements indicate that the jet elements
are not separated along those lines, but are halved (including their
energy) for the purpose of the sliding-window algorithm, so that
they appear as simply another pair of jet elements.

On the jet elements a sliding-window jet finding algorithm is run: The sums of ET
in windows of 2×2, 3×3, or 4×4 jet elements (windows of size ∆η×∆φ = 0.4×0.4,
0.6 × 0.6, or 0.8 × 0.8 in the central detector region) are compared against the
thresholds of the jet triggers from the L1 trigger menu. Fig. 4.2 illustrates the
windows. Within the algorithm, the windows slide in steps of one jet element and
overlap. Hence, it is possible that the same jet passes the threshold in multiple
windows. In order to prevent these multiple counts, a 2 × 2 jet elements region
(referred to as RoI) within a window is required to be a local maximum, i. e. the
RoI is required to exceed the values of all its nearest neighboring 2 × 2 RoIs (8
total; they do not have to lie within the window). Otherwise, the window is not
counted as a jet.

11In the region |η| < 2.5, the trigger towers have a granularity of ∆η×∆φ = 0.1× 0.1. Towards
more forward regions the granularity becomes coarser.
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Finally, the position of the local maximum defines the position of the jet,12 while
its ET is determined by the sum of the jet elements in the whole window.

2008 JINST 3 S08003
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Figure 8.6: Jet trigger algorithms, based on 0.2⇥0.2 jet elements and showing RoI’s (shaded). In
the 0.6⇥0.6 case there are four possible windows containing a given RoI. In the 0.8⇥0.8 case the
RoI is required to be in the centre position, in order to avoid the possibility of two jets per window.

8.2.1.6 The common merger module

Two modules in each CP and JEP crate carry out crate-level merging of results received from the
crate’s processor modules. In the CP crates, each merger module is responsible for calculating
3-bit cluster multiplicities for eight of the 16 electron/photon and t cluster definitions. In the
JEP crates, one merger module produces 3-bit multiplicities for the eight jet definitions, while the
other produces sums of ET , Ex and Ey. Each Common Merger Module (CMM) receives data from
the crate’s 14 CPM’s or 16 JEM’s, over point-to-point links on the crate back-plane.

The CMM carries out all of these merging functions by using different firmware versions.
Each CMM receives up to 400 bits of data per bunch-crossing from the crate’s CPM’s or JEM’s.
A large FPGA performs crate-level merging. Parallel LVDS cable links between the sub-system
crates bring all crate-level results to one CMM of each type, which is designated as the system-
merger CMM. A second FPGA on the CMM carries out the system-level merging.

At the system level, the CMM carries out the logic to provide global trigger results. Three-bit
overall multiplicities for each of the electron/photon, t , and jet thresholds are formed and sent to
the CTP. The overall sums of Ex and Ey are applied together as the address to a look-up table. In one
operation this works out whether the resulting vector sum, i.e. missing ET , is above or below eight
programmable missing-ET thresholds and codes the result in an eight-bit word. For total scalar ET ,
the global sum is compared to four threshold values. Finally, a rough approximation of the total ET

in jets, based on the numbers of jets passing each of the eight jet thresholds, is compared to four
threshold values.

All of these calorimeter trigger results are passed to the CTP by cable. As with other pro-
cessor modules, input and output data on each CMM are stored in FIFO’s and read out to the data
acquisition system over an optical fibre. RoI data on the missing and total ET values are sent to L2.

8.2.1.7 The processor back-plane

The CP and JEP use a common, custom processor back-plane. It has 16 CPM/JEM positions
flanked by two CMM positions. At the left it has a slot for a commercial VMEbus CPU. At the right
is a slot for a timing control module, which interfaces to the TTC (e.g. to distribute clock signals)
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Figure 4.2.: Window sizes of the L1 jet algorithm. ∆η × ∆φ = 0.2 × 0.2 jet
elements are combined to jet RoIs (shaded). For the 0.6× 0.6 case
there are four possible RoIs within the window. The one whose
neighbors have the highest ET sum is chosen as the candidate for
a local maximum. In the 0.8 × 0.8 case, the RoI is required to
be in the center. In the forward region the windows have different
dimensions in ∆η × ∆φ and are non-squared. The figure is taken
from Ref. [103].

4.2.5.2. Prescaling

In order to make efficient use of the allowed bandwidth under various luminosity
conditions, trigger menu items (triggers) can be prescaled to a number or a fixed
rate. If a trigger is prescaled and an event is accepted by that specific trigger
it is not given that the event will be passed on for further evaluation or storage.
Instead, if the trigger is prescaled to a number, e. g. 20, only every 20th event of
that kind is passed on. If the trigger is prescaled to a fixed rate, e. g. 1Hz, only a
maximum of one event per second is passed on. A trigger that has no prescale is
referred to as being unprescaled.

4.2.5.3. Trigger Naming Convention

Trigger menu items are identified by their name, which also determines the re-
quirements of the trigger. In order to have unambiguous trigger names, a naming
convention [110, 111] is employed. Its relevant parts for this thesis (jet triggers)
are presented in this section.
12The position of the local maximum (position of the RoI) is defined as the geometric center of

the RoI, which does not have to lie on the grid lines shown in Fig. 4.1.
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Generally, trigger object requirements in trigger names follow the scheme

<N><TYPE><THRESHOLD><RANGE><ADDITIONS>,

where the variables are, from left to right: the multiplicity of the object (omit-
ted if equal to 1); the type of the object (e. g. jet); the threshold applied to the
transverse momentum (HLT) or transverse energy (L1) of the object (in GeV); the
pseudorapidity range the object is required to satisfy;13 additional specifications
for the object (at HLT level e. g. b-tagging requirements, reconstruction algorithm,
calibration, etc.).
Trigger names are composed of the specification of the level (L1 or HLT) fol-
lowed by an underscore and one or more trigger object requirements (sorted by
descending threshold), in turn concatenated with underscores. L1 trigger object
requirements are written in capital letters, while HLT ones are lowercased. The
L1 seed of an HLT trigger is explicitly specified at its end if the seed is not the
default one, or for convenience. The underscore after L1 is then omitted.
The object type jet is denoted by J for L1 (4 × 4 jet elements), and by j for
HLT. If no pseudorapidity range is specified, it defaults to |η| < 3.1 for L1, and to
|η| < 3.2 for HLT.14 At HLT level, or with L1Topo also at L1, the detector region
of a trigger object can be specified. The region is denoted as a letter after the
threshold: A for η > 0, and C for η < 0.
If not further specified for HLT jets, they are reclustered from topoclusters in
the full calorimeter scan using the anti-kT algorithm (R = 0.4) with calibra-
tions based on the EM+JES scale. b-tagging requirements are specified by adding
b<algorithm><tagging efficiency> as a jet property. The property can also be
added as b<[loose, medium, tight]>. This way, the efficiency with which b-jets
are tagged can be adjusted, depending on the instantaneous luminosity.15 Option-
ally, the configuration split can be added to a b-tagging requirement, in order to

13For L1 objects, the |η| range to be satisfied is multiplied by 10, while for HLT objects it is
multiplied by 100.

