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Particle physics studies the nature of fundamental particles and their interactions. The Standard
Model of particle physics is the foundation of the theoretical description of these processes.

With the discovery of the Higgs boson at the Large Hadron Collider by the ATLAS and CMS
experiments this theory is completed. Nonetheless, there are numerous motivations for an extension
of the Standard Model. These are led by cosmological observations such as the abundance of
dark matter or the observed asymmetry between matter and anti-matter, but also by theoretical
shortcomings of the Standard Model such as the hierarchy problem. The latter part describes the
dependence of the Higgs boson mass on radiative corrections and the unnatural fine-tuning needed
to cancel the influence of the Plank mass scale.

The radiative corrections to the Higgs boson mass are dominated by the contributions of the top
quark, which is the heaviest known fundamental particle. Many theories beyond the StandardModel
thus include a partner of the top quark, a particle with similar characteristics and couplings. One such
theory is Supersymmetry. Here, the existing space-time symmetries are extended by a symmetry
relation between fermions and bosons. Each Standard Model particle is assigned a supersymmetric
partner, leading to the natural prediction of a top quark partner. These supersymmetric particles
have the same couplings as their Standard Model counterparts, but differ in their spin.

While Supersymmetry is a general theory with many free parameters, generic models include
the prediction of a light top squark at the electroweak scale, the scalar superpartner of the top quark.
This dissertation describes a search for a simplified model of Supersymmetry, which assumes only
one light superparticle in addition to the top squark. The light particle is called neutralino, and is
stable and weakly interacting, building a candidate for a particle description of dark matter. The top
squark is assumed to be produced in pairs, and to then decay into the top quark and the neutralino.
The search targets final states akin to the Standard Model production of top quark pairs, but with
additional missing transverse momentum due to the undetectable neutralinos.

Alternative models of new physics include so-called vector-like top quarks, fermions for which
the left- and right-handed components transform equally underweak interactions. They can decay via
flavour-changing neutral currents, for example into a top quark and a Z boson. The pair production
of vector-like top quarks with a subsequent decay of the Z bosons into neutrinos gives rise to a
similar final state as in the search for supersymmetric top quark partners. A search for this final
state is presented in this dissertation.

Depending on the signal model, different observables are used to enhance the signal expectation.
In general, the presence of a hadronically decaying, high momentum top quark leads to the distinct
signature of three close-by jets in the detector, of which the combined mass is that of the top
quark. The searches employ techniques to reconstruct this decay in order to identify the top quark
decay and reduce the background. The search strategy is based on a selection which maximises
the expected significance of the signal by setting high thresholds on kinematic observables. The
expected Standard Model background in these signal regions is estimated based on simulation, with
the overall normalisation determined in background enriched selections. These background control
regions are close to the signal region, but differ in one or more key selection requirements in order to
achieve a high purity of the targeted background. The statistical interpretation of the results employs
profile-likelihood estimates, building on simultaneous likelihood fits to the observed events in the
signal and the control regions.

The analyses are based on pp collision data collected by the ATLAS experiment during the
beginning of the LHC Run 2 in 2015 and 2016, corresponding to an integrated luminosity of
36.1 fb−1. The aim of the analyses is to extend the sensitivity for top quark partners towards the TeV
scale, and, in absence of a signal, to derive limits on model parameters.
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Chapter 1 The Standard Model

The StandardModel of Particle Physics (SM) is a quantum field theory that, since its development
in the 1960’s, provides a successful and precise description of the fundamental particles and

their interactions [6–9]. Its latest confirmation has been the discovery of the Higgs boson by the
ATLAS and CMS collaborations [10, 11].

This chapter gives an overview of the particles in the SM and its mathematical formulation. A
selection of the multitude of experiments validating the theory and its consistency is shown, but
also the need for theories beyond the SM is motivated.

1.1 Particles in the Standard Model

Elementary particles are classified according to their spin and encompass fermions, particles with
half-integer spin, and bosons with integer spin. The SM consists of three kinds of particles, the
fermionic leptons and quarks, as well as the bosons,whichmediate interactions between the particles.
Leptons and quarks are spin-1/2 fermions and are grouped in three generations of particles. The
particles of the first generation are stable and form the constituents of ordinary matter. In contrast,
the particles of the higher generations are generally unstable and decay into lighter particles, with
the exception of the neutrinos. The higher generation fermions have identical properties to their
first generation counterparts, apart from the higher masses. Table 1.1 gives an overview of the SM
fermions and their charges and masses. Each fermion has an antiparticle, a particle with identical
mass but opposite quantum numbers, e.g. electrical charge.

Table 1.1: Overview of the leptons and quarks in the Standard Model, with their electrical charge
and masses [12]. The neutrino mass limit originates from the 95% CL upper limit on the sum of
all neutrino masses.

Leptons Quarks
Generation Name Charge Mass Name Charge Mass

I
electron (e) −1 511 keV up (u) +2/3 2.2MeV

e neutrino (νe) 0 < 0.23 eV down (d) −1/3 4.7MeV

II
muon (µ) −1 106MeV charm (c) +2/3 1.28GeV

µ neutrino (νµ) 0 < 0.23 eV strange (s) −1/3 96MeV

III
tau (τ) −1 1.78GeV top (t) +2/3 173.1GeV

τ neutrino (ντ) 0 < 0.23 eV bottom (b) −1/3 4.18GeV

7



8 The Standard Model

Table 1.2: Overview of the gauge bosons in the Standard Model, with their masses, interactions
and electrical charge [12].

Particle Mass Interaction Charge

Photon (γ) 0GeV electromagnetic 0
Gluon (g) 0GeV strong 0
W boson 80.4GeV weak ±1
Z boson 91.2GeV weak 0

In addition to the electrical charge, quarks carry one of three different colour charges. Only
colour-neutral combinations of particles have so far been observed directly, which means either
combinations of three quarks with each colour once, or a combination of one colour and the
corresponding anti-colour. This phenomenon is called confinement, and the colour neutral, bound
particles are called hadrons.

Interactions between the fundamental particles are mediated by gauge bosons, as listed in
Table 1.2. The electromagnetic interaction is mediated by the photon, which is a spin-1 massless
particle. The fundamental symmetry group of the electromagnetic force is the U(1)EM group. The
photon couples to the electric charge of a particle. As the photon is not charged, it does not exhibit
self-coupling. The range of the electromagnetic interaction is infinite, as the photon is massless.

The weak force is mediated by the charged W bosons and the neutral Z boson, with SU(2)L as
the fundamental symmetry group. It acts on all elementary fermions, coupling to the weak isospin
of a particle. It is the only interaction neutrinos participate in. Neutrinos and up-type quarks carry a
weak isospin of 1/2, while the charged leptons and down-type quarks have a value of −1/2. The weak
gauge bosons are massive, resulting in the apparent weakness of their couplings and the limited
range of the interaction.

The strong force acts on the colour charge and thus only affects the quarks and its mediator
particle, the gluon. The gluon is massless and electrically neutral, but is in one of eight different
colour states. The symmetry group of the strong force is the SU(3)C group.

1.2 Mathematical formulation

The mathematical formulation of the Standard Model relies on the Lagrangian density L, which is
formulated in terms of the fundamental fields of the theory [13, 14]. The derivation of the theory is
based on the invariance of the Lagrangian density under the gauge group

U(1)Y ⊗ SU(2)L ⊗ SU(3)C , (1.1)

where U(1)Y ⊗ SU(2)L is the symmetry group of the unified electroweak interaction, with Y
indicating the hypercharge and L the left-handed nature of the weak interaction, and SU(3)C is the
symmetry group of the strong interaction.

The fermions, i.e. the leptons and quarks, are described by the Dirac equation, for which the
Lagrangian is

L = ψ̄
(
iγµ∂µ − m

)
ψ . (1.2)

Here, ψ is the fermion field, γµ are the Dirac matrices and m is the mass of the fermion.
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The existence of the vector bosons, as well as their interactions with the fermions, can be
explained by requiring local gauge invariance under the aforementioned symmetry groups. The
gauge invariance can be satisfied by the so-calledminimal substitution. For this, the partial derivative
∂µ is changed to

Dµ = ∂µ − igAa
µta . (1.3)

In this, g is a coupling strength, and ta stands for the generators of the underlying symmetry group
with the associated gauge field A. The kinematic behaviour of the gauge bosons is described by

L = −
1
4

Fa
µνFaµν , with (1.4)

Fa
µν = ∂µAa

ν − ∂νAa
µ + g f abcAb

µAc
ν , (1.5)

with the vector boson field A, the coupling strength g and the structure constant f abc of the
underlying gauge symmetry. The generators ta and the structure constants are related via the
commutation relation [ta, tb] = i f abctc.

The change of the derivative introduces a description of the interaction between fermions and
the gauge bosons, with terms like

− gψ̄γµAa
µtaψ , (1.6)

as well as self-interaction terms for the vector bosons, as long as the structure constants f abc are
not zero.

1.3 Electroweak interactions

The electromagnetic and weak interactions of the Standard Model are described by a unified,
electroweak theory. This includes the flavour-conserving, neutral interactions mediated by the
photon and the Z boson, as well as the flavour-changing, charged interactions via the W± bosons.
The latter interactions are maximally parity violating and only couple to left-handed fermions. The
two components of a fermion field can be expressed as

ψL/R =
1
2

(
1 ∓ γ5

)
ψ , (1.7)

where γ5 = iγ0γ1γ2γ3 is the product of the Dirac matrices.
The description of the electroweak interactions relies on the gauge invariance of the Lagrangian

under the U(1)Y × SU(2)L group and the introduction of the gauge bosons B and W i (i = 1−3).
The coupling constants related to the two groups are independent and called g′ and g.

The conserved quantum number corresponding to the U(1)Y symmetry is the hypercharge Y .
Although the electromagnetic interaction can also be described by a U(1) symmetry, the B field
does not correspond directly to the photon. Formally, the structure constant of the U(1)Y group is
zero, showing that no self-interaction of the gauge field exists.

The SU(2)L symmetry group, where the L subscript stands for the coupling to left-handed
fermions, has the generators

ti =
σi

2
, (i = 1−3) , (1.8)

where the σi stands for the Pauli matrices. The corresponding structure constant is the totally
anti-symmetric tensor εi jk .
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Left-handed fermions transform as doublets under the SU(2)L interaction, while right-handed
fermions transform as singlets:

fL =

(
uL

dL

)
,

(
νL

`L

)
, (1.9)

fR = uR, dR, `R , (1.10)

for each of the three generations. Here, u stands for up-type quarks, d for down-type quarks, ` for
the charged leptons and ν for the neutrinos. As neutrinos only interact via the weak interaction,
right-handed neutrinos are not included in the Standard Model.

In the Lagrangian, the interaction terms according to Equation (1.6) for the weak interaction
give

− gψ̄γµ
σi

2
W i
µψ = −

g

2
ψ̄γµ

(
W3
µ W1

µ − iW2
µ

W1
µ + iW2

µ W3
µ

)
ψ . (1.11)

It is customary to write the off-diagonal entries of the W field matrix as

W± = (W1 ∓ iW2)/
√

2 , (1.12)

which define expressions for the observedW± bosons. As required, the coupling is flavour-changing,
as it connects up- and down-type elements of left-handed fermion doublets in the interaction terms.
It also describes the observed universality of the flavour-changing coupling for quarks and leptons,
as only one coupling parameter g is involved.

For the quarks, the flavour eigenstates do not correspond directly to their mass eigenstates, but
are linear combinations instead. The unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix gives
the appropriate combination factors.

The observed neutral and electromagnetic interactions can be described by taking linear
combinations of the neutral fields W3 and B, called Z and A,(

Zµ
Aµ

)
=

(
cos θW − sin θW
sin θW cos θW

) (
W3
µ

Bµ

)
. (1.13)

The field A represents the photon and couples with a constant of g sin θW = g′ cos θW = e. Being
a mixture of the W3 and the B fields enables equal interactions with both left- and right-handed
fermions, as required for the description of the photon. The coupling of the neutral weak interaction,
mediated by the Z boson, is e/(sin θW cos θW ). The hypercharge Y of the U(1)Y symmetry and
the weak isospin t3 can be related to the electric charge of a particle according to the Gell-Mann
Nishijima relation,

Q = t3 + Y . (1.14)

While the observed fermions as well as the W and Z bosons are massive, the introduction of
explicit mass terms in the Lagrangian would break the SU(2) symmetry. This is solved by the Higgs
mechanism.

1.3.1 Higgs mechanism

In the Higgs mechanism, an additional SU(2) doublet of complex, scalar fields is introduced, which
together with its potential leads to a spontaneous breaking of the U(1)Y × SU(2)L symmetry of the
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V(Φ)

Φ

Figure 1.1: Sketch of the “mexican hat” Higgs potential in one dimension.

unified electroweak interaction into the observed U(1)EM symmetry. The doublet contains fields of
positive and neutral charge,

Φ =

(
φ+

φ0

)
. (1.15)

The Lagrangian of the scalar field is

L =
(
DµΦ

)† (Dµ
Φ
)
− µ2
Φ
†
Φ − λ · (Φ†Φ)2 , (1.16)

where the first term describes the kinematic properties of the field and includes interaction terms
with the gauge bosons, and the latter terms are the potential of the new field. Figure 1.1 shows a
sketch of the potential, for which the parameters are chosen to be µ2 < 0 and λ > 0, leading to a
minimum at

Φ
†
Φ = −

µ2

2λ
=

v2

2
. (1.17)

The field thus acquires a non-zero vacuum expectation value, defined as 〈0|Φ|0〉 = v/
√

2. In the
space of the four field degrees of freedom, the minimum is degenerate in three directions.

The vacuum expectation value is not invariant under U(1)Y × SU(2)L transformations and there
is no unique minimum of the potential. The spontaneous breaking of the symmetry into the U(1)EM
leads to three massless scalar particles, following the Goldstone theorem [15, 16]. These scalars
appear as longitudinal polarisations of the gauge bosons in the theory, which in turn acquire mass.
The neutral Higgs field is chosen to have the vacuum expectation value, Φ = (0 v)T. The kinetic
term of the scalar field Lagrangian in Equation (1.16) then includes�����(−ig

σi

2
W i
µ − i

g′

2
Bµ

) (
0
v

)�����2 (1.18)

=
1
8
v2g2

(
(W1

µ)
2 + (W2

µ)
2
)
+

1
8
v2(g′Bµ − gW3

µ)
2 . (1.19)
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With the transformation of W1,2 into W± (see Equation (1.12)), the first term can be written as(gv
2

)2
W+µW−µ . (1.20)

Thus, the mass of the charged W boson follows to mW = gv/2.
The second term of Equation (1.19) can be identified with the mass term of the Z boson field

as in Equation (1.13):

Zµ =
1√

g2 + g′2
(gW3

µ − g
′Bµ) , (1.21)

mZ =

√
g2 + g′2

v

2
. (1.22)

The remaining eigenstate, orthogonal to the Z field, is massless and represents the photon field,

Aµ =
1√

g2 + g′2
(gW3

µ + g
′Bµ) . (1.23)

Mass terms for fermions can be added to the theory by Yukawa interactions with the Higgs
doublet:

L = y f
(
f̄LΦ fR + f̄RΦ̄ fL

)
, (1.24)

where y f is the Yukawa coupling of the fermion f to the Higgs field. Such Yukawa terms are
SU(2)L singlets and therefore do not break the gauge symmetry. The tree-level mass term for the
fermion then follows to m f = y f v/

√
2. Since y f is a free parameter in the theory, this procedure

does not predict the fermion masses.
Additionally, the Higgs mechanism predicts a massive, scalar boson. The field can be expanded

as a perturbation around the vacuum expectation value:

Φ(x) =
1
√

2

(
0

v + H(x)

)
. (1.25)

Here H(x) stands for fluctuations along the direction perpendicular to the direction of constant,
minimal potential and represents the aforementioned boson. The mass of the boson follows from the
potential term in Equation (1.16), mH =

√
2λv. As λ is a free parameter, the mass is not predicted

by the theory. Interactions of the Higgs boson with the gauge bosons, as well as with fermions,
follow from the same terms as the tree-level mass predictions when including the perturbation as
in Equation (1.25). This structure explains that the coupling strength depends on the mass of the
particles interacting with the Higgs boson.

1.4 Strong interactions

The strong interactions of quarks andgluons is describedby the theory ofQuantumChromodynamics
(QCD). Experimentally, no free quarks or gluons are observed, but experimental setups like deep
inelastic scattering experiments confirm that hadrons are bound states of smaller particles, called
partons. The description of QCD relies on a quantum number called colour, which labels three
different states a quark can be in. The underlying symmetry of QCD is SU(3)C , which represents
rotations in the colour space.
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The Lagrangian density for QCD is given by

L =
∑
q

ψ̄q

(
iγµDµ − mq

)
ψq −

1
4

Ga
µνGaµν , with (1.26)

Dµ = ∂µ − igStaGa
µ , (1.27)

Ga
µν = ∂µGa

ν − ∂νGa
µ − gS f abcGb

µGc
ν . (1.28)

The ψq stand for the fermionic quark fields, for all quark flavours q with masses mq, and the Ga
µ

represent the gluons, with a = 1−8. The covariant derivative contains the generators of the SU(3)C ,
ta, and the definition ofGa

µν includes the structure constant of the symmetry group, f abc . Quarks are
in the fundamental representation of the SU(3)C , representing the fact that there are three different
colour states, while gluons transform according to the adjoint representation, describing the eight
different gluon states. The gS is the coupling constant of the strong force, which is conventionally
expressed as αS = g2

S/4π.
Since the structure constant of the SU(3)C is not zero, the theory describes self-interactions

between the gluons. This leads to a strong energy dependence of the coupling αS, which in
leading-order can be expressed as

αS(Q2) =
αS(µ

2)

1 + β0 αS(µ2) ln
(
Q2/µ2) , with (1.29)

β0 =
33 − 2n f

12π
. (1.30)

Here, αS(µ2) is the value of the strong coupling at a reference scale µ2, and the factor n f in the
expression for β0 is the number of quark flavours with mq < Q.

