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Abstract

The presented work is a search for single production of vector-like T quarks. Vector-like

quarks are common among non-SUSY theories that strive to solve the hierarchy problem.

The search is undertaken with 2.3 fb−1 of proton-proton collisions at a centre of mass

energy of
√
s = 13 TeV, recorded with the CMS experiment at the CERN LHC in 2015.

The T quark decay channel into a top quark and a Higgs boson is considered. A mass-

range from 700 GeV up to 1800 GeV is scanned, where the top quark and Higgs boson

acquire a significant Lorentz boost. An electron or muon in the final state is required,

as well as a collimated pair of b quarks from the decay of the boosted Higgs boson. The

search is performed as a shape analysis with a signal plus background model, fitted to

the data. The shape of the background is extracted from a signal-depleted control region

in the data. The background shape describes the observed data well and no excess of

events is seen. Exclusion limits are derived for the single T quark production cross section

times the branching fraction of the T quark decay into a Higgs boson and a top quark.

A Bayesian statistical method is applied. At 95% confidence level, values of 0.49 pb and

0.18 pb (0.42 pb and 0.14 pb) for T quark masses of 1200 GeV and 1700 GeV, respectively,

are excluded for T quark production in association with b (top) quarks. These are the

first results on singly produced vector-like quarks published by the CMS Collaboration

and the first results from the LHC at
√
s = 13 TeV.





Kurzfassung

Die vorgelegte Arbeit beschreibt die Suche nach einem vektorartigen T-Quark in Einzel-

produktion. Vektorartige T-Quarks erscheinen üblicherweise in nicht-SUSY Theorien, die

das Hierarchieproblem zu lösen versuchen. Die Analyse wird mit einem Datensatz von

Proton-Proton Kollisionen bei einer Schwerpunktsenergie von
√
s = 13 TeV betrieben, der

einer integrierten Luminosität von 2.3 fb−1 entspricht, aufgenommen mit dem CMS Ex-

periment am CERN LHC im Jahr 2015. Untersucht wird der T-Quark Zerfallskanal in

ein Top-Quark und ein Higgs-Boson. Der Massenbereich von 700 GeV bis 1800 GeV wird

gescannt, in dem das Top-Quark sowie das Higgs-Boson einen signifikanten Lorentz-Boost

erhalten. Im Endzustand wird entweder ein Elektron oder ein Myon, sowie ein kollimiertes

Paar von b-Quarks, aus dem Zerfall des geboosteten Higgs-Bosons, verlangt. Die Suche

wird als Form-Analyse mit einem Signal-plus-Untergrund Model betrieben, welches an die

Daten gefittet wird. Die Form des Untergrunds wird aus einer Signal-armen Datenregion

extrahiert. Diese Untergrundform beschreibt die selektierten Daten gut. Es wird kein

Überschuss an Ereignissen festgestellt. Ausschlussgrenzen für die Einzelproduktion eines

T-Quarks mit Zerfall in ein Top-Quark und ein Higgs-Boson werden mit einem Bayesischen

Statistikverfahren berechnet. Mit einem Konfidenzniveau von 95% sind Werte von 0.49 pb

und 0.18 pb für T-Quark Massen von jeweils 1200 GeV und 1700 GeV ausgeschlossen, im

Falle der assoziierten Produktion mit einem b-Quark. Bei der Produktion in Assozi-

ation mit einem Top-Quark sind die Werte jeweils 0.42 pb und 0.14 pb. Dies sind die

ersten Ergebnisse zu einzeln produzierten vektorartigen Quarks, die von der CMS Kollab-

oration veröffentlicht wurden, und ebenso die ersten bei einer Schwerpunktsenergie von
√
s = 13 TeV.
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1 Introduction

Almost since the formulation of the BEH-mechanism [1, 2], the stabilisation of the Higgs

boson mass has been a concern. This complication is famously known as the hierarchy

problem. Over the years, various theory models have been developed that allow for natural

electroweak symmetry breaking. Promising classes of theories, e.g. little Higgs models [3–

5], composite Higgs models [6–10] and models with extra dimensions [11, 12], predict

the existence of a new type of fermion, so-called “vector-like quarks”. The term vector-

like expresses their equal transformation behaviour of left- and right-handed components

under the standard model symmetry group. This allows the presence of direct mass terms,

mψψ, for vector-like quarks, a quality that is forbidden by local gauge invariance for the

chiral quarks of the standard model. Thereby, vector-like quarks are the simplest type of

extra-fermion that is allowed by data [13], in contrast to a sequential fourth generation

of quarks [14]. Most of the above theories may only provide a natural solution to the

hierarchy problem if vector-like quarks are found to be at the TeV scale.

The CERN LHC [15, 16] is the largest particle collider of the present day. If vector-

like quarks exist and if they are indeed established at the TeV scale, they should be in

the discovery reach of the LHC. Two types of direct searches are being performed, which

are the search for pair-production of vector-like quarks via the strong interaction and

the search for single production through electroweak coupling. The strong production

mechanism is fixed by the strong coupling constant and thus makes it possible to derive

limits on the mass of vector-like quarks. The electroweak coupling of vector-like quarks

cannot be determined by a priori considerations, but offers a larger discovery reach in case

of a sufficiently large coupling strength. The most compelling simplified models suggest a

decay of vector-like quarks only into the W, Z, and Higgs bosons and the third generation

quarks b and top [17].

To date, no evidence for vector-like quarks has been found yet. The pair production

searches exclude vector-like quark masses up to 1160 GeV, depending on their type and

assumed branching fractions [18–25]. Those lower mass limits reach into the interesting

territory, but still leave enough room for natural solutions to the hierarchy problem that

predict vector-like quarks. In single production, upper limits on the cross section are

set [26–31].

With this thesis, I am presenting the first search for singly produced vector-like quarks

with the CMS experiment [32].





2 Particle physics

What are the most fundamental constituents of matter? How do these interact to form

the world we experience? Among few other questions, those two are at the core of our field

of science, particle physics, that was born with Rutherford’s famous scattering experiment

in the beginning of the last century [33]. Since then, more than hundred years and many

experiments later, our understanding of the world on the microscopic level has lead to the

theory with the best predictive power of all time. Nevertheless, reasons exist to believe

that this is not the final answer yet.

2.1 The standard model of elementary particles

In the standard model, the matter constituents as well as the forces acting on the matter

are described as elementary (i. e. point-like) particles. An introduction to the standard

model is given in Ref. [34,35]. Matter particles are spin one-half fermions. Depending on

the types of interaction they are susceptible to, they are grouped into quarks and leptons,

both of which exist in three classes called “generations”. There are three forces described in

the standard model, the strong, the electro-magnetic and the weak force, ordered by their

strength at low energy scales. Force-carrying particles transfer momentum and energy

between matter particles. They are bosons with spin one, where only the carriers of the

weak interaction are massive. Gravitation is not included in the standard model. At

the energy we can probe the microcosm today, it has much less strength than the weak

interaction and is not relevant for the description of matter at the sub-atomic level.

Each force has its own type of charge, as carried by the particles. The amount of

a certain charge determines the coupling strength to the respective force. Charges are

quantised and conserved, which constraints the number of possible interactions. Since the

forces are represented as particles themselves, the coupling strength is proportional to the

probability of a charged particle emitting or absorbing a force carrier.

Figure 2.1 shows the particles of the standard model and denotes their mass1, charge

and spin. The gluon and the photon are the carriers of the strong and the electromagnetic

interaction, respectively, and the W± and Z bosons (the “electroweak bosons”) convey the

weak interaction. The weak interaction is the only force that can change the type of a

fermion, also called flavour, from one to another. Since the electroweak bosons as well as

1Throughout this document, natural units are used, where ~ = c = 1. Energy, momenta and mass have
therefore the unit of energy, and factors of c are usually omitted.
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Figure 2.1: Matter constituents, force carriers and the Higgs boson in the standard model
of elementary particles [36]. Mass, electric charge and spin of a particle are
indicated in the upper left of each box. Quarks and leptons, as well as the W±

and Z bosons carry the weak charge. The quarks and the gluon are charged
under the strong interaction. The mass values in the second and forth row of
fermions are denoted with the flavour eigenstates that have the largest share in
the respective mass eigenstate, as those eigenstates are not identical. Neutrinos
are experimentally known to have a mass, but are treated as massless in the
standard model.

the gluons are themselves charged under the force they transmit, self-interactions of those

are possible. Especially the self-interaction of gluons determines the peculiar attributes of

the strong interaction, as described in Section 2.1.5. All fermions have anti-fermions, which

have the same quantum numbers (e.g. flavour, charge) with different sign. Corresponding

particles in the three generations have identical charge quantum numbers and differ in

their mass.
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2.1.1 From symmetries to interactions

The framework for modern particle physics is quantum field theory (QFT) [37]. Within a

QFT, particles are modelled as fields that obey the laws of quantum mechanics and special

relativity. In the standard model, fermions are represented by spinor fields (ψ) and bosons

by vector fields (F ). The Lagrangian density L, a scalar function of the field, describes

their kinetic and potential energy.

The beauty of the theory comes from the fact that once the fermion fields are de-

fined, their dynamics, i. e. field creation, propagation, interaction and annihilation, can

be derived from symmetry considerations. A theory is symmetric with respect to a trans-

formation, if it leaves the Lagrangian unchanged i. e. the Lagrangian is “invariant” under

this transformation. The latter are then called gauge transformations.

Starting with the Lagrangian of a free, massless fermion, its independence of changes

in gauge is postulated, where the gauge changes are a function of the space-time coordi-

nate (x). This is called “local gauge invariance”. It is formulated with unitary transfor-

mations U acting on the spinor fields,

ψ → ψ′ = Uψ = eigχa(x)Taψ,

with gauge group generators Ta, scalar functions of the space-time χa(x), where a runs

over the number of generators and g is a scalar constant. The resulting Lagrangian reads

L = ψ̄iγµ∂µψ − gψ̄γµTaψFµa −
1

4
Fµνa Faµν , (2.1)

where the Einstein notation is used to sum over the Greek indices in Minkowski space,

γ indicates four traceless, hermitian, linear-independent matrices, ∂µ denotes the partial

derivative for the space-time coordinate with index µ, and doubly Greek indexed bosons

Faµν are shorthands for ∂νFaµ−∂µFaν + gfabcF
b
µF

c
ν with fabc being the structure constant

of the gauge group.

The Lagrangian has three terms. The first term constitutes the initial Lagrangian of

a free, massless fermion. In the second term, fermion and boson fields are present and

it is thus understood to describe the interaction between them. The strength of the

interaction is modulated by g, which identifies it as the coupling constant. The last term

accommodates the kinetic energy and possible self-interactions of bosons, depending on

the structure constant fabc. Since the bosons are an outcome of the gauge transformation

connected to the generators as indicated by their index a, they are called gauge bosons.

Using this blueprint of the Lagrangian, the symmetry group of the standard model,

U(1)Y × SU(2)L × SU(3)C ,
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with 12 generators, delivers the interactions we observe in nature. U(1)Y ×SU(2)L corre-

sponds to the unified electromagnetic and weak interactions, as will be shown in the next

sections. Thereafter, in Section 2.1.5, the strong interaction as derived from the SU(3)

symmetry group is discussed.

2.1.2 The electroweak interaction

While pure Quantum Electrodynamics (QED), developed as a gauge theory in the 1950s,

forms a consistent theory of the electromagnetic interaction by itself, the weak interaction

was formulated as a gauge theory with the inclusion of the former. This unification was

performed in the 1960s by Glashow, Salam and Weinberg [38–40] and is understood to be

the basis of the standard model. The weak interaction couples to all known elementary

fermions.

Starting with the symmetry group U(1)Y , one generator is found. It couples to the

hypercharge Y , a compound of the electric charge Q and the weak isospin I3, the charge

of SU(2)L, implicitly defined by:

Q = I3 +
Y

2

The single associated gauge boson is labelled Bµ. Next, the three Pauli-matrices are used

as generators of SU(2)L and give rise to the W 1
µ , W 2

µ and W 3
µ bosons with weak isospin

I3 = +1, -1, and 0, respectively. By mixing the interaction terms of the first two in the

Lagrangian, the physical W± bosons2 with electric charge ±1 are formed:

W±µ =
1√
2

(W 1
µ ∓ iW 2

µ)

As the main product of the electroweak unification, the physical photon field Aµ as well

as the Z boson are achieved by a rotation of Bµ and W 3
µ ,

(
Aµ

Zµ

)
=

(
cos θW sin θW

− sin θW cos θW

)(
Bµ

W 3
µ

)
,

by the Weinberg angle θW . This angle is found in many observables, such as the ratio of the

masses of the W± and Z bosons or the ratio of the electromagnetic coupling constant e and

the weak coupling constant g. It is a free parameter of the standard model and measured

to be sin2 θW = 0.23155(5) [41]. By the above construction, the photon only couples to

the electric charge, as necessary to recover the characteristics of electromagnetism. The

Z boson on the other hand couples with different strength to both, the weak isospin and

the electric charge. The W and Z bosons were discovered in resonant production in 1983

at the CERN SPS collider [42, 43]. Their masses are experimentally determined to be

2Throughout this thesis, physically observable particles are denoted with non-italic letters.
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80.387± 0.016 GeV and 91.1876± 0.0021 GeV [41].

As illustrated, the physically observed force carriers of the unified electromagnetic and

the weak interactions are derived as gauge boson from the U(1)Y × SU(2)L symmetry

group. Up to this point, however, the gauge bosons are by definition massless, as otherwise

the Lagrangian in Equation 2.1 would not be locally gauge invariant.

2.1.3 Spontaneous symmetry breaking

The large mass of the W± and Z bosons is the reason for the low strength of the weak

interaction at low energies, which would otherwise be in the order of electromagnetism. In

1964, Brout, Englert and Higgs introduced the BEH mechanism which allows to give mass

to the electroweak gauge bosons while retaining a symmetric Lagrangian [1, 2]. The idea

behind the BEH mechanism is to choose a field φ with a symmetric energy potential that

has non-trivial minima. By condensation into one of these minima, as the system strives

for the state of lowest energy, the symmetry is “spontaneously broken”. Field-expansions

around the minimum show non-symmetric behaviour, leading to mass-terms that can be

associated with the electroweak gauge bosons. Incidentally, the mechanism also allows to

establish mass terms for fermions.

The BEH field φ is a doublet of complex scalar fields,

φ =

(
φ+

φ0

)
,

with one electrically charged and one neutral complex component. In the standard model,

the simplest non-trivial form of its potential is

V (φ) = V (|φ|2) = µ2|φ|2 + λ|φ|4,

where µ and λ are constants. For negative values of µ2 and positive values of λ, the

potential takes the form of a sombrero, as Figure 2.1.3 shows, with a continuous minimum

in azimuthal direction at |φ|min ≡ v =
√
−µ2/2λ. The constant v is called vacuum

expectation value. Since the BEH field has four scalar parameters and the potential

only depends on the magnitude of φ, two more angular directions exist along the same

continuous minimum (the according dimensions are not visualised in Figure 2.1.3).

Without loss of generality, the groundstate of φ in the standard model is assumed to be

φSM =
1√
2

(
0

v

)
,

which is electrically neutral. Excitations around φSM in four directions are considered,

corresponding to the four degrees of freedom in φ. One excitation (h) is performed in
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commentary

Eyes on a prize particle
Luis Álvarez-Gaumé and John Ellis

The search for the Higgs boson could soon prove successful. Although the particle bears the name of a 
single physicist, many more were involved in devising the theory behind it — so which of them should 
share a potential Nobel Prize?

The story of the Higgs boson begins 
with symmetry. Physicists are obsessed 
with the notion of symmetry — it 

enables them to relate phenomena that may 
at first sight seem very disparate — and 
with the notion of symmetry breaking, 
because many of nature’s symmetries 
are not exact but only approximate or 
otherwise concealed. One example of an 
exact symmetry (or rather, exact so far) is 
Lorentz invariance, which first appeared in 
Maxwell’s equations that unify electricity 
and magnetism, and was subsequently 
elevated to a general principle by Einstein in 
his special theory of relativity. On the other 
hand, there are two distinct possibilities for 
breaking a symmetry: either it was never 
really there at all, because there are parts 
of the underlying equations that are not 
symmetric; or the breaking originates not 
in the equations themselves, but rather in 
the solution that nature chooses, an option 
known as spontaneous symmetry breaking 
or hidden symmetry.

An example of a ‘really broken’ symmetry 
is provided by nuclear physics: protons and 
neutrons experience very similar strong 
nuclear forces but have different electric 
charges and slightly different masses. We 
now understand the small differences in 
their masses and nuclear forces as being 
due largely to the small differences between 
the masses of the two types of quark they 
contain. On the other hand, an example of 
‘spontaneous’ symmetry breaking is provided 
by superconductivity: as explained in the 
theory of Bardeen, Cooper and Schrieffer1, 
the photon — which has no mass when 
propagating freely through space — acquires 
an effective mass when it tries to penetrate 
a superconducting material (as discussed 
earlier by Ginzburg and Landau2,3). In 
free space, the masslessness of the photon 
is guaranteed by Lorentz invariance and 
a symmetry known as gauge invariance. 
This symmetry is still present inside the 
superconductor, but it is ‘hidden’ by the 
condensation of Cooper pairs of electrons, as 
was discussed explicitly by Anderson4.

Related ideas were introduced into 
particle physics by Nambu5 in 1960, earning 
him a share in the Nobel Prize for physics 
finally in 2008. He suggested that the low 
mass and the low-energy interactions of 
pions — the lightest nuclear particle — 
could be understood as a reflection of an 
approximate ‘hidden’ symmetry that would 
have been exact if the quarks they contain 
were actually massless. In the real world, the 
masses of the quarks that make up protons, 
neutrons and pions are much smaller than 
a typical nuclear mass. Nambu’s insight was 
that, even if the quark masses vanished, the 
corresponding symmetry would be ‘hidden’.

This happens because the light quarks 
condense in pairs in the vacuum, breaking 
the symmetry ‘spontaneously’ much 
like Cooper pairs of electrons inside a 
superconductor (Fig. 1). Consequently, the 
‘hidden’ symmetry causes the pions’ masses 
to vanish, in accord with a general theorem 
proven in 1961 and 1962 by Goldstone, 
Salam and Weinberg6,7, and fixes their low-
energy couplings to protons, neutrons and 
each other. A key difference between the 
cases of superconductivity and Nambu’s 
theory of pions is that the former breaks 
a ‘gauge’ symmetry — that is, one whose 
transformations can be made locally — and 
the latter breaks a ‘global’ symmetry, in 
which the same transformation must be 
made over all space and time.

The mechanism emerges
At this point, theoretical physicists were 
confronted with massless particles at every 
turn: an exact gauge symmetry entails a 
massless boson with one unit of spin, such 
as the photon; breaking a global symmetry 
spontaneously spawns a massless spin-zero 
‘Nambu–Goldstone’ boson such as the pion. 
However, in experimental data there were 
no candidates for such massless particles, 
although there were suggestions that massive 
bosons might mediate the weak interactions 
responsible for radioactivity.

In 1964, Englert and Brout8 were the 
first to show how to kill two birds with one 

theoretical stone, by combining would-be 
massless spin-one and spin-zero bosons 
to obtain massive spin-one particles in 
gauge theories with either Abelian or 
non-Abelian symmetry groups. Soon after 
and independently, Higgs wrote a paper9 
pointing to a loophole in earlier arguments 
for the existence of massless bosons, and 
then wrote a second paper10 using this 
mechanism to work the same trick as 
Englert and Brout, for the Abelian case. The 
final paper in the series, by Guralnik, Hagen 
and Kibble11, incorporates a discussion of 
the relationship of their work to the papers 
of Englert, Brout and Higgs, again in the 
Abelian case.

The mechanism proposed by Englert 
and Brout, by Higgs, and by Guralnik, 
Hagen and Kibble was spontaneous 

Re( )

Im( )

V ( )

Re( )

Im( )

V ( )

Figure 1 | An effective potential, V(ϕ), in the 
form of a ‘Mexican hat’ leads to spontaneous 
symmetry breaking. The vacuum — that is, the 
lowest-energy state — is described by a randomly 
chosen point around the bottom of the hat. In a 
global symmetry, movements around the bottom 
of the hat correspond to a massless, spin-zero, 
Nambu–Goldstone boson5–7. In the case of a local 
(gauge) symmetry, as was pointed out by Englert 
and Brout8, by Higgs10 and by Guralnik, Hagen and 
Kibble11, this boson combines with a massless spin-
one boson to yield a massive spin-one particle. 
The Higgs boson10 is a massive spin-zero particle 
corresponding to quantum fluctuations in the 
radial direction, oscillating between the centre and 
the side of the hat in the direction of the arrow.
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Figure 2.2: The BEH potential in two dimensions. The balls indicate locations where field
expansions lead to a symmetric (|φ| = 0) and a non-symmetric result (|φ| 6= 0).
Taken from Ref. [44].

the “radial” direction (v → v′ = v + h(x)). Here, the concave shape of the potential

allows for oscillations and therefore leads to a new physical state, a scalar field with spin

zero, which is identified as the Higgs boson H. The other three excitations are taken to be

orthogonal to the radial direction. As a consequence, they do not correspond to variations

in the potential energy and could thus be eliminated with a gauge transformation. The

bosonic fields resulting from such excitations are called Goldstone bosons. Their terms in

the Lagrangian are matched to the electroweak bosons according to their electric charge.

This allows to identify mass terms for the latter3 and the Higgs boson:

mW± =
1

2
gv

mZ =
mW±

cos θW

mH =
√
−2µ2.

Using measurements of the W± mass and the weak coupling constant g, the vacuum

expectation value is determined to be v = 246 GeV. The value of µ is a free parameter

in the standard model. The Higgs boson has been discovered in 2012 by the ATLAS and

CMS Collaborations with a mass of 125 GeV [45,46].

Up to this point, fermion fields are treated as massless particles. In principle, it is

possible to augment the Lagrangian with fermionic mass terms. For such mass terms,

however, local gauge invariance requires the fermions in one flavour multiplet to have

3Massless bosons have two degrees of freedom (two transverse polarisations), whereas massive bosons have
three degrees of freedom (a longitudinal polarisation in addition). Since all three gauge bosons need
to be upgraded by one degree of freedom, the BEH mechanism must provide at least three Goldstone
bosons.



2.1 The standard model of elementary particles 9

the same mass as well as to have symmetric interactions under SU(2)L, both of which

contradicts with experimental observations (more detail about the parity-violating nature

of the weak interaction is given below in Section 2.1.4). The issue is resolved by adding

fermion interactions with the BEH field in the form of yf ψ̄φψ to the Lagrangian, where

yf is a new free parameter, the so-called Yukawa coupling. With the radial excitation h

around φSM,

yf ψ̄(v + h)ψ = yfv ψ̄ψ + yf ψ̄hψ,

the fermion masses (first term on the r.h.s.) as well as interactions with the physical Higgs

boson (second term on the r.h.s.) can be identified4. A fermion has the mass

mf = yf
v√
2
.

With experimental measurements of fermion masses, the Yukawa couplings and therefore

the coupling between a fermion and the Higgs boson can be extracted. Importantly, the

Higgs boson couples to fermions with a strength proportional to the mass of the fermion

(this is also true for bosons), which is different for all fermions. So far, all measurements

of the Higgs boson couplings are in agreement with these predictions [47].

2.1.4 Chirality

The parity transformation in physics is a point reflection, reversing all spatial coordinates.

A process is symmetric under parity if the phenomenology of the initial process is recov-

ered after a parity transformation. In 1956, the Wu experiment [48] showed that weakly

produced particles have a left-handed helicity with a probability related to β = v/c, where

v is the particle velocity and c is the speed of light. Helicity is the projection of the spin

onto the momentum axis. It transforms as a scalar under parity (no sign reversal). Since

the rest of the system undergoes a sign reversal, the probability for interaction changes

according to β → β′ = 1 − β. Therefore, it was concluded that the weak interaction is

parity violating.

The helicity h can be decomposed into states of left and right-handed chirality, with ‘L’

and ‘R’ subscripts, respectively,

ψh=±1/2 =

√
1± β

2
ψL ∓

√
1∓ β

2
ψR.

As opposed to helicity, chirality is independent of the inertial system. The W± boson

couple only to particles with left-handed chirality and anti-particles with right-handed

4This description is simplified. In the standard model, ψ̄ and ψ are a left-handed doublet and a right-
handed singlet under SU(2)L, respectively. Since φ is a doublet as well, the product ψ̄φ is a singlet.
This is necessary to preserve local gauge invariance under U(1)Y × SU(2)L.
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chirality. The Z boson couples to both chiralities, but with different coupling strength.

The standard model Lagrangian (after spontaneous symmetry breaking) reflects the

above mentioned parity-violation in the charged weak interaction,

LWl = − g√
2

[
ν̄l,iγ

µ 1− γ5

2
li

]
W+
µ + h.c.

where

PL =
1− γ5

2
with γ5 = γ0γ1γ2γ3

is called projection operator and extracts the left-handed chirality component of the

fermion spinor. The quantities νl,i and li are lepton spinors (the according term for quarks

is found below in Section 2.1.5).

The flavour eigenstates of fermion fields with left-handed chirality are doublets and

right-handed fields are singlets: (
lL

νl,L

)
, (lR).

Right-handed neutrinos do not exist in the standard model5. The W bosons act as ladder

operators on the fermion fields, transforming lL into νl,L and vice versa. They do not

apply to singlets, i. e. the right-handed components of the fermions. This is known as the

“chiral” nature of fermions in the standard model.

2.1.5 The strong interaction

Requiring local gauge invariance under SU(3)C in Equation 2.1 leads to the strong in-

teraction. The charge of the strong interaction is called colour and has three types, red,

green and blue. Anti-quarks and -gluons carry anti-colour. A superposition of red, green

and blue forms a colourless state. By this analogy to human sight, the theory behind the

strong interaction is called Quantum Chromodynamics (QCD) [49]. As generators of the

SU(3) symmetry group, the so-called Gell-Mann matrices supply eight gauge bosons, the

massless gluons. Since the Gell-Mann matrices are non-commutative, the gluons have self

interactions, causing two phenomena that are unique to the strong interaction, confine-

ment and asymptotic freedom.

Confinement means that colour-charged particles (the fundamental degrees of freedom

in the theory) are not observable as free particles. Instead, they form colour-neutral states

by the combination of either three differently coloured quarks, or two quarks with a colour

and its anti-colour. Those states are called baryons and mesons, respectively. Collectively,

colour-bound objects are referred to as hadrons. They have a typical size of the order of

5Since neutrinos are assumed to be massless, they travel at the speed of light and thus their fraction
v/c is always one. As a consequence, neutrinos stay in the chirality state they have been produced in,
which is left-handed.
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femtometers. The self-interaction of gluons is such that the force between coloured objects

grows linearly with the distance between the objects. When the latter are detached from

each other, new coloured particles are generated from the energy in the colour field, until

colour-less states are achieved. Confinement causes quarks and gluons (“partons”) from

proton-proton collisions to produce sprays of particles, bundled in the flight direction of

the initial parton, called “jets”.

Asymptotic freedom is an aspect that stems for the strength of the strong interaction as

a function of the energy. For large momentum transfers Q2, the strong coupling becomes

smaller, leaving coloured objects increasingly free. This results in a new phase of matter

at high temperature, called quark gluon plasma.

The quark sector has a flavour structure similar to the lepton sector,

(
uL

dL

)
, (uR), (dR),

where u (d) denotes the up- (down-)type quarks u, c and t (d, s and b). The charged

electroweak term in the Lagrangian,

LWq = − g√
2

[
ūiγ

µ 1− γ5

2
MCKM
ij dj

]
W+
µ + h.c. ,

has a unitary matrix that mixes flavour and mass eigenstates, MCKM (Cabbibo-Kobayashi-

Maskawa matrix), allowing for transitions among quark generation in the same interaction

vertex, where i and j denote the quark generation. By convention, the up-type quarks

agree with a mass eigenstate and only the down-type flavours mix. As the PL operator

indicates, the weak interaction couples to chiral quarks in the standard model.

2.1.6 Perturbation, renormalisation and running coupling constants

The equations of motion are derived by requiring the action A to be stationary in time (t),

0 = δA = δ

(∫
dtL

)
.

For free particles, the Klein-Gordon and the Dirac equations are obtained for bosons and

fermions, respectively. However, if interactions are taken into account, analytical solutions

can typically not be found.

Probabilities for the transition from one state into another are calculated in so-called

matrix elements,

Mfi = 〈ψf |S|ψi〉 ,
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where i and f indicate the initial and the final state, respectively, and

S =

∞∑

n=0

αn/2Cn

is the amplitude of the scattering process, with α = g2, where g is the coupling constant

for the interaction under consideration. The coefficients Cn can be determined using

the Feynman rules, where possible combinations of intermediate particles connecting the

initial and the final state are found. Such a connection is called Feynman diagram [50,51].

The complexity of calculating a coefficient rises rapidly as a function of the order n. If

α is small, it is sufficient to regard only the first few items in the above expansion. The

first non-trivial order, n = 2, is called “leading order” (LO) and subsequent order are

prefixed “next to” (NLO, NNLO, etc.). Using the matrix element, e.g. the cross section

σ ∝ |Mfi|2 of an interaction process can be calculated.

Starting at n = 4, so-called loop-diagrams may enter the matrix element calculation.

Without special measures, the momentum of a particle in a loop may be infinite, causing

the matrix element integration to diverge. This problem is avoided by renormalisation,

where a momentum cut-off µR for particles in loops is introduced, called renormalisation

scale [52]. Upon integration, this leads to additional terms containing µR. Those terms

must be absorbed by free parameters in the Lagrangian, such as a coupling constant, as

physical observables may not depend on unphysical cut-off values. In case of a coupling

constant, it is redefined to depend on an energy scale α → α(µ2), which is typically

associated with momentum transfer Q2.