14In Run 2, the default |η| range for L1 jets has become 3.1, as opposed to 3.2 in Run 1 [112].
15bloose corresponds to an efficiency of 85 %, bmedium to 77 %, and btight to one of the lower

efficiencies 70 %, 60 %, 50 %, or 40 %, depending on the rate of the trigger.

43



4. The ATLAS Experiment at the LHC

use a special method of finding the PV, introduced in Run 2.
Counting of objects is inclusive at L1, while at HLT it is exclusive.16 Using the
keyword AND, trigger requirements can be declared to be run separately from each
other, so that the counting of objects is performed separately.

L1Topo triggers are named in an analogous way [108]. Topological trigger object
types include quantities such as INVM (highest invariant mass between jet RoIs),
or DETA (highest pseudorapidity difference between jet RoIs). The input trigger
objects that these topological objects are computed with can be specified using
hyphens.17 L1Topo introduces the trigger object AJ which is all objects of type
J. Furthermore, list types such as all or s (sorted) can follow object types, where
appropriate. With AJ and list types, objects such as the leading and subleading
jets (AJs2), or all jets with ET > 20GeV and |η| < 2 (AJ20all.ETA20) can serve
as input for topological objects, or requirements on them can be imposed.

16This means for example that the trigger HLT_2j60_bmv2c2070_split_j55_320eta490_3j45_
L12J25.0ETA25_J20.31ETA49_5J15 requires 6 jets at HLT level as well as at L1.

17Algorithms that compare input objects (such as INVM) take two objects as input, whereas
others take only one (such as HT).
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H → bb̄ in the ATLAS Run 2

The LHC Run 2 brings some major changes with respect to Run 1: The center-of-
mass energy is increased from

√
s = 8TeV to

√
s = 13TeV, and the instantaneous

luminosity is gradually increased1 to 2×1034 cm−2 s−1. As the luminosity increases,
the triggers have to be more selective on signal events. Over the course of this
thesis, new triggers were developed that will aid the upcoming VBF H(bb) search
in the ATLAS Run 2.
This chapter will progressively introduce the new triggers by first recapping the
Run 1 and 2015 trigger menus in Sec. 5.1 and Sec. 5.2. Afterwards, a new trigger
concept is presented that solves problems that were identified (Sec. 5.3). New
triggers are proposed in Sec. 5.4, and their efficiency is presented in Sec. 5.5. The
validation of the triggers in data is performed in Sec. 5.6. Lastly, Sec. 5.7 presents
the impact of the new triggers on the sensitivity of the search.
Efficiencies and event rates in this chapter are given for a center-of-mass en-
ergy of 13TeV, while event rates are given for an instantaneous luminosity of
2× 1034 cm−2 s−1 and are MC estimates from the ATLAS Trigger Menu group, if
not specified otherwise.

1In Run 1, the peak instantaneous luminosity was 0.77× 1034 cm−2 s−1.
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5.1. Run 1 Triggers
Three unprescaled triggers were employed for the ATLAS Run 12 results [92, 113].
The primary trigger EF_2b35_loose_4j35_a4tchad_4L1J153 is available for the
complete data-taking period of 2012 (20.2 fb−1; 2012 run period A-L). The first
trigger stage (L1) of this trigger requires 4 jets with ET > 15GeV and |η| < 3.2.
At the last trigger stage (EF level) this trigger requires 4 jets with pT > 35GeV
and |η| < 3.2. Two of these jets are required to pass the loose requirements of the
IP3D+SV1 b-tagging algorithm [115].4

Furthermore, two additional 1b triggers that are largely uncorrelated (due to the
use of forward jets) to the mentioned 2b trigger were employed: EF_b35_medium_
j35_a4tchad_vbf_3L1J15_FJ15 and EF_b35_medium_j35_a4tchad_vbf_2L1FJ15.
They are available for an integrated luminosity of 4.43 fb−1 and 4.41 fb−1, re-
spectively (2012 run period H2, I, L). At L1, these triggers require jets with
ET > 15GeV: 3 central jets (|η| < 3.2) and 1 forward (|η| > 3.2) jet for the
one trigger, and 2 forward jets for the other. For both triggers, the EF requires
the medium requirements of the IP3D+SV1 b-tagging algorithm to be fulfilled for
at least one jet. Also, dedicated VBF topology requirements are needed to pass
the trigger.5

Combining these three triggers the ATLAS internal note quotes a 5.6 % trigger
efficiency for simulated VBF H(bb) events [113].

5.2. 2015 Triggers
The trigger efficiency was one of the main bottlenecks of the Run 1 analysis. Due
to the higher luminosity, this issue is even more severe in Run 2. It is therefore of
importance to optimize the online requirements so that it is possible to maintain
a reasonably high efficiency.

2In Run 1 the trigger system consisted of three parts of event selection: Level-1 (L1), Level-2
(L2), and Event Filter (EF). In Run 2 EF and L2 were combined into a unified HLT.

3The ATLAS trigger naming convention of Run 1 is different from the one employed in Run 2
and can be found in Ref. [114].