At low energies, the value of αS increases, even to a point where perturbative expansions in
the coupling are no longer possible. This describes the observed confinement of quarks and gluons.
When coloured particles separate from each other, the potential energy increases and it becomes
energetically favourable to create quark–anti-quark pairs from the vacuum. Only colour-singlet
states, either combinations of a colour and the same anti-colour, or of all three colours, are possible.

On the other hand, at high energies the coupling is reduced. This effect is called asymptotic
freedom, as αS → 0 for Q→∞, and describes the interactions of quasi-free quarks and gluons in
high energy experiments.

1.5 Validation of the Standard Model
Since its creation, the Standard Model has been proven to be a reliable and precise description
of particle physics phenomena. Although it has several free parameters, like the particle masses
and the coupling constants of the three forces, the theory is found to be internally consistent. The
Gfitter collaboration [17] has fitted the fundamental parameters of the SM to a variety of precision
measurements. Figure 1.2 shows the deviations of the fit results, which are in good agreement with
the measurements. None of the deviations exceeds three standard deviations. This shows that the
measurements can be explained simultaneously in the theory.

Individual predictions of the theory, like event cross-sections, are validated in a magnitude
of different measurements. Figure 1.3 shows selected results by the ATLAS collaboration as a
function of the centre-of-mass energy. The measured cross-sections agree with the Standard Model
predictions over close to 10 orders of magnitude, in a wide range of production modes.
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Due to radiative corrections,masses of particles can influence predictions, such as cross-sections
or decay rates, even if they are not directly involved in the process. This allows to estimate the top
quark mass from corrections to the W boson mass and the Z → bb̄ decay branching ratio, as well
as the Higgs boson mass from electroweak precision measurements. Figure 1.4 alternatively shows
recent measurement results for the top quarkmass and theW boson mass, compared to the prediction
based on such indirect effects. As can be seen, both the direct and the indirect measurements agree
well, confirming the underlying theory for the indirect effects.

The discovery of the Higgs boson verifies the last prediction of the Standard Model. Measure-
ments of the production cross-section of the Higgs boson are in good agreement with the Standard
Model prediction [20]. Figure 1.5 additionally shows the results of a fit to scale factors for the Higgs
coupling to fermions and vector bosons, based on ATLAS measurements in Run 1 of the LHC. The
combination of the measurements in all decay modes is in agreement with the Standard Model.

This selection of precision measurements shows that the Standard Model is able to consistently
and precisely describe most particle physics phenomena.



1.6. Open questions in the Standard Model 15

Vκ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Fκ

4−

3−

2−

1−

0

1

2

3

4
ATLAS

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

γγ →H 
 ZZ*→H 
 WW*→H 

ττ →H 
 bb→H 

Combined

SM 68% CL

Best fit 95% CL

Figure 1.5: Results of the two-dimensional fit to the Higgs boson coupling-strength scale factors
κF for fermions and κV for vector bosons [20].

1.6 Open questions in the Standard Model

Notwithstanding the success of the Standard Model, a number of experimental effects cannot be
accommodated in the theory. Additionally, theoretical considerations point towards shortcomings
of the theory and add to the motivation for a more complete theory, of which the SM is the low
energy realisation.

Cosmological observations, such as the rotation curves of galaxies and galaxy clusters [21], as
well as gravitational lensing and other effects, confirm the existence of non-luminous matter in the
universe. This so-called dark matter does not interact electromagnetically, but can be seen due to
gravitational effects. Measurements of the cosmic microwave background show that dark matter is
about five times as abundant in the universe as ordinary matter [22]. The SM contains no particle
that can explain the abundance of dark matter [12].

One of the few particle physics phenomena not described by the SM is neutrino oscillations [23],
which require the neutrinos to have non-zero mass. The SM does not contain mass terms for the
neutrinos, and no right-handed neutrino is included in the theory.

A second cosmological effect not explained by the SM is the low abundance of anti-matter
in the universe compared to matter. Although the SM contains CP violating effects in the CKM
matrix [24], the effect is not large enough to explain the observed asymmetry.

In addition to these non-described experimental observations, several theoretical considerations
motivate additions to the SM. The SM has 19 free parameters when including a potential CP-
violating QCD effect for which measurements are consistent with zero, but not considering neutrino
masses. This large number of parameters itself is reason to suggest that the SM is only an effective
theory based on a more complete theory with fewer free parameters. Furthermore, the mass
parameters span six orders of magnitude, from the electron mass at 511 keV to the top quark mass
at about 173GeV. While this is no fundamental problem to the theory, it is seen as unnatural, as
the SM does not offer any explanation for these differences.

The effects of gravity are not described by the SM. At the Planck Scale, MP ∼ 1019 GeV,
quantum gravitational effects become the same size as the other interactions and the SM in its
current form breaks down. Strongly intervened with the large difference between the scale of gravity
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Figure 1.6: Example of a one-loop correction to the Higgs mass.

and that of the electroweak interactions is the hierarchy problem. Assuming that no physics beyond
the SM occurs before the Planck scale, the Higgs boson receives large radiative corrections to the
mass term. Unlike for fermions and gauge bosons, no symmetry protects the mass of fundamental
scalar particles against such corrections.

The Higgs boson mass can be written as

m2
H = m2

H,0 + ∆m2
H , (1.31)

where mH,0 is the bare mass and ∆m2
H is the radiative correction term. The contribution of the top

quark to this term is shown in Figure 1.6. The value of this diagram is given by

∆m2
H = −

y2
t

16π2

(
2Λ2 + O

(
m2
t ln
Λ

mt

))
. (1.32)

Here yt =
√

2mt/v = 0.996 ± 0.003 is the top quark Yukawa coupling and Λ is the momentum
cut-off for the top quark loop. The Higgs mass correction contains a quadratic dependence on the
cut-off scale Λ. Assuming that the SM is valid up to the Planck scale, this correction is in the
same order of magnitude. In order to receive the observed Higgs boson mass of 125GeV, the bare
mass would also need to be in the order of 1017 GeV to nearly cancel the contributions of the loop
corrections. While this is certainly possible, the precision needed for this cancellation is regarded
as highly unnatural and fine-tuned. Different mechanisms have been proposed which explain in a
natural way the lightness of the Higgs boson mass.
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The fine-tuning of the Higgs mass is mostly driven by the large top quark Yukawa coupling,
which is directly proportional to the radiative corrections (see Equation (1.32)). Many theories

beyond the Standard Model aim to explain the mass of the Higgs boson naturally. They therefore
include a partner for the top quark, i.e., a particle with similar quantum numbers. The effects of this
partner cancel out the top quark contributions to the radiative corrections.

A chiral fourth generation of quarks, or models including just a heavier, chiral copy of the top
quark, are excluded by the measurements of the Higgs boson cross-section and decay branching
ratios [25]. An alternative extension is the addition of so-called vector-like top quarks (VLTs),
which are heavy, coloured, spin-1/2 fermions with the same electroweak couplings for the left- and
right-handed components [26]. For these particles, a mass term such as

L = mT T̄T (2.1)

would not break the local SU(2)L invariance of the Lagrangian and is independent of the Higgs
mechanism. The coupling of the vector-like top quark to the Higgs boson in loop-induced processes
such as gg → H or H → γγ is suppressed by the mass of the vector-like top quark. Due to mixing
with the top quark, they can contribute to the radiative corrections to the Higgs mass, in processes
such as those sketched in Figure 2.1. These contributions can resolve the quadratic divergences and
solve the problem of fine-tuning.

Vector-like quarks (VLQs) are part of several models extending the SM. In “little Higgs”
models [27, 28], the Higgs boson is a pseudo-Nambu-Goldstone boson from a spontaneously
broken symmetry, explaining its lightness. Similarly, in composite Higgs models [29], the Higgs
boson is a composite particle and thus protected from the strongly divergent radiative corrections.
Both types of models include vector-like quarks, often with masses O(1TeV). Vector-like quarks
also appear in theories of gauge-coupling unification based on the E6 symmetry group [30].

H H

T

H

t

T

H

Figure 2.1: Radiative corrections to the Higgs mass involving a vector-like T quark.
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Table 2.1: Vector-like quark SU(2)L multiplets with their hypercharges and charges.

Multiplet Hypercharge Charge

Singlets

T +2/3 +2/3

B −1/3 −1/3

Doublets

(X, T) +7/6 +5/3, + 2/3

(T, B) +1/6 +2/3, − 1/3

(B, Y ) −5/6 −1/3, − 4/3

Triplets

(X, T, B) +2/3 +5/3, + 2/3, − 1/3

(T, B, Y ) −1/3 +2/3, − 1/3, − 4/3

In general, vector-like quarks can appear as singlets, doublets or triplets under SU(2)L . Table 2.1
gives an overview of the possible multiplets of vector-like X , T , B and Y quarks, their charges and
hypercharges.

2.1 Phenomenology

Vector-like quarks can mix with their SM counterparts, given the same quantum numbers, e.g. all
up-like quarks including a vector-like T quark could mix. These generalised CKM-like mixing
effects are suppressed by a factor of mq/mQ, where mq is the mass of the SM quark and mQ that of
the VLQ. Together with constraints from precision measurements, it is therefore generally assumed
that only the third-generation quarks mix with their vector-like counterparts.

At the LHC, vector-like quarks can be produced in pairs via the strong interaction, or singly
via electroweak couplings. The pair production cross-section only depends on the strong coupling
constant αS and the mass of the VLQ. Figure 2.2 gives a representative diagram of the production

T

T̄
g

g

Z,H,W

t, t, b

Z,H,W

t̄, t̄, b̄

Figure 2.2: Example diagram for the production and decay of a vector-like top quark pair.
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as well as the PDF uncertainty.

and the decay of a vector-like top quark pair. The cross-section in dependence of the VLQ mass
is shown in Figure 2.3. The single production cross-section can surpass the pair production cross-
section for vector-like quarks above a mass of about 1 TeV, but depends on the coupling of the VLQ
to W and Z bosons.

The decays of vector-like quarks in general depend on the multiplet realisation. They can decay
via flavour-changing neutral currents, breaking the Glashow-Iliopoulos-Maiani mechanism [37]
due to their vector-like nature. Given the aforementioned mixing with third-generation quarks,
vector-like quarks decay via the following processes [38]:

T → Wb, Zt,Ht ,

B→ Wt, Zb,Hb ,

X → Wt ,

Y → Wb .

For SU(2)L singlets, all the mentioned decay modes are possible. For doublets and triplets, only
small mass differences O(1GeV) between the VLQs are expected [26]. This makes cascade decays,
such asT → W B impossible. For a (T, B) doublet, the decaymodes depend on the generalised CKM
matrix elements VTb and VtB, i.e. on the mixing with the third generation quarks. For VTb ' VtB

the same decays are possible as for the singlets. As in contrast to the singlet model, here only the
right-handed component of (T, B) couples to the SM quarks, the polarisation of the quark in the
decay differs. When instead VTb � VtB, then the decays T → Wb and B→ Zb,Hb are suppressed.
This case is assumed to be natural, as it implies that the vector-like top quark mixes more strongly
with the top quark, than the vector-like bottom quark with the bottom quark. In the case of a (X,T)
doublet, the vector-like top quark has the same decay modes.

The focus of the analysis presented in this dissertation lies on the pair production of vector-like
top quarks, with the T → Zt decay mode with one invisibly decaying Z boson as the target. The
analysis thus selects final states similar to tt̄ with additional missing transverse momentum. The
branching ratios of the decay for the singlet model and for the doublet model with VTb � VtB

are shown in Figure 2.4. For high T quark masses they converge to B(T → Wb) ' 50% and



20 Vector-like quarks

 [GeV]Tm
600 800 1000 1200 1400

B
ra

nc
hi

ng
 r

at
io

0

0.2

0.4

0.6

0.8

1 SU(2) singlet SU(2) doublet

 Wb→T  Wb→T 
 Zt→T  Zt→T 
 Ht→T  Ht→T 

Figure 2.4: Branching ratios of the vector-like top quark decay for a SU(2)L singlet and for the
SU(2)L doublet model, in case that VTb � VtB [38, 39].

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 700 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 750 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 800 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 850 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 500 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 550 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 600 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 650 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 350 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 400 GeVTm

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Unphysical

 = 450 GeVTm
ATLAS Preliminary

Status: March 2015

95% CL exp. excl. 95% CL obs. excl.

 = 8 TeV, s  
-1

 L dt = 20.3 fb∫

SU(2) singletSU(2) (T,B) doub.

ATLAS-CONF-2015-012]Ht+X              [

] PreliminarySame-Sign ll  [

] JHEP11 (2014) 104Zb/t+X            [

] ATLAS-CONF-2015-012Wb+X             [

 Wb)→BR(T 

 H
t)

→
B

R
(T

 

Figure 2.5: 95%confidence level (CL) excluded regions in the plane ofB(T → Wb) andB(T → Ht)
for various vector-like top quark masses [50]. The branching ratios sum to 100%, andB(T → Zt) =
100% in the lower left corner of each panel.

B(T → Zt,Ht) ' 25% for the T singlet, and to B(T → Zt,Ht) ' 50% and B(T → Wb) = 0% for
the doublet model.

Previous searches targeting the pair production of vector-like quarks have been performed by
the ATLAS and CMS collaborations at a centre-of-mass energy of

√
s = 8TeV [40–47] and with

the initial dataset for
√

s = 13TeV [2, 48, 49]. Depending on the charge and the decay branching
ratios, lower limits have been set on the VLQ mass in the range of 500GeV to 1000GeV. Figure 2.5
shows a summary of the ATLAS results at

√
s = 8TeV.



Chapter 3 Supersymmetry

Supersymmetry is a possible extension of the space-time symmetries [51–53] and extends the
Standard Model of particles physics. This chapter gives an overview of supersymmetry (SUSY)

and theMinimal Supersymmetric StandardModel (MSSM), as well as details of the phenomenology
of models with light top squarks. A detailed overview can be found in Ref. [54].

3.1 Introduction
A supersymmetry transformation relates fermionic and bosonic states. The symmetry generator Q
is an anti-commuting spinor, defined as

Q |fermion〉 = |boson〉 , Q |boson〉 = |fermion〉 . (3.1)

The hermitian conjugate of Q, Q†, is also a symmetry generator. Together with the four-momentum
generator Pµ of space-time translations, these operators fulfil{

Q,Q†
}
= Pµ , (3.2){

Q,Q
}
=

{
Q†,Q†

}
= 0 , (3.3)[

Pµ,Q
]
=

[
Pµ,Q†

]
= 0 . (3.4)

Irreducible representations of supersymmetry are called supermultiplets, which contain both
fermionic and bosonic states. Following from the commutation relations, the number of fermion
and boson degrees of freedom in one supermultiplet is always equal. As Q commutes with Pµ

and therefore also P2, it follows that all particles in a supermultiplet have exactly the same mass.
The same applies to the gauge quantum numbers; all members of a supermultiplet have the same
electric charge, weak isospin and colour.

Two types of irreducible supermultiplets exist. A chiral supermultiplet contains a single
Weyl fermion with two spin helicity states as well as a complex scalar field. A vector or gauge

Table 3.1: Gauge supermultiplets in the MSSM.

Names Spin 1/2 Spin 1 SU(3)C, SU(2)L,U(1)Y

gluino, gluon g̃ g 8, 1, 0
winos, W bosons W̃±, W̃3 W±, W3 1, 3, 0
bino, B boson B̃ B 1, 1, 0
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Table 3.2: Chiral supermultiplets in the MSSM. Spin-0 fields are complex scalar fields, and spin-1/2
fields are left-handed, two-component Weyl fermions.

Names Spin 0 Spin 1/2 SU(3)C, SU(2)L,U(1)Y

squarks, quarks (ũL d̃L) (uL dL) 3, 2, 1/6

(×3 families) ũ∗R u†R 3̄, 1, − 2/3

d̃∗R d†R 3̄, 1, 1/3

sleptons, leptons (ν̃ ẽL) (ν eL) 1, 2, − 1/2

(×3 families) ẽ∗R e†R 1, 1, 1

Higgs, higgsinos (H+u H0
u) (H̃

+
u H̃0

u) 1, 2, 1/2

(H0
d

H−
d
) (H̃0

d
H̃−
d
) 1, 2, − 1/2

supermultiplet consists of a massless spin-1 boson and a massless Weyl fermion. When including
gravity, a third type of supermultiplet containing the spin-2 graviton and its spin-3/2 superpartner is
introduced.