The coupling constants of the electromagnetic and strong interactions have been found

experimentally to depend on Q2. The former, called αem, increases as a function of Q2

and has a value of approximately 1/137 at small energies. The strong coupling constant,

αS , shows the opposite behaviour, as it decreases as a function of Q2. At the Z boson mass

scale it is αS(m2
Z) ≈ 0.118. Since it becomes large for small values of Q2, the perturbative

approach introduced above breaks down.

2.1.7 Shortcomings of the standard model and one popular extension

With the discovery of the Higgs boson in 2012, all particles in the standard model are

observed in nature. The standard model allows accurate predictions of fundamental inter-

actions. Nevertheless, it is known to be incomplete and presents some conceptual difficulty,

as will be outlined in the following.
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Incompleteness

The most obvious missing piece is a description of gravitation at the microscopic level.

Because of its low interaction strength, gravitation will only become relevant at the Planck

scale ΛP ≈ 1019 GeV. Despite the impossibility to test gravitons – the hypothetical quanta

of gravitation – at a particle collider, they are spin two bosons, denying to formulate a

renormalisable theory of them [53].

In addition, from astronomical observations, the universe is known to consist of only 4%

of ordinary matter. The rest is assumed to be so-called dark matter and dark energy, both

of which are incompatible with the type of matter described in the standard model [54,55].

The above mentioned 4% of matter exclude anti-matter if no large-scale separation is

present in the universe. This imbalance between matter and anti-matter implies a much

larger fraction of charge-parity-violating processes than what is reported in the standard

model [56].

Ad-hoc-ness

The standard model fails to present a deep understanding of the observed phenomena.

Excluding the masses and mixing of neutrinos, the standard model has 19 free parameters

that are not brought into any relation with each other. Especially the broad hierarchy of

fermion masses inquires explanation, as it spans over 11 orders of magnitude. Moreover,

the gauge group of the standard model and the number of fermion generations are arbitrary

and lack a deeper motivation than resulting in a theory that happens to describe nature

accurately.

Unnaturalness

The main conceptual concern in the standard model emerges from radiative corrections

to the Higgs boson mass and is called the hierarchy problem. As introduced in the last

section, divergent integrals from loop diagrams can be regularised with a cut-off, called Λ

here. The latter is seen as the energy scale up to which the theory is valid (or conversely the

scale at which new physics occurs). For particles protected by a symmetry, such as gauge

symmetry for the weak bosons and chiral symmetry for the standard model fermions, the

correction to the mass of a particle is logarithmically dependent on the scale Λ,

δm ∝ m ln
Λ

m
.

Consequently, even if the standard model is valid up to Λ = ΛP, mass terms receive only

a mild correction.

The Higgs boson, on the other hand, is not protected by a symmetry. This leads to a
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quadratic dependence on the new physics scale,

m2
H,obs ≈ m2

H,bare + cΛ2 with c =
y2
f

8π2
,

where yf is the Yukawa coupling of a fermion. Because of the hierarchy in the Yukawa

couplings, the leading contribution is associated to the top quark. As the Higgs boson has

a physical mass m2
H, obs = 125 GeV, the bare mass term mH,bare must be close to the scale

Λ. If no new particles exist between the electroweak and the Planck scale, the numbers

at the high scale have to cancel with a precision that spans ten orders of magnitude.

This cancellation is referred to as “fine-tuning”. Although there is no a priori reason that

speak against such a cancellation, it is assumed to be “unnatural”, i. e. objectionable in a

fundamental theory.

For the reasons described above, the standard model is believed to be an effective theory

of one that is even more fundamental. Such theories are generally termed “physics beyond

the standard model” (BSM), and will be explored briefly in the following.

Supersymmetry

There are two main paths to the solution of the Hierarchy Problem: Supersymmetry and

compositeness. Generically, vector-like quarks only appear in the latter, but before coming

to the main motivation for this work, a brief detour into former is made.

Supersymmetry (SUSY) [57] enjoys large popularity because of its theoretical elegance

and the large number of proposed solutions to problems of the standard model, e.g. unifi-

cation of gauge couplings, dark matter, the Hierarchy Problem and many more. If SUSY

is manifested in nature, all standard model particles have partners (so-called “sparticles”)

that differ in spin by 1/2, but have the same quantum numbers otherwise. As none of

these sparticles have been observed so far, a number of mechanisms has been developed

to let sparticles achieve higher masses than their standard model counterparts (“SUSY

breaking”). On the contrary, at least some sparticles should not have an arbitrarily large

mass in order for SUSY to deliver a natural cancellation of radiative corrections to the

Higgs boson mass. Specifically, the partners of the top quark, the Higgs boson, and the

electroweak bosons are often assumed to have a mass below a few TeV. This order of

magnitude is in the reach of the LHC and possible future particle colliders.

The plethora of new particles allows for many scenarios with rich phenomenology. Given

the large amount of new parameters, many so-called simplified models of SUSY are pro-

posed to be used in experimental searches. Despite large efforts, no indications of SUSY

have been found at the LHC so far, but the topic will stay interesting even beyond the

reach of the LHC [58].
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2.2 Compositeness

Composite models capitalise on the concept of dynamic mass generation in a more funda-

mental, strongly coupled theory. While in general a perturbative setup is given in SUSY,

the presence of strong dynamics can be a conceptual challenge for calculability. Over the

course of the last decades, compositeness gained a lot of momentum and delivered models

that are considered natural as well as realistic.

2.2.1 Early ideas

The first proposal of a fundamental theory in which standard model particles arise as

strongly coupled states of a new interaction is Technicolor [59–61], based on the dynamic

mass generation in the Nambu-Jona-Lasinio model [62]. Early Technicolor used a QCD-like

scenario for the dynamical and thus natural generation of the masses of the electroweak

bosons, which also coined the name. For the creation of fermion masses, Technicolor

needed to be extended with more gauge interactions. From early on, phenomenological

obstacles came in the form of flavor-changing neutral currents, precision electroweak mea-

surements, and the large mass of the top quark [61]. Partly, solutions were found under

the names of “walking Technicolor” [63,64] and “topcolor-assisted Technicolor” [65].

2.2.2 Composite Higgs models

In order to explain the mass hierarchy in the generations of the standard model while

implementing electroweak symmetry breaking, the first composite Higgs model was intro-

duced in the middle of the 1980s [6, 66]. As an extension to Technicolor, it used known

gauge dynamics to retrieve the Higgs boson in the form of a Goldstone boson. These new

dynamics needed to have a larger coupling strength than the standard model interactions

for consistency. Similar to Technicolor, difficulties arouse in resembling the masses of

fermions, which left this early model very constrained.

New activity emerged around the year 2000, after a connection to Randall-Sundrum

scenarios was realised [67]. Randall-Sundrum models were also built in search for solving

the Hierarchy Problem, but by utilising an extra dimension and not with compositeness in

mind. In this context, realistic models could be build, at the cost of a complete microscopic

theory [68]. The Higgs boson is generated as a “composite Nambu-Goldstone boson” in the

spontaneous breaking of a global symmetry in five dimensions [69]. In both theories, the

Technicolor extension as well as the Randall-Sundrum models, the electroweak symmetry

is broken through the condensation of the Higgs scalar doublet as in the standard model.

Composite Higgs models can be characterised by the mass of the lightest new particle

mρ and its new coupling gρ. They are connected to the compositeness scale f through the

relation mρ ' gρf [70,71]. Deviations from standard model interactions are parameterised
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with ε = v2/f2, where v is the electroweak vacuum expectation value of 246 GeV. If ε is

suffiently small, the standard model can be approximated to arbitrary precision. On

the other hand, a certain amount of tuning is needed to obtain v < f . The smaller

the value of ε is, the more unnatural the new model is, increasingly leaving the Hierarchy

Problem untouched. Phenomenological studies with constraints from electroweak precision

measurements showed that ε . 0.4, placing the scale f in the order of one TeV [72]. These

implications are understood as a mild level of fine-tuning [8].

In the simplest models, the Higgs boson massmH is related to the fundamental quantities

as such:

m2
H ≈

3

2π2

v2

f2
· y2

t · Λ2,

where Λ ' mρ is the cut-off scale in the top quark loops given by the lightest composite

fermion, and yt is the Yukawa coupling of the top quark. From this formula it can be

derived, that if f is in the order of one TeV, as expected in a natural model, there

should be a fermionic resonance – a vector-like quark – with a mass of approximately one

TeV. Up to a resonance mass of 2 TeV, the level of fine-tuning is still considered to be

acceptable [73, 74]. In this respect, composite top quark partners are analogous to the

scalar partners of the top quark in Supersymmetry.

In addition, excitations of the composite Higgs boson in these models appear as spin-one

resonances at slightly larger mass values [72].

2.2.3 Partial compositeness

Partial compositeness [7,8] proposes that the physical quarks and leptons are mixtures of

massless elementary and massive composite fermions. In the so-called “anarchic scenario”,

the mass of a physical eigenstate would be determined by a mixing angle in a linear

combination [75] of them. The dominating contribution of quarks and leptons in the first

and second generations come from the elementary constituents. Thereby, the effects of

compositeness are suppressed where the most precise standard model measurements exist,

namely in flavour and electroweak observables, leaving partially composite Higgs models

relatively unconstrained. The top quark, on the other hand, may achieve a large mass

through the mixing. The Higgs potential is then mostly determined by the top quark

and its composite partner, similar to the standard model, where the top quark does so

already. The assumption of partial compositeness is realised in Randall-Sundrum scenarios

naturally.

In the most promising minimal scenarios, at least one heavy composite fermion must

exist for every standard model fermion with the exact same quantum numbers, since they

appear as multiplets of the standard model symmetry. Those composite fermions often

appear in larger hypercharge representations than in the standard model, leading to exotic
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electric charges of e.g. 5/3 e and -4/3 e. The observation of such a resonance would be a

strong hint towards a composite nature of BSM physics.

In summary, realistic models have been build over the last few decades, accomplish-

ing scenarios that can be searched for at the LHC, while keeping the phenomenological

complexity at a moderate level [10, 76].

2.3 Vector-like quarks

Vector-like quarks are a hypothetical new type of particle typically appearing in composite

theories, such as composite Higgs models as outlined above, but also little Higgs models [3–

5] and models with extra dimensions [11, 12]. Vector-like quarks are often referred to

as “top quark partners”. They have spin one-half and transform as triplets under the

QCD gauge group. As their name suggests, their left and right components have the

same electroweak and colour quantum numbers, enabling them to obtain mass without a

Yukawa interaction. Thereby, they are relatively unconstrained by measurements of Higgs

boson properties, as explained in Section 2.3.4. Vector-like quarks could be a new source

of CP violation in the quark sector [77].

2.3.1 Multiplets, mixing and mass splitting

The simplest extension to the SU(2)L sector of the standard model in minimal composite

Higgs models is a set of seven multiplets. They are gauge-covariant and have renormalis-

able couplings [78] (the notation is inspired by Ref. [13], with the “0” superscript denoting

the weak eigenstate):

T0
L,R, B0

L,R (singlets),

(X T0)L,R, (T0 B0)L,R (B0 Y)L,R (doublets),

(X T0 B0)L,R, (T0 B0 Y)L,R (triplets), (2.2)

where B0 and T0 are the analogues of the bottom and top quarks with a charge of −1/3 e

and 2/3 e, respectively. Depending on the multiplet structure, the new particle fields X

and Y exist with exotic electric charges of 5/3 e and −4/3 e (“X5/3” and “Y−4/3”) and

conventional electric charge (“X2/3” and “Y−1/3”), respectively. The L and R subscripts

stand for the coupling to left- and right-handed vector currents. Larger multiplets are

possible.

The weak eigenstates of the X and Y particles correspond directly to the mass eigenstates

because their exotic charge does not allow them to mix with standard model particles.

The situation is different for the T0 and B0 fields, where the new vector-like components

may mix with the standard model up- and down-type fields to form the physical mass
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eigenstates u, c, t, T and d, s, b, B, respectively. There are strong constraints on such

mixing with the u and c quarks from electroweak precision measurements and flavour-

changing neutral processes at low energies [79]. Because of the Yukawa coupling hierarchy,

mixing with d and s quarks is expected to be small [13]. Therefore, the mixing of vector-like

quarks with third generation standard model quarks is most relevant at this point.

The mixing of vector-like and third generation quarks, as partial compositeness suggests,

is described using a mixing angle θu,d
L,R, with u, d indicating the up- or down-type mixing,

defined through

(
tL,R

TL,R

)
=

(
cos θu

L,R − sin θu
L,Re

iφu

sin θu
L,Re

−iφu cos θu
L,R

)(
t0
L,R

T0
L,R

)
, (2.3)

where φu indicates a CP-violating phase. The same equation is obtained for the down-type

sector by exchanging (u, t, T) for (d, b, B).

Large values of θu,d
L,R imply modifications in the top quark and Higgs boson couplings that

could be measurable at the LHC. Limits on the mixing have been derived using precision

measurements of standard model parameters [80] as well as the Zbb̄ coupling [81], confining

most mixing angles to values smaller than 0.07 and all of them below 0.18 for masses of

vector-like quarks above current lower limits [13].
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Figure 2. The typical spectrum of the top partners.
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From the above equation we obtain the correct order of magnitude for the top mass if, as

anticipated, y ⇠ yt and g & 1. In this region of the parameter space the corrections to the

approximate formulae are rather small, being suppressed by both a factor y2/g2
 (which is

preferentially smaller than one) and by ⇠ ⌧ 1. However we will consider departures from

this theoretically expected region and therefore we will need to use the exact formulae in

the following sections.

Similarly we can study the sector of �1/3 charge states. It contains a massless bL,

because we are not including the bR in our model, plus the heavy B particle with a mass

mB =
q

M2
 + y2f2 . (2.19)

This formula is exact and shows that the bottom sector does not receive, in this model,

any contribution from EWSB. By comparing the equation above with the previous one we

find that the splitting among T and B is typically small

m2
B � m2

T ' y2f2 g2
 + (1 � c2

2)y
2

2
�
g2
 + y2

� sin2 ✏ , (2.20)

and positive in the preferred region g > y, although there are points in the parameter

space where the ordering mT > mB can occur. The splitting among the two doublets is

instead always positive, m2
B � m2

X5/3
= y2f2. The typical spectrum of the top partners

that we have in our model is depicted in figure 2.

– 13 –

Figure 2.3: Mass spectrum of top quark partners, taken from Ref. [10].

Figure 2.3 shows an illustration of a typical mass spectrum of top quark partners. The

mass splittings of vector-like quarks are small, i. e. in the order of a few GeV, since they

share the same bare mass term. As a consequence, the decay of one vector-like quark into

another vector-like quark is forbidden.

2.3.2 Production and decay

Vector-like quarks couple to the strong and to the electroweak interaction. In the former

case, the coupling strength is proportional to the strong coupling constant gS , but in the



2.3 Vector-like quarks 19

latter, the coupling strength cannot be fixed from a priori assumptions. Therefore, the

coupling to the electroweak force, which is proportional to the mixing with the standard

model partners, is accommodated with an arbitrary coupling modifier. In this analysis,

the so-called “simplest Simplified Model” [17] is used, in which single vector-like T quarks

couple to Wb, Zt and Ht vertices.

 2

Search for single B → tW

● Vector-like top partners play major role for 
BSM-theories

– B couples to Zb, Hb & tW  

– Left and right handed coupling is important for         
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Figure 2.4: Maximum cross section estimations for vector-like quark production in pairs
(dashed line) as well as singly produced (coloured solid lines) are depicted
in the left panel. The right panel shows branching fraction calculations for
vector-like T quark singlets and doublets. The left and right figures are taken
from Ref. [13] and Ref. [21], respectively.

In Figure 2.4, a comparison of cross sections of various vector-like quark production

modes as well as decay branching ratios is shown, both as a function of the vector-like

quark mass. The cross section of single production has a weaker dependence on the vector-

like quark mass than the pair production cross section. Therefore, single production might

dominate over pair production if the lightest top quark partner has a mass well above one

TeV. On the other hand, a small coupling to the electroweak force would suppress the

single production also for high mass values. Because of the arbitrariness in the electroweak

coupling of vector-like quarks, only their pair production mode allows to convert upper

exclusion limits on the cross section into lower limits on the mass using theoretical cross

section calculations.

The decay branching fractions in the singlet and the doublet scenarios asymptotically

approach branching ratios of 25% and 50% as a function of the vector-like T quark mass.

For all multiplets, the branching fractions of the tH and tZ modes are approximately

equal [13]. The charged current interaction is fully suppressed in the case of doublet

scenarios, i. e. the coupling to a Wb vertex is zero.



20 2 Particle physics

2.3.3 The benchmark model

In this analysis, the isospin singlet and doublet configurations are considered, as introduced

in Section 2.3.2. Most importantly, the isospin singlet leads to T quark branching fractions

of 50/25/25% for the coupling to bW/tZ/tH and enables associated Tb production. The

doublet is restricted to neutral currents with 50% branching fractions for the tZ and tH

modes. The total production cross sections are calculated in the framework of the simplest

Simplified Model. They are the product of a fixed part of the signal cross sections, an

arbitrary coupling modifier c and the branching fraction for the decay of the T quark to

tH:

σsig · B = σsig
fixed ·

(
c

bW (tZ)
L (R)

)2
· B(tH)

The fixed part of the signal cross sections are taken from NLO calculations [17,82]. Since

the isospin doublet requires the production of an associated top quark instead of a b quark,

the cross sections are almost one order of magnitude smaller. The branching fraction

B(tH) in decay is considered by multiplying the fixed part with 0.25 and 0.5 in case of

Tb and Tt production, respectively. The coupling modifiers c
bW (tZ)
L (R) are multiplicative

factors of the weak coupling constant gw, separately defined for left- (L) and right-handed

(R) coupling of the T quark. According to the singlet (doublet) scenario in the simplest

Simplified Model framework, the T quark polarization is purely left- (right-) handed, i. e.

c
bW (tZ)
R (L) = 0.

The coupling modifiers have an analytical relation to the partial widths of the T quark

(Ref. [17], Appendix B),

Γh = Γh(cL, cR), ΓV = ΓV (cL, cR),

where h indicates the Higgs boson and V the W and Z bosons. A large value of the

coupling modifier result in a large width of the T quark. This is considered in Section 5.8

for the calculation of expected theory cross sections.

2.3.4 Limits on vector-like quarks

Current data allows vector-like quarks to be the simplest coloured extra-fermions in the

framework of the standard model, as opposed to a sequential extension of the quark sector

to four generations. While a forth generation of quarks was allowed before the discovery of

the Higgs boson, it has been ruled it out at high significance level [83] with measurements

of Higgs boson properties [47, 84]. The strongest constraint is given by the branching

fraction of the Higgs boson into two photons. Since the Higgs boson couples to photons

via quark and vector-boson loops, a new generation of chiral quarks with large Yukawa

couplings constitutes a large contribution to the two photon amplitude. As the measured

branching fraction of the Higgs boson into two photons is compatible with the standard
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model expectation [83], new physics models may only induce minimal deviation from this

coupling.

The variations that vector-like quarks can impose on the Higgs boson branching fractions

are very low. Exact calculations show that the largest deviations are at the level of a few

percent [13, 85, 86]. Most affected by the presence of vector-like quarks are the decays of

the Higgs boson into bb̄ and gg, both of which are difficult to be measured precisely at

the LHC. Therefore, it will be difficult to exclude vector-like quarks by their influence on

Higgs boson properties at the LHC.

Numerous direct searches for vector-like quarks are performed by the ATLAS and CMS

Collaborations. A striking signature is given by the X5/3, which has final states with

leptons of the same charge, making it possible to dramatically reduce the amount of

standard model background [18, 19]. Pair-production of vector-like T and B quarks is

exploited to set tangible mass limits in the range of 700 GeV to 1160 GeV depending on

the branching ratio of the vector-like quark [20–25]. The single production modes are

tested, since they are preferred in composite and little Higgs models [13,26–32].

2.4 Other signatures of composite scenarios

Among effects in flavour physics and modified couplings in the standard model, the clearest

manifestation of compositeness are new resonances with the same quantum numbers as

known particles, such as vector-like quarks. In addition to fermionic resonances, also

bosonic composite particles are possibly in the reach for discovery at LHC. Dedicated

searches are being performed, e.g. a search for resonances decaying to a pair of top

quarks [87,88]. Also the associated production of a bosonic and a fermionic resonance has

recently been probed for the first time [89]. No direct evidence for a new particle has been

observed until today.

Concerning deviations from standard model couplings by composite scenarios, the top

quark and the Higgs boson couplings are the most affected, since the coupling modifications

are proportional to the amount of compositeness of a particle. For the top quark, a sizeable

mixing is required in order to provide a viable solution to the Hierarchy Problem. However,

as mentioned above, those coupling modifications will likely not be observable at the LHC

and the precision for definitive answers is yet to be achieved [90].

Even if no top quark partners are found at the LHC, neither in composite theories nor

in Supersymmetry, the concept of naturalness does not need to be overthrown. In so-

called Twin Higgs models [91], for example, the form of radiative corrections to a pseudo-

Goldstone Higgs potential can be tightly constrained for the standard model particles. By

construction, constraints from electroweak precision measurements are satisfied in these

models and the Higgs boson mass is stabilised without new light particles coupling to the

electroweak interaction.
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Inspired by the possibility of measuring the branching ratio of the Higgs boson into

photons relatively precisely at the LHC, models with vector-like leptons also strive to

stabilise the Higgs boson mass [92,93].
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3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [15,16] is the world’s largest particle accelerator today.

It is a synchrotron for protons and heavy ions with circumference of 26.7 km, hosted in the

laboratories of the European Organisation for Nuclear Research (CERN) in a subterranean

tunnel at the border between Switzerland and France. Figure 3.1 shows an illustration of

the accelerator complex at CERN, of which the LHC is the flagship instrument.

Figure 3.1: The CERN accelerator complex [94].

Hadrons in the LHC travel the collider in opposite directions in two adjacent beam

pipes with a diameter of 5 cm. 1232 superconducting dipoles (“cryodipoles”, Figure 3.2)

guide the beams on their circular orbit. In order to achieve the magnetic field of 8.3 T, the

magnets are cooled to a temperature of 1.8 K. Furthermore, the LHC has 392 quadrupole
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Figure 3.3: Cross-section of cryodipole (lengths in mm).

an important operation for the geometry and the alignment of the magnet, which is critical for the
performance of the magnets in view of the large beam energy and small bore of the beam pipe.
The core of the cryodipole is the “dipole cold mass”, which contains all the components cooled
by superfluid helium. Referring to figure 3.3, the dipole cold mass is the part inside the shrinking
cylinder/He II vessel. The dipole cold mass provides two apertures for the cold bore tubes (i.e. the
tubes where the proton beams will circulate) and is operated at 1.9 K in superfluid helium. It has an
overall length of about 16.5 m (ancillaries included), a diameter of 570 mm (at room temperature),
and a mass of about 27.5 t. The cold mass is curved in the horizontal plane with an apical angle of
5.1 mrad, corresponding to a radius of curvature of about 2’812 m at 293 K, so as to closely match
the trajectory of the particles. The main parameters of the dipole magnets are given in table 3.4.

The successful operation of LHC requires that the main dipole magnets have practically iden-
tical characteristics. The relative variations of the integrated field and the field shape imperfections
must not exceed ⇠10�4, and their reproducibility must be better than 10�4after magnet testing and
during magnet operation. The reproducibility of the integrated field strength requires close control
of coil diameter and length, of the stacking factor of the laminated magnetic yokes, and possibly
fine-tuning of the length ratio between the magnetic and non-magnetic parts of the yoke. The struc-
tural stability of the cold mass assembly is achieved by using very rigid collars, and by opposing
the electromagnetic forces acting at the interfaces between the collared coils and the magnetic yoke
with the forces set up by the shrinking cylinder. A pre-stress between coils and retaining structure
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Figure 3.2: Cross section view of an LHC cryodipole magnet. Diameter values are given
in mm. Taken from Ref. [15].

magnets to focus the beams as well as magnets with higher multipoles for chromaticity

corrections, i. e. the correction of the orbit dependent on the momentum of a particle in

the beam. For the acceleration of protons and heavy ions, the LHC has superconducting

cavities, run at a temperature of 4.5 K, that are able to produce an electric field voltage

of 2 MV at radio-frequency (400 MHz).

Before injection into the LHC, the particles are grouped in bunches and pre-accelerated

first by a chain of particle accelerators with subsequently increasing beam energy. Starting

at LINAC 2, then passing BOOSTER, PS and SPS, protons are injected at an energy of

450 GeV into the LHC (for heavy ions, the energy per nucleon is smaller). The LHC

is designed to accelerate protons up to an energy of 7 TeV, resulting in a centre-of-mass

energy of
√
s = 14 TeV in collisions every 25 nanoseconds at four interaction points, where

the beam orbits can be crossed. Four large particle spectrometers are built around the

interaction points, they are briefly introduced in the following:

ALICE (A Large Ion Collider Experiment) The scope of the ALICE experiment [95] is the

investigation of the quark-gluon plasma, a state of matter that was present in the

early universe, in collisions of heavy ions. With a large time-projection chamber,
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the ALICE detector is capable of reconstructing events with a very high number of

charged particles.

LHCb (Large Hadron Collider beauty) The LHCb detector [96] is a forward spectrometer

that is installed only on one side of the interaction point and that covers the region

close to the beampipe. The experiment focuses on b quark physics, searching for

CP-violation in the quark sector of the standard model as well as new physics in

rare decays of charm and beauty hadrons.

ATLAS, CMS (A Toroidal LHC ApparatuS, Compact Muon Solenoid) The detectors of

the ATLAS [97] and CMS [98] Collaborations are built hermetically around the

interaction points, and focus on the detectable products from the collision with

relatively equal importance. Both collaborations perform measurements of standard

model parameters, such as the mass of the top quark, but also search for signs of

new physics, possibly hinting to extra dimensions and dark matter. In 2012, the

Higgs boson was discovered by both experiments.

The measure of the amount of particles ready for collision that a particle collider delivers

is called (instantaneous) luminosity (L). The luminosity of the LHC machine can be

calculated with this formula:

L =
nb ·Nb1 ·Nb2 · frev

4π · β∗ · εn
·R, (3.1)

where nb is the number of bunches per beam and Nbi are the numbers of protons in a bunch

of beam i. The revolution frequency of the beam is denoted by frev and β∗ is the so-called

insertion region focussing parameter. Furthermore, εn is the normalised emittance and

R a geometric factor of the interaction region. Integrating the luminosity over time, Lint

measures the total amount of data delivered by the collider.

Given the luminosity, the rate of an interaction process is the product of the luminosity

and the cross section σ of the process under consideration (dN/dt = L · σ). New physics

processes are most often characterised by small cross sections, therefore it is important to

collect data of large amounts of integrated luminosity. This is achieved by maximising the

quantities in the numerator of Equation 3.1 and minimising the quantities in its denomi-

nator. At the LHC, the rate of proton-proton collisions is very large, causing the detector

signals of interaction products to overlap in the particle detectors. This phenomenon is

called pileup and can be distinguished into in-time and out-of-time pileup. The first is the

simultaneous collision of many protons in the same bunch crossing and the latter occurs in

detectors that intrinsically integrate over a larger amount of time than the bunch crossing

are separated i. e. 25 ns. While out-of-time pileup can be effectively suppressed already

at trigger level, in-time pileup is a challenge that can only be resolved in the offline data

analysis.
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The design value for the instantaneous luminosity of the LHC is 1034 cm−2s−1. This

value has been achieved in 2016. The design beam energy of 14 TeV has not yet been

reached, but the performance of the LHC machine has been gradually increasing in the

past. In 1998, the construction of the LHC was started at a time where its predecessor, the

Large Electron Positron Collider (LEP) [99], was still operating in the same underground

tunnel. Its installation was finished in 2008, along with the particle detectors introduced

above. The LHC physics program started with “run I” in 2009 and in 2010 a beam

energy of 3.5 TeV (
√

s = 7 TeV) with 50 ns bunch spacing was achieved. In 2011, the

operation at a centre-of-mass energy of 7 TeV was continued until approximately 5 fb−1

of data were collected by the CMS and ATLAS experiments. The highest instantaneous

luminosity that was reached during this time is 3.5 ·1033 cm−2s−1. In 2012 and early 2013

the LHC ran at
√

s = 8 TeV and a peak instantaneous luminosity of 7.7 · 1033 cm−2s−1

could be established. In total, approximately 20 fb−1 of data at 8 TeV were collected.

From 2013 to early 2015, the LHC dipole magnet connections were upgraded in order to

be able to conduct the large electric current needed at a beam energy of 7 TeV. Since

the middle of 2015 and throughout 2016, the LHC “run II” started with centre of mass

energy of 13 TeV. A bunch spacing of 25 ns was achieved for the first time. Figure 3.3

1 Ju
l

1 Aug
1 Sep

1 O
ct

1 N
ov

Date (UTC)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

T
o
ta

l 
In

te
g

ra
te

d
 L

u
m

in
o
s
it

y
 (
fb
¡
1
)

Offline Luminosity

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC 

LHC Delivered: 4.22 fb¡1

CMS Recorded: 3.81 fb¡1

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

CMS Integrated Luminosity, pp, 2015, ps = 13 TeV

Figure 3.3: Integrated luminosity recorded over time by CMS [100]. Only stable beam
conditions are counted and the data have been verified offline. Not all of the
recorded data can be used for analysis, since the magnetic field of the CMS
detector was not enabled throughout the complete periods of delivery.

shows the integrated luminosity recorded over time in 2015. With the complete detector

functioning, 2.6 fb−1 of data were recorded by the CMS experiment and about twice as

much by ATLAS. In the following year, both experiments recorded approximately 40 fb−1

of data. The performance of the LHC will be further increased in the future.
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3.2 The Compact Muon Solenoid Experiment at LHC

Figure 3.4: Illustration of the CMS detector [101].