4For completeness, the L2 requirements to be met are L2_2b30_loose_4j30_c4cchad [116].
5At L2, the triggers require L2_b30_medium_j30_c4cchad_vbf and L2_b30_medium_j30_

c4cchad_vbf, respectively.
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For the 2015 data-taking, the implemented triggers most suited for a VBF topology
are listed in Tab. 5.1. The main inefficiency of these trigger chains is their focus

HLT trigger L1 seed
HLT_2j35_btight_2j35 L1_3J25.0ETA23
HLT_2j55_bmedium_2j55 L1_4J20
HLT_2j55_bmedium_ht300 L1_4J20
HLT_2j45_btight_2j45 L1_4J20

Table 5.1.: 2015 ATLAS triggers that are most suited for a VBF H(bb) search.
Information from the twikis [117], [118]; some information directly
from the ATLAS run query [119] from randomly selected 2015 pp
runs.

on central jets, whereas the VBF topology typically features one or two forward
jets, as shown in Fig. 5.1a. More precisely, the events with three or less central
jets, but at the same time one or more forward jets represent 41 % of the events.
These events are not selected by the triggers listed in Tab. 5.1. However, an
inclusion of the full pseudorapidity range, i. e. L1_4J20.0ETA49, was found to
have an unsustainable rate at luminosities of 1034 cm−2 s−1 and higher.

5.3. 2016 L1 Trigger Concept
The trigger concept that will be introduced in this section exploits the features
of the VBF H(bb) topology highlighted in Sec. 3.2.3. Two central jets from the
Higgs boson decay and two VBF jets with a rapidity gap are the topology’s most
prominent features. Fig. 5.1a shows the number of central and forward truth jets
with pT > 20GeV in VBF H(bb) events. Events that have one forward jet mostly
have 2 or 3 central jets. Events that contain 2 or more forward jets typically feature
1 or more central jets. And lastly, events without forward jets typically have 3
or 4 central jets. Fig. 5.2 shows schematically the three topologies. Furthermore,
the fourth leading jet in VBF H(bb) events typically is of low pT , as shown in
Fig. 5.1b. However, multijet triggers, like L1_4J20, require high pT tresholds at
offline level in order to reach their efficiency plateau. Fig. 5.1b shows that these
requirements significantly reduce the amount of events available offline.
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Figure 5.1.: Quantities describing VBF H(bb) events. (a) Number of central
and forward truth jets with pT > 20GeV in VBF H(bb) events.
Most events have no or one forward jet and three or four central
jets. (b) Efficiency of L1_4J12.0ETA49 with respect to a selection
of four truth jets over the entire η range. ET = 12GeV is the lowest
threshold for L1 jets that can be triggered on. The shaded area
is the amount of events that would pass a pT requirement at the
point where the efficiency plateau is reached (pT = 45GeV with
92 % efficiency). This fraction corresponds to 10.7 % of all events.

An additional study among truth jets with pT > 20GeV was conducted to assess
how often the VBF and b-jets of the topology are found in the respective detector
regions. It was found that around 58 % of the events have at least one VBF jet in
the forward region, and both b-jets are central; 14 % of the events have both VBF
jets in forward regions, and at least 1 b-jet in the central region; while in 20 % of
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Figure 5.2.: Simplified illustrations of various VBF H(bb) event topologies.
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the events both VBF jets and both b-jets are found centrally. These numbers point
out that forward jets are an important feature of the VBF H(bb) decay signature.

To target the event topologies of Fig. 5.2 (along with the percentages presented
above) while still maintaining a reasonable rate, it would be ideal to employ mul-
tiple L1 triggers that each select one of the signatures:

A Targeting the topology of Fig. 5.2a, it is triggered on events with 1 forward
jet (|η| > 3.1) and 2 central jets (|η| < 3.1). In addition to the case where two
of the b-jets are central, this includes cases with a more central VBF jet and
where one of the b-jets from the Higgs boson is too soft to be reconstructed
as an L1 jet.

B The topology illustrated in Fig. 5.2b requires 2 forward jets that are in
opposite sides of the detector (i. e. have pseudorapidities with different signs),
and 1 central jet.

C The more central event shape (Fig. 5.2c) is already addressed by L1_4J20.
However, in order to increase the efficiency, it can also be approached with
topological observables. In this case, a minimum HCT (the scalar sum of
the ET s of the leading central jets), and a minimum requirement on the
maximum |∆η| between jets in the event are imposed.

The selection for triggers A–C is optimized with the goal of achieving a significantly
increased efficiency of triggering on VBF H(bb) events with L1_4J20 and the new
triggers combined, while at the same time keeping the unique rate6 of the new L1
triggers below ∼ 0.5–3 kHz, and of the corresponding HLT triggers below a few
Hz.
Trigger C requires the L1 trigger upgrade L1Topo (see Sec. 4.2.5), as does B,
since the pseudorapidity is only available in absolute value without the upgrade
(rendering the “opposite sides” (OS) requirement impossible to realize). L1Topo is
expected to be available in Fall 2016. Meanwhile, ATLAS has resumed to take pp

6The unique rate is the additional rate that a respective trigger accepts with, after accounting
for the decisions of triggers that are already included in the menu. It is estimated as described
in App. A.2.
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collision data in May 2016, and will have recorded O(10) inverse femtobarn until
L1Topo is fully implemented.

5.4. 2016 Trigger Implementation
In order to implement the new triggers in the early 2016 data-taking, it was con-
centrated on optimizing the new triggers A and B (omitting the OS requirement),
deferring the optimization of C until L1Topo becomes available.

Without major upgrades of the L1 firmware—which would not have been im-
plemented in time for the beginning of the data-taking—new triggers had to be
built by combining existing L1 items:

• Jets (|η| < 3.1): J12, J15, J15.0ETA25, J20, J25, J30, J40, J50, J75, J85,
J100, J120, J400,

• VBF topology jets: J20.0ETA49, J30.0ETA49, J15.23ETA49, J40.0ETA25,
J20.28ETA31, J25.0ETA23,

• Forward jets (3.1 < |η| < 4.9): J15.31ETA49, J20.31ETA49, J30.31ETA49,
J50.31ETA49, J75.31ETA49, J100.31ETA49.