The SM gauge bosons are parts of gauge supermultiplets, and their superpartners are called
gauginos. A list of the gauge supermultiplets is given in Table 3.1. Both the gauge bosons
and the gauginos transform under the adjoint representations of the gauge groups, with equal
transformations for left- and right-handed components. The SM fermions therefore have to appear
in chiral supermultiplets, for which the left- and right-handed couplings can differ. Their spin-0
partners are called squarks and sleptons (with the leading ‘s’ abbreviating “scalar”). TheHiggs boson
is part of a chiral supermultiplet, together with the fermionic higgsino. In order to prevent a gauge
anomaly, a supersymmetric SM needs two Higgs supermultiplets of hypercharges Y = ±1/2. The
scalar Higgs fields mix and form mass eigenstates, of which the lightest corresponds to the Standard
Model Higgs boson. Table 3.2 lists the chiral supermultiplets in the minimal supersymmetric
extension of the SM.

If realised in nature, supersymmetry is necessarily broken. No scalar electron partner with a
mass of mẽ = 511 keV has been observed, nor any of the partners of the other light SM particles.
Typical models assume soft SUSY breaking, i.e. only include mass terms and coupling parameters
with positive mass dimension in SUSY-breaking terms. This form of SUSY-breaking preserves
dimensionless couplings in the theory. While typically spontaneous symmetry breaking is assumed,
the SUSY-breaking mechanism can be parametrised as additional terms in the effective Lagrangian
density of the theory. This has the advantage of being unrestricted on the specific breaking model.

3.2 Phenomenology of the MSSM

The Minimal Supersymmetric Standard Model contains the minimal set of supermultiplets to
describe all SM physics. In general, it includes 105 independent, free parameters in addition to the
SM parameters, which are mostly in the SUSY breaking terms of the Lagrangian. Many of these
parameters, which can be expressed as masses, phases and mixing angles, are strongly constrained
by precision measurements of flavour physics and CP violation.

In the breaking of electroweak symmetry in the MSSM, both Higgs fields, H0
u and H0

d
, acquire

vacuum expectation values, which sum up to the value known in the SM, v2
u + v2

d
= v2. The
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Figure 3.1: Evolution of the inverse coupling constants with energy in the SM (dashed lines) and in
the MSSM (solid lines) for two common sparticle masses of 750GeV (blue) and 2.5 TeV (red) [54].

ratio of the values is expressed as tan β = vu/vd. Further parameters in the MSSM which are not
strongly constrained by precision measurements are the higgsino mass parameter µ, as well as the
gaugino mass parameters M1, M2 and M3. Intrinsically, all undiscovered particles in the MSSM
can have additional mass terms in the Lagrangian, making them naturally heavier than the particles
discovered so far.

The parameters in the MSSM are subject to energy dependent evolution, just as in the SM.
The evolution of the coupling constants is modified with respect to the SM, due to the presence of
additional particles, which allows a unification of the couplings at high scales. Figure 3.1 shows
the energy dependence of the inverse coupling constants α−1

i . In the MSSM, the couplings unify at
a scale of MU ∼ 1.5 × 1016 GeV.

3.2.1 R-parity

Generic soft SUSY breaking Lagrangians can include baryon and lepton number violating terms.
Unsuppressed values of these couplings lead to rapid proton decay, which is incompatible with
experimental results. In order to explain the strong suppression of these effects, an additional
symmetry is included in the definition of the MSSM. The so-called R-parity is a multiplicative,
conserved quantum number, defined as

PR = (−1)3(B−L)+2s , (3.5)

where B and L are the baryon and lepton-numbers of the particle, and s is its spin.
R-parity is a discrete symmetry, and therefore commutes with the SUSY generator Q, even

though SM and supersymmetric particles have different values of PR. All SM particles as well as
the additional Higgs bosons have even R-parity, while squarks, sleptons, gauginos and higgsinos
have odd R-parity.

The consequence for the phenomenology of the MSSM is that sparticles can only be produced
in even numbers. The lightest R-parity odd particle has to be stable, as it cannot decay into only
SM particles. It is referred to as “lightest supersymmetric particle” (LSP). It is usually assumed to
be only weakly interacting and is a candidate for a dark matter particle. All sparticles decay into a
final state with an odd number of LSPs.
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3.2.2 Mass mixing in the MSSM

After electroweak symmetry breaking, three of the eight scalar degrees of freedom in the Higgs
sector of the MSSM become the longitudinal modes of the known, massive, weak bosons. The
remaining five fields mix into five mass eigenstates. This results in two CP-even, neutral scalar
bosons, h0 and H0, one CP-odd neutral scalar A0 and two charged scalars H±. The relations to the
gauge eigenstates can be expressed via a mixing angle α and the ratio of the vacuum expectation
values, tan β. At tree-level, the mass of the lightest scalar boson is bound by the mass of the Z
boson,

mh0 < mZ | cos(2β)| . (3.6)

Radiative corrections, such as given in Equations (1.32) and (3.9), can strongly influence this bound.
The observed mass of 125GeV then agrees with the upper bound of mh0 . 135GeV, which depends
logarithmically on the mass of the top squark [54].

The gauginos of the electroweak bosons, as well as the higgsinos, mix due to the effects of
electroweak symmetry breaking. The four neutral mass eigenstates are mixtures of H̃0

u, H̃0
d
, B̃ and

W̃3, and are called neutralinos, χ̃0
i with i = 1− 4. The superpartners of the charged bosons, H̃± and

W̃±, mix into the two charginos, χ̃±i with i = 1, 2. The neutralino masses depend on the parameters
M1, M2, µ and tan β. Parametrised with the gauge couplings and the vacuum expectation values,
the mixing is

©«
χ̃0

1
χ̃0

2
χ̃0

3
χ̃0

4

ª®®®®®¬
=

©«
M1 0 −g′vd/

√
2 g′vu/

√
2

0 M2 gvd/
√

2 −gvu/
√

2
−g′vd/

√
2 gvd/

√
2 0 −µ

g′vu/
√

2 −gvu/
√

2 −µ 0

ª®®®®®¬
©«

B̃
W̃3

H̃0
d

H̃0
u

ª®®®®®¬
. (3.7)

Under the common assumption that mZ � |µ|, M1, M2, only small mixing effects are expected for
the neutralinos, resulting in almost pure mass eigenstates. Many models predict that the lightest
neutralino state is mostly “bino-like”. In models with a unification of the gauge couplings, it follows
that M2 ' 2×M1 and thus the mass of the second neutralino is close to twice as large as that of the
first. Under the same assumptions, the chargino mixing is also small, and the mass of the lighter
chargino is almost the same as that of the second neutralino.

As the squarks are scalar fields, they can mix and form six mass eigenstates for each of the left-
and right-handed up-type and down-type squarks. The handedness of a squark refers to that of its
fermionic partner. Assuming no additional sources of CP violation in the MSSM, the mixing in the
first and second generation is small and only the third generation squarks can have very different
masses because of the larger Yukawa-couplings.

The top squark mixing matrix can be expressed via a mixing angle θ t̃ ,(
t̃1
t̃2

)
=

(
cos θ t̃ − sin θ t̃
sin θ t̃ cos θ t̃

) (
t̃L
t̃R

)
. (3.8)

The two stop mass eigenstates are called t̃1 and t̃2 with mt̃1 < mt̃2 . Due to renormalisation-group
effects, the top squarks are usually expected to be lighter than the other squarks. Typically the
mixing effects are small and the lighter mass eigenstate t̃1 is mainly composed of the partner of the
right-handed top quark, t̃R.
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3.2.3 Higgs boson mass in the MSSM

Exact supersymmetry protects the masses of scalar fields from quadratic corrections as in the
hierarchy problem (see Section 1.6). It relates the masses of scalar fields to that of their fermionic
superpartners,which receive atmost logarithmic corrections in higherorders. Even if supersymmetry
is broken below a certain scale Λ, the additional particles contribute to the radiative corrections
and can exhibit a cancellation effect. The contributions for a scalar S to the squared Higgs mass
corrections is

∆m2
H =

|yS |
2

16π2

[
2Λ2 + O

(
m2
S ln

(
Λ

mS

))]
. (3.9)

Compared to the contributions of a fermion (see Equation (1.32)), this differs by the absolute sign.
Figure 3.2 shows an example diagram for such corrections. When each fermion is accompanied by
a scalar partner, the individual contributions cancel. Assuming a small mass difference |m2

S − m2
f |

and equal couplings y2
S = y2

f , the residual correction is then

∆m2
H =

|y f |
2

16π2

���m2
S − m2

f

��� ln (
Λ

mS

)
+ · · · , (3.10)

and requires a much smaller cancellation with the bare mass than the initial contributions. Super-
symmetry ensures that each fermion has such a scalar partner. In soft Supersymmetry breaking
scenarios, the couplings remain equal.

H H

t̃1

Figure 3.2: Example of a scalar one-loop correction to the Higgs mass.

3.3 Models with light top squarks
The analysis discussed in this dissertation targets signals with a light top squark (stop) at the
electroweak scale. Because of the large top quark Yukawa coupling, the mass difference between
the top squark and the top quark drives the residual corrections to the Higgs mass and therefore the
question of fine-tuning. Thus, a small mass difference is preferred in natural models [55].

In general, the MSSM has 105 free parameters. In order to reduce the model dependence,
simplified models [56, 57] are used, in which only a few supersymmetric particles are light, and
all others are assumed to be decoupled. An alternative approach is the phenomenological MSSM
(pMSSM) [58, 59], which is a subset of the MSSM tuned to fulfil phenomenological considerations.
The pMSSM is parametrised by 19 values, specified at the electroweak scale, which are derived
from the MSSM parameters by imposing constraints on additional sources of CP violation and
flavour-changing neutral currents, as well as assuming universality of the first and second generation.
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Figure 3.3: Example diagrams for the pair production of top squarks from quark–anti-quark
annihilation and gluon fusion.

In general, the production of top squark pairs can, at leading order, occur via quark–anti-quark
annihilation or gluon fusion. Figure 3.3 gives example diagrams for these processes. The production
cross-section depends only on the strong coupling constant αS and the mass of the top squark.
Figure 3.4 shows the production cross-section as a function of the top squark mass, calculated at
next-to-leading order (NLO) accuracy including the resummation of soft gluon emission at the
next-to-leading logarithmic accuracy (NLL) [60].

Three models are considered in the analysis, differing by the choice of the LSP: A pure bino
LSP, a higgsino LSP and a mixed bino/higgsino LSP model. Details on the motivation of these
models as well as their phenomenology are given below.
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Figure 3.4: NLO+NLL cross-section for the pair production of top squarks [60]. The width of the
line gives the uncertainty due to scale and PDF choices.
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3.3.1 Bino LSP model

The main model considered in the analysis assumes a pure bino LSP. Only the top squark and the
lightest neutralino are assumed to be light and all other sparticles are decoupled. The stop mixing
angle is set to θ t̃ = 56◦, resulting in a top squark mass eigenstate with a right-handed component of
about sin2(θ t̃ ) ' 70%. This corresponds to the assumption that |µ|, M2 � M1 � mZ . The signal is
modelled in terms of a simplified model, assuming that only the top squark and the neutralino exist.

The top squark decays into a top quark and the neutralino with a branching ratio of 100%,
t̃1 → t + χ̃0

1 , with the vertex sketched in Figure 3.5. Given that the coupling depends on the
hypercharge, it is favoured even when other weak decay modes would exist, due to the large value
of Y for the right-handed top squark. The pair production of top squarks in this model leads to a
signature akin to that of tt̄ production, but with additional missing transverse momentum in the
final state, due to the weakly interacting neutralinos. The signals are parametrised by the masses of
the top squark and the neutralino. In this dissertation, only the case mt̃1 > mt + mχ̃0

1
is considered.

Previous searches targeting this model have been carried out by the ATLAS and CMS col-
laborations at centre-of-mass energies of

√
s = 8TeV and 13TeV. Figure 3.6 shows a summary

of the
√

s = 8TeV results by ATLAS [61]. The search excludes stop masses below 700GeV at
95% CL, for neutralino masses below 100GeV. At

√
s = 13TeV, additionally, the top squark mass

region of 745GeV to 780GeV is excluded for neutralino masses below 100GeV to 150GeV [2].
Similar searches by CMS exclude top squark masses below 800GeV for neutralino masses below
150GeV [62, 63].

An alternative model with a bino LSP additionally contains a wino as the next-lightest supersym-
metric particle (NLSP). The mass of the wino NLSP is twice that of the bino LSP, following from the
relation M2 = 2×M1 which is common in models with a unification of the gauge couplings. When
assuming a mostly left-handed top squark, the decay mode t̃1 → b + χ̃±1 is favoured. This model is
not targeted by the analysis discussed in this dissertation, but is considered in the publication this
analysis is part of [4].

t̃

t

χ̃0

Figure 3.5:Decay of a top squark
into a top quark and a neutralino.
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3.3.2 Higgsino LSP model

Naturalness arguments support models with light higgsinos [64]. Thus, in addition to the bino LSP
model, a model with a higgsino LSP and a light top squark is targeted in the analysis, corresponding
to M2, M1 � |µ| � mZ . As this implies that all higgsino states are light, the model includes the
χ̃±1 and χ̃0

2 particles in addition to the top squark and the lightest neutralino. The mass spectrum is

∆m( χ̃±1 , χ̃
0
1 ) = 0.5 × ∆m( χ̃0

2, χ̃
0
1 ) < 30GeV . (3.11)

In addition to the t̃1 → t + χ̃0
1 decay mode, this model includes the decays t̃1 → t + χ̃0

2 and
t̃1 → b + χ̃±1 . The χ̃

±
1 and χ̃0

2 then subsequently decay through the emission of an off-shell W ,
Z or h boson, as depicted in Figure 3.7. The branching ratios of the decay modes depend on the
stop mixing. Due to the structure of the stop-higgsino coupling, the t̃L decays dominantly into a
neutralino, while the t̃R decays with a high branching ratio into b+ χ̃±1 . Three different stop mixing
assumptions are tested, covering the different topologies, as listed in Table 3.3.

χ̃0
2

t̃

t

Z∗/h∗

χ̃0
1
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t̃

b

W ∗

χ̃0
1

Figure 3.7: Decay of a top squark into a χ̃0
2 or a χ̃±1 , with the subsequent decays into the LSP.

Table 3.3: Decay branching ratios of the three different higgsino LSP models.

Model B(t̃1 → t + χ̃0
2 ) B(t̃1 → b + χ̃±1 ) B(t̃1 → t + χ̃0

1 )

t̃1 ∼ t̃R 25% 50% 25%
t̃1 ∼ t̃L 45% 10% 45%

t̃1 ∼ t̃L, large tan β 33% 33% 33%

3.3.3 Well-tempered neutralino model

The so-called well-tempered neutralino model aims to provide a dark matter candidate which is
compatible with cosmological observations [65]. It assumes that M1 ' |µ|, resulting in a bino
LSP and light higgsino states close in mass. For a light top squark, the possible decays are then
t̃1 → t + χ̃0

i for i = 1, 2, 3 and t̃1 → b + χ̃±1 . The heavier neutralino states, as well as the chargino
then decay through the emission of an off-shell W , Z or h boson.

Two signal models are assumed, based on calculations in the pMSSM. Apart from the two
scanned masses of the top squark and the bino, the model parameters are here set to fixed values
allowing for low fine-tuning and a LSP annihilation rate consistent with the observed dark matter
relic density. The two models differ in the stop mixing, with either t̃1 ∼ t̃R or t̃1 ∼ t̃L. In the latter
case, the lighter sbottom mass eigenstate, b̃1, has a mass similar to the t̃1 and can contribute to the
observed final states. The relevant decays are b̃1 → b + χ̃0

i for i = 1, 2, 3 and b̃1 → t + χ̃±1 .



Chapter 4 Event simulation

Predictions from the Standard Model as well as from Beyond the Standard Model theories rely
on the simulation of scattering events, based on Monte Carlo event generators. These programs

build on statistical integration methods, so-called “Monte Carlo integration”, in order to numerically
solve the incurring integrals.

For reliable predictions, complex processes need to be simulated: Starting with the interaction
of two partons from the colliding protons, followed by subsequent radiation, the hadronisation of
coloured particles, the underlying event, as well as the interaction of the final state particles with
the detector material. This is possible due to factorisation, i.e. processes at different energy or
length scales factorise and can be treated independently. In a coarse overview, the event simulation
comprises the following steps:

• the modelling of the partons inside the proton,

• the actual parton–parton interaction in the so-called hard scattering event,

• the emission of radiation in the parton shower,

• low energy QCD effects like the hadronisation of coloured particles, followed by

• the simulation of the ATLAS detector.

The individual steps are discussed in this chapter, and can be found in more detail in Ref. [66].
Figure 4.1 illustrates the different steps outlined above.

Parton
Distribution

Hard
Scatter

Parton
Shower Hadronisation

fa(xa)

fb(xb)

σab→X

Figure 4.1: Sketch of a proton–proton collision with the different steps of the event simulation.
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4.1 Factorisation and parton density functions

Due to the effect of asymptotic freedom, the partons inside the colliding protons behave nearly as
free particles in the hard scattering event. This allows to formulate a proton–proton collision as the
collision of two partons. With the factorisation theorem [67], the cross-section for the production
of a final state X is given by

σpp→X =
∑
a,b

1∫
0

dxadxb fa
(
xa, µ2

F

)
fb

(
xb, µ2

F

)
σab→X

(
xap, xbp, µ2

F

)
. (4.1)

Here, a and b are all parton types which can lead to a final state X , and σab→X is the cross-section
for the process ab→ X . The parton density functions (PDFs) fi(x, µ2

F ) give the probability of a
parton of type i carrying a momentum fraction x of the proton. The factorisation scale µF separates
the hard process from the parton density inside the proton. The effective centre-of-mass energy of
the process is then ŝ = xaxbs.