The Compact Muon Solenoid (CMS) experiment [98, 102], shown in Figure 3.4, was

created to study proton-proton (and lead-lead) collisions at the CERN LHC. As the name

suggests, the detector is built around a large solenoid magnet and has a special focus

on the measurement of muons. It is positioned at the north side of LHC, in a cavern

approximately 100 m underground and has a diameter of 15 m, a length of 21 m and weights

14,000 tons.

CMS has instruments to perform spectroscopy on the particles stemming from the col-

lisions. These instruments are introduced in the following. After the definition of the

coordinate system and a few important quantities for measurements at a hadron collider,

the CMS subsystems are described going from the inside out, i. e. first the silicon pixel and

strip tracker are introduced, then the electromagnetic and hadronic calorimeters are de-

scribed, followed by the magnet and finally the muon system. Ref. [98] and the references

therein may be consulted for more detail.
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3.2.1 Coordinate system and general observables

The global coordinates in CMS are defined as follows. The point of origin is at the

very centre of the detector and coincides with the nominal interaction point (also called

beamspot). The x-axis points towards the centre of LHC ring, i. e. southwards, and the

y-axis towards the sky. The z-axis is oriented westwards, parallel to the beam (also “beam

line”, “beam axis”) and completing the right-handed coordinate system. Polar (r, φ, z)

and spherical (ρ, φ, θ) coordinates are defined in the usual way with r and φ in x − y
plane, ρ in x− y − z and θ, the polar angle, being measured from the z-axis.

Since the momentum fractions of the partons in a hard interaction are unknown, quan-

tities need to be invariant under Lorentz boosts in z direction. For the energy and mo-

mentum of a particle, the transverse components ET and pT, respectively, with respect to

the beam axis are used. The imbalance caused by undetected particles, e.g. neutrinos, is

calculated as the vectorial sum over the transverse momenta of all detected particles, ~pmiss
T ,

and its magnitude is referred to as missing transverse energy, Emiss
T . For the measurement

of angular differences between particles, the rapidity y of a particle is introduced, defined

as

y =
1

2
ln

(
E + pz
E − pz

)
.

While y itself is not invariant under Lorentz boosts in z direction, the difference of two

particles rapidity is invariant. In the limit of a massless particle, y can be reduced to the

pseudorapidity,

η = − ln[tan(θ/2)],

only depending on the polar angle θ. The pseudorapidity is generally preferred over the

rapidity, since particle masses are difficult to be estimated without a dedicated subdetector

system for that purpose. For relativistic particles, the pseudorapidity is a very good

approximation. Using the pseudorapidity and the azimuthal angle φ, angles between

particles i and j are determined by

∆R =
√

∆η2 + ∆φ2 =
√

(ηi − ηj)2 + (φi − φj)2,

which is as well invariant under Lorentz boosts along the direction of the beam.

3.2.2 Tracking system

The CMS tracker is the main instrument to measure the trajectories of charged particles

resulting from the proton-proton collisions. In the magnetic field of the CMS magnet,

oriented in z-direction, the trajectories (“tracks”) are curved in the x and y directions,

enabling the reconstruction of the momenta of charged particles. Using the ensemble of

tracks, primary interaction vertices of protons in the LHC beams can be located, but also
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secondary vertices from the decay of particles with a lifetime of at least one picosecond,

such as B hadrons or tau leptons. Silicon pixel and strip sensors are the detectors of

choice, since they offer a high granularity, low dead-time and radiation tolerance. The

latter is particularly important for the innermost layer, where a rate of charged particles

of approximately one MHz/mm2 is present when the LHC runs at its design luminosity.

axis in the barrel and radial on the disks. In addition, the modules in the first two layers and rings of TIB, TID and
TOB as well as rings 1, 2 and 5 in the TECs carry a second micro-strip detector module, generally referred to as
stereo module. The stereo modules are mounted back-to-back to the r� modules with a stereo angle of 100 mrad,
resulting in a measurement of z in the barrel and r on the disks. A detailed description of the CMS tracker can be
found in Ref. [4].
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Figure 1: Schematic layout of the CMS tracker. Each line represents a detector module.

Although all components of the silicon strip tracker were commissioned at the TIF, limitations in terms of space and
cost and constraints from the data acquisition and cooling systems allowed only a partial readout of the detector.
The slice of the tracker operated at the TIF represented all four silicon strip subdetectors (TIB, TID, TOB, TEC)
containing a total of 2161 modules. The pixel detector was not present. The majority of the readout modules were
located in a sector defined as z > 0 and y > 0 as shown on the left side of Figure 2. With about 1.3 million
electronic channels, the tracker setup consisted of nearly 15 % of the final silicon strip setup. The active area
amounted to 24.75 m2. The TIF layout is briefly summarized in Table 1. More information can be found in
Ref. [2].

Cosmic muon triggering was provided by scintillation counters mounted above and below the tracker. A trigger
signal was generated based on the coincidence of any top with any bottom scintillation counter. Data were recorded
in various trigger layouts, which are shown in Figure 2. Trigger configuration A was expected to primarily result
in TIB+TOB tracks. Trigger configuration B was chosen to select tracks passing closer to the nominal interaction
point. Additional availability of scintillation counters allowed for extended coverage of the trigger system and to
combine trigger configurations A and B to form configuration C.

A lead plate with a thickness of 5 cm was located on top of the lower scintillation counters to avoid triggering on
very low momentum tracks. This translates into a minimum cosmic energy of 200 MeV for the trigger system.

Table 1: Overview of the various silicon strip systems participating in the TIF cosmic data taking.

Silicon Strip Subdetector Number of Modules Percentage of Final System
TIB 437 16 %
TID 204 25 %
TOB 720 14 %
TEC 800 13 %

3

Figure 3.5: Cross section of the CMS tracker in the r−z plane. The black dot in the middle
of the illustration marks the nominal interaction point. The abbreviations
denote the tracker inner barrel (TIB), outer barrel (TOB), the inner disk (TID)
and the endcap (TEC). Single (stereo) modules in the silicon strip tracker are
indicated as single (double) lines. Taken from Ref. [103].

The tracker is illustrated in Figure 3.5, showing the pixel detector at the very centre of

CMS as well as the different areas of the strip detector. The overall length of the subsystem

is 540 cm and the radius is 110 cm [104]. Its pseudorapidity range extends to |η| = 2.5.

A total surface of active silicon detector material of over 200 m2 is deployed, leading to

a non-negligible amount of multiple scattering interactions within the tracker volume. In

simulation, the tracker is estimated to have between 0.4 and 2.0 radiation length (between

0.15 and 0.55 nuclear interaction length), where the smallest amount is found in the very

central part of the tracker barrel and the largest amount in the transition region between

the barrel and the endcap. In the latter region, electronic and cooling infrastructure adds

significantly to the material budget.

Closest to the beamspot, the silicon pixel detector is the subsystem with the highest

density of readout channels. More than 66 million pixel cells on 1440 modules facilitate

the precise position reconstruction of primary and secondary interaction vertices. The

modules are organised in three barrel layers and two disks at each side. The barrel layers

are positioned at radii 4.4 cm, 7.3 cm, and 10.2 cm. The endcap disks are installed per-
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pendicular to the beam axis at |z| = 34.5 cm and and |z| = 46.5 cm. One pixel cell has

a size of 100µm × 150µm and its thickness is 285µm. The shorter pitch is aligned in φ

direction in order to achieve the best possible momentum resolution for tracks. In the

endcap disks, the shorter pitch is oriented radially. Here, a tilting of the modules by 23

degree introduces the so-called Lorentz effect, by which a higher single point resolution can

be achieved in non-perpendicular passage of particles through the detector. A single-point

resolution of 10.4µm in φ direction and of 15µm in z direction is achieved. Even though

2% of channels are defective, the data from the silicon pixel detector makes it possible to

reconstruct more than 99% of particle tracks traversing the detector [103].

All other tracker layers deploy the silicon microstrip technology. Strip instead of pixel

channels reduce the total number of readout channels of the tracker, while providing the

same single point resolution. The smaller number of readout channels is motivated by the

reduced flux of charged particles compared to the region of pixel detector. Strip pitches lie

within 80µm and 183µm. In the barrel region the strips are oriented parallel to the beam

axis and the strips point radially outwards in endcap disks. The design goal is to have

an occupancy of two to three percent of strips hit per module in one event. As visible

in Figure 3.5, the tracker is divided into four logical subsystems. Each subsystem has

single- and double-sided modules. The single-sided modules only provide one coordinate

for the reconstruction of tracks. The double-sided modules feature a so-called stereo-angle

of 100 mrad under which the sensors are installed with respect to each other, enabling

the reconstruction of the second coordinate. Throughout the tracker, single-point spatial

resolutions between 13µm and 47µm are realised in φ direction. In the other direction, i. e.

the z direction in the barrel and the r direction in the endcap, the stereo modules provide

a resolution that is one order of magnitude less precise. The achieved relative momentum

resolution σ(p)/p from the trajectory of a charged particle in the tracker volume lies within

1% to 5% for a momentum within 1 GeV to 1 TeV.

3.2.3 Electromagnetic calorimeter

Figure 3.6 shows the electromagnetic calorimeter (ECAL) [105] of the CMS detector,

spreading over the pseudorapidity range |η| < 3.0 and used to measure the energy of

electrons, positrons and photons with great precision. The CMS ECAL features lead

tungstate (PbWO4) crystals, being the absorber and the active material of the calorimeter

at the same time. Lead tungstate has a density of 8.28 g/cm3, which results in a short

radiation length of X0 = 0.98 cm and a Molière radius of less than 2.3 cm. With 80% of

the scintillation light of an electromagnetic shower emitted within 25 ns after the impact

of a particle, lead tungstate allows for small deadtimes and a minimal influence of pileup.

The ECAL barrel (EB) has 61 200 crystals, mounted at a radius of 129 cm from the

beam line. It covers the central region of |η| < 1.479. The EB crystals are 230 mm long,
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Figure 4.5: Layout of the CMS electromagnetic calorimeter showing the arrangement of crystal
modules, supermodules and endcaps, with the preshower in front.

Figure 4.6: The barrel positioned inside the hadron calorimeter.
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Figure 3.6: Illustration of the electromagnetic calorimeter of CMS. Taken from Ref. [98]

corresponding to 25.8 radiation lengths. The front face has a dimension of 22×22 mm2

(approximately 0.0174 in ∆η and ∆φ). Silicon avalanche photo diodes are directly mounted

to the rear face of the crystals. The crystals are installed subtending with an angle of 20

degrees in φ in order to prevent particles from traversing between the crystals.

The ECAL endcaps (EE) are at a distance of |z| = 315.4 cm and reach from |η| = 1.479

down to |η| = 3.0. The crystals front and rear faces dimensions are 28.6×28.6 mm2 and

30×30 mm2, respectively. With a length of 220 mm, they have 24.7 radiation lengths.

Vacuum photo triodes are mounted to the rear face in the same way as in the barrel. Each

endcap has 7324 crystals in total. In front of the ECAL endcap crystals, a preshower device

is installed in order to improve both the spatial resolution and the energy resolution of the

EE. The preshower covers the range from 1.653 to 2.6 in η. It is a sampling calorimeter

with lead radiators and two layers of silicon strip sensors, mounted at a depth of two and

three electromagnetic radiation lengths, respectively. The design goal of the preshower

system is to improve the discrimination power between prompt photons and photons from

neutral pion decays and it should also help to separate the signatures of electrons and

minimally ionizing particles better.
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Figure 3.7: Invariant mass distribution of two photons at the π0 and η mesons masses
in the left and right panel, respectively. The data depicted here have been
recorded in 2011 at a centre-of-mass energy of 7 TeV. The quantities σ and
S/B denote the relative energy resolution and the signal to background ratio,
respectively. Only data from the barrel ECAL (EB) is shown. Taken from
Ref. [105].

Figure 3.7 shows the precise resolution of the CMS ECAL on the π0 and η resonances

during data-taking. The energy resolution of the ECAL has been measured to be

σ(E)

E
=

2.8%√
E [GeV]

⊕ 12%

E [GeV]
⊕ 0.3%,

where the first term describes the stochastic shower development, including photo statistic

and shower containment. The second term models the noise introduced by the electronics

and pileup. The uncertainty in calibration and non-uniformities in the electronic response

of the detector are captured by the last term. In comparison with other experiments in

high-energy physics, the stochastic term of the CMS ECAL is very good.

3.2.4 Hadronic calorimeter

Neutral and charged hadrons are stopped in the hadronic calorimeter (HCAL) of CMS [106,

107], Figure 3.8 shows a schematic drawing. The hermetic design of the HCAL covers the

full |η| < 5.0 range. With the large acceptance, it allows for the reconstruction of missing

transverse energy. The HCAL has four subsystems, the barrel (HB) and endcap (HE)

detectors are contained in the solenoid magnet. On the outside surface of the magnet

is the so-called hadron-outer (HO), assisting the inner barrel calorimeter. Close to the

beampipe, also outside of the magnet, the forward extension of the HCAL (HF) is found.

All HCAL detectors are sampling calorimeters. They are divided into 36 azimuthal wedges
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of 57 degrees but is not projective to the center of CMS, in order to minimize the effect of the
uninstrumented gap. HB covers the |h| range from zero to approximately 1.4; the |h| range
between 1.3 and 1.4 is shared by HB and HE; HE covers |h| from 1.3 to 3.0. HB is built of
18 wedges, each of which covers 20 degrees in f, and are divided in 5 degree sectors. HE is
made of brass disks, interleaved with scintillator wedges which cover 20 degrees in f, which
in turn are divided in four 5 degree sectors. Because of the space constraint within the magnet
cryostat, the HB thickness is limited to 5.8 hadronic interaction lengths at h = 0 and increases to
10 interaction lengths at |h| = 1.2. To catch the energy leakage from HB, layers of scintillators
are placed outside the solenoid cryostat: they constitute HO. About 5% of all hadrons above
100 GeV deposit energy in HO. In f, HO has a 12-fold structure, with each 30 degree component
being divided in six 5 degree sectors. In h, HO is composed of five “rings”, which follow the
structure of the magnet return yoke and of the muon chambers. Ring 0 covers the h range
between -0.35 and 0.35, Rings ±1 cover the |h| range between 0.35 and 0.87, and Rings ±2
cover the |h| range between 0.87 and 1.2. The quartz fiber and steel HF calorimeter, with fibers
parallel to the beam direction, covers the forward region of |h|, between 3.0 and 5.2. HF is
constructed in wedges of 20 degrees and each wedge contains two f sectors of 10 degrees.
The calorimeter tower segmentation in h and f of HB, HE and HO subsystems is 0.087⇥0.087
except in HE for |h| above 1.74, where the h segmentation ranges from 0.09 to 0.35 and the f
segmentation is 0.175. The HF segmentation is 0.175⇥0.175 except for |h| above 4.7, where the
segmentation is 0.175⇥0.35.

Figure 1: The CMS HCAL detector (quarter slice). “FEE” indicates the locations of the Front
End Electronics for HB and HE. The signals of the tower segments with the same color are
added optically, to provide the HCAL “longitudinal” segmentation. HB, HE and HF are built
of 36 identical azimuthal wedges (Df = 20 degrees).

Figure 1 shows a schematic quarter view of the hadron calorimeter system in the barrel, endcap
and forward regions. Also shown are the locations of some of the Front End Electronics (FEE).
The HF FEEs (not shown) are placed around a ring at |h| = 3 (tower number 29) and HO
FEEs are located inside the muon detectors at various locations. Each HB and HE tower has 17
scintillator layers, except near the overlap region between HB and HE. Each scintillator tile of a
tower is read out by an embedded wavelength shifting fiber and the signals are added optically.
The color scheme in Fig. 1 denotes the longitudinal segmentation of the read out; all layers
shown with the same color in one h tower are summed. The optical signals for HB, HE and HO

Figure 3.8: Illustration of the CMS hadronic calorimeter in the r−z plane. The FEE label
indicates the position of front end electronics. The optical signal of towers with
same colour are guided to the same photo sensor for horizontal segmentation.
Taken from Ref. [108].

(∆φ = 20 degrees), which are partly overlapping.

The inner barrel, HB, covers the central rapidity region of |η| < 1.4. Brass is used

as absorber material, which is non-magnetic and has a short interaction length. It is

interleaved with plastic scintillator. Wavelength shifting fibres are used as light-guides to

the hybrid photo diodes. One unit, called “tower”, has the size of ∆η×∆φ = 0.087×0.087.

Limited geometrically by the magnet coil and the ECAL, HB has a thickness of ∆r =

79 cm, corresponding to nuclear interaction lengths between 5.15 at η = 0 up to 9.1 at

η = 1.3. In order to enhance the capability of HB, the HO system is mounted outside the

CMS magnet. It has the same segmentation as HB. Including the material of the magnet,

the minimal depth is extended to 11.8 interaction lengths.

The endcaps of the HCAL, HE, are the same kind of detector as HB, covering the

pseudorapidity range 1.3 < |η| < 3.0. However, with increasing η the segmentation

becomes coarser, up to a tower size of 0.35 in η. HE features 10.5 nuclear interaction

lengths on average, including the ECAL and its preshower system.

In the forward region of the CMS detector, HF is mounted for the detection of particles

at 3.0 < |η| < 5.0, 11.2 m downstream from the beamspot. In order to withstand the large

radiation load, its absorber material is iron and quartz fibers are used as active material.
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Figure 3.9: Energy response of the CMS HCAL in early LHC data. The performance of the
barrel and endcap regions are shown in the left and right panel, respectively.
Taken from Ref. [109].

Figure 3.9 shows an example of the HCAL performance with early LHC data. The

energy resolution can be described with

σ(E)

E
=

a√
E [GeV]

⊕ b,

where a is the stochastic term and b represents the uncertainty in calibration. For HB and

HE, values of a = 84.7% and b = 7.4% are found. The HF has a minor performance with

a = 198% and b = 9% [108], because of the high rate environment.

3.2.5 Magnet

CMS is designed around a gorgeous superconducting solenoid coil that produces a magnetic

field of 3.9 T along the z-axis in its inner volume of 13 m length and 5.9 m in diameter [110].

The conductor is made of niobium-titanium. On the outside of the magnet, the iron yoke is

installed, returning the magnetic field flux, where a magnetic field of 2.0 T in the opposite

direction is achieved. The iron yoke consists of five rings in the barrel region and three

disks in each endcap. It is also the main mechanical structure of CMS and houses the

muon system. Figure 3.10 shows a simulation of the magnetic field in CMS. The strong

magnet field is needed for the momentum reconstruction of charged particles.

3.2.6 Muon system

The precise spectroscopy of muons is one of the most important cornerstones for the physics

programme of CMS. Figure 3.11 depicts a schematic drawing of the muon system [112].
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Figure 4: Map of the |B| field (left) and field lines (right) predicted for a longitudinal section
of the CMS detector by a magnetic field model at a central magnetic flux density of 3.8 T. Each
field line represents a magnetic flux increment of 6 Wb.
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Figure 5: Left: Schematic view of a DT chamber. Right: Section of a drift tube cell showing the
drift lines and isochrones.

96–99% except in the gaps between the 5 wheels of the yoke (at |h| = 0.25 and 0.8) and the
transition region between the barrel outer wheels and the endcap disks [15]. The amount of
absorbing material before the first muon station reduces the contribution of punch-through
particles to about 5% of all muons reaching the first station and to about 0.2% of all muons
reaching further muon stations. Crucial properties of the DT and CSC systems are that they
can each identify the collision bunch crossing that generated the muon and trigger on the pT
of muons with good efficiency, and that they have the ability to reject background by means of
timing discrimination.

The LHC is a bunched machine, in which the accelerated protons are distributed in bunches
separated by one (or more) time steps of 25 ns. This is therefore also the minimum separation
between bunch crossings, in which proton–proton collisions occur. Thus, a convenient time
quantity for both the accelerator and the detectors is the bunch crossing (BX) “unit” of 25 ns,
and, because the fundamental readout frequency is 40 MHz, clock times are often quoted in
BX units. The ability of the muon chambers to provide a fast, well-defined signal is crucial

Figure 3.10: Map of the simulated magnetic field flux and simulated field lines in the left
and right side of the panel, respectively, in a longitudinal cross section of
CMS. The central flux density is 3.8 T. Taken from Ref. [111]

Its barrel and endcap detectors are installed in the iron yoke on the outside of the CMS

magnet. In order to determine the momenta, positions and electric charges of muons

passing the system, it features three types of gaseous detectors that are described in the

following. As of LHC run II, the muon system covers the |η| range down to a value of 2.4.

In combination with the CMS tracker, the best overall performance in muon candidate

reconstruction is achieved, but it can also be used as standalone system.

Drift tube chambers (DT) are used in the barrel region of the CMS muon system.

Installed in the five wheels of the iron yoke, they cover |η| < 1.2. Going from the inside

out, four levels of detectors, called “stations”, are found. One station has twelve inner

layers, eight of which are oriented in z-direction, and four in φ direction. The fourth

and outermost station only has eight layers, all oriented in z-direction. The cells in the

layers are staggered by half a cell with respect to the layer above and below. A cell has a

stainless steel wire in the middle, operated as the anode, and aluminium cathode strips on

the outer walls. Field electrodes at the top and bottom of the cells are used to improve the

homogeneity of the electric field along the centre line of the cells. The chambers are filled

with a gas mixture of CO2, Argon, and CF4, which is used for the other gaseous detectors

as well. A very good timing resolution is realised in the electronics of the DTs. Using

the constant drift speed of ionisation electrons in the gas, introduced by the homogeneous

electric field, timing measurements can be converted to position measurements. A single

wire resolution of 250µm is achieved, the combination of all layers in a station results in a

spatial resolution between 80µm and 120µm in φ direction, needed for the calculation of
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2.1 Drift tube and cathode strip chamber systems 3
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Figure 1: An R–z cross section of a quadrant of the CMS detector with the axis parallel to the
beam (z) running horizontally and radius (R) increasing upward. The interaction point is at
the lower left corner. Shown are the locations of the various muon stations and the steel disks
(dark grey areas). The 4 drift tube (DT, in light orange) stations are labeled MB (“muon barrel”)
and the cathode strip chambers (CSC, in green) are labeled ME (“muon endcap”). Resistive
plate chambers (RPC, in blue) are in both the barrel and the endcaps of CMS, where they are
labeled RB and RE, respectively.

Figure 3.11: Quarter slice of the muon system in the r− z plane. The drift tube chambers
are labelled MB (“muon barrel”) with an orange font and the cathode strip
chambers are prescribed as ME (“muon endcap”) with a green font. The blue
labels indicate resistive plate chambers with RB and RE in the barrel and
endcap, respectively. The iron yoke is shown as dark grey area. Taken from
Ref. [111]

the muon momentum. In z-direction, a precision of 140µm to 390µm is realised. With the

use of aluminium honeycomb spacers, the thickness of a station is maximised, leading to

an improved direction estimate. Also, a station-internal estimate of the muon momentum

becomes possible. A resolution of approximately 1 mrad in the direction resolution is

achieved.

In the endcap region, a higher rate of muons, a non-uniform magnetic field and also

a large rate of neutral hadrons demand a different kind of detector. Here, cathode strip

chambers (CSC) are used, covering the region 0.9 < |η| < 2.4, as they provide fast timing,

better radiation hardness, and a fine segmentation. Trapezoidal chambers, spreading over

10 or 20 degree in φ build rings mounted to the four disks of the endcap iron yoke. The

innermost layer has tree rings, the second and third layers have two rings and one ring

close to the beampipe is installed on the outside of the iron yoke. Each CSC module is a

multiwire proportional chambers that has six independent wire chambers stacked on top

of each other. The wires function as anodes and span in φ-direction through the detector

volume. In r-direction, copper strips are used as cathodes, divided into seven panels in
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one module. A hit position resolution of 200µm radially and 40µm to 150µm azimuthally

is reached.

Resistive plate chambers (RPC) are used in conjunction with the DTs and CSCs in the

barrel and endcap, respectively, in order to facilitate fast trigger decisions. The RPCs are

parallel plates, operated as electrodes in avalanche mode, in a gas-filled volume, covering

the central region down to |η| = 1.6. The spatial resolution of the RPCs is much inferior

to the other muon detector systems, being in the order of 1 cm, but the timing resolution

in the order of 1 ns is very good. This timing resolution is needed in order to precisely

associate muon candidates with LHC bunch crossings, reiterating every 25 ns.

The detectors in the muon system arranged for best hermeticity, i. e. the stations in the

wheels and disks are shifted in φ, with respect to each other. By this design, muons from

the beam spot always traverse at least three stations. The relative pT resolution that is

achieved using the combined information from the muon system and tracker reads

σ(pT)

pT
= 0.045 ·

√
pT [GeV],

where multi-scattering in the iron yoke drives the uncertainty. Figure 3.12 shows the

invariant mass spectrum of the two muon candidates with the largest transverse momenta

in an event, in early LHC data. Sharp resonance peaks are resolved over a large invariant

mass spectrum, showing the excellent performance of the muon system.

4 2 Data and Monte Carlo Samples

• Jet and missing transverse energy (Emiss
T ) triggers. Using calorimeter information, jets

and missing transverse energy are reconstructed online. Triggers with different
thresholds on jet transverse energy and Emiss

T were implemented. These events were
used to select a sample of muons that was unbiased by the requirements of the muon
trigger.

In addition, a loose double-muon trigger requiring two or more muon candidates reconstructed
online and not applying any additional selection criteria was implemented, taking advantage
of the relatively low luminosity during 2010 data taking. This trigger selected dimuons in the
invariant mass region spanning more than three orders of magnitude, from a few hundred
MeV/c2 to a few hundred GeV/c2, as shown in Fig. 3. The events collected with this trigger
were used in both the detector commissioning and physics studies.
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Figure 3: Invariant mass spectrum of dimuons in events collected with the loose double-muon
trigger in 2010. The inset is a zoom of the 8–12 GeV/c2 region, showing the three U(nS) peaks
clearly resolved owing to a good mass resolution, about 100 MeV/c2 in the entire pseudorapid-
ity range and 70 MeV/c2 when both muons are within the range |h| < 1.

All collision data samples studied in this paper were filtered by requiring at least one well-
reconstructed primary vertex to reduce the contamination from non-collision backgrounds.
Techniques to further suppress the non-collision backgrounds according to the needs of physics
analysis are discussed in Section 7.

To compare the results obtained in data to predictions, a number of simulated samples were
produced using Monte Carlo (MC) techniques. All MC samples were produced with the
CTEQ6L [7] set of parton distribution functions and different event generators were used de-
pending on the process considered. Samples of tt and QCD multijet events were generated
using PYTHIA 6 [8] with the Z2 tune [9], as well as inclusive muon-enriched samples, in which
only events containing at least one muon with transverse momentum greater than a given
threshold were selected at generation level. Samples of prompt J/y mesons as well as J/y
particles originating from the decays of b hadrons were generated with PYTHIA interfaced to
EVTGEN [10]. Inclusive W and Z samples and non-resonant Drell–Yan events were produced

Figure 3.12: Invariant mass spectrum of the two-muon system in early LHC data. The
inset shows a zoom into a region at low invariant mass. The data was collected
with a di-muon trigger in 2011. Taken from Ref. [113].
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3.3 The trigger system

With an LHC bunch spacing of 25ns, collision events are produced at a rate of 40 MHz.

Considering the amount of data that one event contains from all CMS subsystems, it is

clear that not all data can be recorded, since the storage needed would not be maintainable.

As a consequence, the event rate must be reduced, which is done by the CMS trigger

system. This procedure is also called online selection (in contrast to offline selection that

is performed on stored data and can therefore be repeated as often as necessary).

The online selection is based on kinematic properties of particle candidates reconstructed

with signals from the CMS subsystems. Many different sets of selection criteria, called

“trigger paths”, exist to cover a wide range physics processes of interest, e.g. electro-weak

boson and top quark production for precision measurements in the context of the standard

model, but there are also dedicated trigger paths inspired by BSM models. The trigger

system reduces the event rate to several 100 Hz, a rate of one kilo-Hz has been achieved

in the last years.
2.3. Event Filter 39

Figure 2.3: General architecture of the CMS DAQ System.

of supplying 800 Gb/s sustained throughput to the Filter Systems.

• Event Manager: the entity responsible for controlling the Builder Network data
flow.

• Controls: all the entities responsible for the user interface and the configuration
and system monitoring of the DAQ.

• HLT Systems: the ensemble of the components providing control, input data,
monitoring, error detection services, and the processors executing High-Level
Trigger algorithms. Approximately 500 Builder Units receive the incoming data
fragments corresponding to an individual event and build them into full event
buffers. An appropriate number of Filter Units are connected to each Builder Unit,
to provide the necessary processing power to carry out the High-Level Trigger se-
lection.

• Services: all the processors and networks which receive or route complete or par-
tial events, or online monitoring information, from the Filter Farm.