Tab. 5.2 summarizes the rates and VBF H(bb) efficiencies for the proposed triggers
that combine existing L1 items. Furthermore, the proposed HLT parts for the L1
triggers are given. The HLT trigger requirements do not alter the offline selection
at which the L1 triggers reach their efficiency plateau (see Sec. 5.5). Along with the
proposed triggers, Tab. 5.2 also lists the most relevant 2015 trigger that is also im-
plemented in the 2016 trigger menu: HLT_2j45_bmv2c2070_split_2j45_L14J20,7

which is referred to as the “2015 trigger” in the following.
The new triggers listed in Tab. 5.2 have sufficiently low rates, and were imple-
mented into the 2016 trigger menu for data-taking (unprescaled). The HLT sup-
port triggers,

HLT_j80_0eta240_j60_j45_320eta490 with A at L1, and
7HLT_2j45_btight_2j45 in Tab. 5.1. HLT_2j55_bmedium_2j55 is no longer included in the
2016 trigger menu, and the other triggers listed in Tab. 5.1 are less relevant.
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HLT_j80_0eta240_2j60_320eta490 with B at L1,
were implemented as well, each prescaled to a fixed rate of 0.5Hz. The new triggers
began taking data from 2016 run period A4 onwards.

Trigger VBF H(bb) eff. Raw rate [Hz]
L1_4J20 8.36 % 1410
L1_J40.0ETA25_2J25_J20.31ETA49 ( ··=A) 14.6 % 2030
L1_J40.0ETA25_2J15.31ETA49 ( ··=B) 4.48 % 270
A ∨ B 16.7 % 2310
A ∨ B ∨ L1_4J20 23.7 % 3720
HLT_2j45_bmv2c2070_split_2j45 2.73 % 49.8
HLT_j80_bmv2c2070_split 1.43 % 13.5_j60_bmv2c2085_split_j45_320eta490 ( ··=AHLT)
HLT_j80_bmv2c2085_split_2j60_320eta490 ( ··=BHLT) 0.23 % 0.5
AHLT ∨ BHLT ( ··=ABHLT) 1.62 % 14.0
ABHLT ∨ HLT_2j45_bmv2c2070_split_2j45 4.21 % 63.8

Table 5.2.: Implementation of the triggers A and B. Trigger C has not yet been
optimized, since the upgrade it requires, L1Topo, is not yet available.
The HLT triggers require their respective L1 triggers, although not
explicitly indicated.

5.5. Offline Efficiency
In this section, the offline efficiencies that can be reached with the 2016 triggers
are presented. They are obtained after applying offline “baseline” selections under
which the triggers reach their efficiency plateau, determined in the following.

5.5.1. Offline Baseline Selection for the 2015 Trigger

Fig. 5.3 shows the efficiency of the kinematic part of HLT_2j45_bmv2c2070_split_
2j45_L14J20 as a function of the 4th leading offline jet pT within |η| < 3.2. The
efficiency plateau of about 90 % is reached at about 70GeV. The efficiency does
not reach 100 % because of the nature of the L1Calo: “jets” are squared towers
of energy deposits with a coarse granularity (see Sec. 4.2.5.1). As a result, e. g.
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jets hitting the same cell or nearby cells cannot be distinguished from one another
(multijet inefficiency).
Based on Fig. 5.3, the following baseline offline selection is applied for HLT_2j45_
bmv2c2070_split_2j45_L14J20: ≥ 4 jets with pT > 70 GeV and |η| < 3.2, of
which 2 are b-tagged at 70 % efficiency.
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Figure 5.3.: Efficiency for the kinematic part of the 2015 trigger,
HLT_2j45_bmv2c2070_split_2j45_L14J20, as a function of
the 4th offline jet pT within |η| < 3.2. Additionally, the shape of
the pT distribution of the 4th leading offline jet is shown. This
shape can help estimating how efficient a chosen cut will be.

5.5.2. Offline Baseline Selection for the New 2016 Triggers

The central and forward parts of triggers A and B are independent of each other.
The offline selections can therefore be determined individually for the forward
and central requirements. In case of trigger A, the two central parts are not
independent of each other and are approached in their correct inclusive order
(higher thresholds and lower η ranges first).
Fig. 5.4 and 5.5 show the efficiency for the kinematic parts of triggers A and
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B as functions of the respective offline jet pT s. Derived from these figures, the
offline requirements at which the triggers reach their efficiency plateau are shown
in Tab. 5.3. Also shown is the achieved value of plateau trigger efficiency. While
the 2015 trigger’s HLT requirements were already existing, the HLT requirements
for the triggers A and B were newly defined, under the premise that the offline
selections under which the L1 triggers reach their efficiency plateau are not altered
(see Fig. 5.4 and 5.5).
In addition to the offline requirements listed in Tab. 5.3, b-tagging requirements
are applied to the corresponding offline jets that match the HLT b-jet efficiencies.
Furthermore, |η| requirements are imposed that match the support triggers.
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(a) Central part of A and B: J40.0ETA25.
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(b) Second central part of A: 2J25, dependent
on J40.0ETA25.
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(c) Forward part of A: J20.31ETA49.
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(d) Forward part of B: 2J15.31ETA49.

Figure 5.4.: Efficiencies of the parts of A and B as functions of the respective
offline jet pT s. Since the two central parts of A are not independent
of each other (J40.0ETA25 and 2J25), both parts are required in
(b). The forward and central parts of A, however, are independent of
each other, and hence the forward part is approached independently
in (c). This independency applies to the forward and central parts
of B as well. The central part of B is the same as for A (J40.0ETA25),
therefore its corresponding offline requirement is adopted from (a).
Furthermore shown is the shape of the pT distribution of the re-
spective offline jet on the x-axis. This shape can help estimating
how efficient a chosen cut will be.
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(a) Kinematic central part of AHLT and BHLT:
j80_0eta240.
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(b) Kinematic second central part of AHLT: j60,
dependent on j80_0eta240.
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(c) Kinematic forward part of AHLT:
j45_320eta490.

|<4.4 [GeV]η of subleading jet with 3.2<|
T

p

0 20 40 60 80 100 120 140

E
ffi

ci
en

cy

0

0.2

0.4

0.6

0.8

1

1.2 ATLAS SimulationWork in Progress

 = 13 TeVs
HLT_2j60_320eta490_L12J15.31ETA49

 shape
T

p

(d) Kinematic forward part of BHLT:
2j60_320eta440.