Parton density functions are universal and do not depend on the particular process. As the
parton density is a non-perturbative QCD effect, no analytical solutions exist for the PDFs. Instead,
parametrised functions are fitted to measurements of deep inelastic scattering processes and from
hadron colliders. The dependence of the PDFs on the energy scale Q is expressed by the QCD
evolution equations [68–70]. Figure 4.2 shows as an example the PDFs for u, d and s quarks and
the gluon at Q2 = (100GeV)2, from the CT14 PDF set [71].

x

3−10 2−10 1−10

)2
xf

(x
, Q

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

g
u
d
s

CT14nlo
2 = (100 GeV)2Q

Figure 4.2: The CT14 parton density functions [71, 72] for gluons, u, d and s quarks at Q2 =

(100GeV)2.

4.2 Calculation of the hard scattering cross-section

The partonic cross-section σab→X involves only high energy transfers and can be calculated in
perturbative QCD. The calculation of the hard scattering cross-section involves the final state
phase-space, as well as the matrix elementM of the process. The matrix element is determined
from the relevant Feynman diagrams, which represent the possible transitions of the initial to the
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final state. Schematically, the cross-section can be written as

σab→X =

∫
dΦ |Mab→X(Φ; µR, µF )|2 , (4.2)

where dΦ is the phase-space factor. The matrix elementM additionally depends on the renormali-
sation scale µR and the factorisation scale µF .

The calculation of the cross-section is usually done at a fixedorder in the strong coupling constant
αS, including effects of virtual corrections (“loops”) and real emission (“legs”). Divergences from
both kind of corrections cancel at any fixed order, following the KLN theorem [73, 74].

4.3 Parton shower
The matrix element calculation gives the cross-section for the exclusive final state X . Using a
parton shower algorithm, the effects of higher orders, e.g. the radiation of additional jets, can be
simulated [66]. Parton showers are typically formulated as the evolution of the momentum transfer
from the hard process down to a low scale Q0 in the order of O(1GeV).

Parton shower algorithms simulate the emission of quarks and gluons from coloured particles.
They can also include electromagnetic radiation, which is suppressed by a factor of αem/αS.

The cross-section for a final state with n + 1 partons can be approximated to

dσn+1 ' dσn
αS
2π

dq2

q2 dz Pji(z) , (4.3)

assuming almost collinear splitting. Here, Pji(z) are the Altarelli-Parisi splitting functions [70],
which give the probability distribution of splitting an initial particle i into a particle j with the
momentum fraction z. The process also depends on the phase-space of the splitting, parametrised
by the virtuality q2. The three possible emissions in QCD are the radiation of a gluon from either
a quark or a gluon, q → qg and g → gg, or the splitting of a gluon into a quark–anti-quark pair,
g → qq̄.

The splitting functions Pji diverge for soft or collinear emissions. In order to remove these
divergences, a cutoffQ0 is introduced on the transverse momentum of the daughter particle j relative
to the parent particle i. Any emission below the cutoff is not resolvable and can be interpreted as
no emission. In order to compute the probability of no resolvable emission, a unitarity argument is
used: the sum of the probability of no resolvable emission and that of any resolvable emission has
to be unity, giving a way to formulate the former in terms of the latter.

Given an initial scale Q2 and a lower, final scale q2, the Sudakov form factor ∆i(Q2, q2) then
gives the probability of no resolvable emission from a parton i during the evolution from Q2 to q2.
The form factor is given by

∆i(Q2, q2) = exp

(
−

∑
j

∫ Q2

q2

dk2

k2
αS
2π

∫ zmax(k
2)

zmin(k2)
dz Pji(z)

)
, (4.4)

where the sum goes over all possible emissions, and the integration limits zmin and zmax take the
cutoff into account.

The parton shower algorithm then applies the following steps to simulate final state radiation:
Starting with the scale Q2, splittings are generated for each outgoing parton with a probability of
d∆i(Q2, q2)/dq2. This is repeated for all partons, now starting from the lower scale q2, until q2 is
below the cutoff value.
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Initial state radiation is simulated in a similar fashion by evolving the energy scale backwards
from the hard scattering, while taking into account the PDF effects.

When adding the emission simulated by a parton shower algorithm to a higher order matrix
element calculation, double counting of certain phase-space regions can happen. In order to prevent
this, emissions generated by the parton shower are merged with the matrix element calculation.
Techniques for this merging are implemented in the CKKW [75] and MLM [76] algorithms.

4.4 Hadronisation and low energy QCD effects
The parton shower stops at the hadronisation scale ofQ0 ' 1GeV, at which the effect of confinement
leads to the formation of hadrons. At this scale, the strong coupling constant αS is large, and non-
perturbative QCD effects dominate the processes. Event generators rely on phenomenological
models to describe the formation of colour-singlet states. The two common models used are the
string model [77] and the cluster model [78].
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Figure 4.3: Charged-particle multiplic-
ity as a function of the pT in minimum
bias events [1].

In the string model, the effects of confinement are
modelled as colour strings with a linearly rising potential
depending on the distance between two partons. When
the partons move apart, the potential rises and breaks the
string via the formation of new quark–anti-quark pairs.
This process is repeated until all energy is converted into
quark–anti-quark pairs, which then form the hadrons.

In the cluster model, partons are grouped to form
colour-singlet clusters, after splitting each final state gluon
into a quark–anti-quark pair. Clusters with a large mass
are split. The clusters are then treated as excited states of
hadrons, which then decay further.

Further low energyQCD effects have to be considered
in the generation of proton–proton events. Additional ac-
tivity is expected from the influence of the beam remnants
and frommultiple soft interactions between partons of the
colliding protons. This activity is called the underlying
event. Additional proton–proton collisions in the same
bunch crossing, called pile-up, are modelled as so-called
minimum bias interactions. These are soft QCD inter-
actions, for which phenomenologically inspired models
have to be used. These models are tuned to inclusive

measurements, such as the charged-particle multiplicity in dependence of various observables, as
shown in Figure 4.3.

4.5 Detector simulation
The simulation of the interactions of the final state particles from the generated events with the
detector are performed using the Geant 4 [79] particle-simulation toolkit. A detailed model of
the ATLAS detector [80] is used to simulate the electromagnetic and hadronic interactions of the
long-lived particles with the detector material. The detector response is digitised into the same
format as measured, real events.
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Chapter 5 The Large Hadron Collider

The Large Hadron Collider (LHC) [81] is a particle accelerator at CERN, near Geneva. It is
a two-ring superconducting synchrotron, with a circumference of nearly 27 km and a design

centre-of-mass energy of 14 TeV for proton–proton collisions. At the four collision points of the
accelerator ring, the major experiments are located: ALICE [82], ATLAS [83], CMS [84] and
LHCb [85]. The ATLAS and CMS experiments are multi-purpose detectors with a nearly 4π solid
angle coverage. The LHCb detector is designed for the study of b-hadron properties, and the ALICE
experiment focuses on heavy-ion collisions.

Initially, the LHC was operated at about half its design energy and delivered proton–proton
collisions at

√
s = 7TeV in 2010 and 2011, as well as at

√
s = 8TeV in 2012. In the run following

the first long shutdown (LS1, 2013-14) the centre-of-mass energy was increased to
√

s = 13TeV for
2015 and 2016. In addition to proton–proton collisions, the LHC can accelerate and collide heavy
ions, producing lead–lead (Pb-Pb) collisions as well as proton–lead (p-Pb) collisions.

Figure 5.1: Schematic view of the CERN accelerator complex [86].
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An overview of the CERN accelerator complex is shown in Figure 5.1. The protons for the
LHC are accelerated in several steps. At first, protons are extracted from hydrogen gas using an
electric field. The first acceleration step is carried out by the linear accelerator LINAC2, where the
proton beam is accelerated to an energy of 50MeV. The beam is then transferred into the Proton
Synchrotron Booster (PSB), where it is accelerated to 1.4GeV. The next accelerator in the sequence
is the Proton Synchrotron (PS), in which the beam is accelerated to an energy of 25GeV before
being transferred into the Super Proton Synchrotron (SPS). This is the final pre-accelerator and
increases the proton energy to 450GeV, before the beams are injected into the LHC.

In the LHC, the proton beams are accelerated to an energy of 6.5 TeV per beam for the runs in
2015 and 2016, with the design value of 7 TeV per beam. The magnetic field needed in the dipole
magnets, which are responsible for keeping the beam on a circular path, is 8.3 T. To realise this
field strength, superconducting Niobium-Titan coils are used, which are cooled to a temperature of
1.9K using superfluid Helium.

The event rate of a specific process in the proton–proton collisions depends on its cross-section,
σ, as well as the instantaneous luminosity, L, of the collider:

dN
dt
= L · σ . (5.1)

The instantaneous luminosity is defined in terms of machine parameters,

L =
nb frn1n2

2πΣxΣy
, (5.2)

where nb is the number of proton bunches colliding each revolution, with the revolution frequency
fr and the numbers n1 and n2 of protons in the respective bunches. Σx and Σy specify the horizontal
and vertical width of the beam, respectively. The beam dimensions can alternatively be described by
the emittance and the β∗ parameter, which is the envelope of the beam at the focus points. Table 5.1
gives an overview of the LHC machine parameters during 2015 and 2016, compared to the design
values. The peak instantaneous luminosity in 2016 exceeded the design value by more than 40%
with a value of 1.4 × 1034 cm−2s−1 .

Integrating the instantaneous luminosity over the time with active collisions gives the total
integrated luminosity. It is related via the cross-section to the number of events expected for a
process,

N = σ ·
∫
L dt . (5.3)

Table 5.1: Machine parameters of the LHC for 2015 and 2016 [87], compared to the design
parameters [81].

Parameter Design 2015 2016

Beam energy [TeV] 7 6.5 6.5
Bunch spacing [ns] 25 25 25
Beam focus β∗ [cm] 55 80 40
Number of protons per bunch 1.15 × 1011 1.15 × 1011 1.15 × 1011

Number of bunches per beam 2808 2244 2220
Peak luminosity [cm−2s−1] 1 × 1034 0.5 × 1034 1.4 × 1034
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The integrated luminosity delivered to the ATLAS experiment is shown in Figure 5.2, as a function
of the time.
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Figure 5.2: Integrated luminosity delivered to ATLAS versus the day (left) and the luminosity
weighted distribution of the mean number of interactions per bunch crossing for 2015 and 2016
(right) [88, 89].

Due to the high instantaneous luminosity, typically more than one inelastic proton–proton
collision occurs simultaneously in one bunch crossing, called pile-up. In addition to the in-time
pile-up of events in the same bunch crossing, traces from events before the bunch crossing can be
recorded and are referred to as out-of-time pile-up. The mean number of interactions per bunch
crossing, 〈µ〉, is shown in Figure 5.2 and gives a measure of the pile-up activity.

In total, the ATLAS experiment recorded an integrated luminosity of 39.5 fb−1 during stable-
beam data taking with an overall efficiency of more than 92%, compared to the delivered luminosity
of 42.7 fb−1. Of the recorded dataset, more than 90%, corresponding to 36.1 fb−1, fulfil all data
quality requirements and are used for physics analyses. The mean number of interactions per bunch
crossing in this period is 〈µ〉 = 23.7.





Chapter 6 The ATLAS experiment

The ATLAS experiment is one of the two general-purpose detectors at the LHC. Figure 6.1
shows a sketch of the 44m long detector, with a radius of 25m. The diverse physics goals of

ATLAS, including the measurements of the Higgs boson properties in the various decay channels,
as well as searches for physics beyond the Standard Model, demand a nearly full coverage around
the collision point. This is realised by a cylindrical system, in which the sub-detectors are arranged
in layers around the interaction point (IP). To extend the coverage in the forward regions, disks or
end-caps are placed perpendicular to the beam direction at the end of the barrel parts.

The central part of the detector, the Inner Detector (ID), is a tracking system. It is surrounded
by a superconducting Solenoid, providing a magnetic field of 2 T in order to bend the trajectories
of charged particles and provide a measure of their momenta. The calorimeter is located outside
the tracking system. It consists of two parts, the electromagnetic and the hadronic calorimeter,
which stop most of the particles produced in the event and measure their energy. The outermost
sub-detector is the Muon Spectrometer (MS) with superconducting toroid magnets. Table 6.1 gives
the performance goals of the sub-systems.

Figure 6.1: Overview of the ATLAS detector, with the different sub-detectors and the magnet
systems [90].

39



40 The ATLAS experiment

Table 6.1: Performance goals of the ATLAS detector [83]. The units for E and pT are in GeV.

Sub-detector Resolution Coverage

Inner Detector σpT/pT = 0.05% · pT ⊕ 1% |η | < 2.5
EM Calorimeter σE/E = 10%/

√
E ⊕ 0.7% |η | < 3.2

Hadronic Calorimeter σE/E = 50%/
√

E ⊕ 3% |η | < 3.2
Forward Had. Calorimeter σE/E = 100%/

√
E ⊕ 10% 3.1 < |η | < 4.9

Muon Spectrometer σpT/pT = 10% at pT = 1TeV |η | < 2.7

6.1 Coordinate system

ATLAS uses a right-handed, Cartesian coordinate system,with the origin at the place of the nominal
interaction point. The z-axis points along the beam in anti-clockwise direction, the x-axis from the
IP towards the centre of the LHC ring and the y-axis upwards. The azimuthal angle φ is measured
perpendicular to the beam and the polar angle θ is defined with respect to the z-axis.

Since the initial momentum of the partons in the collision along the z-axis is not known, often
the transverse momenta and energies of particles are used,

pT = p · sin θ =
√

p2
x + p2

y , (6.1)

ET = E · sin θ . (6.2)

The initial state has zero transverse momentum. Instead of the angle θ, often the rapidity y of a
particle is used:

y =
1
2

ln
(

E + pz
E − pz

)
. (6.3)

For particles that are massless or have high momentum compared to their rest mass the rapidity
equals the pseudo-rapidity η, which can directly be related to the angle θ,

η =
1
2

ln
(
|p| + pz
|p| − pz

)
= − ln

(
tan

θ

2

)
. (6.4)

Differences in rapidity, ∆y, are boost-invariant along the z-axis. The geometrical distance between
particles is usually given in terms of ∆R,

∆R =
√
(∆φ)2 + (∆η)2 . (6.5)

6.2 Inner Detector

The Inner Detector is the innermost sub-detector of the ATLAS experiment [91, 92]. Its task is
to measure the trajectories of charged particles, allowing for the reconstruction of interaction and
secondary decay vertices, as well as the measurement of charged-particle momenta. It covers the
region |η | < 2.5. To enable the momentum measurement, the ID is embedded in a superconducting
solenoid magnet, which provides a 2 T magnetic field parallel to the beam direction. Charged
particles traversing the field are bent in the φ direction, with a radius proportional to their momenta.
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Figure 6.2: Schematic view of the barrel part of the inner detector [93].

The ID has a length of 6.2m with a 2.1m diameter, and consists of multiple layers of sensors
in the barrel part, as well as discs placed perpendicular to the beam covering the forward region.
Figure 6.2 shows a schematic view of the ID layers in the barrel region. The ID is divided into
three sub-detectors, named Pixel detector, Semi-Conductor Tracker (SCT) and Transition Radiation
Tracker (TRT).

Pixel detector

The Pixel detector is the innermost sub-detector of the ATLAS experiment and consists of four layers
of silicon semi-conductor sensors (pixels), as well as three disks at each end of the sub-detector,
covering the region |η | < 2.5. The innermost layer, called insertable b-layer (IBL), was added during
the long shutdown of the LHC in 2013 and 2014 in order to improve the resolution of the tracking
system [94]. It is located at a radius of 33mm and consists of pixels with a size of 50 µm×250 µm.
The outer three layers, as well as the disks, consist of pixels with a size of 50 µm×400 µm. The last
layer is located at a radius of 12.25 cm. In total, the pixel detector has 86.6 million readout channels.
The precision of the location measurement of particles traversing the detector is 10 µm in the R − φ
plane and 115 µm in the z-coordinate (R-coordinate for the disks). The smaller pixel size of the IBL
provides an improved resolution of 70 µm in the z-coordinate. Together with the smaller distance
to the IP this leads to improvements in the impact parameter resolution, the vertexing, as well as
the tagging of jets originating from b quarks (b-jets).

Semi-conductor tracker

The Semi-conductor tracker is a silicon microstrip detector and is located outside the pixel detector,
covering the region |η | < 2.5. It consists of four layers in the barrel region, within radii of 30 cm to
52 cm, as well as nine disks at each end of the detector. Each layer of the sub-detector contains two
layers of strips, arranged with a 40mrad tilt in order to provide a measure of the hit location along
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the strip direction. The strips have a size of 80 µm×6.4 cm, providing in total 6.3 million readout
channels. The resulting resolution is 17 µm in the R − φ direction and 580 µm in the z-coordinate,
along the strips.

Transition radiation tracker

The transition radiation tracker covers the region |η | < 2.0 at radii between 55 cm and 108 cm.
It consists of 4mm diameter straw tubes interleaved with a polyethylene foil. Charged particles
traversing this material generate transition radiation depending on their mass. This information
is used for the identification of electrons. The straw tubes are segmented in R − φ and provide a
location resolution of 130 µm.