2.3.0.4 HLT system requirements

The High-Level Trigger must reduce the event rate output by the Level-1 Trigger by a factor
! 1000 for a total output to storage of ! 100 Hz. At the design luminosity of the LHC, this
total expected to be output to mass storage, corresponds to a cross section of 10 nb. Given
that the W " e!e production cross section alone is of this order, a significant degree of
physics selection has to take place online. It is this aspect of the HLT system that places the
most stringent requirements on the system. The main requirements on the system are thus:

• The system has to provide enough bandwidth and computing resources to mini-
mize the dead-time at any luminosity, while maintaining the maximum possible
efficiency for the discovery signals. The current goal is to have a total dead-time
of less than 2%. Half of the dead-time is currently allocated to the Level-1 Trigger
system.

• The HLT system should tag selected events with the specific trigger selection
paths that were satisfied. This information can then be used by the offline sys-
tem for a quick sorting of the events into primary datasets.

Figure 3.13: CMS data acquisition (DAQ) system. The first row (detector frontends
and readout systems) corresponds to the L1 trigger system, the second row
(builder network, filter systems) to the HLT and the lower part (computing
services) performs the prompt reconstruction for offline data analysis. The
rates denoted on the left side show the order of magnitude in the number of
events per second that a system processes. Taken from Ref. [104].

The trigger system is divided into two main stages, called Level-One (L1) and High Level

Trigger (HLT), Figure 3.13 shows an overview of the architecture. L1 has fast, constant-

time algorithms, needing only a part of the information recorded for an event and it still

outputs a relatively large rate of events. The HLT is able to perform a more precise

reconstruction of physics candidates with information from all sub-detectors. Using the

elaborated knowledge of the events, it reduces the rate such that the entire event output

can be stored to disk. Both stages are explained in the following, for more information,
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the references [114,115] may be consulted.

3.3.1 Level-one trigger

The L1 system must handle the rate of events as it is produced by the LHC, i. e. at 40 MHz

and furthermore it must deliver a fast decision, since the hit information is only stored on

the buffers in the frontend-electronics for 4µs. The output rate of events must be in the

order of 100 kHz, for the HLT to be able to cope with it.

In order to accomplish this task, custom hardware is used and equipped with specialised

algorithms that are guaranteed to return a result within the given time. Only energy

deposits in the calorimeters and hits in the muon system are used, since the evaluation of

tracker information is too time intensive. A strictly hierarchical layout is deployed in the

L1, implementing local, regional and global triggers. The hardware for local triggers is

placed inside the CMS sub-detectors and generates seeds (so-called “trigger primitives”),

directly taking the data from the frontend electronics. From there, the data is sent to

the L1 computing infrastructure in an underground cavern, directly neighbouring the

main experimental hall in order to keep signal paths as short as possible. Here, regional

triggers combine the information from the local entities and build particle candidates, such

as electron, muon, and jet candidates, all of which have an energy estimate. The best

candidates arrive at the global L1 trigger (GT). The GT decides if an event is accepted

for L1 (“level-one accept”, L1A). On L1A, the GT sends a request within 4µs to the

frontends electronics which in turn send the specified event data upstream to the next

trigger station, the HLT.

3.3.2 High-level trigger

The High Level Trigger (HLT) [116] reduces the event rate to several hundred kHz. Only

events that received an L1A are sent to the HLT, a cluster software that runs on-ground in

a computing centre with conventional architecture. The event reconstruction and selection

in the HLT is structured similarly to offline analysis. However, the logic is optimised to

save as much time as possible to arrive at a decision. Although all sub-detector information

can be interpreted, it is only used when necessary.

The HLT is split in two stages, called Level-two (L2) and Level-three (L3). Similar to

L1, the L2 stage only uses the CMS calorimeters and the muon system, but is able to

reconstruct candidates with a much increased precision with respect to the estimates that

the frontend electronics can provide. Upon acceptance to L2, the event proceeds to the

L3 stage, where data from the CMS tracker is used for the first time. Tracks and vertices

are reconstructed and must fulfil quality criteria. Also, secondary vertices are considered,

enabling b tagging to be deployed at the HLT.
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The control-flow structure is organised in so-called “HLT paths”. An HLT path usually

contains a multitude of subsequent reconstruction and selection steps, where a candidate is

first reconstructed and directly tested with quality requirements, e.g. minimal momentum,

χ2 of a fit, and so on. If a candidate fails a requirement, the path is aborted in order to save

computing time. On successful completion of a path, the event is stored permanently and

sorted into data-streams of similar paths, e.g. “single muon data stream”, where different

triggers requiring one single muon candidate with certain criteria are accumulated. One

event can be sorted into many data streams, if it is accepted by multiple trigger paths.

On average, the HLT needs 100 ms to process one event.

The combined L1 and HLT trigger system in CMS has a high efficiency in selecting

collision events of interest. An L1 candidate for an electron with ET > 15 GeV at L1

saturates at 99% efficiency for electron candidates with an offline pT of at least 28 GeV in

the barrel and at least 31 GeV in the endcap. This performance is retained at the HLT.

Muon candidates at L1 have an average pT resolution of 14%, their combined L1 and HLT

efficiency reaches between 85% and 95% in the endcaps and the barrel, respectively. For

jets with an offline reconstructed pT above 20 GeV (60 GeV), 99% efficiency is achieved

with an L1 threshold of 16 GeV (36 GeV), where the turn-on-curves lightly depend on

pileup. For b tagging, a signal efficiency of 60% is reached with a mistag rate of only 1%.

The performance of the triggers used in this analysis is evaluated in Section 5.3.3, where

also turn-on curves are displayed.

After an event is accepted by the HLT, it is reconstructed with algorithms that allow

for an even higher precision in the quantities of particles candidates (“prompt reconstruc-

tion”), which is detailed below in Chapter 4. For the use in physics analysis, events are

distributed and stored in computing centres around the world.

3.4 Luminosity monitoring

The instantaneous luminosity is measured with the CMS detector for monitoring purposes

as well as to calculate the integrated luminosity of the data recorded for offline analysis.

Luminosity measurements are in general based on inclusive physics processes that have a

well known cross section. An example would be the production of W or Z bosons, but

both processes involve a rather complicated analysis. Instead, the number of simultaneous

inelastic pp collisions is used, as it is proportional to the instantaneous luminosity and can

be estimated well from relatively simple quantities. Three approaches involving the data

from the HF and the pixel detector are pursued:

• The average fraction of empty towers in the HF can be used to infer the mean number

of interactions.

• The transverse energy per tower in the HF is a linear function in the number of
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interactions and can therefore be used as well.

• In the pixel detector, the number of hit clusters is proportional to the number of pp

collisions. Using the so-called pixel-cluster counting method leads to the smallest

uncertainty in the luminosity measurement [117], which is in the order of two to

three percent.

As input to the above methods, an absolute calibration is achieved with a “van der Meer

scan” [118], where the LHC beams are scanned on a grid in x and y to measure the

geometrical profile of the bunches, extracting the instantaneous luminosity from LHC

machine parameters.

3.5 Monte Carlo event generation

Collision events are simulated in order to make predictions. Starting with the initial

parton-parton interactions, over particle interactions with the detector and electronic ef-

fects, the relevant processes that influence the data are mimicked. The final simulated

datasets have the same format as the recorded data. The main parts of the simulation

and some of the principles behind it are introduced in the following.

3.5.1 Proton-proton collisions

The physical interactions at play in high-energy physics can be factorised by their energy

scale. For the hard interaction, the energy scale is typically in the order of a few hun-

dred GeV, depending on the process of interest. The subsequent steps follow with energy

scales one or two orders of magnitude below the previous step. Figure 3.14 illustrates

the simulation of the hard interaction up to the particles that enter the detector. Apart

from those products, the proton remnants also interact and give rise to detectabled parti-

cles. This effect is called “underlying event” (UE). Furthermore, additional proton-proton

interactions in the same bunch crossing are simulated.

Protons are described with so-called parton distribution function (PDF) [120]. At lead-

ing order, the PDF is a probability density function for finding quarks and gluons de-

pending on the momentum fraction x of a parton and its momentum transfer Q2. For

NLO and above, singularities in the initial state may arise from the radiation of gluons

with low energy that have to be treated with a cut-off scale (similar to renormalisation

in Section 2.1.6). A PDF can not be calculated within perturbative QCD and is thus

measured experimentally. Starting with a measurement at a given Q2, the Dokshitzer-

Gribov-Lipatov-Altarelli-Parisi equations (DGLAP) [121–123] allow to evolute the PDF

to different values of Q2. The QCD factorization theorem [52] is used to separate the hard

process (high energy scale) and the PDF (low energy scale).
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Figure 4.1: Illustration of jet production in a pp collision. Taken from [177].

Fig. 3.1, the range of Q accessible at the LHC is shown as a function of x, the fraction of
the proton’s longitudinal momentum carried by the parton. The probability which type of
parton, i, enters the hard interaction depends on the proton structure and is parametrised
in the empirically determined parton-distribution function (PDF) fi/p. A final-state parton
will emit further partons, which themselves radiate, a process termed parton showering.
Eventually, hadronisation occurs, and the partons combine to colourless hadrons, which
might decay further to stable particles. This collimated bunch of particles, typically mostly
hadrons, is referred to as jet. The described steps are discussed further in the following;
comprehensive reviews of jet physics can be found for example in [6, 132,178,179].

4.1.1 The Initial State: Parton Distribution Functions

Owing to the complex structure of protons, the initial state of a pp collision is not exactly
determined. Rather, it has to be described by a PDF fi/p(x, µF ), the number density
of a parton of type i with momentum fraction x inside the proton. Emission of further
partons by i after extraction from the proton and before the hard interaction modifies
x. Conventionally, this e↵ect is partly included into the proton structure up to the fac-
torisation scale µF , which thus defines the transition from the non-perturbative to the
perturbative regime. The choice of µF is arbitrary. The dependence of the PDF on µF

is given by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [180–182]
and does not a↵ect the cross section in the limit that all orders of the perturbative series

Figure 3.14: Monte Carlo event generation for the collision of protons. The “Hard Sub-
Process” is often referred to as “hard interaction”. Taken from [119].

For a process of interest, e.g. top quark pair production, the matrix element Mfi is

numerically integrated in convolution with the PDF. Using Fermi’s Golden Rule, the cross

section for the process is obtained as

σi→f = |Mfi|2 ρ
1

2s
,

where ρ is the relativistic density of final states and s is the squared centre-of-mass en-

ergy. The matrix element is also used to generate events, i. e. to sample the momenta of

final state partons from the hard interaction. The radiation of additional partons can be

included into the matrix element calculation for hard and large-angle emissions.

For parton emissions with small energy or small angle, the strong coupling constant

obtains a large value, prohibiting fully perturbative calculation of their probability. There-

fore, a semi-perturbative approach is used for the radiation of additional partons (“show-

ering”) [124]. Since radiations at large angles and high energy are handled with matrix

element calculations, the potential overlap has to be resolved. This is done according to

the MLM scheme [125], where events are rejected either if an event contains more showered

partons than the matrix element generated, or if a matrix element parton is outside of

a certain ∆R cone around the showered partons. The underlying event is modelled with
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so-called “tunes” [126].

Colour neutral objects are formed in a simulation step called hadronisation, where

phenomenological models are used. A technique called colour reconnection [127] is used

in order to match partons from the matrix element, showering and the underlying event.

Finally, the decay of short lived particles is simulated, which is continued during the

propagation of the particles through the detector.

3.5.2 Detector simulation

Particles from the beamspot enter a Geant4 [128, 129] simulation of the CMS detector.

Interactions with the detector material are modelled, as well as the signal of particles in

active material. Such energy depositions are used to generate the electronic responses of

the CMS subdetector systems, which in turn are the input for the simulated detector hits.

Electronic noise is modelled as well.

Additional proton-proton interactions (single- and double-diffractive) are simulated sep-

arately in so-called “Minimum bias events”. The latter model the effect of the overall

inelastic proton-proton interaction. The detector hits in each hard interaction event are

merged with the detector hits of a minimum bias event.

Starting from detector hits, the same reconstruction algorithms (as described in the

next chapter) are used for data and simulation. Using standard processes, such as top

quark pair and Z+jets production, the detector simulation is validated.
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Particle candidates are reconstructed from the entirety of detector hits. A so-called particle

flow algorithm (PF) [130] is applied, making use of the diverse signals that different kinds

of particles leave behind. The traces of these particles are illustrated in Figure 4.1.

Figure 4.1: Particle signatures in a transverse slice of the CMS detector. All charged
particles leave hits in the silicon tracker. Electrons and photons are stopped in
the ECAL and hadrons in the HCAL. Only muons leave a trace in the muon
system outside the CMS magnet. Taken from Ref. [131].

The general principle behind the PF algorithm is to start with signals that clearly stem

from one type of particle and subsequently move to more complex signatures. At each step,

identified signals (calorimeter entries, tracks) are removed from further consideration, so

that the remaining entities have less combinatorial complexity.

Before explaining the PF algorithm in Section 4.2, the trajectories of charged particles

are highlighted. Refinements for the reconstruction of electrons and muons as well as their

identification criteria are presented in Sections 4.3 and 4.4. The clustering of jets, derived

quantities, and jet substructure methods are described starting from Section 4.6.
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4.1 Trajectories and vertices

From hits in the CMS tracker, charged particle trajectories (“inner tracks”) and inter-

action vertices are reconstructed. The so-called Combinatorial Track Finder (CTF), an

algorithm based on the Kalman filter, starts on the inner detector layers and proceeds to

hits in the outer tracker layers [132, 133]. It works in several iterations, where the first

one has the strongest requirements, e.g. tracks must point to the beamspot with only

very small variance and must have a large transverse momentum. The requirements are

subsequently relaxed in the following iterations, allowing for displaced tracks or strongly

curved trajectories. Each iteration follows these steps:

Seeding Hit clusters in the first pixel layer are used as “seeds” if they have matching hits

in next pixel layer.

Track finding Only using the highest quality seeds, more hits are iteratively found in the

subsequent layers of the strip tracker. At this stage, a hit may be assigned to more

than one track.

Track fit Using the positions of the hits, the best estimates for the track momentum and

its direction are found.

Selection Based on the normalised χ2 and other track quantities, the tracks are selected.

Disambiguation The detector hits of selected tracks are unambiguously assigned to the

tracks and are removed from the set of hits for the next iteration.

Tracks in the muon system (“outer tracks”) are identified in a similar way. The per-

formance of tracking is touched in Section 3.2.2. Detailed information may be found in

Ref. [103].

The spatial positions of proton-proton interactions, called “primary vertices”, are re-

constructed from the collection of tracks in two stages. First, a deterministic annealing

(DA) algorithm is used to cluster the tracks. DA algorithms are designed to find global

minima in problems with many degrees of freedom and have a high tolerance for outliers

in the data, i. e. mis-reconstructed tracks. A separation of 1 mm between proton-proton

interactions is sufficient to identify them as individual vertices. Therefore, the DA algo-

rithm is well suited to handle pileup. The second part is an adaptive vertex fit (AVF),

which is used to derive estimates for the coordinates of a vertex. Also the AVF has the

capability of rejecting tracks with large impact parameters. For a vertex with more than

50 tracks, a position resolution of less than 12µm in all directions is achieved [134–136].

The primary vertex with the largest summed p2
T of associated tracks is called the leading

primary vertex.
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4.2 The Particle Flow algorithm

For the reconstruction of particle candidates, the PF algorithm takes a global view on an

event (“global event interpretation”). As particles of different types may have a similar

signature in one subdetector system, the information from all subsystems is joined. PF is

comprised of three main steps; the identification of so-called PF elements, linkage of the PF

elements, and the selection of mutually exclusive particle candidates (“PF candidates”).

The latter means that PF candidates have no overlapping hits or energy contributions in

any of the CMS subdetectors. The PF algorithm outputs electron, muon, charged and

neutral hadron, and photon candidates.

Step one: PF elements

Every inner and outer track is taken as one PF-element. In the ECAL and HCAL, neigh-

bouring cells with significant signal entries are grouped in clusters, where the cells with

highest energy are used as seeds. The latter are deemed PF elements, too.

Step two: Linking

PF elements in different subdetectors are associated purely based on geometry, i. e. ele-

ments can be linked if they are behind one another from the direction of the beamspot.

Respecting the magnetic field, inner tracks are extrapolated to the calorimeters and the

muon system. A track is matched to a calorimeter cluster, if it falls within its boundary.

The same is applied for matching ECAL clusters to HCAL clusters, where the latter have

a much coarser structure. Since electrons radiate bremsstrahlung, ECAL clusters are also

linked to tracks, if the track has a tangent that is compatible with the cluster. Lastly,

inner and outer tracks are linked. All links are rated by their distance in η and φ.

Step three: Particle identification

Linked PF elements are subsequently identified with particle hypotheses. For every candi-

date that is accepted, the associated PF elements are removed from further consideration.

Muon candidates are handled first, since they present the clearest signature. Pairs of

inner and outer tracks are accepted if they are isolated and fulfil certain quality criteria

(as described in Section 4.4). Electrons are treated next, the compatibility of the linked

elements with the electron hypothesis is checked. More information on this procedure is

given in Section 4.3. For all remaining inner tracks, the procedure depends on the ratio

of the track momentum and the energy in associated calorimeter clusters. If the track

momentum is larger than the calorimeter energy and certain quality criteria are met,

the PF elements are converted into a PF muon. If energy and momentum agree within

uncertainties, the energy estimates are averaged and stored as a charged PF hadron. A
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charged PF hadron is also created, if a significant excess of calorimeter energy is found. In

this case, the calorimeter energy estimated from the track is subtracted from corresponding

clusters. The remaining ECAL clusters are converted either into neutral PF hadrons, if

they are backed with a cluster in the HCAL, or otherwise into PF photons.

The PF algorithm was commissioned with early LHC collision data. It showed to

have a superior performance over conventional algorithms in the resolution of jets and

jet-derived variables, hadronically decaying tau leptons, but also for electron and muon

candidates [137–139].

4.3 Electrons

For electrons and muons, refined algorithms are applied during the particle flow event

interpretation. Quality criteria for the application on analysis level are also explained.

During the clustering phase in the ECAL, so-called “superclusters” (SC) are build from

basic clusters. They allow for a spread in φ, reflecting electron energy losses (bremsstrahl-

ung), caused by the magnetic field and interaction with the tracker material. Links between

PF elements in the tracker and the ECAL are made both ways, where the outside-in

method ensures the best matches for high-energetic electrons. The other direction, inside-

out, recovers electrons with low pT or poor isolation. The electron energy loss caused by

bremsstrahlung changes the electron momentum and therefore the curvature of a track.

As a consequence, the CTF track fit does not perform well. The so-called Gaussian Sum

Filter (GSF) [140] –also an adaptation of the Kalman filter– is used, which models the

energy loss correctly.

The quality criteria for electron candidates are briefly explained in the following. They

discriminate against converted photons and jets, which are the most likely source of elec-

tron misidentifications. The requirements follow a CMS guideline [141,142]. Separate cri-

teria exist for the barrel and the endcap, where the former (latter) comprises |ηSC| ≤ 1.479

(|ηSC| > 1.479).

Supercluster A weighted lateral width of the electron supercluster σηη < 0.011 (0.314) in

the barrel (endcap) is required. The cluster width in φ is not constrained. The ratio

of energy measured in HCAL and ECAL (H/E) must be smaller than 0.298 (0.101).

Track goodness A maximum of one layer without hit is allowed in the tracking system.

The performance of the GSF track fit is required to be better than the CTF track

fit.

Compatibility of track and supercluster Electron candidates that are seeded from a su-

percluster must have ∆η < 0.00477 (0.00868) in the barrel (endcap), where ∆η is the
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difference in pseudorapidity between the tracker- and ECAL-based estimates. In-

dependent of the seeding, electron candidates must have ∆φ < 0.222 (0.213) which

analogously defined to ∆η, using the azimuthal angle. The inverse difference of the

supercluster energy and the track momentum, | 1
ESC
− 1

p |, must be smaller than 0.241

and 0.14 in the barrel and endcap, respectively.

Photon conversion veto The electron track must have hits in the inner tracker layers.

Furthermore, if the track is one of two tracks in a pair with opposite charge and

same interaction vertex, the electron candidate is rejected.

The given thresholds are used in the search for a vector-like T quark at 13 TeV (Section 5).

In case of the double-vertex study at 8 TeV (Section 6), the variables are combined into a

single discriminator using a multivariate technique. As measured at a collision energy of

8 TeV, the identification efficiency for an electron pT between 10 GeV and 100 GeV ranges

from 88% to 98% depending on the pseudorapidity. More information on the definition of

variables and their typical performance is given in Refs. [141,142].

4.4 Muons

There are three types of muon candidates; standalone muons, tracker muons, and global

muons. The first term describes a muon candidate that only consists of a track in the

muon system. The latter two are the result of two different seeding methods, i. e. inside-out

and outside-in, respectively. Similar to the electron candidates, the outside-in approach

delivers the best momentum resolution at large momenta, estimated in a simultaneous fit.

Inside-out properly recovers low-energy and poorly isolated muons. In case of the latter,

inner PF muons are extrapolated to the muon system, respecting the influence of the

magnetic field, the average energy loss, and multi-scattering. If at least one hit in the first

muon station, a so-called segment, can be assigned to the inner track, the muon candidate

is further considered. Most muons are reconstructed as both, a global and a tracker muon.

Corresponding candidates are merged. Over 99% of muons that have enough transverse

momentum to reach the muon system are reconstructed.

The CMS Collaboration recommends various working points for the different kinds of

muon candidates [113]. In the following, the quality criteria needed for the presented

analyses are outlined, i. e. merged global and tracker muons.

• More than 49% of hits in the tracker must be valid. A hit can be invalidated as an

outlier by the global track fit.
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• Either:

– The segment compatibility is larger than 0.451. It is a measure of the spatial

agreement between the reconstructed track of a muon candidate and its hit

segments in the muon stations (DT and CSC, as described in Section 3.2.6).

This variable ranges from zero to one, where a value of one (zero) marks perfect

(poor) agreement.

• Or:

– The segment compatibility is at least 0.303.

– The global track fit has χ2/ndof < 3.

– A matching between the individual inner and outer tracks must yield χ2 < 12.

– A track fit with the kink finder algorithm is required to have χ2 < 20. The

kink finder searches for interactions of a particle with the inner tracking system.

Separate fits before and after each layer are performed.

Since muon trajectories approximate a straight line at large pT, the momentum resolution

decreases in this regime. Below 100 GeV, a resolution between 1% and 6% is found, as a

function of the pseudorapidity. Measurements of cosmic muons in the barrel show that up

to 1 TeV, the momentum resolution stays below 10%. More details on the identification

requirements and performance is given in Reference [113].

4.5 Lepton isolation

The hadronic activity surrounding a lepton candidate, called “isolation”, is measured as a

sum over the energy or momentum of particles in the vicinity of the lepton. In CMS, the

isolation is typically calculated relative to the lepton pT and calculated with PF particles

in a cone of either R = 0.3 or R = 0.4 around the lepton l:

IRPF(l) =

∑
pCH-PV

T + max(
∑
pNH

T +
∑
EγT − αPU, 0)

plT

The first sum runs over all charged PF hadrons from the leading primary vertex (CH-

PV) and the second and third over neutral PF hadrons (NH) and PF photons (γ). A

correction αPU is used for the average impact of neutral particles from pileup, since the

isolation should be independent of pileup, but the origin of neutral particle can not be

determined accurately. The impact of neutral particles may not be negative and thus has

a threshold at zero.

In an conventional event topology, e.g. top quark pair production with moderate top

quark pT, leptons from the hard scattering process mainly obtain a small value in IRPF.
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Conversely, non-prompt leptons can be discriminated well, since they are often contained

within a jet, e.g. from b-flavoured hadron decays in multijet events, resulting in large

isolation values.

The analysis presented in Chapter 5 relies on the identification of boosted top quark

decays. Here, the lepton and the b jet often have a small angular separation, leading to

large isolation values. A specialised isolation criterion for boosted top quark decays is

used, since the multijet process imposes a large background with jets containing a lepton

from c- or b-flavoured hadron decays. The isolation requirement in this analysis builds on

the projection of the lepton three-momentum to the closest jet in η − φ space,

prel
T (`, j) =

|p3
` × p3

j |
|p3
j |

,

calculated with the vector product of the three-momenta p3 of the lepton ` and the closest

AK jet j reconstructed with R = 0.4. For small values of prel
T (`, j), the lepton is likely to

be produced in the decay of a hadron.
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Figure 4.2: Misidentification rejection rate against signal selection efficiency for the iso-
lation criterion used in this analysis. The distance criterion is fixed at
∆R(`, j) = 0.4 and the prel

T (`, j) criterion is varied along the curve. The stars
indicate prel

T (`, j) = 20 GeV. Taken from Ref. [143].

Figure 4.2 shows the misidentification rejection rate against the signal selection effi-

ciency. It is compared to “mini-isolation” [144, 145], which employs a variable isolation

cone size depending on the pT of the lepton. The lepton isolation relative to the closest

jet outperforms mini-isolation.
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4.6 Jets

Single colour-charged partons from the hard interaction process generate a spray of parti-

cles, called jet. Jets consists of charged and neutral hadrons but also electrons, muons and

photons. For a comparison of recorded and simulated data, jet algorithms exist to cluster

these particles. For this comparison to be valid, a jet algorithm must be independent of

details in the modelling of hadronisation.

4.6.1 Jet algorithm

Jet algorithms run on a list of four-momenta that represent particles. If these particles

are simulated, the jets are called “generator-jets”. While it is possible to use only four-

momenta derived from calorimeter clusters as an input to jets, the best-performing variant

with data recorded by the CMS experiment is to cluster the candidates from the PF

algorithm.

One key difficulty in modelling hadronisation is the emission of gluons and quarks un-

der a small angle (“collinear” divergence) and with a small energy (“soft” or “infrared”

divergence). A jet algorithm is supposed to be safe against soft and collinear emissions,

i. e. it must return jets with the same four-momenta despite the occurrence of either type

of emission.

One popular class of jet algorithms are sequential recombination algorithms [146], de-

fined by the criteria below. It works by calculating a measure of distance dij between

(pseudo-)particles i and j and iteratively adding the pair of smallest distance until the

exit condition di,B is reached:

dij = min(p2k
T,i, p

2k
T,j) ·

(
∆R(i, j)

R

)2

di,B ≥ p2k
T,i,

where R is a constant and k ∈ {−1, 0, 1} defines the type of clustering1. All jets that are

clustered according to this prescription are collinear and infrared safe. In this analysis, the

algorithms corresponding to k = −1 (anti-kt, AK) [146] and k = 0 (Cambridge-Aachen,

CA) [147,148] are used.

In the case of k = −1, the distance is weighted by the inverse pT. Therefore, particles

with large momenta are clustered first and low-pT ones are added later. The anti-kt

algorithm typically provides jets that have a circular shape in the η − φ plane.

As k = 0 removes the dependence on the pT of particles, it is solely based on angular

distance. In this analysis, the particles in AK jets are re-clustered with the CA algorithm

1In the original publication, the momentum of a particle is denoted as kT , leading to the well-known
names kT and anti-kt algorithm.
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in order to analyse their substructure (as described in Section 4.10).

4.6.2 Jet calibration

The jet energy and momentum estimates depend on various circumstances. CMS follows

the “factorised approach” [149], where different levels of corrections are applied succes-

sively. Jets receive the following corrections (JEC) as a function of pT and η by rescaling

the jet four-momentum.

Pileup offset (L1) Estimated influence of neutral particles from pileup and detector noise,

derived from simulation and applied to both, data and simulation.

Relative scale (L2) Correction of the non-uniformity of the calorimeters in pseudorapid-

ity, applied in data and simulation.

Absolute scale (L3) Correction of the non-uniformity of the calorimeters in momentum,

applied in data and simulation.

Residual (L2L3) Residual difference between the energy response in data and simulation,

applied in data only.

The corrections are derived from di-jet, photon+jet, Z+jet and multijet events. Measure-

ments in 8 TeV found the overall uncertainty on the energy scale to be lower than 1%

for jets with pT > 30 GeV and |η| < 1.3. The uncertainty stays below 3% for a jet η

up to 5. The energy resolution (JER) in the barrel region is 15% to 20% for jets with

pT = 30 GeV, approximately 10% at pT = 100 GeV and below 5% for a transverse energy

above 1 TeV. The data are observed to have a resolution that is slightly inferior to what is

seen in simulation. Therefore, a resolution smearing is applied in simulation by matching

jets of reconstructed particles to jets of generated particles. The difference in the jet pT

between generator and reconstruction level is enlarged and applied to the reconstructed

jet. Figure 4.3 shows the JEC uncertainty as a function of pT and η.

In this analysis, charged particles associated to other vertices than the leading primary

vertex are excluded from jets. This practice is called charged hadron subtraction (CHS)

and reduces the influence of pileup on the jet energy.

4.6.3 N-subjettiness

N-subjettiness is a measure of the likelihood of a jet to be originating from N partons.

Ratios of N-subjettiness values are particularly powerful discriminators between jets that

result from the decay of a boosted heavy particle and quark or gluon jets [150,151].
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Figure 44: Summary of JES systematic uncertainties as a function of jet pT (for 3 different |hjet|
values, left) and of hjet (for 3 different pT values, right). The markers show the single effect of
different sources, the gray dark band the cumulative total uncertainty. The total uncertainty,
when excluding the effects of time dependence and flavor, is also shown in yellow light. The
plots are limited to a jet energy E = pT cosh h = 4000 GeV so as to show only the correction
factors for reasonable pT in the considered data-taking period.

Figure 4.3: Uncertainty on the jet energy corrections as a function of pT (left panel) and
η (right panel). The markers show individual contributions and the areas
indicate the sum of uncertainties. The uncertainty associated to “jet flavour
(QCD)” is not applied in this analysis. Taken from Ref. [149].