Figure 5.5.: Efficiencies of the kinematic parts of AHLT and BHLT as functions
of the respective offline jet pT s. The first central part of trigger
AHLT is the same as for trigger BHLT (j80_0eta240), and the offline
requirement is determined from (a). The two central requirements
of AHLT (j80_0eta240 and j60) are not independent of each other,
and are therefore both required in (b). However, the forward and
central parts of AHLT and BHLT, respectively, are independent of each
other, hence the efficiencies are produced independently from each
other. Furthermore shown is the shape of the pT distribution of the
respective offline jet on the x-axis. This shape can help estimating
how efficient a chosen cut will be. 55
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5.5.3. Overall Efficiency

The offline selections with respect to which the discussed triggers reach their ef-
ficiency plateau have been determined in Sec. 5.5.1 and 5.5.2. To proceed, two
additional selections are applied:
Selection 1:

• at least 4 jets with pT > 20GeV and |η| < 4.4,

• at least 2 b-jets tagged at 70 % efficiency, and

• pHiggs
T > 120GeV.

Selection 2:
• at least 4 jets with pT > 50GeV and |η| < 4.4,

• absolute value of the η difference of the VBF jets |∆ηJJ | > 3, and

• invariant mass of the VBF jet system mJJ > 650GeV.
The Higgs boson candidate is reconstructed from the two best b-tagged jets with
pT > 20GeV, and the VBF jets are assigned among the remaining jets above
pT > 20GeV as the pair with the highest invariant mass.
Selection 1 and 2 are applied to all trigger chains and offline baseline selections.
Tab. 5.4 compares the efficiencies of triggers A and B, and Tab. 5.5 shows the
efficiency achieved with the 2015 trigger as well as the overall combined efficiency.8

Interestingly, the trigger efficiency for the 2015 menu trigger HLT_2j45_bmv2c2070_
split_2j45_L14J20 is higher than the corresponding value for the new triggers.
However, this increased trigger efficiency is not passed on to the offline selection, as
the offline efficiency after selection 2 is roughly the same as with the new triggers
(compare Tab. 5.4c and 5.5a). The final expected overall efficiency gain from the
new triggers is about 90 %.

8For the results in Tab. 5.4 and 5.5 the MV2c20 b-tagging algorithm is used.
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2015 trigger cutflow Eff.
L1_4J20 8.36 %
HLT_2j45_bmv2c2070_split_2j45 2.73 %
Offline baseline:

0.61 %4 jets pT > 70GeV, |η| < 3.2
2 of them b-tagged at 70 % efficiency
Offline selection 1:

0.57 %4 jets pT > 20GeV, |η| < 4.4
2 jets pT > 20GeV, b-tagged at 70 % eff.
pHiggs
T > 120GeV

Offline selection 2:

0.30 %4 jets pT > 50GeV, |η| < 4.4
|∆ηJJ | > 3
mJJ > 650GeV

(a)

Combined eff. with A and B cutflows
23.7 %
4.21 %

1.27 %

0.98 %

0.58 %

(b)

Table 5.5.: (a) VBF H(bb) efficiencies for the 2015 trigger. (b) Overall efficiency
combining the selection chains of A, B, and 2015 trigger.

5.6. Validation

The agreement of simulation and data in terms of trigger efficiencies with respect
to the offline selection is validated in 2.6 fb−1 of data recorded in 2016.
In order to counter the event bias that is inevitably introduced by employing a
trigger system, a reference trigger is needed. The efficiency curves are then deter-
mined only with the subset of the recorded data that passed the reference trigger.
The reference is chosen in such a way that the original topology of the triggers of
interest is left mostly unaffected. HLT_g25_loose_L1EM15 is used for this study,
since the reconstruction of a photon does not alter the topology largely (assuming
the reconstructed photons are mostly misidentified jets).
Fig. 5.6d shows the validation efficiency curve of the kinematic part of HLT_
2j45_bmv2c2070_split_2j45_L14J20 with respect to an offline selection of 4 cen-
tral jets. The bias that is introduced by the reference trigger is depicted (com-
pare blue and red curves). Also shown in Fig. 5.6 are the efficiency curves for
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HLT_4j45_L14J15, a low luminosity version of HLT_4j45_L14J20 that is used in
2016. When the luminosity will have reached 2× 1034 cm−2 s−1, the low luminos-
ity version HLT_2j45_bmv2c2070_split_2j45_L14J15 and its support trigger are
expected to have been replaced by their L1_4J20-based versions.
Fig. 5.7 and Fig. 5.8 show the validation efficiency curves of the triggers A and B
with respect to corresponding offline selections.
To achieve a higher efficiency plateau, the η range is reduced at offline level for the
second central part of A, and for the triggers requiring 4 central jets, with respect
to the selection presented in Sec. 5.5.
The validation efficiency curves introduce minor changes to the offline jet require-
ments determined in Sec. 5.5 in order to have the triggers reach their efficiency
plateau and have MC and data agree with each other: The pT requirement of the
second central jet of trigger A is lowered from 70GeV to 65GeV; furthermore, the
pT requirement of HLT_4j45_L14J20 is lowered to 65GeV, and to 55GeV for the
low luminosity version based on L1_4J15, achieving a ≥ 95 % efficiency. For trig-
ger B, an OS requirement is introduced for the leading and subleading forward jets
at offline level. This allows to lower the pT requirement9 of the jets from 75GeV
to 70GeV.
In contrast to Fig. 5.3, 5.4 and 5.5, the curves in Fig. 5.6, 5.7 and 5.8 start at an
efficiency significantly higher than zero. This is due to the use of pileup suppres-
sion techniques10 in Fig. 5.6, 5.7 and 5.8 at offline level, but not at trigger level.
With the use of offline pileup suppression techniques, pileup jets are removed at
offline level, but still trigger the L1 and HLT chains. This causes a raise of the
curve at low pT , since almost every event has multiple (also non-pileup) low pT

jets which fulfill the offline requirements, while the trigger (requiring high pT jets)
is passed by pileup jets.

9This threshold could be set even lower (to 55GeV) if trigger B had an sides requirement already
at HLT level (see Sec. 5.8.2).