6.3 Calorimeters

The ATLAS calorimeters are located outside the ID, covering the region |η | < 4.9. They are used to
identify andmeasure the energy ofmost particles from the interaction. All calorimeters are sampling
calorimeters, with separate layers for the absorption of particles and for the active readout of the
signals. Figure 6.3 shows a sketch of the calorimeter layout. In the material, electromagnetically
interacting particles lose energy mostly by bremsstrahlung and pair production processes, while
particles which primarily interact hadronically are stopped by hadronic interactions. Both types of
processes result in particle showers in the absorbers, which lead to a measurable signal in the active
layers. The electromagnetic calorimeter is optimised for the first kind of processes, while the outer,
hadronic calorimeter targets the second kind.

Figure 6.3: Schematic view of the ATLAS calorimeters [95].
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Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [96] uses liquid argon (LAr) as the active material and
lead in the absorber layers. The barrel part covers the region |η | < 1.475, and is followed by the
end-caps which cover the region 1.375 < |η | < 3.2. The total thickness of the ECAL is more than
22 radiation lengths1 (X0) in the barrel part, and more than 24 X0 in the end-caps.

The ECAL consists of three layers with different cell-structures in the η−φ plane. The first layer
is finely segmented with a cell size of 0.003 × 0.1 in η × φ, allowing for a precise measurement of
the position of incoming particles. The second layer amounts to 70% of the ECAL depth and has a
granularity of 0.025× 0.025 in η × φ. It is used to precisely measure the energy of the showers. The
third layer has the same granularity and is used to contain the tails of the electromagnetic showers,
as well as for triggering purposes.

Hadronic calorimeter

The hadronic calorimeter (HCAL) consists of several parts covering different regions in |η |: A
barrel within |η | < 1.0, two extended barrels in 0.8 < |η | < 1.7, two end-caps in 1.5 < |η | < 3.2
and two forward calorimeters within 3.1 < |η | < 4.9. In total, the calorimeter has a thickness of
more than 9.7 hadronic interaction lengths2 (λ).

The barrel and extended barrel parts use steel as the absorber material and scintillating tiles
as the active material [97]. They are segmented into three layers with a granularity of 0.1 × 0.1
in η × φ. Both the end-caps, as well as the forward calorimeters use LAr as the active material in
order to withstand the higher radiation. The end-caps use copper as absorbers, while the forward
calorimeters use tungsten.

6.4 Muon spectrometer
The muon spectrometer is the outermost sub-detector of the ATLAS experiment [98]. It consists
of three barrel layers, as well as three wheels placed perpendicular to the beam at each side of the
detector. The sub-detector is placed around and within the superconducting toroid magnets. The
toroid magnet system consists of a large barrel toroid, with a field of up to 3.9 T, and two end-cap
toroids with fields up to 4.1 T. Each toroid consists of eight independent, superconducting coils
which are equally distributed around the beam. The open structure of the magnets reduces multiple
scattering effects and therefore leads to a better momentum resolution, due to the small amount of
material needed. The trajectories of muons are bent in the magnetic field in η direction, towards
the end-caps. Figure 6.4 gives a schematic overview of the muon spectrometer.

The muon spectrometer covers the range |η | < 2.7, and employs four different kinds of sub-
detectors: Monitored Drift Tubes (MDT), Cathode Strip Chambers (CSC), Resistive Plate Chambers
(RPC) and Thin Gap Chambers (TGC). The various detector components have different position
and time resolution, as well as radiation hardness.

Due to their good position resolution, the MDT and CSC detectors are used for the precise
measurements of the muon tracks. The MDT detectors are proportional chambers with a 40 µm
position resolution and are arranged in three layers with a range of |η | < 2.7 for the two outer layers.
The innermost layer covers the region |η | < 2.0. At 2.0 < |η | < 2.7 the CSC detectors are used, as

1The radiation length is defined as the mean distance over which the energy of an electron is reduced to 1/e of its
initial energy. For a photon, the same reduction occurs over a distance of 9/7X0.

2The hadronic interaction length is the mean distance over which the energy of a hadron is reduced to 1/e of the
initial energy.
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they withstand the higher rates of particles traversing the detectors. These multi-wire proportional
chambers have a comparable resolution to the MDTs.

As the high drift times in the MDTs of up to 700 ns exceed the readout-speed needed for the
trigger, additionally RPC and TGC detectors are used for triggering with a time resolution of 1 ns.
In the barrel region, the RPC detectors are installed, which are chambers with an active gas between
two resistive plates. Signals are read out at two orthogonal pickup strips. In the end-cap wheels,
the TGC detectors are used. These are multi-wire proportional chambers, with a small distance
between the wire and the cathode to enable a small readout time.

Figure 6.4: Schematic view of the ATLAS muon spectrometer [99].

6.5 Trigger

Due to the high collision rate and technical limitations, the ATLAS detector cannot record every
event. In order to select and record events with interesting physics characteristics, a two stage trigger
system is employed [100].

At the first stage, the Level 1 (L1) trigger reduces the event rate from up to 40MHz to 100 kHz.
The L1 trigger is a hardware-based system which uses information mainly from the calorimeters
and the muon spectrometer. Possible signatures are high-pT muons, highly energetic electrons,
photons jets and τ leptons, as well as a high amount of Emiss

T (as defined in Section 7.7). The L1
decision is made in less than 2.5 µs.

In case that a signal passes the L1 trigger selection, a so-called region-of-interest (RoI) in η
and φ is defined and the accepted event is further processed. The second stage is the High-Level
Trigger (HLT), which is a software-based system. Here, the event rate is reduced from 100 kHz to
1 kHz, and the accepted events are stored to disk. In the HLT, first the RoIs of the L1 trigger are
used and the specific objects are reconstructed. For events that do not fail the trigger selection at
that stage, the complete event can be reconstructed similarly to the offline analysis procedures and a
more detailed selection is possible. The mean processing time for the HLT is in the order of 300ms,
and strongly depends on the amount of pile-up.
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The ATLAS trigger menu is configured on a LHC run basis and is adapted to the instantaneous
luminosity in order to achieve the required rate reduction. Runs with the same conditions are then
grouped into periods, in which the trigger thresholds are constant.

6.6 Luminosity measurement
The delivered luminosity is measured in ATLAS by measuring the visible interaction rate per bunch
crossing. This is done using several independent detectors [101] in order to control for systematic
effects and reliability.

The luminosity can be expressed as

L =
µvis frnB

σvis
. (6.6)

Here, µvis is the visible interaction rate, fr is the revolution frequency of the LHC, nB is the number
of colliding bunches and σvis is the visible cross-section, i.e. the cross-section multiplied with the
efficiency and acceptance of the sub-detector. By measuring µvis, the relative luminosity per bunch
crossing can be measured.

The absolute calibration of the measurement is done in so-called van der Meer scans [102].
These are special, low intensity LHC runs, in which the beam separation is scanned in order to
determine the beam-beam overlap. The absolute luminosity can then be determined from machine
parameters, using Equation (5.2). The total uncertainty in the integrated luminosity of the LHC
runs in 2015 and 2016 is determined to be 3.2%, derived following a methodology similar to that
in Ref. [101].

The two primary sub-detectors used for the luminosity measurements are called LUCID and
BCM. The LUCID detector is a Cherenkov detector located at z = ±17m, covering the region
5.6 < |η | < 6.0. The BCM detectors are diamond sensors at the end of the inner detector, ±1.84m
from the interaction point in z-direction. They are also used to control the beam quality and trigger
a beam dump in case of losses, in order to protect the silicon detectors.

Several alternative algorithms, such as track-counting or Z → µµ measurements, are used in
order to have alternative measurements as a cross check to the primary luminosity detectors.





Chapter 7 Event reconstruction

S table particles created in the collision are measured by the various sub-detectors and recon-
structed by specialised algorithms. First, charged particle tracks are identified by the hits in

the Inner Detector and the Muon System. From these tracks, the primary interaction vertex is
determined. Then the individual physics objects, electrons, muons, τ leptons, jets, and the missing
transverse momentum, are reconstructed. This chapter briefly explains the individual reconstruction
and identification algorithms, and gives the selections used in the analyses described in this disser-
tation. In general, two sets of quality requirements are used to select electrons, muons and jets in the
analyses. These are called baseline and signal requirements, with the former requirements being a
subset of the latter. Baseline objects are used to remove the overlap between physics objects and
to compute the missing transverse momentum, while signal objects are used to derive kinematic
variables and for selection requirements in the analyses.

7.1 Tracks and primary vertex

The reconstruction of charged particle tracks is based on fitting trajectory models to the measure-
ments in the Inner Detector [93, 103]. The trajectories of charged particles are bent by the solenoidal
magnetic field in the Inner Detector, with a curvature that is inversely proportional to the momentum
of the particle.

Tracks are reconstructed using an inside-out algorithm. For this, three measurements in the
silicon detectors are combined to form track “seeds”, and then the tracks are propagated outwards
using a combinatorial Kalman filter [104]. After a hit is added to a track candidate, the reconstructed
segment is fitted in a χ2 minimisation. Good quality tracks in the pixel and SCT detectors are
extrapolated into the TRT detector and combined with the measurements there. Hits shared by
several tracks are resolved by an ambiguity solving algorithm, in which tracks are sorted according
to their quality and shared hits are removed before refitting the track.

Reconstructed tracks are specified by their azimuthal and polar angles, φ and θ, the charge over
momentum ratio, q/p, and the impact parameters d0 and z0, the minimal transverse and longitudinal
distance with respect to the centre of the detector. The tracking efficiency is more than 90% in the
central part of the detector for pT > 4GeV, and the resolution of the impact parameters for tracks
with pT > 30GeV is better than 10 µm in the transverse direction and 50 µm in the longitudinal
direction, respectively [5, 105].

The proton–proton interaction vertices in an event are found by an iterative vertex finding
algorithm [106]. Vertex candidates are fitted with a χ2 fit, taking into account the compatibility
of tracks with the vertex candidate. The initial vertex position is taken from the transverse beam
position and the global maximum of the z-coordinates of all reconstructed tracks. Tracks not
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compatible with a vertex are removed and the fit is iterated. All rejected tracks are then used as
an input to find further vertex candidates. The vertex with the highest sum of squared transverse
momenta of all associated tracks is taken to be the primary interaction vertex. It is required to have
at least two associated tracks with pT > 400MeV. The impact parameters of tracks used in the
analyses are taken with respect to the primary vertex and can be used to reject tracks which do not
come from the primary event.

7.2 Electrons

Electrons are reconstructed from clusters of energy in the EM calorimeter and an associated track.
A sliding-window clustering algorithm [107] with a window size of 3 × 5 units of the granularity
of the central calorimeter layer in η × φ, finds localised, narrow clusters of energy deposits in the
calorimeter. In the next step, tracks are associated to all clusters with a minimal energy of 2.5GeV.
For all cluster–track pairs the clusters are re-formed to a 3 × 7 units size in the barrel, or a 5 × 5
units size in the end-cap, and the tracks are re-fitted, to account for a possible energy loss due to
bremsstrahlung. If no track can be associated to a cluster, it is interpreted as a photon candidate and
not further considered in this analysis.

The four-momentum of the electron candidate is built from the calorimeter and track information.
While the η and φ directions are taken from the track, the energy is determined from the calorimeter
measurement, calibrated to the electron’s energy based on simulation [108].

The identification of good electron candidates is based on a multivariate, likelihood-based
method. It combines information about the shape of the electromagnetic shower in the calorimeter
with track-based information from the TRT, the goodness of the track-to-cluster matching and the
track quality, including bremsstrahlung effects, into a combined likelihood value. The selection of
electron candidates then depends on the likelihood ratio of the signal to the background. Three
reference working points are discussed in Ref. [107], Loose,Medium and Tight, and an additional
working point called VeryLoose is used here, to include a highly efficient selection.

In order to exclude electrons from semi-leptonic decays of heavy hadrons, isolation requirements
can be used. Here, the scalar sum of the transverse momentum of tracks with a distance of
∆R < min(0.2, 10GeV/ET) to the electron is used to calculate a measure of the activity close-by
the electron. The tracks associated to the electron are excluded from the sum.

The efficiency of the electron reconstruction, identification and isolation is measured in Z → ee
and J/ψ → ee events. Using the tag and probe method, one electron is required to fulfil strong
requirements in order to tag the event, and the second electron is only selected by the mass
requirement of the Z or J/ψ resonance, so that no bias is introduced on the measured quantities. The
efficiency of this probe electron passing the requirements is then measured. From the measurements,
ET and η dependent scale factors are derived in order to correct the simulation where necessary.
The electron energy scale and resolution are also calibrated based on this tag and probe method.

The baseline requirements for electrons in the analyses are an ET > 7GeV, |η | < 2.47 and
the VeryLoose identification selection. Signal electrons are additionally required to pass the Tight
identification selection and have ET > 28GeV. The impact parameters of the tracks associated to
signal electrons have to fulfil |d0/σd0 | < 5 and |z0 sin θ | < 0.5 mm, with respect to the primary
vertex. Additionally, signal electrons are required to be isolated with a surrounding activity of less
than 6% of the electron ET as calculated above. In the search for top squarks, the requirements have
been loosened in order to increase the efficiency. For baseline electrons the minimal ET is lowered
to 5GeV, and for signal electrons to 25GeV. Additionally, signal electrons only have to fulfil the
Loose identification selection.
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7.3 Muons
Muons are reconstructed from hits in the Inner Detector and in the Muon Spectrometer. Tracks
in the MS are found by combining hit patterns in the individual layers to segments, which are
then fitted together to tracks spanning several layers. The combined reconstruction of muons is
performed using four algorithms [109]:

• Combinedmuons (CB) are reconstructed from tracks in the ID and theMS. First, an outside-in
algorithm extrapolates MS tracks into the ID. A combined track is fitted using hits from both
the ID and the MS, optionally adding or removing MS hits to improve the fit quality. In a
second step, an inside-out algorithm fits tracks extrapolated from the ID to the MS.

• Segment-tagged muons (ST) are a combination of an ID track and a track segment in the
MS. This reconstruction is useful for low pT muons that only cross one layer of the MS, or
to recover efficiency in regions with a low coverage in the MS.

• Extrapolated muons (ME) are reconstructed in the forward region of the detector, within
2.5 < |η | < 2.7, where the ID has no coverage. Muons are reconstructed from a MS track
compatible with the interaction point.

• In the very central part of the detector, |η | < 0.1, where the MS has a low sensitivity due to
the layout of the detector, calorimeter-tagged muons (CT) are reconstructed from a track in
the ID and calorimeter measurements compatible with a minimally ionising particle.

Muon candidates reconstructed by several algorithms are identified according to the ID track.
Preference is given to the algorithm with the highest purity, prioritising CB muons over ST muons
and CT muons.

The identification of good muon candidates is based on the quality of the track fit, taking into
account the global χ2 and hit information, and the compatibility of the ID and theMSmeasurements.
Mediummuons are required to be reconstructed as CB orMEmuons. The Loose quality requirements
also allow ST and CT muons in order to increase the efficiency in the |η | < 0.1 region.

Similarly to electrons, the efficiency of the muon reconstruction, identification and isolation
requirements are measured using the tag and probe method in Z → µµ and J/ψ → µµ events.
Based on the same technique, the muon momentum scale and resolution are measured. Corrections
for the simulation are derived from the measurements in the form of pT and η dependent scale
factors.

In the analyses, the requirements for baseline muons are the Loose identification selection, a
pT > 6GeV and |η | < 2.7. Signal muons additionally have to fulfil the Medium identification
requirements and have pT > 28GeV. Furthermore they have to be compatible with the primary
vertex, requiring that |d0/σd0 | < 3 and |z0 sin θ | < 0.5 mm. The isolation of signal muons is ensured
by requiring that the scalar sum of track pT in a cone of ∆R < min(0.3, 10GeV/pT) to the muon is
less than 6% of the muon pT. In the search for top squarks, the pT requirement for baseline muons
is loosened to 4GeV and for signal muons to 25GeV.

7.4 Jets
Partons generated in the hard scattering hadronise to sprays of collimated hadrons. These jets are
reconstructed from energy deposits in the calorimeter based on a jet-finding algorithm. In a first
step, the energy measurements in the calorimeter are grouped to clusters. These clusters are input
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to an algorithm which combines close-by clusters into jets. In the last step, these jets are calibrated
to reflect the four-momentum of the initial parton.

7.4.1 Formation of topo-clusters in the calorimeter

Energy deposits in the calorimeter are combined into topologically connected clusters [110] (short
topo-clusters) according to their signal-to-noise ratio. The clusters are used to reconstruct the
hadronic shower of a particle in the calorimeter.

Cells with a signal-to-noise ratio of |S/N | = |Ecell/σcell | > 4 seed the formation of topo-clusters.
Ecell is the energy measured in the cell, and the noise of a calorimeter cell, σcell, is estimated based
on its intrinsic electronic noise and the contributions from pile-up activity.

For each cluster seed, neighbouring cells with |S/N | > 2 are added to the cluster, optionally
merging connected clusters in this step. A neighbouring cell is a cell that is either in the same
calorimeter layer and adjacent to the initial cell, or in an adjacent layer and overlapping in the η × φ
region. Then, neighbouring cells with |S/N | > 0 are added to the cluster, capturing the softer tails
of the hadronic shower. In a last step, clusters with two or more local maxima are split.