4.7 Missing transverse energy and ST

Particles that escape without detection, e.g. neutrinos, cause an imbalance of energy in

the transverse plane, called missing transverse energy. As for jets, the output of the PF

algorithm is used. Running over all PF particles i, the uncorrected missing momentum is

determined as

~p miss, unc.
T = −

∑

i

~pT,i.

It is energy-corrected through the application of L2 and L3 JEC (called Type-1 correc-

tions). Those corrections are propagated through the corrected jets,

~pmiss
T = ~p miss, unc.

T −
∑

j

(~p L1L2L3
T,j − ~p L1

T,j),

where j runs over all jets that have a corrected pT of at least 10 GeV. Jets with pT < 10 GeV

are excluded as their JEC carries a large uncertainty. The magnitude of ~pmiss
T is called

Emiss
T .

While the value of Emiss
T is a difference of particle momenta, but according uncertainties

are added in quadrature, the Emiss
T variable typically has a larger uncertainty than e.g.

jets. As studied in events with a Z boson decaying to electrons or muons and single-photon

events, the scale and resolution are well described in simulation [152].

ST is defined as the scalar sum of Emiss
T , the transverse energy of the lepton candidate

with the largest pT, and all jets reconstructed with one radius parameter and selected in
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the context of an analysis. It is a measure of the total transverse energy contained in final

states with a lepton and jets.

4.8 Event quality filters

The data are filtered to remove events originating from detector noise or beam back-

grounds. This needs to be done in addition to run-certification as mentioned above, since

some problems might only be found after the data has been certified or the problem may

affect only single events. A list of event filters is given below, following recommendations

of the CMS Collaboration for analyses using Emiss
T [153].

HCAL Noise Filter Spurious energy deposits are identified using the shape of HCAL

pulses and their timing information. Those deposits mainly arise from noise in

the photo-diodes and the readout electronics. In the forward calorimeter, the main

source of noise is the interaction of particles with light guides or photo-multiplier

tubes.

HCAL Noise Isolation Filter In order to further reduce the impact of mis-measured HCAL

entries, ECAL and tracker information are combined such that isolated HCAL de-

posits may be found. Since fully isolated neutral hadrons occur only very rarely, this

is a good measure for the rejection of spurious events.

ECAL Bad Super-cluster Filter Some arrays of ECAL crystals in the endcap are found to

produce anomaly high pulses, resulting in unphysical electron and photon candidates

with very high energy. Using the energy estimate of the trigger information, the

ECAL energy measurement can be recovered up to a cluster energy of approximately

125 GeV. Above this threshold, events must be rejected.

Beam Halo Filter Backgrounds induced by the LHC machine, e.g. interactions of protons

with residual gas molecules or machine parts, resulting in particles with a trajectory

almost parallel to the beampipe, are identified using filters that search for detector

entries with the same φ coordinate and appropriate timing-information.

If one or more of the problems described above are found in an event, the event is discarded

from this analysis.

4.9 Identification of b-flavoured jets

The use of b tagging is an important tool in collider physics. It allows to discriminate

processes with b quarks in the final state, e.g. top quark and Higgs boson events, from the

large background of multijet events. Multiple techniques exist, where two characteristics of
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B hadron decays are usually exploited; the relatively long lifetime of a b-flavoured hadron

and its leptonic decay modes. The lifetime leads to tracks with large impact parameters

and secondary interaction vertices, which are well separated from the primary vertex.

In this analysis, the so-called combined secondary vertex (CSV) algorithm is used, a one-

dimensional likelihood discriminator ranging from zero to one, where zero (one) indicates

a small (large) likelihood for a b-flavoured hadron decay. The discriminator incorporates

multiple variable. It is still applicable if a jet does not have an associated secondary

vertex, using tracks with a large impact parameter and the total number of tracks in a jet,

in this case. If a secondary vertex is reconstructed, the CSV also uses the vertex impact

parameter, its mass and the number of tracks attached to the vertex.

The performance has been tested extensively in run I [154, 155] and run II [156]. CSV

working points are defined through the rate of misidentification (“mistag”). In this anal-

ysis, the working point with a mistag rate of 10% is employed, corresponding to a signal

efficiency of approximately 85% in true b jets. It is mainly applied to subjets during Higgs

tagging, as described in Section 4.11, where a performance comparable to the performance

on jets is found (Figure 4.4).
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Figure 4.4: Ratio of the CSV tagging efficiencies in data and simulation. The red open
circles show anti-kt jets reconstructed with a radius parameter of 0.4 and the
blue triangles depict subjets. Taken from [156].

4.10 Boosted topologies and jet substructure

With the large centre-of-mass energy of the LHC, the heaviest standard model particles,

i. e. the W, Z and Higgs bosons as well as the top quark, can recieve a considerable

Lorentz boost γ = E/m. Consequently, their decay products will have a small separation

in the η − φ plane, ∆R . 2/γ. Due to this small angular distance, particles in hadronic

decay modes will be merged into single jets. The large branching fraction of hadronic
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decays make their investigation very beneficial. Therefore, it is necessary to study the

substructure of jets in order to identify such decays of boosted heavy particles.

Jet grooming algorithms assist the substructure analysis by removing soft, large-angle

emissions from jets. Using these algorithms, the jet mass estimate represents the mass of

the original particle more precisely. They also reduce the influence of the underlying event

and pileup on the jet. Two algorithms are compared for this analysis, called soft-drop

(Section 4.10.1) and pruning (Section 4.10.2), where the former enjoys a higher popularity

among the theory community because it allows for a better analytical understanding and

the latter is known to remove the influence of pileup and the underlying event more

aggressively. The jet mass scales are validated for soft-drop and pruning in Section 5.4.3.

4.10.1 The soft-drop algorithm

The soft-drop algorithm [157] builds on the pairwise clustering tree of the Cambridge-

Aachen algorithm. Starting at the level of the final jet, the so-called soft drop condition,

min(pT,i, pT,j)

pT,i + pT,j
> zcut

(
∆R(i, j)

R0

)β
,

is checked for the (pseudo-)particles i and j, which are the constituents of the final jet.

The soft threshold zcut, the angular exponent β and the characteristic radius R0 are

parameters. This condition fails if either i or j is a soft, wide-angle emission. In this

case, the procedure is repeated with the constituent that has the larger pT, the other one

is removed from the jet. If the condition is satisfied, both are kept and the algorithm

terminates. As the soft-drop algorithm is not applied to each joint of the CA clustering

tree, but only follows along one possible route until a balanced pair of subjets is found, it

does not have the capability to reduce the influence of pileup and UE significantly.

The mass estimate of the groomed jet is called soft-drop mass. The two constituents i

and j of the final jet are called subjets. In case of W, Z and Higgs bosons, the subjets are

assumed to represent their direct decay products. For β →∞ and zcut → 0, no grooming

is performed and the original jet is recovered. If β is set to zero, the soft-drop algorithm

is equal to the modified mass drop tagger (mMDT) [158].

In this analysis, soft-drop is applied to anti-kt jets with R = 0.8, that have been re-

clustered with CA. The angular exponent β is set to be zero, a soft threshold zcut < 0.1

is used and a characteristic radius of R0 = 0.8.
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4.10.2 The pruning algorithm

Similar to soft-drop, the pruning algorithm [159] uses a re-clustering based on CA. With

the parameters Rfact and zcut, it defines a pruning radius for every jet,

Rprune = Rfact
2m

pT
,

wherem and pT are the mass and transverse momentum of the ungroomed jet, respectively.

For every clustering step given by the CA algorithm, two conditions have to be met. If,

with the (pseudo-)particles i and j,

∆R(i, j) > Rprune and min(pT,i, pT,j) < zcut(pT,i + pT,j)

are true, i and j are both kept. Otherwise, the one with the smaller pT is dropped. The

final subjets from pruning are also identified as the decay products of heavy bosons. Here,

pruning is configured with zcut = 0.1 and Rfact = 0.5.

4.11 H tagging

Three tagging methods for the decay of a boosted Higgs boson into a pair of b quarks

are used in the CMS Collaboration [160]. Figure 4.5 depicts their methodology. These

algorithms are applied to large cone jets clustered with the anti-kt algorithm with R = 0.8.

subjets fatjet double-b

τ-axis1

τ-axis2

Figure 4.5: Illustration of the H tagging methods. Taken from Ref. [160].

The “fatjet” method applies the regular CSV algorithm that is originally designed for

jets with only one b quark. In this analysis, the “subjets” method is used, where CSV

b tagging is applied to the subjets of the large cone jet. In CMS, this type of H tagging

has been first applied in a search for vector-like T quark pair production [161]. The last

method is a relatively new development, “double-b”, a multivariate analysis with several
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quantities of the jet that correlates axes of energy flow with the occurrence secondary

vertices and displaced tracks.
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Figure 3: Comparison of the performance of the double-b tagger, the minimum CSVv2 value
among the two subjets b tag scores, and fat jet b tag which exploits CSVv2 algorithm. The tag-
ging efficiency for signal is evaluated using boosted H! bb jets from simulation. The mistag
rate is evaluated for simulated QCD jets containing zero, one or two b quarks. Top-left for all
jets with 300< pT <500 GeV, top-right for 500< pT <800 GeV, bottom-left for pT > 800 GeV.
Bottom-right shows for pT > 800 GeV the mistag rate evaluated for g ! bb.
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Figure 12: Comparison of the performance of the double-b tagger, the minimum CSVv2 value
among the two subjets b tag scores, and fat jet b tag which exploits CSVv2 algorithm. The tag-
ging efficiency for signal is evaluated using boosted H! bb jets from simulation. The mistag
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Figure 4.6: Receiver operation characteristic (ROC) curves for the H tagging algorithms
used in the CMS Collaboration. The left and right panels show two jet pT bins
from 300 GeV to 500 GeV and from 500 GeV to 800 GeV, respectively. The sig-
nal efficiency (on the x-axes) is determined in simulated events of Higgs bosons
decaying to b quarks. Simulated multijet events are used for the background
efficiency (on the y-axes). Jets with and without b flavoured hadron decays
are used in the lower and upper panels, respectively. Taken from Ref. [160].

Figure 4.6 shows the performance of the three methods. The subjets and double-b

methods perform best, where the former (latter) is superior for the discrimination against

b jets (jets in multijet events). For the discrimination against top quark pair events, it

is assumed that the subjets and double-b methods perform equally well, since b jets and

non b jets are present.





5 Search for single production of a heavy vector-like

T quark

The presented analysis pursues a search for singly produced vector-like T quarks with

charge +2/3 e decaying to a Higgs boson and a top quark, with an electron or muon in

the final state.

Data from proton-proton collisions at the LHC in 2015, at 13 TeV centre-of-mass en-

ergy, are used. After the description of the recorded and simulated datasets, the main

event selection is detailed in Section 5.4. The signal region and the background shape

estimate are defined in the Sections 5.5 and 5.6, respectively. Following the discussion

of systematic uncertainties, the result of this analysis is derived with a fit of the signal

plus background modelto the data. Exclusion limits on the production cross section are

derived (Section 5.8). In order to get a sense of direction, the Sections 5.1 and 5.2 will

first describe the signal topology and standard model background processes, respectively.

All Figures labelled “CMS” are part of the publication of this analysis by the CMS

Collaboration [32].

5.1 Anatomy of the signal process

The simplest Simplified Model framework is used for the description of the signal process.

In this framework, the T quark couples to the electroweak gauge bosons, the Higgs boson

and third generation quarks. A Feynman diagram of the signal process is depicted in

Figure 5.1. In the simplest Simplified Model, three vertices with a single T quark are

possible: bW, tZ and tH. Using the coupling to bW or to tZ, single T quarks may be

produced in the same fashion as single top quarks in the s-channel. The production

through tH is suppressed. The bW coupling is only allowed for left-handed T quarks

(denoted as Tlh) by the simplified model. Since the tZ coupling requires the production

of an associated top quark, its cross section is approximately one order of magnitude

smaller than through the bW-coupled production [17]. Therefore, only the bW coupling is

considered in left-handed T quark production. For right-handed T quarks, the simplified

model only allows tZ coupling by default.

The final state electron or muon is assumed to result from the top quark, while the

Higgs boson decay into a pair of b quarks is used as it has the largest branching fraction.

The associated light quark (labelled as q′ in Figure 5.1) is typically located in the forward
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W/Z

T

q

g

q0

H

t

b/t

Figure 5.1: Production and decay of a vector-like T quark, as targeted in this analysis.
This figure is printed as appearing in Ref. [32].

region of the detector. In the following, the kinematic properties of the top quark are

discussed first, followed by the Higgs boson. Thereafter, the associated light quark and

other remarks about the signal process are considered.

Figure 5.2 shows the kinematic properties of the top quark and its decay products in

a hypothetical decay cascade of a vector-like T quark. Those distributions are relevant

for the trigger and the reconstruction. For triggering, the final state electron or muon

is used. Despite the large pT of the top quark, the lepton pT spectrum is relatively soft

because of the long decay chain through the W boson. Moreover, the b quark from the

top quark decay is relatively close in η − φ space. Although the main direction of the

b quark is outside of the typical lepton isolation radius of 0.3, it likely deteriorates the

lepton isolation after hadronisation into a spray of particles, which is especially the case

for the larger top quark boosts at large T quark masses. Since this analysis is designed to

be sensitive to high T quark masses, electron and muon triggers without isolation criteria

are used, in order to preserve events where the lepton is found to be close to or within

the cone of the b quark jet. This comes at the cost of an efficiency-loss at low lepton pT,

since the non-isolated triggers require pT > 45 GeV.

Kinematic distributions of the Higgs boson are displayed in Figure 5.3. The Higgs boson

acquires significant transverse momentum despite its large mass, which is also true for the

top quark. Their pT distributions are very similar and reflect the generated T quark mass

with a peak around half the T quark mass value. Taking half the T quark mass minus the

mass of the Higgs boson (top quark), the most probable Higgs boson (top quark) pT value

even lies above that, since the T quark may carry transverse momentum itself.

The bulk of Higgs boson η distribution lies well within the coverage of the CMS tracker.

Its large Lorentz boost leads to the collimation of its decay products – the two b quarks in

this analysis – as can be seen in the lower left panel of Figure 5.3. Therefore, all particles

resulting from the Higgs boson decay can be captured in one large jet with radius 0.8 in
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Figure 5.2: Selected distributions of the generated top quark an its decay products in
the decay chain of the vector-like T quark. Three signal simulations of the
pp → Tlh process with different T quark masses are shown. The mass values
are denoted in parenthesis in units of GeV. The top quark pT distribution is
shown in the upper left diagram and the angular distance ∆R of its visible
decay products, the b quark and the lepton, is depicted in the upper right.
The pT and η distributions of the lepton originating from the top quark decay
are shown in the lower left and right panels, respectively.

most events. Hence, instead of using individual small-cone jets for the reconstruction of the

b quarks resulting from the Higgs boson decay, anti-kT jets with a large radius parameter

of 0.8 are used. The substructure of the large anti-kT jet is used to discriminate against

light quark and gluon jets with large radii. By this choice, higher T quark masses are

favoured. In the lower right panel of Figure 5.3, it can be seen that the top quark and the

Higgs boson are generally emitted back-to-back, i. e. with ∆R ≈ π, as expected for the

two body decay of a heavy particle with a low Lorentz γ factor.

A property of the signal process of high relevance is the presence of a forward jet. The

forward jet originates from the light quark associated to the single T quark production,

Figure 5.4 shows its pT and η distributions. For the largest fraction of events, the associ-

ated parton is contained in the forward region of the CMS detector (|η| > 2.4).
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Figure 5.3: Distributions of the kinematic properties of the generated Higgs boson an its
decay products in the decay chain of the vector-like T quark. Three signal sim-
ulations of the pp→ Tlh process with different T quark masses are shown. The
mass values are denoted in parenthesis in units of GeV. The Higgs boson pT

and η distributions are shown in the upper left and right panels, respectively.
The lower left panel shows the ∆R between the two b quarks resulting from
the Higgs boson decay and the lower right panel depicts the distribution of
∆R between the top quark and the Higgs boson.

The signal process contains one central b quark jet or an additional top quark (see the

Feynman diagram in Figure 5.1). In the case of bW coupling in production, the central

b quark jet has a low pT and therefore often escapes reconstruction. With the additional

top quark in the final state of the T quark production through a tZ vertex, additional jets

and possibly one more lepton are introduced into the signal topology. While those jets

might impose a hurdle for the T quark reconstruction, the possibility of one more lepton

benefits the trigger selection efficiency of the tZ production channel, making the complete

event selection more efficient than for the bW channel. The associated top quark in tZ

production could be further exploited in a dedicated analysis. For simplicity, however, the

focus lies on the T quark production via bW coupling and the same event reconstruction

is applied to the other signal samples as well.
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Figure 5.4: Kinematic distributions (pT and η) of the jet produced in association with the
T quark. Three signal simulations of the pp → Tlh process with different T
quark masses are shown.

In summary, the main characteristics of the signal process at parton level are the large

Lorentz boosts of the T quark decay products. For both, their subsequent decay products

are collimated and it might not be possible to reconstruct them with individual isolated

lepton and jet candidates. As a consequence, a lepton trigger without isolation requirement

must be used as well as a large cone jet for the reconstruction of the Higgs boson. Lastly,

the signal process has a forward jet.

5.2 Background processes

A standard model process imposes a background in this analysis, if it directly or indirectly

produces an electron or muon with high pT as well as high-energetic large-cone jets, possi-

bly with the decay of a b quark-flavoured Hadron inside. The occurrence of a forward jet

is possible in any standard model process, since the jet η always forms a continuous dis-

tribution. The forward jet rate, however, may be small if the process under consideration

has no specific parton enhancement at large η. The main background processes are top

quark pair, W+jets and multijet production. The single top quark and Z+jets processes

are also evaluated.

Top quark pair (tt̄) production contributes in all its decay channels, that is, in the

all-hadronic, the lepton plus jets and the di-leptonic final state. In the lepton plus jets

decay mode, to begin with, the high-pT lepton results directly from the decay of a top

quark. The Higgs boson decay can be mimicked by a hadronic top quark decay if the

top quark has a transverse energy large enough to have at least two of its decay products

contained within a large-cone jet. Here, one final state b quark would be provided through

the b quark in the top quark decay and the other one would be a misidentification of the

hadronic decay products of the W boson in the top quark decay chain. In the all-hadronic
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decay mode of tt̄, one of the b quark jets may include a soft lepton of sufficient transverse

momentum. The Higgs boson would be misidentified in the same way as for the lepton plus

jets decay mode. In the di-leptonic final state of the top quark pair process, the high-pT

lepton is again part of the process, but the misidentification of the Higgs boson may occur

if the individual b quark jets from the decay of both top quarks are accidentally close

enough in η − φ space to be reconstructed within one large-cone jet. The top quark pair

background is complex but well-measured at the LHC. Furthermore, the large mass of the

top quark allows for precise perturbative calculations of the cross section and kinematic

distributions. Hence, the event simulation allows for a relatively good precision in the

estimation of the background.

In W+jets (Z+jets) events, the leptonic W (Z) boson decay produces high-energetic lep-

tons. Other than in tt̄, the Higgs boson candidate may only result from a misidentification

of a quark or gluon jet. Especially the latter imposes a large background contribution,

since a gluon may split into a pair of b quarks (“gluon splitting”), which, at large energies,

may produce exactly the same jet configuration as a Higgs boson. The decays can be

discriminated by the distribution of the jet mass, however, where the Higgs boson results

in a resonance peak, while the mass distribution in gluon splitting is monotonically falling.

Since gluon splitting generally occurs at a lower energy scale than the hard interaction

process of an event, it may not be well modelled in simulation.

Although the multijet background neither has a lepton stemming from the hard interac-

tion, nor a boosted top quark or W boson that could be misidentified as the Higgs boson,

the background is still significant because of its very large cross section. The lepton gener-

ally arises from a leptonically decaying b quark and the Higgs boson is misidentified from

quarks or gluons, as it is the case for the W+jets and Z+jets backgrounds. The multijet

background is poorly described by the simulation, because many interactions happen at

different energy scales, and also in non-perturbative regions.

The single top quark process is considered as background as well. With its small cross

section it is sub-dominant. Given its similarity to the signal process, however, it is par-

ticularly important to evaluate the single top quark background because of its forward

jet. Other standard model processes, like di-vector-boson or Higgs boson production are

considered negligible in the high energetic phase space region targeted in this analysis.

5.3 Recorded and simulated datasets

5.3.1 Signal and background samples

Simulated events are generated according to matrix element calculations and are processed

to resemble all relevant physical processes. A simulation of the CMS detector is used to

derive the simulated data. More information on event generation and detector simulation
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is given in Section 3.5.

The signal process is generated with MadGraph5 aMC@NLO 2.2.2 [162] at leading

order (LO) QCD. The phenomenology of the signal is discussed in Section 5.1. In steps of

100 GeV, signal samples are generated for T quark masses from 700 to 1800 GeV. For all

mass points, the narrow width approximation is used for the T quark with a fixed width of

10 GeV. In order to study left- and right-handedness of the T quark, distinct samples are

created for all mass points. The left- (right-) handed T quark is generated in association

with a b (t) quark, according to the singlet (doublet) scenario in the simplest Simplified

Model. Because of the higher occurrence of positively charged quarks in a proton, the

positively charged T quark appears more often than the negatively charged T anti-quark.

The background samples of simulated events are listed in Table 5.1. powheg 2.0 [168–

171], MadGraph5 aMC@NLO and pythia 8.212 [172, 173] are used for their matrix

element generation at leading and next to leading order (NLO) QCD.

For signal and background simulation, the NNPDF 3.0 [174] parton distribution func-

tions (PDFs) are used at LO or NLO, matching the accuracy of the matrix element

calculation. Hadronisation and fragmentation is simulated with pythia using the tune

CUETP8M1 [175].

The W+jets and Z+jets background event samples are generated with up to four addi-

tional parton radiations in matrix element. The MLM scheme [125] is used to match matrix

element and parton shower in order to remove double counting in equivalent phase-space

configurations.

In case of the multijet background, the samples are electron- or muon-enriched, i. e.

events are filtered after hadronisation in order to save computing resources. There are

three types of filtering:

b/c-to-e±-enriched The multijet process can produce hadrons containing b or c quarks.

Those possibly decay into a final state with an electron. Such a generated electron

must have a transverse energy of at least 10 GeV for an event to be selected.

EM-enriched Multijet events without a b/c-to-e± decay may still yield an electron candi-

date, e.g. from a π0 to photon decay close to a charged hadron track. A complex filter

finds events with possible electron and photon seeds that are sufficiently isolated to

be reconstructed as an electron candidate.

µ±-enriched Same as b/c-to-e±-enriched, this filter finds final states containing a muon.

An event is selected if the pT of the muon is larger than 5 GeV.

In all simulated samples, pileup is simulated by mixing in simulated minimum bias

events [126]. An average number of 11 collisions is simulated, corresponding to a total

inelastic proton-proton cross section of 69 mb. The distribution in the number of vertices

in the simulation is reweighted in order to match the distribution found in the data. The
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Table 5.1: Simulated event samples for the background processes. The W+Jets, Z+Jets
and multijet samples are split into ranges of HT, M(l, l) and p̂T, respectively,
where HT is the scalar sum of pT over all generated jets in an event, M(l, l)
is the invariant mass of the pair of leptons and p̂T is transverse momentum
transfer in the matrix element. Samples with LO precision use the cross section
given by the MC generator. W+jets and Z+jets cross sections include k-factors
of 1.21 and 1.23 [163], respectively.

process sample specification σ/pb matrix elem. gen. (precision)

tt̄ — 832 [164] powheg (NLO)

W+Jets

100 < HT < 200 GeV 1,350

MadGraph5 aMC@NLO (LO)

200 < HT < 400 GeV 360
400 < HT < 600 GeV 48.9
600 < HT < 800 GeV 12.1
800 < HT < 1200 GeV 5.50
1200 < HT < 2500 GeV 1.33
HT > 2500 GeV 0.0322

Single t

s-channel 11.4 [165] MadGraph5 aMC@NLO (NLO)
t-channel; lepton-enriched 70.7 [166,167] MadGraph5 aMC@NLO (NLO)
tW-channel 35.6 [165] powheg (NLO)
t̄W-channel 35.6 [165] powheg (NLO)

Z+Jets

M(l, l) > 50 GeV; 100 < HT < 200 GeV 147

MadGraph5 aMC@NLO (LO)
M(l, l) > 50 GeV; 200 < HT < 400 GeV 41.0
M(l, l) > 50 GeV; 400 < HT < 600 GeV 5.68
M(l, l) > 50 GeV; HT > 600 GeV 2.20

Multijet

µ±-enriched; 80 < p̂T < 120 GeV 2,760,000

pythia (LO)

µ±-enriched; 120 < p̂T < 170 GeV 470,000
µ±-enriched; 170 < p̂T < 300 GeV 118,000
µ±-enriched; 300 < p̂T < 470 GeV 7,820
µ±-enriched; 470 < p̂T < 600 GeV 646
µ±-enriched; 600 < p̂T < 800 GeV 187
µ±-enriched; 800 < p̂T < 1000 GeV 32.3
µ±-enriched; p̂T > 1000 GeV 10.4
EM-enriched; 80 < p̂T < 120 GeV 2,800,000
EM-enriched; 120 < p̂T < 170 GeV 477,000
EM-enriched; 170 < p̂T < 300 GeV 114,000
EM-enriched; p̂T > 300 GeV 9,000
b/c-to-e±-enriched; 80 < p̂T < 170 GeV 3,220,000
b/c-to-e±-enriched; 170 < p̂T < 250 GeV 106,000
b/c-to-e±-enriched; p̂T > 250 GeV 21,100
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full simulation of the CMS detector and its digital output, as detailed in Section 3.5.2, is

used in all events.

5.3.2 Recorded data

In this analysis, the single-electron and single-muon datastreams are used. In the electron

channel a so-called cross-trigger is applied, requiring one electron with pT > 45 GeV and

two jets. The jets must have pT > 200 GeV and pT > 50 GeV, respectively. The muon

channel works with a trigger that requires one muon with a pT of at least 45 GeV and

|η| < 2.1, but no jet is needed. Neither of the triggers requires isolation criteria on the

leptons, which is important as in leptonic decays of boosted top quarks, the lepton may

lie within the b quark jet, as explained in Section 5.1. If an event is selected by both

triggers, it is assigned to the muon channel, which typically happens in the top quark pair

background where one top quark decay includes an electron and the other one a muon.

After baseline selection, 3.5% (8.6%) of events in data have more than one lepton in the

electron (muon) channel. More information on the triggers that have been studied for this

analysis is given below in Section 5.3.3.

The data used in this analysis are certified by the CMS Collaboration. Primary datas-

treams are divided into blocks of ongoing data-taking, called runs, which are further

subdivided into so-called luminosity sections. For the certification of a run, a large num-

ber of checks must be passed. These checks include performance tests of all subdetector

systems, as well as sanity checks of physics candidates reconstructed from the recorded

data [176].

An integrated luminosity of 2.215 fb−1 is recorded with the electron trigger and 2.318 fb−1

with the muon trigger. The difference in integrated luminosity is due to a misconfigura-

tion in the data-taking conditions over a brief amount of time. In the affected runs, some

lumi-sections are marked to have a false configuration of the beamspot position. This

concerns only the electron but not the muon trigger, since the beamspot position is not

used in the latter one.

5.3.3 Trigger choice

Several high-level trigger candidates are studied using simulated events. The goal is to

find a trigger that is optimal for the signal topology of this analysis. The trigger efficien-

cies are examined as a function of ST. In order to be sensitive to the signal processes, an

ideal trigger would have a low lepton pT threshold and no lepton isolation requirement.

This hypothetical trigger, however, would select large amounts of multijet events, where

a soft lepton is produced via b and c flavoured hadrons. In order to reduce the multijet

background, a trigger must either require a large lepton pT or use an isolation require-

ment. Another possibility is to require additional hadronic activity with large transverse
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momenta.

Four electron and four muon triggers are evaluated, where two of each set require addi-

tional hadronic activity using jets reconstructed in the high level trigger. The latter are

called “cross triggers”. Either the two largest transverse momenta of the jets are used, or

HT, the scalar sum of transverse momenta of all jets. Two sets of isolation criteria are

employed, setting maximum values for the transverse energy contributed by other particles

in a cone around the lepton. They are called “isolation” and “very loose isolation”, where

the latter allows a large sum of energy than the former, and are implemented with more

time-efficient algorithms for the high level trigger. The isolation criteria in the trigger

are slightly relaxed with respect to the analysis recommendations in order to allow for

variance in the calibration of the detector and reconstruction. For comparison, a trigger

that focus solely on hadronic activity, using HT, is also investigated.

The triggers are analysed using a signal sample of associated Tb production with a

T quark mass of 1200 GeV. For this study, events are selected with requirements close to

the baseline event selection as defined in Section 5.4. An electron or muon with a pT of

more than 50 GeV is required, fulfilling the isolation criterion relative to the closest jet as

explained in Section 5.4.2. At least one AK jet, reconstructed with R = 0.4, must have

pT > 100 GeV. The final Higgs boson and top quark candidates must have pT > 200 GeV

and pT > 100 GeV, respectively. No trigger requirement is applied.

Figure 5.5 shows the selection efficiencies of the triggers that are reviewed. The non-

isolated triggers perform very well, even in the case of the non-isolated electron trigger

despite its very high pT threshold of 105 GeV. On the opposite, the isolated lepton triggers

show a non-optimal performance between 80 and 90% efficiency over most of the ST range.

The cross triggers generally perform well at high values of ST, while having a so-called

turn-on which lies in the bulk region of the underlying ST distribution. For signal samples

at lower T quark masses than the Tlh(1200) sample, these triggers significantly reduce the

total signal selection efficiency. This also holds true for the purely hadronic trigger using

HT, which is the most inefficient trigger at low ST.