10Based on tracking information [120].
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Figure 5.6.: Validation efficiency curves for the L1 and kinematic HLT parts of
the 2015 trigger. The curves are functions of offline jet requirements.
The trigger HLT_g25_loose_L1EM15 is used as reference. Unlike
Fig. 5.3, these curves start at an efficiency > 0, since here pileup
suppression techniques are applied to the offline jets, but not to
HLT and L1 jets.
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(a) Central part of A and B: J40.0ETA25.
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(b) Second central part of A: 2J25, dependent
on J40.0ETA25.
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(c) Forward part of A: J20.31ETA49.
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Figure 5.7.: Validation efficiency curves for A and B. The curves are functions
of offline jet requirements. The trigger HLT_g25_loose_L1EM15 is
used as reference. Unlike Fig. 5.4, these curves start at an efficiency
> 0, since here pileup suppression techniques are applied to offline
jets, but not to the L1 jets.
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Figure 5.8.: Validation efficiency curves for the kinematic parts of AHLT and
BHLT. The curves are functions of offline jet requirements. The
trigger HLT_g25_loose_L1EM15 is used as reference. Unlike Fig. 5.5,
these curves start at an efficiency > 0, since here pileup suppression
techniques are applied to offline jets, but not to HLT and L1 jets.
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5.7. Sensitivity Improvement

The impact of the newly implemented triggers on the sensitivity of the VBF H(bb)
search is studied in 9.99 fb−1 of 2016 data and is presented in this section.
It was decided to perform this study with the kinematic parts of the triggers (the
support triggers), applying b-tagging requirements only at offline level.11 Since the
support triggers are prescaled, determined absolute values of the sensitivity of a
trigger are not meaningful, and thus only relative numbers are given.

The sensitivity of a trigger is determined by comparing the number of signal
and background events as follows. S is defined as the number of signal events
passing the respective trigger, its baseline offline selection, and selection 1 from
Sec. 5.5.3, while at the same time fulfilling 100 GeV < mbb < 140 GeV. This quan-
tity is computed with MC simulation. The number of events that pass the same
selection in data in a certain mbb range is referred to as B. In order not to be
biased by signal events, B is calculated from data events of non-signal regions.
For this, the requirement on the mbb distribution that it falls linearly in the region
80 GeV < mbb < 160 GeV is imposed. Under this requirement, B is estimated as
the sum of the data events recorded in the region 80 GeV < mbb < 100 GeV and
140 GeV < mbb < 160 GeV, divided by 2 (computing the average in this region).
Finally, the quantity S/

√
B is referred to as the sensitivity of the trigger.

Fig. 5.9a exemplarily shows for trigger A that the mbb distribution is not linearly
falling without the pHiggs

T > 120GeV requirement. Instead, the pT cuts combined
with the b-tagging requirements favor invariant masses higher than the Z peak,
which is dominant without these requirements. Due to this, pHiggs

T > 120GeV was
imposed on the events, as listed in Sec. 5.5.3. This requirement changes the dis-
tribution in such a way that the linearity assumption is justified, see Fig. 5.9b.

In order to further improve the sensitivity, requirements on |∆ηJJ | and mJJ are
introduced. These are independent of requirements that are imposed on quantities
involving the bb̄-pair, such as pHiggs

T , or mbb. For each trigger the optimal cut values

11This is expected to have little impact on the outcome of the study, since under the offline
baseline selections applied, the triggers reach their efficiency plateau.
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Figure 5.9.: mbb distribution of trigger A (a) without and (b) with pHiggs
T >

120GeV requirement imposed. The signal region is blinded in data.
The event counts in data are based on the trigger decision of the
support trigger, which is prescaled. Lower event counts are thus
expected with respect to the unprescaled main trigger. The re-
quirement pHiggs

T > 120GeV has been introduced to approximate
the assumption of a linearly falling background distribution.

are found by maximizing S/
√
B, computed from the mbb distribution. Within the

optimization, combinations of |∆ηJJ | and mJJ requirements are run through on a
fine |∆ηJJ |-mJJ grid. Fig. 5.10 shows the results.

Finally, picking the optimal |∆ηJJ | and mJJ cut combination, the maximum sensi-
tivity is scaled to match various integrated luminosities. Fig. 5.11 shows the result.
Trigger A and the 2015 trigger show approximately the same sensitivity. In the
simulated events,12 which are normalized to 9.99 fb−1 of data, the 2015 trigger
based selection results in 76 VBF H(bb) events in the signal region, while trigger
A contributes with 42 events of the same sensitivity—an improvement of 55 %.
Regarding trigger B, future studies will assess whether the forward region is af-
fected by pileup jets that contribute to the background. If so, the sensitivity of

12In the simulated events the triggers are unprescaled.
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trigger B is expected to increase once pileup mitigation techniques are employed
for the forward region of the detector.
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5.8. Further Developments
In this section, possible future improvements to the triggers are discussed. Sec. 5.8.1
contains a short study that is conducted in order to assess the viability of the
L1Topo trigger C. Furthermore, the improvement of B via an OS requirement is
mentioned. In Sec. 5.8.2, an alternative suggestion for the improvement of the HLT
part of trigger B is given, in case its L1Topo improvement (OS) is not approved.
Sec. 5.8.3 introduces improvements to the HLT parts of both triggers, A and B,
that recently have been implemented into the data-taking trigger menu, replacing
AHLT and BHLT.

5.8.1. Topological Triggers at L1

The topological trigger C (whose L1 part is in this section referred to as C) that
was conceived in Sec. 5.3 will be feasible with the trigger system upgrade L1Topo.
Trigger C will serve as an alternative to a central multijet trigger like L1_4J20
that is not affected by multijet inefficiencies. Tab. 5.6 shows a rudimentary study
that is conducted in order to assess the potential of such a topological trigger.
The achieved efficiencies seem promising but have to be carefully weighed against
additional trigger rate. A more involved study is necessary to propose a concrete
implementation.
Another quantity that L1Topo is able to trigger on is the highest invariant mass
between jet RoIs (INVM). Since DETA and INVM are correlated, but not the same
variable, a replacement of DETA with INVM should be considered in the study.
Tab. 5.6 shows a similar performance of DETA and INVM.