The cell energies are measured at the so-called electromagnetic scale. This means that they
correctly reconstruct the activity of an electromagnetic shower, without any correction for the loss
in hadronic showers. This effect is later corrected for in the calibration of the reconstructed jets.
Topo-clusters are interpreted as mass-less pseudo-particles. The topo-cluster energy and direction
are taken from the weighted mean of all cells contributing to the measurement.

7.4.2 The anti-kt algorithm

Topo-clusters are combined into jets according to the anti-kt algorithm [111] with a distance
parameter of R = 0.4. The anti-kt algorithm is a sequential recombination algorithm. It is infra-red
and collinear safe, meaning that neither hard, collinear emissions nor soft emissions at high angles
alter the jets in an event. In the algorithm, all inputs i are assigned the distances

di j = min(k−2
t,i , k−2

t, j )
∆R2

i j

R2 , to another input j, and (7.1)

diB = k−2
t,i , to the LHC beam B, (7.2)

where the kt is the transverse momentum of a pseudo-particle (meaning either a cluster or the
combination of multiple clusters), ∆Ri j =

√
∆η2

i j + ∆φ
2
i j is the distance between pseudo-particles i

and j in the η × φ plane, and the parameter R regulates the size of the final jets. Then, the smallest
distance in all di j and diB is found. If it is a distance to another input j, the two pseudo-particles i
and j are removed from the list and combined into a pseudo-jet, which in turn is added to the list of
inputs. If the smallest distance instead is diB, the input i is declared a final jet and removed from
the list. This sequence of computing all distances, combining inputs and finding the final jets is
iterated until the list of inputs is empty.

The anti-kt algorithm assigns small distances to high-momentum particles that are close-by,
meaning that hard particles are clustered at the beginning of the sequence. The jets then grow
around these seeds while adding the softer constituents, leading to approximately circular jet shapes
in the η×φ plane. The momentum of the jet is determined from the vectorial sum of the topo-cluster
momenta, which also determines the mass of the jet. Jets in ATLAS are reconstructed with a radius
parameter of R = 0.4.
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7.4.3 Jet calibration

The resulting jets are calibrated to reflect the four-momentum of the initiating partons [112]. The
calibration is mainly based on simulation, and the jet four-momenta are corrected to that of truth jets,
built from the stable truth particles in a simulated event. Jets are calibrated in several, consecutive
steps, as shown in Figure 7.1 and explained below.

In the origin correction, the four-momentum of the jet is recalculated to point to the primary
vertex instead of the centre of the detector. The jet energy is kept constant in this correction, only
the direction is changed in order to improve the angular resolution of the jets.

The contributions from pile-up to the energy of a jet are removed in two steps. First, the per-event
pile-up contribution is subtracted based on the area of the jet. The energy density, ρ, is determined
from the median of the energy density distribution in the event, and the jet area, A, is calculated
using ghost association. In this method, so-called ghost particles, pseudo inputs with an infinitesimal
momentum, are added uniformly to the jet reconstruction. The jet area is then determined from
the fraction of ghost particles clustered into a jet. This method accurately determines the area of
a jet even in cases where two jets close to each other are found, resulting in non-circular shapes.
The residual dependence of the jet pT on the number of interaction vertices in the event, NPV, and
the mean number of interactions, 〈µ〉, are approximated to be linear and uncorrelated to each other.
Two |η | dependent coefficients, α and β, are determined and used to subtract the residual pile-up
contributions. The final, pile-up corrected transverse momentum of the jet is thus

pcorr
T = pT − ρ · A − α · (NPV − 1) − β · 〈µ〉 . (7.3)

In the following step, an absolute, MC-based calibration is applied to the jets. Based on
simulation, the jet response is derived as the ratio of the reconstructed energy to the true energy of a
jet, R = Ejet/Etruth. The jet response R is determined using isolated jets matched to truth jets within
∆R < 0.3. As the jet response is strongly dependent on the detector geometry, it is parametrised in
|ηdet |, the jet η direction pointing from the centre of the detector, which is an unambiguous measure
of the location in the detector. The response R is then inverted numerically to derive a correction
based on Ejet. A further correction is applied in order to remove a bias for jets which span two
calorimeter regions with different energy response characteristics. It is parametrised in |ηjet | and
|ηdet |, and inverted and applied in a similar fashion.

After the MC-based calibration, the mean jet energy corresponds to the energy of the initial
parton. Residual dependencies of the jet energy on the jet shape prevail, and are corrected for in the
global sequential calibration (GSC). The GSC comprises several independent correction steps, each
correcting for a bias in one observable. The order of these steps, and potential correlations between

EM-scale jets Origin correction
Jet area-based pile-

up correction
Residual pile-up 

correction

Absolute MC-based 
calibration

Global sequential 
calibration

Residual in situ 
calibration

Jet finding applied to 
topological clusters at 

the EM scale.

Changes the jet direction 
to point to the hard-scatter 
vertex. Does not affect E.

Applied as a function of 
event pile-up pT density 

and jet area.

Removes residual pile-up 
dependence, as a 

function of 𝜇 and NPV.

Corrects jet 4-momentum 
to the particle-level energy 
scale. Both the energy and 

direction are calibrated.

Reduces flavor dependence 
and energy leakage effects 
using calorimeter, track, and 

muon-segment variables.

A residual calibration 
is derived using in situ 
measurements and is 
applied only to data.

Figure 7.1: Overview of the ATLAS jet calibration scheme [112].
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the observables are found to have a negligible impact on the final calibration. Five dependencies
are corrected for, with the variables being the fraction of energy in the first layer of the hadronic
Tile calorimeter, the fraction of energy in the last layer of the electromagnetic LAr calorimeter, the
number of tracks associated to the jet, the pT weighted distance of these tracks to the jet axis, and
the number of track segments in the MS associated to the jet. For each of these observables, a pT
and |ηdet | dependent correction is derived, akin to the absolute correction explained before. The
correction factors are scaled in such a way that the average energy of the jets is not changed, in order
to conserve the overall jet energy scale. The GSC reduces the dependency on the jet calibration on
the detector layout, on fluctuations in the particle content of the jet, the shower shapes and on the
so-called “punch-through” effect, which describes jets not fully contained in the calorimeters, but
leaking into the MS.

In the final step of the calibration procedure, an in-situ calibration is applied to jets in data,
in order to correct for detector effects which are not well modelled in the simulation. The in-situ
calibration is based on the measurements of jets recoiling against well measured reference objects.
With the Z → `` + jet and γ + jet balance methods, jets recoiling against well measured leptonic or
purely electromagnetic detector signatures are calibrated. These methods are sensitive up to a jet
pT of 950GeV, after which the statistical precision deteriorates the measurement. High pT jets are
calibrated based on the multi-jet balance method, measuring the recoil of a hard jet against multiple,
softer jets, which are calibrated with the aforementioned methods. Iterating this procedure, allows
to include even higher pT jets in the multi-jet balance method and makes the calibration available
for jets up to 2 TeV. The calibration of jets with pT > 2TeV is based on single-particle response
studies. Forward jets are calibrated using the η-intercalibration method, measuring the energy with
respect to well calibrated, central jets.

7.4.4 Jet vertex tagging

Jet vertex tagging [113] is a technique which allows to quantify the compatibility of a jet with the
primary interaction vertex. It is used in order to identify and remove jets originating from pile-up
events. The JVT measure is based on the tracks associated to the jet. The sensitive observables are
the fraction of tracks that come from the primary vertex, as well as the ratio of the track pT sum to
the jet pT. These two quantities are combined in a likelihood, which is used in the jet selection to
remove soft jets from pile-up interactions.

7.4.5 Jet requirements in the analyses

Baseline jets in the analysis are required to have pT > 20GeV and |η | < 4.7, reflecting the
kinematic acceptance of the detector. The requirements for signal jets are pT > 25GeV and
|η | < 2.5. Furthermore, JVT < 0.59 is required for jets within |η | < 2.4 and pT < 60GeV.

In the analyses, a technique called jet reclustering is used, where several jets are combined
using the anti-kt algorithm with a large radius parameter, in order to reconstruct particles decaying
into several collimated jets, with a distance smaller than ∆R ≤ 0.4. It is found to show a good
performance in comparison with jets with a large radius built from topo-clusters [114].

7.5 Flavour-tagging

Weakly decaying hadrons containing b quarks are relatively long-lived, with a mean life time of
τ ∼ 1.5 ps. Their decays therefore can have a measurable distance from the primary interaction
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Figure 7.2: Sketch of the b-hadron decay in a jet, with the most important variables indicated [117].

vertex (PV), resulting in a secondary vertex (SV). This makes b-jets, i.e. jets originating from b
quarks, identifiable through the use of b-tagging algorithms [115, 116]. Several algorithms are used
in ATLAS, which rely on the impact parameters (IP) or reconstruct secondary vertices based on
the tracks from charged particles matched to the jets. The information of these algorithms are then
combined in a multivariate approach to form a final discriminant. Figure 7.2 shows a sketch of a
b-hadron decay in a jet, with the most important b-tagging variables outlined.

The IP2D and IP3D algorithms are based on the signed impact parameter significances of tracks
matched to jets. The sign of the IP indicates the track position relative to that of the PV and the
jet, with a positive sign meaning that the track lies in front of the PV, relative to the jet. The IP
algorithms categorise the tracks according to their quality, and combine the transverse IP, and also
the longitudinal IP in the case of IP3D, into a likelihood-ratio based discriminant.

The SV algorithm finds secondary vertices by first reconstructing all two-track vertices of tracks
in a jet. Vertices compatible with a KS or Λ decay as well as from photon conversion or hadronic
interactions with the detector material are removed. The secondary vertex is then iteratively refitted
and outlier tracks are removed in the process. Discriminant information, in addition to the existence
of a secondary vertex in the jet, are the invariant mass of all tracks associated to the vertex, as well
as the decay length, i.e. the distance to the PV, and the fraction of energy from the tracks in the
vertex to all tracks in the jet.

Secondary vertices are also utilised in the JetFitter algorithm, which reconstructs the full b-
hadron and subsequently the c-hadron decay chain. By assuming that the decay vertices lie on a
common line from the PV, the algorithm is able to reconstruct decays with only a single, charged
particle in the vertex.

The information obtained by these basic algorithms are used in a multivariate combination,
called MV2. This algorithm is based on a boosted decision tree (BDT), trained to discriminate
b-jets from c-jets and light-flavour jets. The training includes information from the IP2D, IP3D,
SV and JetFitter algorithms, as well as the pT and |η | of the jet. In order to be independent of
the kinematic distributions in the training data set, b- and c-jets in the training are reweighted to
match the two dimensional pT × η distribution of the light jets. Several variants of the classifier are
available, with a different fraction of c-jets in the training algorithm and accordingly a different
rejection of c-jets in the final discriminant. In the analyses presented here, b-jets are identified using
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a working point of the MV2 algorithm that offers a mean b-jet identification efficiency of 77% in
tt̄ events, and a rejection factor of 134 for light-flavour jets and 6 for c-jets. An adaptation of the
multivariate approach for dense environments is described in Appendix A.

The calibration of the b-tagging algorithms relies on efficiency measurements in samples
enriched in either b-jets, c-jets or light-flavour jets. The measurements are reported in the form of
scale factors, the relative efficiency measured in data to that in simulation, which are then used
to correct the efficiency for the mismodelling effects in the simulation. The b-jet calibration is
based on dileptonic tt̄ events [118]. The b-jets are selected based on a likelihood method, and a
good agreement of data and simulation is found, with a percent-level uncertainty. The calibration
of the mis-tagging efficiency for c-jets is based on the reconstruction of D∗+ → D0π+ → K−π+π+

decays [119], which is used to select c-jets. Light-flavour jets are selected and calibrated in the
negative tag method [120]. This method relies on the assumption that the distribution of the
signed impact parameters and vertex decay lengths is symmetric for light jets, while b- and c-jets
predominantly show positive values. Light jets are selected by requiring negative impact parameters,
and then the sign is artificially inverted in order to evaluate the b-tagging algorithms and measure
their efficiency on light-jets.

7.6 Hadronically decaying τ leptons

The τ lepton decays with a branching ratio of about 65% into a τ neutrino and one or more charged
hadrons (hadronic τs). The most common decay mode includes one charged hadron (one prong),
followed by decays with three charged hadrons (three prong). The reconstruction of hadronic τ
decays is seeded by jets [121, 122], which are required to have pT > 10GeV and lie in the acceptance
of the Inner Detector, |η | < 2.5. The τ candidate energy is calculated from all jet constituents,
i.e. topo-clusters, within ∆R < 0.2 to the jet axis. Within the same radius, tracks fulfilling quality
requirements and have pT > 1GeV are associated to the τ candidate. The constituents in the region
0.2 < ∆R < 0.4, as well as the tracks within that radius, are used to calculate isolation variables.

The identification of τ candidates, and the rejection of the QCD jet background, is based on a
BDT. The classification relies on variables characterising the decay topology, including a special
reconstruction of π0 → γγ decays, the isolation of the candidate, as well as features of the associated
tracks.

In the analyses, hadronic τ candidates are used in order to reject background events based on
kinematic features, as described in Chapter 8. Only τ candidates with exactly one or three associated
tracks are used, in order to require a reconstruction of either the one or the three prong decay mode.
Candidates overlapping within ∆R < 0.1 with an electron candidate are removed, to reject hadronic
τ candidates reconstructed from an electrons. Additionally, a pT threshold of 20GeV is set.

7.7 Missing transverse momentum

Neutral, weakly-interacting particles, like the neutrino or the neutralino in certain SUSY scenarios,
cannot be detected with the ATLAS detector. This creates an apparent imbalance in the total
transverse momentum in the event. This missing transverse momentum, ®Emiss

T , is calculated from
the negative vectorial sum of the transverse momenta of all detected particles in an event and its
magnitude is referred to as Emiss

T . The reconstruction of the ®Emiss
T includes all calibrated objects

in an event, and adds a soft-term that includes any activity which is not associated to calibrated
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objects [123, 124]. The missing transverse momentum in the x (y) direction is then

Emiss
T,x(y) = Emiss,e

T,x(y) + Emiss,jets
T,x(y) + Emiss,µ

T,x(y) + Emiss,soft
T,x(y) . (7.4)

In the analyses, the baseline selection is used for objects entering the Emiss
T calculation. The soft-term,

Emiss,soft
T , is built from the negative vectorial sum of all tracks in the event which are not associated

to calibrated objects. This track-based soft-term (TST) ignores contributions from neutral particles.
An alternative , calorimeter-based soft-term (CST), includes all topo-clusters not associated with
jets in the Emiss

T calculation. While the CST includes neutral activity, it is less resilient against
pile-up effects and was found to lead to a worse resolution of the Emiss

T for the analyses presented
here. The absolute scale and resolution of the Emiss

T is measured in Z → µµ events.

7.8 Overlap removal
Detector signatures can be reconstructed as more than one object type, e.g., energy deposits in the
calorimeter will likely be reconstructed as electrons and jets. In order to resolve these ambiguities,
and not to double count detector measurements, an overlap removal algorithm is used. All objects
satisfying baseline quality requirements are input to the algorithm, and only objects passing the
overlap removal are used further in the analyses. The two analyses use different overlap removal
algorithms.

7.8.1 Overlap removal in the search for vector-like quarks

The overlap removal for the vector-like quark search is harmonised with other VLQ searches in
different final states, in order to facilitate a later combination of the results. The procedure is as
follows:

1. Electron/jet overlap: if a baseline jet is found within ∆R < 0.2 to a baseline electron, the
object is interpreted as an electron and the jet candidate is removed.

2. Muon/jet: if a baseline muon overlaps with a baseline jet within ∆R < 0.4, the overlapping
jet is removed, if it has less than three tracks with pT > 500MeV associated to it. Otherwise,
both candidates are retained, and subject to the further steps.

3. Jet/lepton:

• If a jet overlaps with a muon in a cone of size ∆R = min(0.4, 0.04 + 10GeV/pµT), the
muon candidate is removed, as it either originates from a heavy flavour decay in the jet,
or from a jet that is not fully contained in the calorimeter and creates hits in the MS.

• If a jet overlaps with an electron in a cone of size ∆R = 0.4, the electron candidate is
removed.

4. Electron/τ: if an electron overlaps with a hadronic τ candidate within ∆R < 0.1, the τ
candidate is removed.

7.8.2 Overlap removal in the search for top squarks

The overlap removal for the top squark search is optimised with respect to the acceptance of prompt
leptons, in order to achieve a better signal acceptance. The algorithm is:
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1. Electron/muon: if a baseline electron and a baseline muon overlap within ∆R < 0.01, the
muon candidate is removed, if it is a CT muon, otherwise the electron is removed.

2. Electron/jet overlap: if a baseline jet is found within ∆R < 0.2 to a baseline electron and the
jet is not b-tagged, the object is interpreted as an electron and the jet candidate is removed.

3. Muon/jet: if a baseline muon overlaps with a baseline jet within ∆R < 0.4 and the jet is not
b-tagged, the overlapping jet is removed, if it has less than three tracks with pT > 500MeV
associated to it or if pµT/p

jet
T > 0.7. Otherwise, both candidates are retained, and subject to

the further steps.