In this analysis, the non-isolated electron plus jets trigger and the non-isolated muon

trigger are used. This study confirms the choice by showing that their performance is

good for selected events with a reconstructed T quark candidate.
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Figure 5.5: Comparison of electron and muon trigger efficiencies for associated Tb pro-
duction with a T quark mass of 1200 GeV in the upper and lower panels,
respectively. Events are selected according to a modified version of the base-
line selection, where especially the trigger and ST criteria are released. The
grey areas shows the normalised distributions of ST in the signal sample.
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5.4 Particle candidates and baseline event selection
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Figure 5.6: Schematic drawing of the particle candidates used for the reconstruction of the

T quark mass.

In this section, the “baseline event selection” along with particle candidates and the

reconstruction of the T quark mass are explained in detail. Quality criteria for electrons,

muons and jets are discussed. Two types of jets are used, both clustered with the anti-kt

algorithm (as described in Section 4.6) with radii of 0.4 (“AK4” jets) and 0.8 (“AK8”

jets). Higgs boson candidates are selected from all AK8 jets, using the groomed jet mass

estimate. Top quark candidates are formed by combining the highest-pT lepton, Emiss
T

and up to two jets. Out of all possible pairs of Higgs boson and top quark candidates,

the best pair of candidates is picked using a χ2 method in the “T quark reconstruction”

(Section 5.4.5). Figure 5.6 shows a schematic drawing of the final particle candidates.

Important note: In the figures displayed with each type of candidate, the full baseline

selection is applied, apart from requirements on the quantity under consideration (“n-1”

plots). The best overall candidates as selected by the T quark reconstruction are called the

“final” top quark and Higgs boson candidates.

Table 5.2 lists the baseline selection criteria. The selection of events is based on rectan-

gular cuts, mostly applied to kinematic properties of particle candidates in an event. The

electron channel has a significantly lower efficiency because its trigger has additional jet

requirements, as compared to the muon channel. Tables of the number of selected event

after each selection step are given in Appendix A.

5.4.1 Event quality filters and primary vertices

The leading primary vertex must be found within 24 cm in z and 2 cm in x-y direction

from nominal interaction point for an event to be selected. The number of pp-interactions

per bunch crossing is an important observable for the quality of particle candidates. For
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Table 5.2: Baseline event selection requirements. The (sub-)leading jet is the AK4 jet with
the (second) highest pT in an event. ST is the sum of Emiss

T , lepton pT and the
pT of all AK4 jets. The final Higgs boson and top quark candidates are denoted
as H and t, respectively, and MH is the mass of the final Higgs boson candidate.

Quantity electron channel muon channel

Electron trigger yes —
Muon trigger veto yes
Lepton pT pT > 50 GeV pT > 47 GeV
Lepton isolation ∆R(l, j) > 0.4 OR ∆pT(l, j) > 40 GeV
Leading jet pT pT > 250 GeV pT > 100 GeV
Subleading jet pT pT > 70 GeV pT > 50 GeV
ST ST > 400 GeV
MH 90 GeV < MH < 160 GeV
H pT pT > 200 GeV
t pT pT > 100 GeV
∆R(t,H) ∆R(t,H) > 2

example, pileup influences the jet energy scale since additional neutral particles may be

emitted into the cone of a jet. The distribution of the true number of interaction in the

simulation is reweighted to match the distribution in data. The latter is estimated by

evaluating the instantaneous luminosity of the LHC machine over all periods of data-

taking.

Figure 5.7 shows the distribution of the number of reconstructed vertices in the electron

and muon channels. Two general remarks must be made about all distributions after

baseline selection. Firstly, the simulation overestimates the total number of reconstructed

events. This is a known problem of the top quark pair and W+jets samples, as seen e.g. in

Ref. [143]. Since the statistical evaluation in this analysis relies on a background estimate

taken from the data, where the normalisation of those backgrounds are extracted in situ, a

correction is not necessary. Secondly, as mentioned before, more events are reconstructed

in the muon channel than in the electron channel, due to the high jet-pT thresholds in the

electron trigger. Data and simulation agree in shape.

5.4.2 Electrons, muons, jets

Events are required to have at least one lepton. That is, one reconstructed electron or muon

candidate fulfilling the identification and isolation criteria as described in the following.

The tau lepton is not used, since the multitude of its mostly hadronic decay channels causes

a low reconstruction efficiency and at the same time large misidentification backgrounds,

compared to electrons and muons. If more than one lepton is reconstructed in an event,

only the one with the highest pT is used in this analysis. More lepton candidates may be

present, but they are not regarded.
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Figure 5.7: Distribution of the number of primary vertices in the electron (left) and muon
channels (right) after baseline event selection. Background contributions are
shown as coloured histograms and the data are depicted as black markers.
The open histograms are signal simulations, normalised to a cross section of
20 pb. The hatched bands indicate the combined statistical and systematic
uncertainty. All systematic uncertainties described in Section 5.7, apart from
forward jet uncertainty, are included.

Electron candidates are reconstructed and selected as described in Section 4.3. The

transverse momentum requirement for electron candidates is pT > 50 GeV, which is suf-

ficiently high above the trigger threshold of 45 GeV, in order to operate in a region of

constant trigger efficiency. Electron candidates must be reconstructed within |η| < 2.5,

which is the fiducial range of the CMS ECAL. Figure 5.8 shows distributions of the se-

lected electron candidates. As mentioned in Section 4.3, the electron selection efficiency is

observed to agree between data and simulation. Hence, there is no need for an efficiency

correction in the simulation.

Muon candidate reconstruction and selection is performed as detailed in Section 4.4. A

muon candidate must have pT > 47 GeV and |η| < 2.1 to be considered for this analy-

sis. The pT requirement is only two GeV above the trigger threshold, which is adequate

since the momentum resolution for muons is much better in this range than for electrons.

Efficiency correction factors [113] are applied in the simulation as a function of pT and η

of the muon candidate. Kinematic distributions of the reconstructed and selected muon

candidates are shown in Figure 5.9.

In Figure 5.10, distributions of the isolation criterion as described in Section 4.5 are

shown in a signal sample with medium T quark mass as well as in the multijet sample.

While the bulk of the multijet sample is collected at very low angular separation, ∆R(`, j),

and low prel
T (`, j), larger values of both variables are preferred in the signal sample. The

isolation requirement is applied if a lepton is reconstructed within the radius of the jet,

i. e. ∆R(`, j) < 0.4. In this case, prel
T (`, j) is required to be larger than 40 GeV. Otherwise,
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Figure 5.8: Kinematic electron candidate distributions after baseline event selection.
The pT distribution is shown in the left panel and the η distribution in the
right panel. Simulated and recorded data are illustrated in the same way as
described in the caption of Figure 5.7. Figures labelled “CMS” are printed as
appearing in Ref. [32].
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Figure 5.9: Kinematic muon candidate distributions after baseline event selection. The left
and right panels depict the pT distribution and the η distribution, respectively.
Simulated and recorded data are illustrated in the same way as described in
the caption of Figure 5.7. Figures labelled “CMS” are printed as appearing in
Ref. [32].
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Figure 5.10: Isolation distributions of electron candidates after baseline event selection,
apart from the lepton isolation criterion. The multijet distribution is shown
on the left side and the right side depicts a signal sample with a T quark mass
of 1200 GeV. The normalised event rate is indicated by the area of a box.

a requirement on prel
T (`, j) is not applied. The four-momentum of the lepton is removed

from the jet in question before the requirement is applied, as explained below. The effi-

ciency of this isolation criterion in data and simulation has been measured by the CMS

Collaboration [143]. The selection efficiencies are found to be in agreement between data

and simulation within ±5%, the latter is applied as a systematic uncertainty.

Jets are computed, corrected and selected as described in Section 4.6. Anti-kt jets

reconstructed with a radius parameter of R = 0.4 are used in this analysis if they have

pT > 30 GeV. A jet with |η| < 2.4 (> 2.4) is called an AK4 (a forward) jet. The η spectrum

of all anti-kt jets clustered with R = 0.4 (AK4 and forward jets) is shown in Figure 5.11.
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Figure 5.11: Jet-η distribution of all anti-kt jets clustered with R=0.4 after baseline event
selection. The electron channel is depicted in the left panel and muon channel
in the right panel. Simulated and recorded data are illustrated in the same
way as described in the caption of Figure 5.7.
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Figure 5.12: Distributions related to forward jets in the electron (left panels) and muon
channels (right panels) after baseline event selection. The distributions of
the pT of all forward jets in an event are shown in the upper panels and the
distributions of the number of jets are shown in the lower panels. Simulated
and recorded data are illustrated in the same way as described in the caption
of Figure 5.7.

Distributions related to forward jets after baseline selection are depicted in Figure 5.12.

While the pT distributions agrees in shape between data and simulation, the distributions

of the number of forward jets does not agree. A severe trend is also observed in the forward

region of the jet η distribution (Figure 5.11). This is a known mis-modelling effect by the

simulation, leading to a strong event rate overestimation when requiring events to have a

least one forward jet. In order to cope with the mis-modelling, a dedicated uncertainty is

derived in Section 5.7.1.

AK4 jets are cleaned from the contribution of electron and muon candidates in order

to prevent the double-counting of their energy. A lepton candidate four-vector is sub-

tracted from an uncorrected AK4 jet four-momentum if the lepton is reconstructed within

∆R < 0.4 from the jet axis and fulfils the above identification requirements apart from

the isolation requirement on prel
T (`, j). It is furthermore required that the lepton energy
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contribution to the jet energy matches the energy of the reconstructed lepton within 10%.

After subtracting a lepton energy contribution from a jet, corrections to the jet energy are

re-calculated and applied. Thereafter, AK4 jets are filtered again to have pT > 30 GeV

and to match the identification criteria mentioned in Section 4.6. Figure 5.13 shows dis-

tributions related to AK4 jets after baseline selection. In the electron (muon) channel, at

least two AK4 jets must be present in an event, where the jet with highest pT is required

to have pT > 250 GeV (> 100 GeV) and the jet with the second-highest pT must have pT

> 70 GeV (> 50 GeV). The pT requirements on the AK4 jets in the electron channel and

on the leptons in both channels are designed such that only events are used from a region

where the trigger efficiency is constant. Minor trends towards overestimation at high jet

momenta are visible, but agree in shape with the statistical and systematic error bands.

As mentioned before, the difference in normalisation is not corrected, since a background

estimate derived from the data is used for the statistical analysis in Section 5.8.

Figure 5.14 shows the distributions of ST and Emiss
T in the electron and muon channels.

ST has a strong correlation with the generated T quark mass in the signal samples, with

structures peaking slightly below the assumed T quark mass. In the baseline selection,

ST > 400 GeV is required in order to improve the signal-over-background ratio. Since

the ST and Emiss
T variables are strongly connected to jets they show the same trend of

overestimation at high values, as jets show in their pT spectrum.

5.4.3 Higgs boson candidates

H tagging, targeting the decay of the boosted Higgs bosons to a pair of b quarks (as

described in Section 4.11), uses large-cone jets and exploits the jet mass estimate as well

as b tagging of subjets in this analysis.

Anti-kt jets clustered with a radius parameter of R = 0.8, called AK8 jets, are the basis

for the reconstruction of Higgs boson candidates. Similar to AK4 and forward jets, they

are clustered, corrected and selected as described in Section 4.6. AK8 jets must have a pT

larger than 200 GeV and a pseudorapidity |η| < 2.4 to be used in this analysis. The jet mass

estimate for H candidates (also referred to as soft-drop mass, MH) is calculated with the

soft-drop algorithm (Section 4.10.1). AK8 jets with a soft-drop mass of at least 60 GeV

and an angular separation of ∆R(H, l) > 1.0 from the lepton are used as Higgs boson

candidates in the reconstruction of the T quark mass. In the T quark mass reconstruction,

as explained below, one candidate is determined to be the “final Higgs boson candidate”.

An event is accepted for the baseline selection if this final candidate has a soft-drop mass

of 90 < MH < 160 GeV. Figure 5.15 and 5.16 show distributions related to AK8 jets and

the final Higgs boson candidate, respectively. As mentioned above, Higgs tagging uses

the b tag status of subjets in this analysis. Selection efficiency corrections for b tagging

are applied in simulation, dependent on the subjet pT and η (as described in Section 4.9).
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Figure 5.13: AK4 jet-related distributions in the electron (left panels) and muon channels
(right panels) after baseline event selection. The pT distributions of the jet
with the highest and second-highest pT in an event are depicted in the first
and second row, respectively. In the lower panels, the distributions of the
number of jets are shown. Simulated and recorded data are illustrated in the
same way as described in the caption of Figure 5.7.
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However, there are no subjet b tag requirements in the baseline selection, as this highly

discriminating observable is reserved for the definition of signal and background control

regions in Section 5.5.
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Figure 5.14: ST and Emiss
T distributions in the electron (left panels) and muon channels

(right panels) after baseline event selection. The upper panels show the ST

distributions and the Emiss
T distributions are depicted in the lower panels.

Simulated and recorded data are illustrated in the same way as described in
the caption of Figure 5.7. Figures labelled “CMS” are printed as appearing
in Ref. [32].
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Figure 5.15: Distributions related to AK8 jets in the electron (left panels) and muon chan-
nels (right panels) after baseline event selection. The distributions of the pT

of all AK8 jets in an event are shown in the uppermost panels. The middle
panels depict the η distribution of all jets and the distributions of the number
of jets in an event are shown in the lowest panels. Simulated and recorded
data are illustrated in the same way as described in the caption of Figure 5.7.
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Figure 5.16: Kinematic distributions of the final Higgs boson candidate in the electron
(left panels) and muon channels (right panels) after baseline event selection.
The pT distributions are shown in the upper diagrams. The lower panels
depict the soft-drop mass (MH) distributions. If an event contains more
than one Higgs candidate, the final one is shown, as picked in the T quark
reconstruction (Section 5.4.5). Simulated and recorded data are illustrated
in the same way as described in the caption of Figure 5.7. Figures labelled
“CMS” are printed as appearing in Ref. [32].
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Soft-drop and pruning mass scales and resolutions

The scale of the jet mass estimate and its resolution are checked for the soft-drop and

pruning algorithms. While soft-drop is used in the analysis, pruning is evaluated for

comparison. Both algorithms are used within the CMS Collaboration. A control region

enriched in the tt̄ background process is used, where decays of boosted W bosons are

examined. It is assumed that the behaviour of the mass scales and resolutions at the W

and Higgs boson masses are comparable. The L2L3 jet energy corrections are applied to

the soft-drop mass, while the pruned mass does not receive any correction for this study.

Events are selected in the muon channel using the baseline event selection, with a relaxed

requirement on the soft-drop mass in the final Higgs boson candidate, which is only a lower

bound at 60 GeV. No b tag criteria are applied to the Higgs boson candidate subjets at

this stage. Thereby, boosted W boson decays are misidentified as Higgs boson candidates

and can be used for this study. Additionally, an event must have at least two b tagged

AK4 jets and an N-subjettiness ratio τ2/τ1 < 0.4 in the final Higgs candidate. Using this

event selection, backgrounds other than the tt̄ process are reduced and a purity of over

90% in the top quark pair process is obtained. Figure 5.17 shows the selected events in

the tt̄ control region in data and simulation, where the signal samples are enhanced by a

factor of twenty. The simulated top quark pair background is observed to overestimate the
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Figure 5.17: Mass scale estimation with events selected in the tt̄ control region (muon
channel only). Distributions of the pruned mass and the soft-drop mass in
the final Higgs boson candidate are shown in the left and the right diagram,
respectively. Background contributions are shown as coloured histograms and
the data are depicted as black markers. The open histograms are signal sim-
ulations, normalised to a cross section of 20 pb. The hatched bands indicate
the combined statistical and systematic uncertainty. Only the systematic un-
certainties in the jet energy scale and resolution are displayed (as described
in Section 5.7).
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total amount of events. While events of the tt̄ process show a peak at the W boson mass,

signal simulations with medium (1200 GeV) and high T quark mass (1700 GeV) reveal a

peak at the Higgs boson mass of 125 GeV. For a low T quark mass, the Higgs boson does

not receive a large boost and its decay products are therefore not collimated enough to

be clustered into one AK8 jet. Therefore, the Higgs boson resonance is less pronounced

in the low T quark mass signal sample.

Table 5.3: Pruning and soft-drop jet mass scale evaluations for events in the tt̄ control re-
gion (muon channel only). The values and statistical uncertainties are obtained
from fits of a Gaussian function to the W boson mass peak in simulation (sum
of all background samples) and data.

mean (GeV) width (GeV) mean / width

pruned mass: data 76.5± 1.2 13.2± 1.8 17.3± 2.3%
pruned mass: simulation 78.6± 0.3 10.8± 0.5 13.7± 0.6%

soft-drop mass: data 94.4± 1.4 14.2± 1.8 15.0± 1.9%
soft-drop mass: simulation 93.6± 0.4 12.7± 0.8 13.6± 0.9%

Table 5.3 shows the fit results for the jet mass scale. The W boson mass peaks are

separately fitted in the data and simulation with Gaussian functions in the muon channel.

For the raw pruned mass, the peak position is below the nominal W boson mass, since the

jet corrections are not applied. Neither the mean nor the width value from the Gaussian

fits agree between data and simulation, since the L2L3 jet corrections are not applied to

the pruned mass. In the case of the soft-drop mass, both values agree between data and

simulation within uncertainties. Here, the central value is significantly larger than the

nominal W boson mass, since soft-drop does not remove pileup and UE as rigorously as

pruning. A smaller width is found in simulation as compared to data. The resolutions in

the mass estimate obtained with pruning and soft-drop in data are similar.

Because pruning does not provide a substantial improvement with respect to soft-drop

and more experience was gained with the soft-drop algorithm, soft-drop is used in this

analysis. Since a broad mass window from 90 to 160 GeV is used to select Higgs boson

candidates, a small shift in the mass peak position has a negligible influence on the selection

efficiency. A difference in the peak width, however, may result in event migration to both

sides of the mass window. Therefore, a smearing factor of 10% is applied in simulation to

increase the smaller resolution to match the one observed in the data. The smearing is

applied in the same fashion as the correction to the jet energy resolution, i. e. reconstructed

AK8 jets are matched to their generated counterparts and the difference in the jet mass

estimate between generator and reconstruction level is enlarged by 10%. Values of 0% and

20% are evaluated as systematic up and down variations in the soft-drop mass resolution.
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5.4.4 Top quark candidates

Top quark candidates are reconstructed using AK4 jets, Emiss
T , and the lepton with the

highest pT (l). First, candidates for the neutrino that occurs in the leptonic top quark de-

cay are created. The x and y components of the neutrino momentum are taken from ~pmiss
T .

The z component is calculated by solving the kinematic relation of the lepton, the neutrino

and the W boson in the rest frame of the W boson, (pl + pνl)
2 = M2

W, for (pνl)z, with

MW being the W mass (80.4 GeV) [41]. As this is a quadratic equation, two solutions and

thereby two neutrino candidates are usually found. If the result is an imaginary number,

only the real part of the number is used. The resulting neutrino four-vectors are then

combined with the lepton, either an electron or a muon, to build W boson candidates.

The last step towards top quark candidates is the addition of the b quark jet. One top

quark candidate is built for every possible combination of an AK4 jet with a W boson

candidate. In order to incorporate final state radiation from the top quark as well, many

more candidates are produced by adding AK4 jets such that every possible combination

of two AK4 jet is used.

Figure 5.18 shows kinematic distributions of the final top quark candidate. The b tag

information of AK4 jets is not used in the top quark reconstruction, since the combinatorial

approach performs very well by itself, as the mass distribution of the top quark pair

production background shows. There is no requirement on the top quark candidate mass

in the baseline selection. Since the main background in this analysis is top quark pair

production, this requirement does not lead to a significant improvement.

5.4.5 Reconstruction of the T quark mass

The mass of the T quark candidate, MT, is reconstructed as described in the following

paragraphs. The MT value is used as the final variable to discriminate between signal and

background events. It is used in Section 5.8 to derive exclusion limits on the hypothetical

T quark production cross section. Candidates for the T quark decay products, the top

quark and the Higgs boson, are found with a χ2 approach. The sum of the four-vectors of

the final top quark and the Higgs boson candidates represents the hypothetical T quark.

All possible pairs of Higgs boson (as defined in Section 5.4.3) and top quark candidates

are tested. A pair is rejected if a jet in a top quark candidate jt falls within ∆R(jt,H) < 1.0

of the Higgs boson candidate jet. This requirement is necessary, since the jets in t and H

candidates originate from different jet collections, with radius parameters of 0.4 and 0.8,

respectively. The pair that yields the smallest value in the global χ2 formula,

χ2 =

(
MH,MC −MH

σMH,MC

)2

+

(
Mt,MC −Mt

σMt,MC

)2

+

(
∆R(t,H)MC −∆R(t,H)

σ∆R,MC

)2

, (5.1)

is used in the following analysis, where M denotes the mass of a candidate and an “MC”
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Figure 5.18: Kinematic distributions of the final top quark candidate in the electron
(left panels) and muon channels (right panels) after baseline event selection.
The pT distributions are shown in the uppermost panels while the middle
and lower panels show the candidate η and mass distributions, respectively.
Only the final top quark candidate is shown, as picked in the T quark recon-
struction. Simulated and recorded data are illustrated in the same way as
described in the caption of Figure 5.7. Figures labelled “CMS” are printed
as appearing in Ref. [32].
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subscript indicates the mean and width values of a quantity in the simulation of a signal

process with correct pairing. An event is correctly paired, if the H and t candidates are

reconstructed within ∆R of less than 0.2 and 0.5, respectively, from their simulated true

values. Approximately 90% of signal events are correctly paired for the Tlh(1200) and

Tlh(1700) mass points. Therefore, the reconstruction shows to work well for high T quark

masses.
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Figure 5.19: Distributions of quantities in the global χ2 formula (Equation 5.1) in cor-
rectly paired signal events. The upper left and right panels show the mass
distributions of the Higgs boson and the top quark candidates, respectively.
The distributions of the angular distance between the top quark and Higgs
boson candidates, ∆R(t,H), are depicted in the lower panel.

Figure 5.19 shows the distributions of the t and H candidate masses and ∆R(t,H) in

correctly paired events. The mean and width values are extracted by fitting Gaussian

functions and averaging the fitted values from the signal simulations with T quark masses

of 1200 and 1700 GeV. In case of the T quark signal with a mass of 700 GeV, the T quark

reconstruction is not fully effective, since the Higgs boson can often not be captured in a

single AK8 jet. The final mean and width values for the global χ2 formula are listed in

Table 5.4.

The T quark candidate is reconstructed by adding the four-momenta of the top quark

and Higgs boson candidates in the pair that yields the smallest χ2 value. Figure 5.20 shows
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Figure 5.20: Kinematic distributions of the reconstructed vector-like T quark candidate in
the electron (left panels) and muon channels (right panels) after baseline event
selection. The pT distributions are shown in the uppermost panels and the
middle and lower panels depict the candidate η and mass (MT) distributions,
respectively. Simulated and recorded data are illustrated in the same way as
described in the caption of Figure 5.7.
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Table 5.4: Mean and width values used in the χ2 event reconstruction.

mean width (σ)

MH,MC 125 GeV 17.2 GeV
Mt,MC 174 GeV 16.9 GeV
∆R(t,H)MC 3.14 0.14

kinematic distributions of the T quark candidate after baseline selection. For an event to

be selected by the baseline selection, the T quark candidate reconstruction must succeed,

i. e. there must be at least one pair of H and t candidates according to the requirements

in the beginning of this section. Additionally, an angular separation of ∆R(t,H) > 2

between the top quark and Higgs boson candidates is required in order to remove events

where the t and H candidates are reconstructed with a similar direction. The top quark

candidate must have a pT of at least 100 GeV. The χ2 value itself is not used in an event

selection requirement. The kinematic distributions of the T quark candidate agree in

shape between simulation and data, apart from a minor trend in the pT distribution. This

trend is a propagation of the effects seen in the pT distributions of AK4 and AK8 jets

in Figures 5.13 and 5.15, respectively. Although subtle, it is also present in the mass

distribution (MT). No correction of these trends is pursued, because the background

shape is derived from data as described in the following sections. The signal samples with

medium and large T quark mass show resonance peaks in the MT distribution.

5.5 Signal and control region

For the design of the signal region, it is not only important to maximise signal-over-

background or a similar figure of merit, but also to develop a method for the background

estimation, presumably resulting in the smallest uncertainty possible in the final statistical

analysis. While the number of backgrounds events can only be reduced to a certain level

because signal yields must be preserved, a reduction in the uncertainty on the background

yield is achieved by deriving the background estimate from the data. Conventionally,

the background in this signal region is estimated using simulated events. This, however,

comes at the cost of large systematic uncertainties, which are mostly introduced into the

simulation through various sources, e.g. by the trigger selection efficiency, background

cross sections, parton distribution functions and many more.

In this analysis, the relevant features in the signal process are the Higgs boson decay

to b quarks and the forward jet. Starting with baseline-selected events, the signal region

is defined by requiring two subjet b tags in the final Higgs boson candidate (“subjet

b tags”) and at least one forward jet in an event. Those two requirements result in a high

signal-to-background ratio in the signal region.
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Using the same variables as for the signal region, a background control region (“control

region”) is defined. Events in the control region are required to have one subjet b tag

and no forward jet. The background shape is estimated from this control region, while

its normalisation is determined in a fit to the distribution in the data. Most systematic

uncertainties on the background shape and yield cancel with this approach, since the data

in the control region are derived in the same way as the data in the signal region, apart

from the two criteria that set the two regions apart.

Table 5.5 summarises the event selection requirements in both regions and Figure 5.21

shows the distributions in number of subjet b tags and the number of forward jets. Clearly

distinct shapes are present between signal and background in both variables. They provide

sufficient discrimination power to also obtain a control region which is nearly free of signal

contamination.

Table 5.5: Event selection criteria for the definition of the signal and control regions, show-
ing the number of subjet b tags and the number of forward jets. The shown
validation regions are used in Section 5.6.2. This table is printed as appearing
in Ref. [32].

Validation Validation
Region Signal region Control region region A region B

Subjet b tags (H candidate) exactly 2 exactly 1 exactly 0 exactly 0
Forward jets at least 1 exactly 0 exactly 0 at least 1

The variables are also carefully chosen such that the correlation between them and

the final discriminating variable is minimal, since the ultimate goal is to obtain similar

shapes of the backgrounds in the signal and control regions. Looking at first principles,

there should be no physical correlation between the T quark candidate mass and either of

subjet b tags and forward jets in the background processes. However, the performance of

b tagging is known to have a slight dependence on the pT of a jet, it is therefore important

to provide proof for the validity of the background estimate (Sections 5.6.1, 5.6.2 and 5.6.3).

For illustration of the background composition in the signal region, the MT distribution

is shown with simulated backgrounds in Figure 5.22. The dominating background process

is still top quark pair production, as after baseline selection. The large size of systematic

uncertainty attached to the simulation is visible in the MT distributions. While the

backgrounds follow a strictly falling distribution above a threshold of 900 (600) GeV in the

electron (muon) channel, the signal simulations show peaking structures slightly below

their T quark mass value, for medium and large T quark masses.

In the signal region, 35 and 134 events are selected in the electron and muon channels

in data, respectively. Figure 5.23 shows the total selection efficiency as a function of the

T quark mass. The signal selection efficiency ranges between 0.05% and 1.5%, including

all top quark and Higgs boson decay channels (≈ 6% of the signal process). The best



5.5 Signal and control region 91

performance is reached for T quark masses above 1200 GeV. Below 1200 GeV the efficiency

drops because of partially resolved Higgs boson decays. In the electron channel, the

smaller selection efficiency is already present at baseline selection level and is due to the

jet requirements in the electron trigger, as mentioned before. A larger selection efficiency

is observed for signal samples of right-handed T quark production for two reasons: First,

the spin of the T quark causes the lepton to be emitted in the flight direction of the boosted

top quark, whereas the lepton is emitted ‘backwards’ in the case of the left-handed T quark

production, leading to a harder lepton pT spectrum in the former. Second, right-handed

T quarks are produced in association with an additional top quark which may decay into

a final state with an additional lepton and thereby leads to an enhanced trigger efficiency.

A summary of the number of selected events and signal selection efficiency with statistical
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Figure 5.21: Distributions of the variables defining signal and control regions. The number
of subjet b tags in the final Higgs boson candidate and the number of forward
jets are depicted in the upper and lower panels, respectively. The electron
channel is shown on the left and muon channel on the right side. Simulated
and recorded data are illustrated in the same way as described in the caption
of Figure 5.7.
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Figure 5.22: Distribution of the T quark candidate mass in the signal region for the electron
(left) and muon (right) channels. Background samples are depicted as solid,
and signal samples as open histograms. The hatched bands indicate the
combined statistical and systematic uncertainty of the sum of all backgrounds
processes. Systematic uncertainties are described in Section 5.7. Figures
labelled “CMS” are printed as appearing in Ref. [32].
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Figure 5.23: Total selection efficiency εsel for left- and right-handed T quark production as
indicated by the lh and rh subscripts, respectively. The electron and muon
channels are shown separately. All Higgs boson and top quark decay channels
are included in the denominator of the selection efficiency. The branching
fraction of the final state targeted in this analysis is approximately 6% of the
signal process. Figures labelled “CMS” are printed as appearing in Ref. [32].
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and systematic uncertainty is presented in Table 5.6.