Besides the introduction of a new trigger, L1Topo makes it possible to intro-
duce an OS requirement for the forward jets of trigger B. Since events that have
both forward jets on one side of the detector are mostly non-signal events, this
requirement should not decrease the signal efficiency considerably. It should be in-
troduced alongside a reduction of the ET requirement of the central jet, to achieve
a higher efficiency at the same rate.
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Trigger VBF H(bb) eff. Raw rate [Hz]
L1_4J20 8.4 % 1410
L1_J40.0ETA25_2J25_J20.31ETA49 ( = A) 14.6 % 2030
L1_J40.0ETA25_2J15.31ETA49 ( = B) 4.5 % 270
L1_HT150-AJ20all.ETA30 16.3 % 2670_20DETA-AJ30all.ETA30-AJ20all.ETA30 ( ··=C1)
L1_HT150-AJ20all.ETA30 10.4 % 1200_30DETA-AJ30all.ETA30-AJ20all.ETA30 ( ··=C2)
L1_HT150-AJ20all.ETA30 5.2 % 400_40DETA-AJ30all.ETA30-AJ20all.ETA30 ( ··=C3)
L1_HT150-AJ20all.ETA30 9.2 % 1030_400INVM-AJ30s6.ETA30-AJ20s6.ETA30 ( ··=C4)
L1_HT150-AJ20all.ETA30 4.5 % 350_600INVM-AJ30s6.ETA30-AJ20s6.ETA30 ( ··=C5)
L1_HT150-AJ20all.ETA30 2.3 % 130_800INVM-AJ30s6.ETA30-AJ20s6.ETA30 ( ··=C6)
A ∨ B ∨ C1 ∨ L1_4J20 31.0 % 4670
A ∨ B ∨ C2 ∨ L1_4J20 28.1 % 3500
A ∨ B ∨ C3 ∨ L1_4J20 25.8 % 3000
A ∨ B ∨ C4 ∨ L1_4J20 27.9 % 3500
A ∨ B ∨ C5 ∨ L1_4J20 25.7 % 3000
A ∨ B ∨ C6 ∨ L1_4J20 24.7 % 2830

Table 5.6.: Exemplary L1 implementations of the topological trigger C, along-
side the existing triggers. The rates of the variants of trigger C are
estimates obtained using the method described in App. A.2.
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5.8.2. Opposite Sides at HLT

Since the VBF H(bb) event topology does not usually feature two prominent for-
ward jets in the same detector region (both forward or both backward), trigger
B can be improved by adding an OS requirement to the HLT part—even without
L1Topo. Fig. 5.12 shows how much the forward jets’ pT requirement at HLT level
could be lowered while still using L1_J40.0ETA25_2J15.31ETA49 at L1: The HLT
threshold for the forward jets can be set to up to 35GeV (Fig. 5.12b), while still
having the trigger reach its plateau of efficiency with respect to an offline selection
at 55GeV (Fig. 5.12a).
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Figure 5.12.: Efficiency for the forward (a) L1 and (b) HLT part of trigger B, as
a function of the subleading offline forward jet pT . With respect
to Fig. 5.4d and Fig. 5.5d, an OS requirement has been introduced
at HLT and offline level. The pT thresholds at offline and HLT
level can be lowered significantly in this case.
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5.8.3. Lower pT Requirement on b-jets at HLT Level

• HLT triggers require very high pT b-jets 
• An VBF H(bb) event like pictured would not be triggered on by 
 
HLT_j80_bloose_2j60_31eta49 
HLT_j80_bloose_j60_bloose_j45_31eta49 
(5.5% efficient 
when combined with current triggers)

19

HLT trigger improvement

z

b-loose

b-loose
40 GeV

60 GeV
50 GeV

80 GeV

• Idea to include these event types into selection: 
• Require b-tags independent of pT requirements, i.e. 
• (HLT_j80_eta25_2j60_31eta49 && HLT_jxx_bloose)_L1_1 
• (HLT_j80_eta25_j60_eta31_j45_31eta49 && HLT_2jxx_bloose)_L1_2 

• A concrete example with xx = 45 GeV leads to 
a combined trigger efficiency of 5.7% and 7.2Hz additional uniq rate 

• A concrete example with xx = 35 GeV leads to 
a combined trigger efficiency of 6.4% and 9.1Hz additional uniq rate

Rates are unique estimates @1.2e34

b-jet

b-jet

Figure 5.13.: VBF H(bb)
event that would not be
triggered on by the imple-
mented HLT triggers.

The implemented HLT level triggers HLT_j80_
bmv2c2070_split_j60_bmv2c2085_split_j45_320eta490
and HLT_j80_bmv2c2085_split_2j60_320eta490
require one jet with relatively high transverse mo-
mentum (pT > 80GeV) and a b-tag. Fig. 5.13 illus-
trates a VBF H(bb) event topology that neither of
those triggers would trigger on, since the b-tagging
requirement is not satisfied by the pT = 80GeV
jet. An attempt to also include these types of sig-
nal events in the trigger selection consists of requir-
ing the b-tags independently of the pT requirements.
Tab. 5.7 shows the study that was conducted to assess the suitability of this ap-
proach.
The trigger

HLT_j80_0eta240_j60_j45_320eta490_invm700_
AND_HLT_j45_bmv2c2070_split_j45_bmv2c2085_split

as a replacement for
HLT_j80_bmv2c2070_split_j60_bmv2c2085_split_j45_320eta490

was proposed on April 28, 2016 [121]. Necessary changes in the trigger menu code
were implemented by the ATLAS Trigger Menu group, to cope with this compli-
cated trigger. Subsequently, obtained rate estimates made a less efficient b-tagging
working point necessary. Additionally, it was found that trigger B can achieve low
enough rates by dropping b-tagging requirements altogether, and introducing a
requirement on the highest invariant mass between jets of the event.
The resulting replacement triggers for AHLT and BHLT,

HLT_j80_0eta240_j60_j45_320eta490_AND_2j45_bmv2c2070_split,
eff. 1.92 %, raw rate 8.8Hz, and
HLT_j80_0eta240_2j60_320eta490_invm700,
eff. 0.30 %, raw rate 4.2Hz,

were implemented in the data-taking menu September 9, 2016.
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6. Conclusions

There has not yet been an evidence for the Higgs boson decaying to beauty quarks.
In particular, searches for a VBF produced Higgs boson decaying in this channel
show a low sensitivity. This thesis has approached one of the main difficulties en-
countered in the ATLAS Run 1 search: the low trigger efficiency. The problem of
a former focus on central jets was identified and according measures were adopted.
Two triggers, specifically designed around the VBF H(bb) signature, and incorpo-
rating forward jets, were developed and implemented in the trigger menu.
The first requires two central jets, and one forward jet, while the second trigger
requires one central, and two forward jets. A third trigger, which requires four
central jets, and was implemented prior to the work of this thesis, continues to be
included in the menu.
The performance of the new triggers was evaluated for both L1 and HLT, and
compared against the third trigger. Combining the new triggers, the available
statistics for the offline analysis increases by over 50 %. Furthermore, the first
trigger reaches the same signal-to-noise ratio as the trigger requiring four central
jets.
The problem of a low trigger efficiency continues to exists in Run 2, but the dimin-
ishing effect of the increased instantaneous luminosity on trigger efficiencies was
damped.