4. Jet/lepton: if a jet overlaps with a lepton in a cone of size ∆R = min(0.4, 0.04 + 10GeV/p`T),
the lepton candidate is removed.

5. Electron/τ: if an electron overlaps with a hadronic τ candidate within ∆R < 0.1, the τ
candidate is removed.

The algorithm differs with respect to the one used in the VLQ search in the requirement that
electron candidates can only remove non-b-tagged jet candidates, the additional pT ratio requirement
in the muon/jet overlap removal, and the pT-dependent cone size for electrons in the jet/lepton
overlap removal step.
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Chapter 8 Common aspects of the
searches for top quark partners

In this chapter, the common aspects of the searches for partners of the top quark presented in this
dissertation are described. In both extensions to the SM discussed, the pair production of heavy

top quark partners can result in final states akin to SM tt̄ production, but with additional sources of
Emiss
T .
The pair production of vector-like top quarks gives rise to many different final states, depending

on the decay branching ratio of the VLT. For a T → Zt decay, the subsequent decay of Z → νν̄

can give rise to large Emiss
T . Models with a sizeable fraction of T → Zt decays, can therefore result

in tt̄ + Emiss
T final states with potentially additional activity due to the decay of the second Z boson,

or alternatively from the decay of the Higgs boson in the T → Ht decay. This is for example
realised in the doublet model, in which the B(T → Zt) ' 50% for high T quark masses. The
higher branching fraction of the invisible decay of the Z boson, compared to the decay into charged
leptons, together with the possibility to distinguish it from pure QCD multijet events, makes this an
interesting channel for the search for vector-like top quarks.

In case of supersymmetric light top squarks decaying via t̃1 → t + χ̃0
1 , the neutralinos are a

source of significant Emiss
T , if the mass difference between the t̃1 and the χ̃0

1 is large. Alternative
decay modes of the top squark, like t̃1 → b + χ̃±1 (→W± + χ̃0

1 ) or t̃1 → t + χ̃0
2 (→h/Z + χ̃0

1 ), also
result in similar topologies, with potential additional activity.

The analysis focuses on events with exactly one charged lepton, either an electron or a muon1,
in the final state. In tt̄ and top squark pair production, these events result from the semi-leptonic
decay channel of the top quark pair, i.e. with one of the W bosons decaying leptonically, and the
other one hadronically. Based on the branching ratio B(W → `ν) ' 11% with ` = e, µ, τ and
B(τ → ντ ν̄e/µe/µ) ' 35%, the total branching fraction of selectable semi-leptonic tt̄ events is
about 38%, compared to about 55% for the hadronic and 7% for the dileptonic decay modes. Even
though the branching ratio is smaller than for the hadronic decay modes, the requirement of a
charged lepton in the final state strongly reduces the QCD multijet background. The semi-leptonic
final state thus provides a good balance of background suppression and signal selection efficiency.

1As hadronically decaying τ leptons have a low identification efficiency and a large QCD jet background, only
the leptonic decay modes are considered and the electron or muon from the decay are included in the charged lepton
definition. Hadronically decaying τ leptons candidates are used to suppress certain backgrounds.

59
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8.1 Analysis strategy
The analyses discussed in this dissertation follow the same common strategy. A region of phase-
space, called the signal region (SR), is defined by requirements which maximise the discovery
sensitivity and minimise the SM backgrounds. The signal and background hypotheses are then
tested against the number of observed and expected events in the signal region.

The main background processes after the signal selection include tt̄ and single top production,
W+jets events as well as tt̄ production in association with a vector boson (tt̄+V). The normalisation
of the dominant backgrounds is estimated by building dedicated control regions (CRs), in which one
particular background process is enhanced. All control regions and the signal region are disjunct
and therefore statistically independent. The statistical interpretation is based on a simultaneous fit
to the CRs and the SR, in which the background normalisations and a possible signal contribution
are determined, while taking into account the experimental and theoretical systematic uncertainties.
The backgroundmodelling and normalisation, as predicted by the fit, is tested in dedicated validation
regions (VRs) for the dominant backgrounds.

8.2 Data sample
The analyses presented here are based on a dataset collected with the ATLAS detector in pp
collisions in 2015 and 2016. The centre-of-mass energy was

√
s = 13TeV and the collected events

correspond to an integrated luminosity of 36.1 fb−1 with an uncertainty of 3.2%, after requiring
that all sub-detectors were fully operational during data taking.

The events are collected using the lowest missing transverse momentum trigger in each period
of data taking. For the data collected in 2015 a trigger with a threshold of Emiss

T > 70GeV is used.
During 2016 the online threshold of the trigger was successively increased in order to keep an
overall stable trigger rate with increasing instantaneous luminosity. The trigger thresholds used are

• Emiss
T > 90GeV for runs 296939 to 302872, (Periods A–D3)

• Emiss
T > 100GeV for runs 302919 to 303892, (Periods D4–F1)

• Emiss
T > 110GeV for runs from 303943 (Periods F2–end)

The online Emiss
T in the trigger is calculated from the negative vectorial sum of all jet transverse

momenta in the event. The trigger efficiency surpasses 95% starting from an offline Emiss
T of about

200GeV, due to resolution effects.

8.3 Signal and background modelling
Samples of MC simulated events are used for the description of the background and to model
the signal processes. As summarised in Table 8.1, Powheg-Box v2 [125–128] interfaced to
Pythia v6.428 [129] is used to simulate tt̄ production as well as single top production in association
with aW boson,while electroweak t-channel single top quark events are generatedusing the Powheg-
Box v1 generator. W+jets events are simulated using the Sherpa v2.2.0 event generator [130–132],
while for diboson events, Sherpa v2.1.1–2.2.1 is used. For the simulation of tt̄ + V events, the
MadGraph5_aMC@NLO v2.3.3 [133] event generator interfaced with Pythia v8.186 is used.

VLT pair production signal events are generated with Protos v2.2 [38, 39], interfaced to
Pythia v8 for the parton shower and hadronisation. Signal events for the top squark pair production



8.4. Basic event selection 61

Table 8.1: Overview of the nominal simulated samples.

Process ME Generator ME PDF Fragmentation

tt̄ Powheg-Box v2 CT10 Pythia v6.428
Single top Powheg-Box v1/v2 CT10 Pythia v6.428

W+jets Sherpa v2.2.0 NNPDF3.0 Sherpa
Diboson Sherpa v2.1.1–2.2.1 CT10 Sherpa
tt̄ + V MadGraph5_aMC@NLO v2.3.3 NNPDF2.3 Pythia v8.186

VLT signal Protos v2.2 CT10 Pythia v8.186
SUSY signal MadGraph5_aMC@NLO v2.2.3 NNPDF3.0 Pythia v8.186

are generated with MadGraph5_aMC@NLO v.2.2.3, including up to two additional partons,
interfaced to Pythia v8.

All MC samples are normalised using the highest-order inclusive cross-sections available at
√

s = 13TeV. The parton distribution function (PDF) sets used are CT10 [134] for the Powheg-
Box and Sherpa v2.1.1 generators, NNPDF 3.0 NNLO [135] for Sherpa v2.2.0, and NNPDF
2.3 LO [136] for MadGraph5_aMC@NLO. The top quarkmass is set to 172.5GeV in all simulated
samples. The samples produced with Protos, MadGraph5_aMC@NLO and Powheg-Box use
EvtGen v1.2.0 [137] for the modelling of b-hadron decays. All simulated samples, except for the
SUSY signals, are processedwith the full simulation of theATLAS detector [80] using Geant 4 [79].
The SUSY signal samples are processed with a fast simulation of the detector [80].

The simulated events are then reconstructed using the same software as for data and corrected
so that the particle identification efficiencies, as well as the energy scales and resolutions, match the
values measured in data control samples. Varying numbers of simulated minimum-bias interactions
generated with Pythia 8 are overlaid on the hard-scattering event to account for pile-up interactions.

8.4 Basic event selection

A common event preselection is defined, guided by the general properties of the chosen final
state. After fulfilling the trigger requirements as stated above, events have to pass basic quality
requirements, referred to as event cleaning. Only events inwhich all sub-detectors are fully functional
are used, based on the Good Runs List, a list of time spans for which the full detector is operational.
Additionally, individual events with noise bursts in the calorimeters or data integrity problems are
removed. In order to reject events with badly measured jets, any event is vetoed which contains a
jet, after overlap removal, which fails the loose jet-cleaning recommendations.

Events are required to have exactly one reconstructed signal electron or muon, satisfying the
quality requirements detailed in Chapter 7. A veto on events with a second baseline lepton reduces
the contributions from dileptonic tt̄ production. In addition, at least four jets and at least one b-jet
are required. To remove possible contributions of events with badly measured jets and QCDmultijet
event contributions, a minimal azimuthal separation between the leading two jets and the Emiss

T is
required, |∆φ( ji, ®Emiss

T )| > 0.4 for i = 1, 2. The choice of Emiss
T triggers, motivated by the additional

Emiss
T in the signals, leads to a minimal Emiss

T requirement of 200GeV, for which the trigger selection
is fully efficient. Due to the large Emiss

T in the signal processes, this threshold is raised to 300GeV in
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Table 8.2: Common preselection requirements.

Preselection

Emiss
T trigger

Event cleaning
Exactly one lepton
≥ 4 jets
≥ 1 b-jet
|∆φ( ji, ®Emiss

T )| > 0.4 for i = 1, 2
Emiss
T > 300GeV

  (64.6%)tt
W+jets (21.0%)
Single top (11.2%)
Diboson (2.0%)
+V (1.2%)tt

 = 13 TeVs
Preselection

Figure 8.1: Relative contribution of the
SM processes after the preselection.

order to achieve further background suppression. The full preselection is summarised in Table 8.2
and the relative contributions of the SM processes after this selection is shown in Figure 8.1. The
dominant processes are tt̄ and W+jets production, which together account for more than 85% of the
events. Subdominant contributions come from single top production, followed by a smaller fraction
of diboson and tt̄ + V events. Z+jets events are strongly suppressed by the high Emiss

T requirement
and the veto on a second lepton in the event. Due to the lepton requirements and the high Emiss

T
threshold the contribution of QCD multijet events is negligible.

Considering two benchmark signal models, direct top squark production with mt̃1 = 1TeV and
a nearly massless neutralino, and VLT production for mT = 1TeV in the T → Zt decay channel, the
efficiency of the preselection is about 20% for the SUSY signal and about 6% for the VLQ signal.
Relative to the branching ratio of 35% for the semi-leptonic tt̄ decay mode and additionally 20%
for Z → νν̄ and the requirement of no Z → `` decay in the case of the VLQ signal, the selection
efficiencies are 60% and 55%, respectively. The efficiency for tt̄ and W+jets events is below 1%
each.

8.5 Properties of signal and background

Common properties of the signals resulting in tt̄ + Emiss
T final states can be used to suppress

major contributions of SM backgrounds. The dominant backgrounds after the preselection are
semi-leptonic tt̄ and W+jets production. Both processes contain a leptonically decaying W boson
in the final state, of which the transverse mass can be calculated to

mT =

√
2p`TEmiss

T (1 − cos∆φ) , (8.1)

where p`T is the transverse momentum of the lepton, ∆φ is the azimuthal angle between the lepton
and the direction of the Emiss

T , and the masses of the lepton and the invisible particle are neglected.
Apart from resolution effects, this variable is bound from above by the mass of the W boson,
in events where the lepton and the Emiss

T only come from a leptonic W boson decay. For signal
processes with additional sources of Emiss

T , this bound can be evaded. Figure 8.2 compares the
distributions of Emiss

T and mT for the dominant backgrounds and the two benchmark signal models.
Even after the high threshold in the preselection, the Emiss

T still offers a good separation between
the backgrounds and both signal models. The mT distribution shows the kinematic endpoint for
the background processes, which is evaded by the signal models. The VLT signal has a small
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Figure 8.2: Comparison of the distributions of Emiss
T (left) and mT (right) for the dominant

background processes tt̄ andW+jets, and for two signal models after the preselection. The individual
distributions are normalised to a unit area.
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contribution from events in which none of the Z bosons decay invisibly, for which the kinematic
end point holds. This can be seen in Figure 8.3.

In the construction of the mT variable, the Emiss
T is assumed to come essentially from the neutrino

from the leptonically decaying W boson. There can be additional contributions in dileptonic tt̄
events (tt̄ 2L), in which one of the leptons fails detection or identification. In contrast to the semi-
leptonic tt̄ process (tt̄ 1L), additional jets from QCD radiation are required to pass the preselection
requirements. As hadronically decaying τ leptons are generally reconstructed as a jet in the detector,
dileptonic tt̄ decay modes with a hadronic τ decay only need one additional jet, while for other
dileptonic tt̄ events at least two additional jets are required. The mT distribution of semi-leptonic and
dileptonic tt̄ events is compared in Figure 8.3, showing also the relative fraction of these categories
after the preselection. Requirements on mT above the W boson mass are effective in reducing the
semi-leptonic tt̄ background, while dileptonic tt̄ events are less affected.

In order to suppress the dileptonic tt̄ background, the amT2 variable [138] is used, which is a
variant of the general mT2 variable [139–141]. This is a variable that targets decay topologies in
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which pair produced particles decay into two branches, both with particles measured in the detector
and invisible particles, like neutrinos. mT2 is the minimum mass of a parent particle, assuming pair
production and the subsequent decay into the visible and invisible particles in the two branches.
The transverse mass of the particles in branch i is given by

m2
T,i =

(√
p2

T,i + m2
pi +

√
q2

T,i + m2
qi

)2
−

(
®pT,i + ®qT,i

)2
, (8.2)

where p denotes the sum of the visible particles momenta and q the sum of the invisible momenta
in the branch. Assuming that the missing transverse momentum in the event entirely consists of
the invisible particles in the two branches a and b, mT2 is defined as the minimisation over any
possible splitting of ®Emiss

T into two parts, ®qT,a + ®qT,b = ®Emiss
T , of the maximum of the corresponding

transverse masses mT,a and mT,b,

mT2 = min
®qT,a+ ®qT,b= ®E

miss
T

[
max

(
mT,a,mT,b

) ]
. (8.3)

In general, the choice of visible particles and the assumed masses mqa and mqb of the invisible
particles define the specific variant of the mT2 variable.

The amT2 variable targets dileptonic tt̄ decays with one undetected charged lepton, rendering
the W boson decay effectively invisible. The two decay branches are therefore the charged lepton,
the neutrino and the b-jet on the one side, and the b-jet and undetected W boson decay on the
other side. Accordingly, the measured particles for branch a are the charged lepton and the b-jet,
with the invisible particle assumed to be massless. Branch b consists of the second b-jet as the
measured particle and the undetected W boson as the invisible particle, leading to an assumed mass
of mqb = mW = 80GeV. The b-jets are identified based on the highest b-tagging weights, as only
one b-jet is required in the preselection. As the choice of which b-jet is combined with the lepton
is ambiguous, both amT2 variants are calculated and the minimum is kept as the final discriminant.

For dileptonic tt̄ events the amT2 distribution is expected to show a kinematic endpoint at the
mass of the top quark. As the underlying assumptions do not hold in the case of signal events with
additional sources of Emiss

T , for these processes the amT2 can exceed the bound and generally tends
to higher values due to the higher Emiss

T . Figure 8.4 shows the distribution of amT2 for the dominant
backgrounds and two benchmark signals, requiring the preselection and additionally mT > 120GeV
in order to suppress the semi-leptonic tt̄ process and therefore increase the fraction of dileptonic tt̄
events. The expected kinematic bound is well represented in the distribution for the tt̄ background,
with only a small fraction of events having amT2 > mt . This can happen in case that the b-jets from
the tt̄ decay are not correctly identified or when the track of the lost lepton is reconstructed and
enters the soft-term of the Emiss

T , as in that case not the full transverse momentum of the W boson is
undetected. Another decay mode which allows tt̄ events to have amT2 > mt are dileptonic tt̄ decays
with a hadronically decaying τ lepton, which can be reconstructed as a jet.

A second mT2 variant, called mτ
T2, is used to suppress dileptonic tt̄ events with a hadronically

decaying τ lepton. The mτ
T2 is computed in events with a hadronic τ candidate, with the τ as

the visible particle for the one branch, and the observed lepton for the other branch. Hadronic τ
candidates are required to have the opposite charge of the selected signal lepton. The invisible
particles are the neutrinos from the W boson decays as well as from the τ decay, leading to
mqa = mqb = 0GeV. The mτ

T2 variable therefore has a kinematic endpoint at the W boson mass for
dileptonic tt̄ events with a hadronic τ. As for the amT2 variable, for signal events the underlying
assumptions do not hold and larger values of mτ

T2 are reached. Figure 8.4 shows the distribution of
mτ

T2, as well as the fraction of events without a hadronic τ candidate. For the tt̄ background about
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Figure 8.4: Comparison of the distributions of amT2 (left) and mτ
T2 (right) for the dominant back-

ground processes tt̄ andW+jets, and for two signal models, after the preselection andmT > 120GeV.
Due to the mT requirement, the tt̄ process is dominated by dileptonic decay modes. The left-most
column of the right plot shows the fraction of events without a hadronic τ candidate.