Table 5.6: Number of selected events Nsel and selection efficiency εsel for the signal region.
The subscripts lh and rh denote left- and right-handed T quark production.
All signals samples are normalised to a cross section of 1 pb, including all Higgs
boson and top quark decays channels. All decays channels are also included in
the denominator of the selection efficiency. The branching fraction of the final
state targeted in this analysis is approximately 6% of the signal process. The
background yield is determined in a fit of to the recorded data (as described in
Sections 5.6 and 5.8). This table is printed as appearing in Ref. [32].

Electron channel Muon channel
Nsel±stat±sys εsel (%) Nsel±stat±sys εsel (%)

Tlh(700) b 1.2± 1.1± 0.3 0.05 6.0± 2.4± 1.2 0.26
Tlh(1200) b 14.4± 0.9± 2.6 0.65 22.8± 1.1± 3.9 0.98
Tlh(1700) b 15.3± 0.9± 2.7 0.69 22.9± 1.1± 3.9 0.99

Trh(700) t 6.4± 2.5± 1.1 0.29 14.2± 3.8± 2.3 0.61
Trh(1200) t 20.3± 1.0± 3.4 0.91 33.6± 1.3± 5.4 1.45
Trh(1700) t 21.7± 1.1± 3.5 0.98 34.6± 1.4± 5.7 1.49

Nsel±stat±fit Nsel±stat±fit

Bkg (post-fit) 34.8± 1.4± 4.2 133.4± 2.5± 16.0

Data 35 134

5.6 Background estimation from data

The shape of the MT distribution in the recorded data in the control region is used as the

combined background estimate for all background processes. As mentioned before, the

control region is defined by requiring events to be selected by the baseline selection and

additionally having exactly one subjet b tag in the final Higgs boson candidate and no

forward jet. The normalisation of the background estimate is derived in a fit to the data

in the signal region, together with the signal (as described in Section 5.8).

Agreement in the shape of the MT distribution is the design goal of the background

estimate. In order to build confidence that this goal can be achieved, it is worthwhile

to look at the input distributions to MT. Figure 5.24 shows a comparison of the pT

distributions of the final Higgs boson and top quark candidates between the signal and

control regions. As the T quark candidate mass is extracted from the sum of four-vectors

of the final pair of candidates, equality in their kinematic configuration is substantial for

the equality in the MT distribution. Tension is only seen in the lower bins of the top quark

candidate pT distribution, otherwise the pT distributions of the top quark and Higgs boson

candidates are observed to agree in the signal and control regions.

Figure 5.25 shows the T quark candidate mass in the control region. Agreement in

shape between data and simulation is observed. With respect to the signal region, the
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Figure 5.24: Comparison of transverse momenta of the Higgs boson and top quark candi-
dates between the signal and control regions. The pT of Higgs boson candi-
dates are depicted in the left panel and the pT of top quark candidates are
found in the right panel. The signal region is shown as open histograms and
the control region as shaded histograms. The distributions are the sum of
all simulated backgrounds in the muon channels. Statistical uncertainties are
indicated as vertical line and hatched area for the signal and control regions,
respectively.
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Figure 5.25: Distributions of the T quark candidate mass distribution in the control region.
The left panel shows the electron and right panel the muon channel. The
signal is normalised to 20 pb, which is 20 times larger than in Figure 5.22.
Simulated and recorded data are illustrated in the same way as described in
the caption of Figure 5.7. Figures labelled “CMS” are printed as appearing
in Ref. [32].
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simulation of the signal process is enhanced by a factor of twenty (Figure 5.22). The

control region has less than 5% of the signal-to-background ratio of what is found in the

signal region. Concerning the signal contamination, it is concluded that the recorded data

in the control region can be used for the estimation of the background. A dedicated bias

test using signal injection is performed in Section 5.8.3.

Comparing Figure 5.22 and Figure 5.25, similar fractions of background are observed

in the signal and control regions. The leading contributions are 50–60% top quark pair

production, 20–30% W+jets and less than 20% multijet background. Since the control

region employs only one subjet b tag instead of two in the signal region, the control region

obtains a slightly smaller share of tt̄ events.
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Figure 5.26: Comparison of the T quark candidate mass distributions between the signal
and control regions. The sum of all simulated backgrounds are shown. The
signal (control) region is shown as open (shaded) histograms. Vertical lines
and hatched areas demonstrate the statistical uncertainties for the signal and
control region, respectively. The electron channel is depicted in the left panel
and the muon channel in the right panel. These Figures appear in Ref. [177].

The direct shape comparison in the MT distributions, also called “closure test”, is

the central instrument of background shape validation. The closure tests are shown in

Figure 5.26. Visually, agreement within statistical uncertainties is found in the Gaussian

approximation of the uncertainty in each bin, i. e. approximately 68% of the bins are

compatible within one standard deviation. The electron channel has one central bin with

a strong overestimation of the background. This is not seen as critical for the fit in

Section 5.8, since the MT distribution in a signal process always spans over at least four

bins. In the muon channel, an overestimation is revealed in the two bins of highest

MT. Also this does not significantly influence the final result, since the bulk of an MT

distribution is always below these bins, even for the signal process with the highest T

quark mass of 1800 GeV. Furthermore, the signal region in the muon channel has three



96 5 Search for single production of a heavy vector-like T quark

single events with a large uncertainty at large values of MT. Those spurious entries are

contributed by the multijet background. Since the multijet background generally follows a

power-law spectrum in all momentum-transfer related variables, those events can be seen

as statistical fluctuations.

In order to provide a more established means of statistical hypothesis testing, a χ2

test [178] is performed. The statistical uncertainties in each bin of the MT distribution in

the signal and control regions are used as weights in the test. The p-values of 0.22 and

0.09 are obtained in electron and muon channels, respectively. Therefore, the distributions

are compatible at the 0.05 significance level.

632 and 2949 data events are observed in the control region in the electron and muon

channels, respectively. Those numbers are large compared to the number of selected events

in the signal region, leading to small statistical uncertainties in the background estimate.

Figure 5.27 shows the MT distribution in the signal region with the final background

estimate from the control region.
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Figure 5.27: Final background, data, and signal distributions of the T quark candidate
mass, MT, in the signal region. Electron and muon channels are depicted
in the left and right panels, respectively. The background shape is taken
from the control region, its normalisation is extracted from a fit to the data,
as described in Section 5.7, with an uncertainty of 12% (not visualised in
the figure). The hatched band indicates the statistical uncertainty in the
background estimate. Figures labelled “CMS” are printed as appearing in
Ref. [32].

5.6.1 Sanity checks with systematic variations

The validity of the background estimate is essential for the final result. Therefore the

shape of the background estimate must be thoroughly tested. First, the closure test is

performed under parameter variations according to systematic uncertainties. Then, by
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using a region with zero subjet b tags, tests are performed with larger fractions of the

W+jets and multijet backgrounds (Sections 5.6.2). Finally, in Section 5.6.3, a closure test

in the recorded data is presented, completely independent of the simulation.

Only a few of the systematic uncertainties detailed in Section 5.7 may cause a shape

difference in MT between the signal and the control region. The uncertainty in the trigger

efficiency, as a counter-example, does not have an impact on the closure test since the

signal and control regions are affected in the exact same way. Systematic uncertainties

relevant to the closure test arise from the variables used in the definitions of the signal and

control regions, as well as from the cross sections estimates of the simulated background

processes. The identified sources of systematic uncertainty are:

Subjet b tags A different number of subjet b tags is required for the signal and control

region selections. Variations in the b tagging efficiency may therefore induce a

shape difference in both regions, especially if the b tagging efficiency carries a strong

dependence on the pT of the subjet. Heavy flavour (b and c quarks) are treated

independently from light flavour jets (u, d, s quarks and gluons), but are correlated

within their group.

Jet energy scale and resolution The presence of a forward jet according to our require-

ments is dependent on the jet energy scale and resolution. Both are shifted according

to their uncertainties.

MC cross sections As the closure test is performed in simulated data, a variation in the

cross section of a single process might yield a shape difference, given that there is

an inherent shape difference between the background processes. As a phase-space

region of large transverse momenta is tested in this analysis, the uncertainty in

the renormalisation and factorisation scales is too small, as they are calculated for

the inclusive cross section of a process. Variations of 50% in the multijet and 20%

in all other backgrounds cross sections are applied. These large uncertainties are

motivated by the overestimation in the event yield observed after baseline selection.

The variations (“minus” and “plus”) in an uncertainty are applied in separate tests,

keeping all other systematic uncertainties at their nominal values. The impact of these

variations are studied. A total number of eighteen additional closure test are conducted,

four tests for subjet b tagging, four tests for the jet energy scale and resolution and ten

background cross section variations. Figure 5.28 shows the closure tests that yield the

largest shape difference in the electron and muon channel, both of which are the result of

the minus variation in the jet energy scale uncertainty. Here, the electron channel presents

an overestimation of background events for medium T quark candidate masses. This shape

difference is not confirmed in the muon channel, where the latter is of greater importance
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Figure 5.28: Comparison of the T quark candidate mass distributions – with the minus-
variation of the jet energy scale uncertainty applied – between the signal
and control regions. The sum of all simulated backgrounds are shown. The
signal and control regions are illustrated in the same way as in Figure 5.26.
The electron and muon channels are depicted in the left and right panels,
respectively.

because of its higher statistical precision. In all other closure tests with a parameter

variation according to a systematic uncertainty, this effect in the electron channel is less

pronounced. For the muon channel, the background overestimation in the two bins of

highest MT is reproduced in most tests, but assumed irrelevant for the same reason as

above. More closure tests are shown in appendix B. Generally, the jet energy scale and

resolution uncertainties have the largest impact on the closure test, followed by the cross

sections of top quark pair and multijet production. The impact of subjet b tagging is

found to be very small. In summary, the agreement of the MT distribution between the

signal and control regions is confirmed in the tests that take systematic uncertainties into

account.

5.6.2 Sanity checks in W+jets- and multijet-enriched regions

In order to further verify the robustness of the approach, more regions in these variables

are tested. Here, events with subjet b tags in the final Higgs boson candidate are vetoed,

in order to obtain a collection of events with less top quark pair and more W+jets and

multijet background events. Two new regions are defined, called “A” (“B”), requiring

events to have no forward jet (at least one forward jet) and no subjet b tag. Figure 5.29

depicts MT in region A, showing indeed larger fractions of W+jets and multijet events, as

compared to the signal and control regions.

The shape comparisons in the T quark candidate mass of regions A and B with the

signal and control regions are shown in Figure 5.30. Agreement is observed among the



5.6 Background estimation from data 99

T quark candidate mass (GeV)
0 500 1000 1500 2000

E
ve

nt
s 

/ 8
0 

G
eV

50

100

150

 (13 TeV)-12.2 fb

Electron
channel

T quark candidate mass (GeV)
0 500 1000 1500 2000

M
C

D
at

a-
M

C

0.5−
0

0.5

Data
tH (20pb)→(1700)lhT
tH (20pb)→(1200)lhT

tH (20pb)→(700)lhT
Tot. uncert. MC
tt

W+jets
Single t
Z+jets
Multijet

T quark candidate mass (GeV)
0 500 1000 1500 2000

E
ve

nt
s 

/ 8
0 

G
eV

500

1000

 (13 TeV)-12.3 fb

Muon
channel

T quark candidate mass (GeV)
0 500 1000 1500 2000

M
C

D
at

a-
M

C
0.5−

0
0.5

Data
tH (20pb)→(1700)lhT
tH (20pb)→(1200)lhT

tH (20pb)→(700)lhT
Tot. uncert. MC
tt

W+jets
Single t
Z+jets
Multijet

Figure 5.29: T quark candidate mass distribution in region “A”. The electron and muon
channels are depicted in the left and right panels, respectively. Background,
signal and data are illustrated as in Figure 5.7.

T quark candidate mass (GeV)
0 500 1000 1500 2000

A
rb

itr
ar

y 
un

its

0.05

0.1

0.15

(13 TeV)

CMS
Simulation

Electron
channel

T quark candidate mass (GeV)
0 500 1000 1500 2000

bk
g

S
ig

-b
kg

0.5−
0

0.5

Signal region

Region A

Region B
Stat. uncert. bkg.

Control region

T quark candidate mass (GeV)
0 500 1000 1500 2000

A
rb

itr
ar

y 
un

its

0.05

0.1

0.15

(13 TeV)

CMS
Simulation

Muon
channel

T quark candidate mass (GeV)
0 500 1000 1500 2000

bk
g

S
ig

-b
kg

0.5−
0

0.5

Signal region

Region A

Region B
Stat. uncert. bkg.

Control region

Figure 5.30: Comparison of the shape of the T quark candidate mass in multiple regions
in simulation: A, B as well as the signal and control regions. All distributions
are normalised to have the same integral. The electron channel is depicted
in the left and the muon channel in the right panel. The vertical line in the
centre of a bin indicates statistical uncertainty. Figures labelled “CMS” are
printed as appearing in Ref. [32].
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regions. One central bin in the electron channel shows an under-fluctuation in the signal

region. For the reasons described above in Section 5.6, this under-fluctuation is not seen

as critical.

5.6.3 Data-to-data sanity check
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Figure 5.31: Comparison of the shape of the T quark candidate mass in multiple regions of
recorded data: A, B and the control region. All distributions are normalised
to have the same integral. The electron channel is depicted in the left and
the muon channel in the right panel. The vertical line in the centre of a
bin indicates statistical uncertainty. Figures labelled “CMS” are printed as
appearing in Ref. [32].

Figure 5.31 shows a closure test in recorded data. The regions A and B, as defined

in the previous section, are compared to the control region. Similar to the closure test

in simulation, agreement is achieved within uncertainties. Most importantly, the ratio

diagrams do not show trends. This test also confirms that the number of forward jets and

the number of subjet b tags are well suited for the definition of the signal and control

regions.

In summary, the background estimate is thoroughly tested. Using baseline-selected

events with the additional requirements of having exactly one subjet b tag in the final

Higgs boson candidate and zero forward jets, the control region is defined. It delivers a

shape estimate that agrees with the background in the signal region and has a sufficiently

large number of events to provide good statistical precision. Using different closure tests,

the agreement in shape with the signal region is validated. Although some tests show

tension in a few bins, none of the tests had a critical outcome. Therefore, the background

estimate can be used without an additional shape uncertainty.
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5.7 Systematic uncertanities

Systematic uncertainties are evaluated for the event rate and the shape of the signal

predictions. The shape uncertainty in background estimate is covered by its statistical

bin-by-bin uncertainty. The background normalisation is not used. The largest system-

atic uncertainty is introduced by a mis-modelling of forward jets in the simulation, followed

by uncertainties in the b tag selection efficiency and in jet energy scale and resolution. If

not stated differently, plus and minus variations in an uncertainty are propagated by vary-

ing an input quantity and re-evaluating the event selection and histograms. Uncertainty

bands in histograms are calculated bin-wise, where plus (minus) variations of independent

systematic uncertainties are added in quadrature. The envelope of the summed plus and

minus variations is displayed.

5.7.1 Jet energy and forward jets

The presence of a forward jet is an important characteristic of the signal process. Forward

jets are used in the definition of the signal and control regions. Similar to all jets, their

energy scale and resolution are a source of systematic uncertainty.

Jet energy scale (JES) and resolution (JER) corrections are functions of the jet pT

and η. Associated uncertainties range in the order of a few percent, as mentioned in

Section 4.6. The ±1σ variations are applied independently for scale and resolution. A

variation is applied simultaneously to AK4, forward and AK8 jets, and is propagated into

ST and Emiss
T as well. The variations in the jet energy scale for AK8 jets are also taken into

account for the calculation of the soft-drop mass. The soft-drop mass receives a resolution

smearing of ±10%, as estimated in Section 5.4.3.

Figure 5.32 depicts distributions of the number of forward jets and the η of all forward

jets for events fulfilling the baseline selection criteria and having zero subjet b tags. The

uncertainty bands include the jet energy scale and resolution variations as well as the

statistical uncertainty. Trends are visible in the ratio diagrams, showing data-to-simulation

differences that are larger than the uncertainty estimates and are increasing with the

number of forward jets or the absolute value of η.

As the forward jet is not used in the T quark reconstruction and thus not correlated with

the distribution of the T quark mass, as shown extensively in Sections 5.6.1, 5.6.2 and 5.6.3,

the mis-modelling is handled with a pure event rate uncertainty in the signal simulation.

This systematic uncertainty is derived from region A and B as defined in Section 5.6.2,

requiring the baseline selection, zero subjet b tags, and either zero (A) or one (B) forward

jets. Table 5.7 shows the number of events selected in the regions A+B and B. The

quotient of the number of selected events in those regions is the selection efficiency of

the forward jet requirement εfwd
sel . The selection efficiencies differ by approximately 12%
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Figure 5.32: Distributions of the number of forward jets (upper panels) and η of all for-
ward jets (lower panels). The electron channel is shown on the left and the
muon channel on the right side. Events are baseline-selected and additionally
required to have exactly zero subjet b tags in the final Higgs boson candidate
(sum of regions A and B). The background processes are shown as coloured
histograms and the data are depicted as black markers. Open histograms in-
dicate signal simulations, normalised to a cross section of 20 pb. The hatched
bands shows the combination of the statistical uncertainty with the jet energy
scale and resolution uncertainties.
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between data and simulation. In order provide a conservative uncertainty estimation, a

rate uncertainty of 15% is applied to the simulation.

Table 5.7: Selected number of events in the regions A+B and B, and selection efficiency of
the forward jet requirement. MC represents the sum of all background processes
in simulation.

region A+B B εfwd
sel

Data 6733 1485 0.22
MC 7411 1822 0.25

5.7.2 Uncertainty in b tagging

The second largest impact on the signal event yield enters through the uncertainty in

subjet b tagging. Selection efficiency corrections for b tagging are applied in simulation

dependent on the subjet pT and η (as described in Section 4.9). The corrections have

an uncertainty of 2—5 % for b quark jets, 4—10%̇ for c quark jets and 7—10 % for light

flavoured jets (u, d, s, g). Heavy and light flavour scale factors are applied independently,

but correlated within their group, i. e. b and c flavour are correlated and light quark

flavours are correlated. The impact of the systematic uncertainty of heavy flavour subjets

on the signal event rate is larger than the one of light flavour subjets and ranges from 6%

to 9% percent, depending on the signal sample.

5.7.3 Other systematic uncertainties

More systematic uncertainties are introduced into the simulation by the parton distribution

functions (PDF), the number of primary proton interactions (pileup), the lepton trigger

and isolation and the integrated luminosity of the recorded data.

The complete set of NNPDF 3.0 PDF replicas [179] is assessed for the determination of

the systematic uncertainty in the PDF. NNPDF uses data from the LHC and HERA to

estimate the PDF and features a closure test methodology for internal validation. The sig-

nal samples are re-evaluated bin-wise for each one of the 100 replicas. Those re-evaluations

are averaged and intervals of one standard deviation are calculated. The lower and upper

bounds of these intervals are taken as the minus and plus variations in the PDF uncer-

tainty, respectively.

For pileup, variations of ± 5% in the inelastic proton-proton cross section [180] are used

to calculate the mean number of interaction vertices per bunch crossing, given the mea-

sured instantaneous luminosity for every period of data-taking. Events in the simulation

are re-weighted using those variations in the pileup distribution. The integrated luminos-

ity of the recorded data has an uncertainty of ± 2.7% [181], which is applied to the event
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Table 5.8: Impact on the signal event yield by the systematic uncertainties. Three mass
values of left-handed T quark production are shown. The forward jet and
lepton isolation and trigger uncertainties only affect the total event rate. All
other uncertainties may be shape changing, i. e. they are evaluated bin-by-bin
for all distributions. The values in this table are given in percent of the total
event rate. This table appears in Ref. [32].

Electron channel Muon channel
Tlh(700) Tlh(1200) Tlh(1700) Tlh(700) Tlh(1200) Tlh(1700)

b tag, heavy fl. 7.8 7.6 8.7 6.0 7.5 8.5
b tag, light fl. 0.7 0.7 0.5 1.2 0.6 0.7
Forward jet 15.0 15.0 15.0 15.0 15.0 15.0
JER 7.0 0.6 0.2 0.2 2.3 0.9
JES 9.0 4.2 4.9 3.8 3.8 4.4
Lepton iso. 5.0 5.0 5.0 5.0 5.0 5.0
soft-drop mass 3.1 1.1 0.3 0.5 0.3 1.3
PDF 4.8 2.7 4.2 4.8 2.8 4.1
Luminosity 2.7 2.7 2.7 2.7 2.7 2.7
Pileup 1.4 0.6 0.1 1.3 0.7 1.1

rate of the signal process. Lepton trigger, isolation and identification criteria are cov-

ered with a rate uncertainty of ± 5% [143]. Table 5.8 shows the impact of the systematic

uncertainties on the signal event rates.

5.8 Results and interpretation

No significant deviation from the expected background shapes are present in the recorded

data (as shown in Figure 5.27). Compatibility tests lead to p-values of 0.97 (0.51) in

the electron (muon) channel. The p-values are derived with the Kolmogorov-Smirnov

test [182], which is well-suited for distributions with a low number of events. Exclusion

limits on the single T quark production are set using a Bayesian fitting technique [183].

Theory cross sections for comparison to the exclusion limits are discussed in Sec-

tion 2.3.3. The outcome of the fitting procedure is examined and tests are performed

in Section 5.8.2 and 5.8.3, in order to proof that the fit is not biased.

5.8.1 The statistical model

Exclusion limits are set on the product of the single T quark cross section and the branching

fraction of the T quark decaying into a Higgs boson and a top quark. A Bayesian statistical

method [183,184] is applied to fit the templates of the MT distributions in the signal and

the background estimate to the recorded data. The fit is performed simultaneously in

the electron and muon channels. For the signal strength βsig, a multiplicative modifier
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of the signal normalisation, a flat prior distribution is used. The background estimate is

normalised to the number of events in the signal region in the data before it enters the fit.

It obtains a Gaussian prior with a mean and a width of one (100% width).

Systematic uncertainties are treated as nuisance parameters. The signal templates have

rate and shape uncertainties. A log-normal prior is used for the normalisation of the signal

templates for rate-only uncertainties. For every shape uncertainty, dedicated templates

are created by re-running the analysis under the variation in the systematic uncertainty.

Those templates represent one standard deviation. Plus and minus variations are treated

separately. For the interpolation between the nominal template and the systematic vari-

ation, as well as the extrapolation beyond the systematic variation template, so-called

“template morphing” is applied [184]. A cubic interpolation is used up to one standard

deviation and a linear projection beyond that. In the background estimate, a dedicated

rate uncertainty is not needed, since the prior distribution allows for large deviations

in the total background rate. In order to incorporate the statistical uncertainty in the

background estimate as a shape uncertainty, the “Barlow-Beeston light” method [185]

is applied. This method assumes a Gaussian approximation of the uncertainty in each

bin. Since the statistical uncertainty suggested by the Poissonian distribution becomes

strongly asymmetric for small counts, the uncertainty needs to be large enough so that

the Gaussian approximation is still valid. The appropriate minimum uncertainty is set to

be 30%, thereby requiring at least 12 events in every bin of the background estimate. The

template bins are merged accordingly. The Barlow-Beeston light method is also used to

include the statistical uncertainty in the signal templates.

The statistical method uses a Markov Chain Monte Carlo (MCMC) [186] in order to

randomly integrate over the multidimensional space set up by the input parameters, e.g.

the normalisation of the background estimate. The MCMC generates points in this pa-

rameter space, where the density of points expresses probability density. The ensemble

of MCMC points in one dimension is used to extract (“marginalise”) the posterior proba-

bility distributions. The signal strength posterior distribution is used to set the exclusion

limits at 95% confidence level (CL).

5.8.2 Posterior distributions of nuisance parameters

The mean and standard deviation values of the posterior distributions of all nuisance

parameters are compared with their initial uncertainty estimates. For an uncertainty that

is present in the background estimate, the fitting procedure can find the optimal value of

the nuisance parameter. This is the point where the background estimate best matches the

observed data. On the other hand, a posterior distribution of a nuisance parameter must

retain the shape of its prior if the corresponding systematic uncertainty is not present in

the background estimate but only in the signal simulation. In this analysis, none of the
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systematic uncertainties in the signal apply to the background. Therefore, their pull values

are observed to be zero with an uncertainty of one, as expected from the argument above.

The normalisation of the background estimate is found to be close to zero as well, but its

uncertainty is much smaller than one. This is expected as well, since the uncertainty on

the background normalisation is purposefully set to a large value of 100% before the fit in

order to leverage solely the shape information in the background estimate. The post-fit

nuisance parameter values are shown in Appendix C.1.

Approximate Z-values (significance in σ) are calculated using Wilks’ Theorem [187],

Z =

√
2 log

Ls+b

Lb
,

with the likelihood functions L of the signal plus background (s+b) and background-only

(b) hypotheses. The Z score is only well-defined if the observed limit is larger than the

expected limit. Using the definition of a one-sided Gaussian integral, the Z-score is also

converted to a P-value, which represents the probability of finding the observed data under

the background-only hypothesis. The highest Z-score (lowest P-value) for Tb production

of 0.54 (0.29) is found for a T quark mass of 700 GeV. In the case of Tt production,

this is 0.36 (0.35) at a T quark mass of 1100 GeV. Those values are compatible with the

background-only hypothesis.

5.8.3 Signal injection test

In order to check that the shape information encoded in the background templates is

sufficient to obtain an unbiased result, a bias-test is performed. Especially for the low

signal mass points this is critical, where the MT distributions in the signal and background

peak close to each other. A signal is injected for eight mass points in Tb production. For

each mass point, 1000 toy Monte Carlo distributions in MT are drawn from the sum of the

MT distributions in the data and the signal simulation. The signal strength is adjusted

such that a two to three σ excess is created. The background and signal templates are

fitted to the toy data in the same way as described above and the signal strengths obtained

in the fits are averaged. Table 5.9 lists the input and output signal strengths of the signal

injection tests for the evaluated mass points. The according exclusion limit plots are

shown in Appendix C.2. The input signal strengths are reproduced very well. In general,

a bias towards lower signal strength is observed, as none of the fitted signal strengths

fluctuates above its input value. The bias is very small, however, especially compared to

the uncertainty in the fitted signal strength. A correction of the bias is not undertaken.

Since the examination of the post-fit parameters and smallest p-values as well as the

bias-test return sensible results, it can be concluded that the fitting procedure has a decent

performance.
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Table 5.9: Signal injection test: Input and output signal strengths (βs).

signal mass point input βs fitted βs

Tlh(0700) 4.0 3.97± 2.45
Tlh(0800) 3.0 2.97± 1.13
Tlh(0900) 2.0 1.98± 0.65
Tlh(1000) 1.0 0.96± 0.38
Tlh(1100) 1.0 0.95± 0.33
Tlh(1200) 1.0 0.97± 0.29
Tlh(1500) 1.0 0.98± 0.26
Tlh(1800) 1.0 0.97± 0.24

5.8.4 Exclusion limits
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Figure 5.33: Expected and observed exclusion limits at 95% CL on the product of the
single T quark production cross section and the branching fraction for the
T → tH decay. The electron and muon channels are fitted simultaneously.
Left- and right-handed T quark helicities, produced in association with b
and t quarks, are depicted in the left and right panel, respectively. Figures
labelled “CMS” are printed as appearing in Ref. [32].

The 95% CL expected and observed upper limits on the product of the single T quark

production cross section and the branching fraction for the decay to a top quark and a

Higgs boson are shown in Figure 5.33. Both scenarios from the simplest Simplified model

are depicted together with their benchmark model predictions.

While the signal processes are generated with a narrow width assumption as working

hypothesis, as described in Section 5.3.1, the benchmark model predictions must have

Γtot = Γh + ΓW + ΓZ at an acceptable value, i. e. not exceeding the experimental reso-

lution. This makes it necessary to limit the coupling modifiers c
bW (tZ)
L (R) , as mentioned in

Section 2.3.3. The mass resolution of this analysis is estimated to be larger than 20% of

the generated T quark mass mT (as visible in Figure 5.27). In order to be conservative,
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a coupling modifier of c
bW (tZ)
L (R) = 0.5 is used in Tb (Tt) production, corresponding to a T

quark width of Γtot/mT ≈ 10%.

Values of 0.49 pb and 0.18 pb (0.42 pb and 0.14 pb) for T quark masses of 1200 GeV

and 1700 GeV, respectively, are excluded at 95% confidence level for associated Tb (Tt)

production. The exclusion limits are approximately one order of magnitude larger than the

predictions of the simplified model scenarios. These specific models restrict the T quark

coupling to third generation standard model quarks and more data is needed in order to

constrain them. The presented exclusion limits are beneficial to the theory community

nonetheless, because already a small T quark coupling to light quarks would lead to a

dramatically increased cross section of singly produced vector-like quarks. This is the first

result on single vector-like quark production by the CMS Collaboration.



6 The double-vertex reconstruction efficiency of the

Inclusive Vertex Finder

The reconstruction efficiency of the Inclusive Vertex Finder is studied in the case where

two vertices are present at small distance in the η − φ plane. Various standard model

precision analyses are measuring ∆R(b, b̄) and other angular quantities. The region of

small angular distance bears difficulty because of high track density and combinatorial

complexity. The simulation must therefore be commissioned carefully. A clean set of top

quark pair events is used to perform a template fit with a two-dimensional distribution

of reconstructed mass values of vertices and finally derive an efficiency correction for the

simulation (“scale factor”). The work presented in this chapter was performed as a service

work for the CMS collaboration in 2014 and is also summarised in Ref. [188].