Technologies that soon will be added to the ATLAS detector will enable the im-
plementation of topological triggers at L1. From these, further increase of the
available statistics is expected. The future trigger menu of the analysis will con-
sist of the three mentioned triggers, along with the topological trigger.

The ATLAS Run 2 search for VBF H(bb) is ongoing and this thesis’ work has
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6. Conclusions

enhanced its sensitivity by allowing to record and analyze pp collision data that
otherwise would not have been collected. Combining all production modes, an ev-
idence of the Higgs boson decaying to bb̄ is expected by the end of the LHC Run 2.
Towards this goal, the VBF H(bb) analysis will contribute with its significance.
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A. Appendix

A.1. Analysis Frameworks

A.1.1. Proposal Sections

The studies presented in Sec. 5.8 and Sec. 5.2 through 5.5 were conducted within
the AnalysisBase 2.3.41 framework [122]. The toolset xAODAnaHelpers [123] (ver-
sion 00-03-28) was used for calibrating the AntiKt4EMTopoJets with the following
configuration

CalibSequence JetArea_Residual_Origin_EtaJES_GSC
configNameAFII JES_Prerecommendation2015_AFII_Apr2015.config
configNameFullSim JES_MC15Prerecommendation_April2015.config
configNameData JES_MC15Prerecommendation_April2015.config
JESUncertConfig $ROOTCOREBIN/data/JetUncertainties/JES_2015/Prerec/

PrerecJES2015_3NP_Scenario1_50ns.config
JESUncertMCType MC15
JERUncertConfig JetResolution/Prerec2015_xCalib_2012JER_ReducedTo9NP_Plots_v2.root
RedoJVT True

The dataset used for VBF H(bb) events in Sec. 5.8 and Sec. 5.2 through 5.5 is
mc15_13TeV.341566.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_VBFH125_bb.merge.
AOD.e3988_a766_a767_r6264.
Due to difficulties emulating b-jet triggers at HLT level, a workaround was used to
compute the efficiencies presented in Tab. 5.2, 5.4, and 5.5: HLT jets are matched
with the highest pT offline jet found within ∆R < 0.3 of the respective HLT jet.
Then, the MV2c20 b-tagging weight of this matched offline jet is used as a b-tagging
weight for the HLT jet. The offline working points [22] that correspond to b-jet
efficiencies of 85 %, 77 %, and 70 %, respectively, were adjusted so that b-jet effi-
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ciencies of 87 %, 79 %, and 72 % are reached at HLT level. The corresponding cuts
on the MV2c20 discriminant were computed using a linear interpolation between
the known working points.1

A.1.2. Data Sections

The studies presented in Sec. 5.6 and 5.7 were conducted within the CxAOD-
Framework [124] (tag versions in FrameworkSub-00-24-09) which is based on the
AnalysisBase 2.4.14 framework [122]. For the VBF H(bb) analysis, a new exten-
sion of the CxAODFramework was written [125].
The dataset used for VBF H(bb) events in Sec. 5.6 and 5.7 is
mc15_13TeV.341566.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_VBFH125_bb.merge.
DAOD_HIGG5D3.e3988_a766_a821_r7676_p2666.

A.1.3. Further Development Section

The studies presented in Sec. 5.8.1 and 5.8.2 were conducted within the Framework
discussed in App. A.1.1.
The efficiencies of the study presented in Sec. 5.8.3 were computed using a very
early version of the TrigBjetEmulation tool [126], run on events of the dataset
mentioned in App. A.1.1.

A.2. Rate Estimation

The rate estimates for L1 and HLT triggers that (i) were used in the process of com-
ing up with the proposal presented in Sec. 5.4 and (ii) are quoted in Tab. 5.6 and 5.7
are computed with the TrigRateFast tool [127, 128]. It uses 13TeV enhanced bias
data extrapolated to an instantaneous luminosity of 2 × 1034 cm−2 s−1. The rate
for a given selection is calculated with the formula

Rate [Hz] = αN(ζ, w)/∆t,

1This results in the following MV2c20 cut values: loose (87% WP) cut: -0.835376, medium
(79% WP) cut: -0.529846, tight (72% WP) cut: -0.143121.
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where α is the ratio of the projected luminosity to the luminosity of the used data
sample, N(ζ, w) is the weighted number of events satisfying selection ζ, and ∆t
is the length of the run of the data sample in seconds. The weight w of an event
increases with the number of triggers fired in that event. The tool was used to
validate the official2 rate estimates of selected triggers and was found to be in good
agreement.
As of the used version 00-00-03, the tool does not support b-tagging at HLT
level. For the triggers in Sec. 5.4 (whose unique rate estimates are not quoted in
this thesis) and Tab. 5.7, a workaround was used: HLT jets are matched with the
highest pT offline jet found within ∆R < 0.3 of the respective HLT jet. Then,
the MV2c20 b-tagging weight of this matched offline jet is used as a b-tagging
weight for the HLT jet. The cut values on the b-tagging weight that correspond
to the b-tagging working points were gauged to make the tool match official rate
estimations of selected b-jet triggers.3

Using the same workaround, a b-jet trigger menu with trigger requirements that
are similar to the triggers listed in Tab. 5.7 was implemented in the tool. Against
this menu, shown in Tab. A.1, the unique rates are given in Tab. 5.7.

2From the ATLAS Trigger Menu group.
3This method of determining the b-tagging weight cut values differs from the method described
in App. A.1.1.
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A. Appendix

L1
J75.31ETA49
J100
J100.31ETA49
3J50
4J20
5J15.0ETA25
6J15

HLT: jet and b-jet
HLT_3j175
HLT_4j100
HLT_5j85
HLT_6j50_0eta240_L14J20
HLT_7j45_L14J20
HLT_ht1000_L1J100
HLT_2j75_bmedium_j75_L13J25.0ETA23
HLT_2j55_bmedium_j100_L13J20_J75
HLT_j75_bmedium_3j75_L14J20
HLT_j70_btight_3j70_L14J20
HLT_j175_bmedium_j60_bmedium_L1J100

Table A.1.: List of the L1 and HLT triggers that were implemented in the
TrigRateFast tool to calculate unique rates.
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