6.1 Introduction

The Inclusive Vertex Finder (IVF) [189] is designed to find secondary vertices from the set

of all reconstructed tracks in the CMS tracker instead of taking the tracks of single jets

only, as done in CMS conventionally [154]. Since tracks from one secondary vertex may

be clustered into more than one jet, the conventional method has an intrinsic inefficiency

in this respect.

The IVF has been applied successfully in the cross section measurement of associated Z

boson and double b quark production, which is an important background for Higgs boson

measurements and is also sensitive to some new physics scenarios [190]. In the future,

these kinds of measurements may benefit from a scale factor of the IVF performance on

multiple vertices at low angular separation.

The IVF produces a list of secondary vertices for each event. It starts with so-called

seeding tracks that have a large impact parameter in three dimensions and clusters them

with other tracks that might be emitted from a common secondary vertex on the basis of

direction, distance and angular separation of the tracks. A fit is performed to determine the

best three-dimensional position of the secondary interaction and to rate the importance of

tracks in the fit with so-called track-weights. The track-weight measures the compatibility

of the track with the vertex with values ranging between zero and one, where the former

(latter) indicates poor (good) compatibility.

For most processes in proton-proton collisions at a centre-of-mass energy of several
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TeV, the region probed in this study is dominated by gluons splitting to pairs of b quarks.

Gluon splitting is difficult to model by event generators, since different energy scales are

present, which are the scales of the hard interaction process and the splitting scale itself.

At small splitting angles, non-perturbative effects play a role as well. On the other hand,

the angular distribution of accidentally overlapping b jets in top quark pair events can be

modelled very well, since the large mass of the top quark ‘decouples’ the pair of b quarks,

leaving angular distributions to be dominated by kinematic effects.

Top quark pair events are used in the channel where one top quark decay includes an

electron and the other one a muon. The only detectable final state particles in this channel

are the leptons and the b partons and a high purity in tt̄ events can be achieved. Therefore,

this channel provides a solid basis for the distance measurement of the b partons in η− φ
space, ∆R(b, b̄). That said, initial and final state radiation contribute jet activity as well.

Details on the simulated samples and the event selection are given in the Sections 6.2

and 6.3, respectively. After the event selection, vertex mass templates are derived for both

of the categories in bins of ∆R(b, b̄). The mass estimate of vertices is used in the fit since

the B hadron decays are expected to lead to a mass distribution that is different from the

ones resulting from D hadron decays and mis-identifications. Template fits are performed

in order to estimate the contribution of correctly identified events in the data and scale

factors that reflect the difference in the amount of correctly identified events with two

B hadron candidates in simulation and data are derived.

6.2 Recorded and simulated datasets

In this study, 19.7 fb−1 of proton-proton collision data recorded in 2012 at a centre-of-

mass energy of 8 TeV are used. Events are triggered with two triggers that both require

an isolated electron and an isolated muon candidate, with momentum thresholds of pT >

8 GeV and pT > 17 GeV, respectively, and vice versa.

MadGraph (v. 5.1) [191, 192] is used for the modelling of the top quark pair, the

W+jets and the Z+jets processes at leading order (LO). Up to four partons are in-

cluded in the matrix element calculations of the W+jets and Z+jets processes (up to

three partons in top quark pair production) and are, using the MLM prescription [125],

matched to parton showers. The production of single top quarks is simulated at LO with

powheg (r1380) [193]. pythia (v. 6.424) [194] is used to simulate di-boson processes

i. e. WW, WZ and ZZ production in association with jets, as well at LO. In the single

top quark and in the di-boson samples, the decay of the tau lepton is modelled with

tauola [195]. Multijet events are not considered, since the simultaneous occurrence of

an isolated electron, an isolated muon and two secondary vertices is very unlikely in those

types of events.

In all samples, pythia is used for the hadronisation and the fragmentation, adopting
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‘TuneZ2Star’ [126] for the description of the underlying event. The parton distribution

functions CTEQ6L1 [196] are used at LO, matching the precision of the matrix element

calculations. The effect of pileup is modelled by simulating additional proton-proton

interactions. Simulated events are weighted to match the distribution of the true number

of proton-proton interactions per bunch crossing that is observed in the recorded data.

Interaction of particles with the CMS detector and its electronic response are simulated

with Geant4 [128,129]. More information on event generation is given in Section 3.5 and

in Section 3.5.2, the detector simulation is described in detail.

6.3 Reconstruction and selection

6.3.1 Vertex candidates

Proton-proton interaction vertices are reconstructed from tracks that have a small impact

parameter. The vertex with the largest sum of squared momenta of the associated tracks

is called the primary vertex. As explained above, the IVF thereafter produces a list of

secondary vertices. The four-momentum of a secondary vertex is the weighted sum of

the four-momenta of all tracks associated to the vertex. From the vertex momentum,

the pT and the mass of the vertex are extracted. The vertex flight direction is a three-

vector pointing from the primary vertex to the secondary vertex. After reconstruction,

overlapping vertices are merged based on their spatial distance and the amount of shared

tracks. Spurious vertices are removed, e.g. if they are not significantly separated from the

primary vertex or have a bad χ2 resulting from the vertex fit procedure. Vertices in this

class are called “IvfBaseline” in this study. The vertex reconstruction has a very good

precision in the flight direction of a vertex, directly leading to a good resolution in the

angle between two vertices. A small binning can be used in ∆R distributions without the

need for unfolding to the true distribution.

In the next step, occurrences of B hadron decays with the subsequent decay of a

D hadron are identified, where the D hadron caused an additional vertex that is re-

constructed separately. All tracks of the D hadron candidate are added to the B hadron

candidate and the D hadron candidate is not considered any further. The resulting list

of vertices is are called “IvfIntermediate” vertices. This is the first class of vertices, for

which a scale factor is derived in this study.

Starting from IvfIntermediate vertices, a third class of vertices, called “IvfFinal”, is

defined by a set of identification requirements. For a reconstructed vertex to be selected

into this class, its four-momentum must have pT > 8 GeV and |η| < 2.0, and point into

the same direction as the flight direction of the vertex within ∆R < 0.1. The vertex

must have at least three tracks with a track-weight of at least 0.5. It must be contained

in the beampipe, therefore, the two-dimensional distance (i. e. the distance in the x − y



112 6 The double-vertex reconstruction efficiency of the Inclusive Vertex Finder

plane) from the beamspot must be less than 2.5 cm. Lastly, the significance of the spatial

separation from the primary vertex must be at least 3.0 and at least 5.0 for the two- and

three-dimensional distance estimates, respectively. A requirement on the vertex mass is

not applied, since the vertex mass is used in the template fit procedure, as described in

Section 6.4.1.

The vertices in the IvfBaseline, IvfIntermediate and IvfFinal categories are matched to

the initial B and D hadrons produced by the hadronisation with Pythia1. This matching

is only performed in the top quark pair sample, which is split into four categories depending

on the number of vertices that are matched to generator particles. A hadron is assigned

to a vertex if its flight direction is found within ∆R < 0.1 of the flight direction of the

generator hadron. When multiple assignments are possible, the one that leads to the

smallest angular difference is taken. In the first step, the matching procedure is applied

with B hadrons only. If only one vertex-match to a B hadron could be assigned, the

matching procedure is applied to the remaining vertices with D hadrons. The resulting

subdivisions of the top quark pair sample are ‘2 B matches’, ‘B+D match’, ‘1 B match’

and ‘no match’.

For the calculation of the ∆R variable, the flight directions of the vertices under con-

sideration are used. If more than two vertices are available, only the pair of IVF vertices

with the smallest ∆R is used.

6.3.2 Event selection

Top quark pair events in the decay channel with one electron and one muon in the final

state are selected. Electron and muon candidates are generally reconstructed as described

in the Sections 4.3 and 4.4, but for an LHC centre-of-mass energy of 8 TeV, different

identification working points are used. Electron candidates must have pT > 20 GeV and be

reconstructed within |η| < 2.5. The multivariate identification must yield a discriminator

threshold of larger than zero, corresponding to a selection efficiency between 85% and

95% for prompt electrons depending on η and pT of the electron candidate. A relative

isolation criterion is applied, requiring the sum of photon as well as charged and neutral

hadron deposits in a cone of ∆R < 0.3 around the lepton to be less than 15% of the

transverse energy of the electron candidate. For muon candidates, two sets of identification

criteria are needed, called the “veto” and “tight” working points. Only global and tracker

muon candidates, reconstructed with the particle flow algorithm, are considered. A muon

candidate is selected by the veto working point, if it has pT > 10 GeV and |η| < 2.5. Similar

to electron candidates it must be isolated, i. e. having the sum of photon as well as neutral

and charged hadron deposits not exceed 20% of the pT of the muon candidate. For the

1Since the hadronisation in Pythia produces a chain of particles with many repetitions of the B and
D hadrons, only those are used that contain b and c quarks, respectively, but their decay products do
not.
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tight working point, the veto identification criteria must be fulfilled, with the additional

requirements of finding the muon candidate track at most 5 mm away in z-direction from

the primary vertex and having pT > 20 GeV.

An event is selected for this study, if either one or both of the triggers described above

selects the event. It must also have exactly one muon candidate according to the tight iden-

tification criteria and no further muon candidates passing the veto requirements, exactly

one electron candidate and at least two reconstructed vertices in the IvfBaseline category.

These identification and selection steps are applied according to a CMS-wide guideline for

the selection of top quark pair events in the decay channel with two leptons. There are

two differences with respect to this guideline. First, a requirement on the invariant mass

of the pair of leptons is omitted. Second, the presence of two reconstructed IVF vertices is

required. Efficiency corrections (“scale factors”) for the electron and muon identification

and isolation are applied [113,141]. For the selection efficiency of one IVF vertex, a scale

factor of 0.92 between data and simulation has been determined [190]. However, this scale

factor is not applied, since the goal of this study is to find a scale factor for IVF vertices as

well. As a consequence, a difference in normalisation of 0.922 between data and simulation

is expected as a result of requiring events to have two IVF vertices.

6.3.3 Evaluation of the simulation quality

Distributions related to the vertices in the categories IvfIntermediate and IvfFinal are

shown in Figure 6.1 and Figure 6.2, respectively. A difference in normalisation is seen in

all distributions and, as mentioned before, this is expected from requiring events to have

two IVF vertices, but not applying the according efficiency correction factor. Agreement

between data and simulation is found in the shape of the pT distributions, although there

is a slight trend towards more events in data in the first two bins. The deviation in the

number of tracks distributions is a known disagreement, which probably results from a

generally higher tracking efficiency in the simulation [154]. This disagreement explains

the trend in the ratio plots of the vertex mass distribution, where a systematic drift

towards stronger underestimation at high vertex masses is observed. The trends in the

mass distributions are less severe than the what is observed in the number of tracks

distributions.

In Figure 6.3, the number of vertices distributions and the ∆R(b, b̄) distributions are

depicted in all three categories. Generally, the ∆R(b, b̄) distributions show a triangular

shape that results from the geometric configuration of the top quark pair decay. En-

hancements at low angles are observed, and the simulation shows how non-merged and

misidentified vertices contribute to it. The size of this enhancement decreases by merg-

ing B and D hadrons (from IvfBaseline to IvfIntermediate) and the application of vertex

quality criteria (from IvfIntermediate to IvfFinal). In the IvfFinal category, a reasonable
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Figure 6.1: Distributions of vertex quantities in the IvfIntermediate category. The left
(right) column of diagrams shows the distributions of the vertex with the
(second) highest pT in an event, called (2nd) leading vertex. The upper panels
depict the distribution of the sum of transverse momenta of all vertex tracks.
In the middle row, the mass of the sum of all tracks in a vertex is shown. The
lower diagrams depict the number of tracks attached to a vertex.
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Figure 6.2: Distributions of vertex quantities in the IvfFinal category. The left (right)
column of diagrams shows the distributions of the vertex with the (second)
highest pT in an event, called (2nd) leading vertex. The upper panels depict
the distribution of the sum of transverse momenta of all vertex tracks. In the
middle row, the mass of the sum of all tracks in a vertex is shown. The lower
diagrams depict the number of tracks attached to a vertex.



116 6 The double-vertex reconstruction efficiency of the Inclusive Vertex Finder

number of IVF vertices

0 2 4 6

E
ve

nt
s

10000

20000

Data
Stat. uncert. MC
TTbar (2 B matches)
TTbar (B+D match)
TTbar (1 B match)
TTbar (no match)
DY + jets
Single top
Di-boson

number of IVF vertices
0 2 4 6

M
C

D
at

a-
M

C

0.5−
0

0.5

IvfBaseline

 (8 TeV)-119.7 fb

 R∆
0 1 2 3 4 5

E
ve

nt
s

1000

2000

3000

Data
Stat. uncert. MC
TTbar (2 B matches)
TTbar (B+D match)
TTbar (1 B match)
TTbar (no match)
DY + jets
Single top
Di-boson

)bR(b, ∆min 
0 1 2 3 4 5

M
C

D
at

a-
M

C

0.5−
0

0.5

IvfBaseline

 (8 TeV)-119.7 fb

number of IVF vertices

0 2 4 6

E
ve

nt
s

10000

20000

Data
Stat. uncert. MC
TTbar (2 B matches)
TTbar (B+D match)
TTbar (1 B match)
TTbar (no match)
DY + jets
Single top
Di-boson

number of IVF vertices
0 2 4 6

M
C

D
at

a-
M

C

0.5−
0

0.5

IvfIntermediate

 (8 TeV)-119.7 fb

 R∆
0 1 2 3 4 5

E
ve

nt
s

200

400

600

Data
Stat. uncert. MC
TTbar (2 B matches)
TTbar (B+D match)
TTbar (1 B match)
TTbar (no match)
DY + jets
Single top
Di-boson

)bR(b, ∆min 
0 1 2 3 4 5

M
C

D
at

a-
M

C

0.5−
0

0.5

IvfIntermediate

 (8 TeV)-119.7 fb

number of IVF vertices

0 2 4 6

E
ve

nt
s

5000

10000

Data
Stat. uncert. MC
TTbar (2 B matches)
TTbar (B+D match)
TTbar (1 B match)
TTbar (no match)
DY + jets
Single top
Di-boson

number of IVF vertices
0 2 4 6

M
C

D
at

a-
M

C

0.5−
0

0.5

IvfFinal

 (8 TeV)-119.7 fb

 R∆
0 1 2 3 4 5

E
ve

nt
s

100

200

300

Data
Stat. uncert. MC
TTbar (2 B matches)
TTbar (B+D match)
TTbar (1 B match)
TTbar (no match)
DY + jets
Single top
Di-boson

)bR(b, ∆min 
0 1 2 3 4 5

M
C

D
at

a-
M

C

0.5−
0

0.5

IvfFinal

 (8 TeV)-119.7 fb

Figure 6.3: Distributions of the number of vertices and the minimal ∆R(b, b̄) between
vertices in the left and right panels, respectively. The minimal ∆R(b, b̄) dis-
tributions show the pair of vertices with the smallest ∆R(b, b̄) if more than
one combination is possible. The IvfBaseline category is depicted in the upper
diagrams, IvfIntermediate is displayed in the middle and the lower diagrams
show the IvfFinal category.
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agreement in shape is found over the complete ∆R range. For the other two categories

the comparison is worse at small ∆R, but good for the rest of the distribution.

The enhancement at small angles is most pronounced in the IvfBaseline category. This

peak is almost exclusively constituted by events where a B–D hadron decay chain is found

in simulation, with both vertices reconstructed. These vertices are mostly merged in the

IvfIntermediate category, but a fraction of events with B–D decay chains are left. The

largest fraction of events at low angles in the IvfIntermediate is constituted by events with

one mis-reconstructed vertex. With the application of quality requirements, these events

are almost completely removed in the IvfFinal category. Nevertheless, at very small angles

(∆R(b, b̄) < 0.1) the fraction of non-merged vertices is dominating in simulation and the

data follows this shape.

While the ∆R(b, b̄) distributions mostly agree in shape between data and simulation for

the IvfBaseline and IvfIntermediate categories, the number of vertex distributions shows

strong systematic deviations. A significant fraction of events has more than two vertices

in the IvfBaseline and IvfIntermediate categories. Hence, in the corresponding ∆R(b, b̄)

distribution, events at low angles are likely to have a third vertex at larger angles. Since

shape differences are noticeable, it is important to derive scale factors, which is done in

the following.

6.3.4 Vertex mass validation

The template fit is this performed using the mass estimate of a reconstructed vertex.

The mass estimate before B-to-D merging is used, which allows not only for templates in

the mass of B hadron candidates, but for D hadron mass templates as well. In order to

validate the description of these non-merged vertices, the large accumulation of events at

small angles in the IvfBaseline category is exploited. Here, one B and one D hadron have

been matched for the largest fraction of events. It is verified that the vertex with the larger

mass is always matched to the B hadron. By examination of the mass distribution of the

vertex with the larger mass in an event, the B hadron mass reconstruction can therefore

be tested. Likewise, the mass distribution of D hadrons can be tested as well.

Figure 6.4 shows the vertex mass distributions of vertices that have ∆R < 0.1 between

their flight directions in the IvfBaseline category, ordered by their mass estimate. Agree-

ment in the shape of the mass distributions between data and simulation is observed. The

non-merged mass estimate may therefore be taken from simulation for fit templates in the

B and D vertex candidate masses.
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Figure 6.4: Validation of the mass estimate for non-merged vertices, i. e. before D and
B hadron candidates are merged. Vertices are taken from the IvfBaseline
category and have ∆R < 0.1. The mass distribution of vertices with the larger
(smaller) mass estimate is shown in the left (right) panel.

For the category with misidentified vertices, such a check cannot be done easily. It must

be assumed that the simulation describes the shape of this category sufficiently well and

a validation of this assumption is left open for future investigations.

6.4 Simulation scale factor

A template fit is performed to the mass distributions of two vertices in two dimensions.

The IvfIntermediate and IvfFinal categories are evaluated independently. Using the fit

result, the ratio of selection efficiency in data and simulation is derived in three bins of

∆R(b, b̄). The boundaries for the bins are 0.0–0.5, 0.5–0.8 and 0.8–1.0. The widths of the

bins are set to obtain a sufficiently large number of events in each bin. The scale factors

are only derived for signal events, i. e. events where two B hadron vertices are correctly

identified, and not for event with misidentified vertices.

6.4.1 Template fit to the vertex masses

If more than two vertices are present in a category, the pair of vertices that results in the

smallest ∆R(b, b̄) is used in the following. Only the non-merged vertices in the IvfBaseline

category have been validated above in Section 6.3.4. For merged vertices, this test is not

possible. Therefore, the vertices in the IvfIntermediate and IvfFinal categories are matched

to vertices in the IvFBaseline category and the mass of the IvfBaseline candidate is used

in the fit. The larger mass value is assigned to the x-axis and the smaller value to the

y-axis. Figure 6.5 shows the two-dimensional distributions of vertex masses in the data,

in the search bin of smallest angular distance, i. e. 0.0 < ∆R(b, b̄) < 0.5.
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Figure 6.5: Two-dimensional distribution of vertex masses in the data. The vertices have
an angular distance of 0 < ∆R(b, b̄) < 0.5. The IvfIntermediate category is
depicted in the left panel and the IvfFinal category in the right panel. The mass
values in these distributions are extracted before D hadron vertex candidates
are merged with B hadron candidates.

For the template fit, the two-dimensional vertex mass distributions are converted to

one-dimensional histograms by ordering the rows in Figure 6.5 next to each other. Again,

the bins are merged in order to ensure sufficient statistical precision for the template fit.

The templates for the fit are called ‘B+B vertex’, ‘B+D vertex’ and ‘B+Fake vertex’,

according to the types of hadrons that are matched to the reconstructed vertices. ‘Fake’

describes a vertex that neither has a matched B nor a matched D hadron. Those templates

are drawn from the top quark pair simulation only. The fraction of non-tt̄ backgrounds is

small. Those background events are not subtracted but remain in the data. It is assumed

that only a very small fraction of the non-tt̄ backgrounds have two B hadrons, hence their

shape should be well represented by the B+D vertex and the B+Fake vertex fit templates.

Figure 6.6 shows a shape comparison of the fit templates. Distinct shapes are found

in all ∆R(b, b̄) bins of the IvfIntermediate and IvfFinal categories, thus providing the

discrimination power to distinguish between signal and background.

A maximum likelihood fit is performed with the Theta-framework [184], where the

normalisations of the three template categories are the parameters in the fit. A flat prior

distribution is used for all parameters. Figure 6.7 depicts the result of the template fit.

The obtained χ2/NDF show that the template fit procedure returns satisfactory results

in all cases.
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Figure 6.6: Shape comparison of the fit templates. The IvfIntermediate and IvfFinal
categories are depicted in the left and right panels respectively. From the
upper to the lower row, the templates are given for 0 < ∆R(b, b̄) < 0.5,
0.5 < ∆R(b, b̄) < 0.8 and 0.8 < ∆R(b, b̄) < 1.0. The bins in the two-
dimensional vertex mass distribution are ordered such that one slice on the
y-axis of Figure 6.5 starts at a modulo of 10 in the one-dimensional represen-
tation. All distributions are normalised to an area of one. Summed bins are
not divided by their bin width.
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Figure 6.7: Results of the fit in the IvfIntermediate and IvfFinal categories in the left and
right panels, respectively, for bins in ∆R(b, b̄) of 0 < ∆R(b, b̄) < 0.5 (upper
panels), 0.5 < ∆R(b, b̄) < 0.8 (middle panels) and 0.8 < ∆R(b, b̄) < 1.0
(lower panels). The bins in the two-dimensional vertex mass distribution are
ordered such that one slice on the y-axis of Figure 6.5 starts at a modulo of 10
in the one-dimensional representation. Summed bins are not divided by their
bin width and therefore represent the true number of events therein.
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6.4.2 Result

The B+B vertex normalisation factors from the fit are the scale factors. Figure 6.8 shows

the result for both categories. The statistical uncertainties in the scale factors from the fit

are in the order of 10% to 20%. However, smaller uncertainties are necessary to be useful

for physics analysis.
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Figure 6.8: Scale factors for the IvfIntermediate and IvfFinal categories on the left and
right side, respectively. The indicated uncertainty is given by the fitting pro-
cedure. The green line indicates the quadrature of the flat IVF efficiency scale
factor of 0.92 [190].

Systematic uncertainties are not investigated at this point. It can be safely assumed

that the statistical uncertainty found here would be the dominating uncertainty. For com-

parison, a measurement of the top quark pair cross section with a similar event selection

has a systematic uncertainty of below 4% [197].

6.5 Summary

The reconstruction efficiency of the Inclusive Vertex Finder in events with two B hadrons

at small angular distance is compared in data and simulation. Top quark pair events

are used in the decay channel where one electron and one muon are present in the final

state. This final state provides a clean environment of events with a high purity in top

quark pair events and two b jets from the top quark decays. Furthermore, the ∆R(b, b̄)

distribution of those vertices is expected to be modelled well, as the large mass of the top

quark allows for a precise perturbative calculation. A maximum likelihood template fit

to the two-dimensional distribution of the vertex candidate masses is performed and scale

factors are derived for the efficiency of correctly identifying two B hadron vertices.

The simulation agrees with the scale factor for single IVF vertex reconstruction of

0.92 [190] within the uncertainty of 20%. This uncertainty is solely based on the statistical
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uncertainty from the template fit which results from the small number of events at low

angular distance, and neglecting all possible sources of systematic uncertainty. Asserting

from a measurement with a comparable event selection, the systematic uncertainty in this

study is much smaller than the statistical uncertainty.

For future investigations, it must be ensured that a smaller statistical uncertainty can

be achieved. This could be done by including more top quark pair decay channels, with

the downside of raising the fraction of non-tt̄ background events. The study could as well

be performed with the much larger dataset at a centre of mass energy of 13 TeV, where

more data has been collected and the cross section of the top quark pair process is strongly

enhanced with respect to 8 TeV.

Scale factors for misidentified vertices may be derived as well. Here, gluon splitting may

start to be an important background in top quark pair events itself, if very small bins in

the angular separation of vertices are established. This background appears in top quark

pair events from initial and final state radiation.

This study is a proof-of-principle, showing for the first time that top quark pair events

can be used to validate the simulation of small-angle and overlapping vertex reconstruction.

With a larger dataset and thus more statistical precision, for example with the LHC run

II data, it can become a promising method.





7 Summary

The standard model of particle physics is very successful in predicting phenomena over a

large energy scale. With the discovery of the Higgs boson in 2012, the complete particle

content was confirmed by experiment for the first time.

Being a scalar particle, however, the Higgs boson imposes a conceptional concern. Loop

corrections to the Higgs boson mass must be cancelled to a very high precision, which is

commonly referred to as the hierarchy problem. For this reason, but also among others,

it is believed that the standard model is a low energy, effective model of a theory that is

more fundamental.

In the light of non-SUSY, strongly coupled theories beyond the standard model, this

work presents a search for singly produced vector-like T quarks. Vector-like quarks appear

commonly in these theories and – for such a theory to be a “natural” solution to the

hierarchy problem – are expected to have masses at the TeV scale. Therefore, if existent,

vector-like quarks should become evident at the LHC.

In this analysis, the T quark is assumed to decay into a top quark and a Higgs boson.

An electron or a muon from the successive decay of the top quark is required, as well as the

Higgs boson decay into b quarks. T quark masses in the range of 700 GeV to 1800 GeV are

probed. In this regime, both decay products, the top quark, and the Higgs boson, obtain

a significant Lorentz boost, leading to a collimation of their subsequent decay products.

Non-isolated lepton triggers are used, as the lepton is expected to be close in η − φ space

to the b quark from the top quark decay. In order to identify boosted Higgs bosons, so-

called H tagging is applied, combining the mass estimate of a groomed large cone jet and

b tagging of its subjets. For every selected event, a T quark candidate is reconstructed.

The mass of the T quark candidate is used as the discriminating variable in a fit of a

signal plus background hypothesis to the data. Signal and background control regions

are defined by the number of these subjet b tags, as well as the number of forward jets.

A shape estimate for the background in the signal region is extracted from the data in

the control region, leading to a significantly reduced uncertainty on the background shape

with respect to the simulated background.

No deviation from the shape as predicted by the standard model is observed. Exclusion

limits are set on the product of the cross section and the branching ratio of the T quark to

tH, where all subsequent decay modes are included, at 95% confidence level. These upper

limits range between 0.5 pb and 0.1 pb for T quark masses above 1200 GeV and depend

on the theory model.
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This analysis is the first of its kind at a centre of mass energy of 13 TeV. As such, it is an

important step towards the discovery of composite physics beyond the standard model, if

realised in nature. The cross section predictions for the simplified model are approximately

one order of magnitude smaller than the observed upper limits. In the simplified model,

vector-like quarks only couple to third generation standard model quarks, but even a very

small coupling of vector-like quarks to first and second generation quarks greatly increases

their single production cross sections at the LHC. This is due to the abundance of light

quarks in the proton, compared to b and top quarks. Therefore, the acquired exclusion

limits provide usable input to the theory community already at this stage.

In the future, this analysis will be continued with more proton-proton collision data

from the LHC. The dataset collected in 2016 is already more than ten times larger than

the one used here and will provide improved sensitivity. Therefore, a sign of what lies

beyond the standard model might just be around the corner.







A The baseline selection: event yields

A tabular representation of the number of events after each selection requirement (“cut-

flow”) is given in Tables A.1 and A.2 for the electron and muon channels, respectively.

Simulated background events are used in simulation-only consistency tests and are shown

in figures, but they are not used to derive a result in Section 5.8.
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B Closure tests with systematic uncertainty applied

Figure B.1 shows closure tests under a variation in a systematic uncertainty. The closure

tests with the largest shape deviations between the signal and control region are shown in

Section 5.6.1, Figure 5.28 for the electron and muon channels. Other variations than the

ones in Figure 5.28 and depicted here all deliver better agreement.
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Figure B.1: Comparison of the T quark candidate mass distributions – with a variation
of a systematic uncertainty applied – between the signal and control regions.
The sum of all simulated backgrounds are shown. The signal and control
regions are illustrated in the same way as in Figure 5.26. The electron and
muon channels are depicted in the left and right panels, respectively. From
the upper to the lower panels, in the electron channel the minus variations
of the jet energy resolution and the tt̄ cross section and the plus variation of
the W+jets cross section are shown. In the same order, the minus and plus
variations of the jet energy resolution and the minus variation of the multijet
cross section are shown in the muon channel.



C Statistical evaluation

C.1 Pull values

Figure C.1 shows the pull values for all rate and shape uncertainties as well as the signal

strength. A pull value is the difference in the mean value of corresponding prior and

posterior distributions divided by its uncertainty.
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Figure C.1: Pull values of the uncertainties extracted from the posterior distributions for
a T quark mass of 1000 GeV. The left and right diagrams show the associated
Tb and Tt production channels with left- and right-handed T quark couplings,
respectively.

C.2 Signal injection tests

The Figures C.2 and C.3 show exclusion limits computed with a signal injected into a

pseudo-data distribution in MT, sampled from the background estimate with toy Monte

Carlo, as a function of the T quark mass. Eight separate tests are performed with different

T quark masses.
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Figure C.2: Signal injection tests for the exclusion limit calculation in the case of Tb
production (isospin singlet scenario). The electron and muon channels are
fitted simultaneously. From the upper left to the lower right, the injected
signal sample is at a T quark mass of 700, 800, 900, 1000 GeV with signal
strength factors of four, three, two and one, respectively.
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Figure C.3: Signal injection tests for the exclusion limit calculation in the case of Tb
production (isospin singlet scenario). The electron and muon channels are
fitted simultaneously. From the upper left to the lower right, the injected
signal sample is at a T quark mass of 1100, 1200, 1500 and 1800 GeV. The
signal is injected with a signal strength of one for all mass points.
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