20% of the events feature a hadronic τ candidate after the preselection and mT > 120GeV, with
only a small fraction of those exceeding the mτ

T2 < mW bound. In order to reject tt̄ events with a
hadronic τ lepton, events with a hadronic τ candidate and mτ

T2 < 80GeV are removed.
A different type of variable used to suppress the backgrounds is the Hmiss

T,sig, which estimates the
significance of the missing transverse momentum, here calculated using only the calibrated objects
in the analysis [142]. It can be used to ensure a good measurement quality and reject events with
Emiss
T due to mismeasured objects. It is defined by

Hmiss
T,sig =

��� ®Hmiss
T

��� − 100GeV

σ ®Hmiss
T

, (8.4)

where ®Hmiss
T is the negative vectorial sum of the jet and lepton momenta and σ ®Hmiss

T
its resolution.

For each event, the jet momenta are smeared 1000 times according to the per-jet energy resolution
and the ®Hmiss

T is recalculated. The σ ®Hmiss
T

is taken as the RMS of the ®Hmiss
T distribution obtained

from the smeared jets. The lepton energy resolution is assumed to be negligible in this calculation.
The expected mean ®Hmiss

T for the background processes, taken to be 100GeV, is subtracted. This
value was optimised in a previous analysis [143]. Figure 8.5 shows the Hmiss

T,sig distribution for the
dominant backgrounds and two benchmark signals. In general, the signal models tend to higher
Hmiss

T,sig values than the background processes. Even though the Emiss
T distribution is similar for the

stop signal and the VLT signal, the stop signal extends to higher Hmiss
T,sig values. This is due to the

higher number of jets in the VLT signal model, which affect the resolution of the ®Hmiss
T distribution,

as shown in Figure 8.5.
In general, the separation of signals with a tt̄ + Emiss

T final state from the dominant SM
backgrounds relies on the additional Emiss

T . While the invisible particles in the final state make it
difficult to directly reconstruct the signal particle masses, the absolute value of the Emiss

T and also
supplementary information like its significance and kinematic constraints offer methods to suppress
the dominant tt̄ and W+jets backgrounds.
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Figure 8.5: Comparison of the distribution of Hmiss
T,sig (left) and the ®Hmiss

T resolution (right) for the
dominant background processes tt̄ and W+jets, and for two signal models, after the preselection
and mT > 120GeV.

8.6 Systematic uncertainties

In addition to the statistical uncertainties, due to the finite number of events, systematic uncertainties
affect the background estimates and also the signal modelling. These come from uncertainties in the
theoretical predictions on the one side, and the imperfect knowledge of the experimental conditions
and the finite precision of the object calibration on the other side. In general, these uncertainties
affect the overall normalisation of the estimates, as well as the relative fraction of events in the
control and signal regions. For backgrounds which are normalised in the simultaneous fit, systematic
effects on the normalisation alone are absorbed by the normalisation parameters in the fit. The
uncertainties on such backgrounds thus affect the transfer factor, i.e. the ratio of expected events in
the signal to the control regions.

In this section the sources of systematic uncertainties are discussed, while the details of the
estimation and the size of the effects are given in the chapters of the respective analyses.

8.6.1 Theory uncertainties

In general, the uncertainties in the modelling of a process come from the choice of MC event
generator, the hadronisation and fragmentation modelling, as well as the choice of factorisation and
renormalisation scales. In addition, the uncertainty in the total cross-section of the process affects
the overall normalisation of the estimated events.

8.6.1.1 tt̄ modelling uncertainty

The uncertainty in the tt̄ MC generator is estimated by comparing events produced with Powheg-
Box and with MadGraph5_aMC@NLO, both interfaced to Herwig++ for the showering. The
hadronisation and fragmentation uncertainties are assessed by comparing events generated with
Powheg-Box and showered with either Pythia or Herwig++. The uncertainty in the amount
of initial- and final-state radiation is estimated by comparing Powheg-Box–Pythia samples
with different parton-shower radiation settings and different settings for the QCD radiation at NLO
accuracy. Additionally, the factorisation and renormalisation scales are varied by factors of 0.5 and 2.
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As the tt̄ background is normalised in a dedicated control region in the analyses, the uncertainty
in the total cross-section does not affect the background estimate.

8.6.1.2 W+jets modelling uncertainty

The W+jets modelling uncertainty is estimated by comparing the nominal sample generated with
Sherpa to a sample generated with MadGraph5_aMC@NLO and showered with Pythia v8,
covering both differences in the event generation as well as the hadronisation and fragmentation
modelling. Additionally, the effects of independently varying the scales for the factorisation,
renormalisation and resummation by factors of 0.5 and 2, as well as varying the scale of the
matching scheme related to the merging of matrix elements and parton showers between 15GeV
and 30GeV, are taken into account.

As the W+jets background is normalised in a dedicated control region in the analyses, the
uncertainty in the total cross-section does not affect the background estimate.

8.6.1.3 Single top modelling uncertainty

The uncertainties in the choice of MC event generator, the hadronisation and fragmentation mod-
elling, and the initial- and final-state radiation for the single top process are estimated in the same
way as for the tt̄ process. The total cross-section uncertainty is 5.3% [144], derived from the
uncertainty in PDF effects and the scales.

Additionally, the single top background estimate is affected by the modelling of the interference
between the tt̄ and the Wt processes at NLO. As the final states for the processes pp → tt̄ →
W+b W−b̄ and pp → W−b̄ t (→ W+b) are identical, interference effects have to be taken into
account. Following the “Diagram Removal” scheme [145], the diagrams containing two top quark
resonances are removed in the generation of the single top Wt events at NLO. In order to estimate
an uncertainty in this procedure, the sum of the tt̄ and Wt events are compared to an sample of
inclusive WWbb events generated using MadGraph.

8.6.1.4 tt̄ + V modelling uncertainty

The uncertainties in the tt̄ + V modelling are assessed by comparing samples generated with
renormalisation and factorisation scales modified by factors of 0.5 and 2. Additionally, the nominal
prediction generated with MadGraph5_aMC@NLO is compared to a sample generated with
Sherpa. The uncertainty in the total cross-section is 13% [133].

8.6.1.5 Diboson modelling uncertainty

The uncertainties in the modelling of diboson processes are assessed by comparing samples
generated with renormalisation, factorisation and resummation scales modified by factors of 0.5
and 2. The uncertainty in the total cross-section for the diboson process is 6% [146].

8.6.2 Experimental uncertainties

The experimental sources of systematic uncertainties are the finite precision of the calibration of
physics objects, as well as the imperfect knowledge of the exact experimental conditions, like the
total integrated luminosity. Some of these experimental uncertainties, namely the lepton-calibration
related effects, are found to be negligible and are not included in the final statistical evaluation.
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Jet calibration The uncertainties in the jet energy scale calibration are evaluated in form of
a strongly reduced parametrisation [147]. For this, the different uncertainties which affect the
jet energy scale are combined to three parameters, with one additional parameter describing the
non-closure in the η-intercalibration. Additionally, the uncertainty in the jet energy resolution is
considered.

Flavour tagging uncertainties The flavour tagging uncertainties comprise the errors in the b-
tagging efficiency calibration, as well as the uncertainty in the c-jet and light-flavour jet mis-tag
rates. As the latter two calibrations are based on measurements at 8 TeV, additional uncertainties in
the simulation based extrapolation are considered as well. The efficiency calibration is extrapolated
for jets with pT > 500GeV, and an additional uncertainty based on simulation is included.

Lepton calibration The effects of the uncertainties in the measurement of the reconstruction,
identification and isolation efficiencies for electrons and muons are evaluated and found to be
negligible. The resulting uncertainty in the total background prediction is well below 1% in all
cases.

Missing transverse momentum The missing transverse momentum is mainly affected by the
calibrated objects in the event and the uncertainties in the calibration of the high momentum objects
are propagated through the calculation of the Emiss

T . Additionally, the uncertainties in the scale and
the resolution of the soft-term are considered, which includes all tracks that are not associated to
hard, calibrated objects in the event. These affect both the magnitude as well as the direction of the
Emiss
T .

Other experimental uncertainties The analyses are subject to the uncertainties in the integrated
luminosity and the pile-up profile. The former amounts to an overall normalisation effect of 3.2%.

8.7 Comparison of data and simulation
The general modelling of the SM prediction is validated after the preselection by comparing the
distributions of data and simulation of the sensitive variables.

First, the efficiency of the trigger selection is compared in data and simulation. The events
are collected using single-lepton triggers as control triggers, which are uncorrelated in the trigger
logic and have a high efficiency. The trigger efficiency is then the ratio of the number of events
passing both the Emiss

T and the control triggers, to the number of all events passing the control
triggers. For the comparison, events are required to have exactly one lepton, at least four jets, at
least one b-jet and mT > 30GeV. Figure 8.6 shows the efficiency as a function of the offline Emiss

T
for data and tt̄ simulation. The trigger is fully efficient, ε > 99%, at the preselection requirement
of Emiss

T > 300GeV and the efficiency is well modelled in the simulation.
Figures 8.7 to 8.8 show the distributions of the introduced variables. In general, no significant

deviation between data and the prediction is seen. In the intermediate mT and amT2 regions the
simulation predicts slightly less events than observed in data, but the difference is insignificant
compared to the systematic uncertainties. The Emiss

T and Hmiss
T,sig distributions show very good

agreement, as does the mτ
T2 variable for events with a hadronic τ candidate.
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Figure 8.6: Comparison of the trigger efficiency for data and tt̄ simulation (left), and comparison
of data and simulation in the Emiss

T distribution after preselection (right). The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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Figure 8.8: Comparison of data and simulation in the mT and Hmiss
T,sig distributions after the pres-

election. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.

8.8 Statistical evaluation

The statistical evaluation of the analyses is based on maximum likelihood fits involving the expected
and observed number of events in the signal and control regions [148]. The expected number
of events in a region is given by the sum over all background processes and optionally a signal
contribution. Backgrounds that are normalised in the fit, in contrast to those taken purely from
simulation, carry a normalisation factor µi, where i is a symbolic label for the background. If a
signal model is included in the fit, its normalisation is given by an additional, free parameter µ.

Systematic uncertainties are included as nuisance parameters in the fit. They are implemented
as smearing factors for the expected events with a Gaussian constraint in the likelihood. The mean
of the constraint is given by the nominal prediction and the standard deviation is given by the
size of the systematic uncertainty. Additionally, nuisance parameters with a Gamma constraint are
included to account for the statistical uncertainties due to the finite number of simulated events,
when the relative statistical uncertainty of the events in a bin is larger than 5%.

The likelihood takes the form

L(µ, θ) =
∏

r ∈Regions

(µ · sr + br )nr

nr !
e−(µ ·sr+br ) ·

m∏
k=1

ρ(θk) , (8.5)

where nr is the observed number of events in region r , sr and br are the signal and background
expectations in that region, implicitly depending on the nuisance parameters and the background
normalisation factors, and θ stands for the nuisance parameters, with their constraint terms ρ(θk).
Depending on the nuisance parameter, the constraint can take different functional forms. As detailed
above, systematic uncertainties are included with a Gaussian constraint, with the probability density
function (pdf)

ρ(θ) =
1
√

2πσ
exp

(
−
(θ − θ0)

2

2σ2

)
, (8.6)
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Figure 8.9: Distributions of the q0 (left) and q1 (right) test statistics under the background-only
hypothesis (blue) and the signal-and-background hypothesis (red). The observed values of the test
statistics are taken from the median of f (q0 |1) (left) and f (q1 |0) (right) and the filled areas give
the p0 and p1, respectively.

with the nominal value θ0 and the standard deviation σ. Typically, the nuisance parameters are
substituted by α = (θ − θ0)/σ, so that the nominal value of the parameter is 0 and the standard
deviation is 1.

In the so-called background only fit the likelihood is maximisedwith µ fixed to 0, i.e. without any
signal contribution, and without the signal region. This gives the nominal background normalisation
factors.

In order to conclude on the existence of a signal, hypothesis tests are performed. The null-
hypothesis corresponds to the SMprediction, i.e. the estimate for µ = 0. The alternative hypothesis is
that of the SM prediction with the addition of the signal. The so-called profile-likelihood ratio [148]
is used as the test-statistic, defined as

λ(µ) =
L(µ, ˆ̂θ)
L(µ̂, θ̂)

. (8.7)

Here L(µ̂, θ̂) refers to the likelihood maximised with respect to both µ and θ, and L(µ, ˆ̂θ) to the
likelihood maximised with respect to θ for a fixed signal normalisation µ. The profile likelihood
ratio takes values in the range 0 < λ < 1, where larger values indicate better agreement between
the data and the estimate with the signal strength µ. Commonly the form qµ = −2 ln λ(µ) is used.

Using the test statistics, a p-value can be computed, which gives the compatibility between the
observed data and the hypothesised value of µ. It is defined as

pµ =
∫ ∞

qµ,obs

f (qµ |µ) dqµ , (8.8)

where f (qµ |µ) is the pdf of qµ under the hypothesis of µ, and qµ,obs is the observed value of the test
statistics in data. The compatibility of the background-only hypothesis with the observed data is
therefore p0, while p1 gives the compatibility of the observation with the nominal signal prediction.

Figure 8.9 gives examples for the pdf of the test statistics q0 and q1 and the expected p0 in a signal
case, and the p1 in the background-only case. The q0 distributions are shown for the background
only hypothesis in blue and for the nominal signal-plus-background hypothesis, with µ = 1, in red.
The median of the distribution f (q0 |1), i.e. of the distribution of the q0 value assuming a typical
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signal, gives the median significance for a discovery. Accordingly, the blue, filled area corresponds
to the area under the background only distribution for which q0 > q0,obs, i.e. it corresponds to the
expected p0 value in the case of a signal. For the distribution of q1, the median of the background
only distribution f (q1 |0) is shown. The red, filled area corresponds to the expected p1 value.

Conventionally, a signal is said to be excluded at 95% confidence level (CL) if p1 < 0.05,
corresponding to a Gaussian significance of Z = 1.64. Much stronger requirements are placed
on the claim of rejecting the background-only hypothesis, corresponding to the SM. Evidence of
new physics is achieved for p0 < 1.3 × 10−3, equivalent to Z = 3, and a discovery is claimed for
p0 < 2.9 × 10−7 (Z = 5).

In order to derive limits on the cross-section of a signal process, the signal strength µ is scanned
and pµ is calculated repeatedly. The value of µ for which pµ = 0.05 is the 95% CL upper limit on
the signal strength, and can be translated to an upper limit on the signal cross-section by scaling
the nominal cross-section with the signal strength limit. Additionally, an upper limit on any non-
background contribution to the signal region can be obtained by assuming a signal model which
only contributes to the signal region and deriving a limit on its strength.

The distribution of the test statistics can be obtained from MC simulation, by repeatedly
generating “toy” observations following the assumed hypothesis and calculating the test statistics.
For large number of observed events, an approximation can be used to describe the profile likelihood
ratio [149],

qµ =
(µ − µ̂)2

σ2 + O(1/
√

N) . (8.9)

The best-fit signal strength µ̂ follows a Gaussian distribution with mean µ′ and standard deviation
σ. Neglecting the O(1/

√
N) term, the approximate qµ then follows a non-central χ2-distribution

with one degree of freedom.
The CLs method [150] is introduced in order to avoid unreasonably strong limits on µ in the

case of a downwards fluctuation of the observed data. The CLs value is defined as

CLs =
pµ

1 − p0
. (8.10)

For searches at the LHC, the CLs value is used in order to derive limits on the signal strength, and
a signal is excluded at 95% CL if CLs < 0.05 for µ = 1. In the statistical evaluation of the analyses,
the HistFitter [151] program is used.



Chapter 9 Search for vector-like top
quarks in the T → Zt channel

In this chapter, the search for vector-like top quarks in the T → Zt channel is described. The
analysis is based on the common analysis strategy described in the previous chapter. The

discrimination relies on the general properties of signals in final states similar to tt̄ + Emiss
T in

addition to the special features of the vector-like top quark decay. The results of this analysis have
been published in Ref. [3].

Due to the distinct features of the different vector-like top quark decay modes, this search has
been optimised for the T → Zt decay mode. Other searches with the ATLAS experiment focus on
other decay modes, like T → Ht [152] or T → Wb [153], using Run 2 data from 2015 and 2016.
These searches set lower limits on the mass of the vector-like top quark in the range of 1.1–1.2 TeV,
depending on the branching ratios. The ATLAS analyses have been designed with common physics
object definitions in order to ease a future combination of the results.

9.1 Signal modelling and properties

In addition to the common properties of signals in tt̄ + Emiss
T final states, the vector-like top quark

pair production leads to distinct features that differentiate it from the SM background. As the top
quark partners have a large mass, mT ≈ O(1TeV), the decay products receive a large transverse
momentum. Due to this boost, the jets from subsequent hadronic decays of the decay products of the
vector-like top quarks can be nearby or even overlapping in the detector. In order to capture these
boosted hadronic decays, jets with a large radius parameter, called large-R jets, are used. These are
clustered with the anti-kt algorithm with R = 1.0, using as input constituents the calibrated R = 0.4
(“small-radius”) jets in the event. This so-called jet re-clustering [154] has the advantage that no
dedicated calibration is required and the kinematic properties, such as the transverse momentum and
the mass, can directly be derived from the inputs. In order to improve the mass resolution a technique
akin the trimming of large-radius jets build from topo-clusters [155] is applied. Small-radius jets are
removed from a large-R jet if their pT is less than 5% of the large-R jet pT. The minimal kinematic
requirements for large-R jets in the analysis are pT,jet > 150GeV and mjet > 50GeV, to ensure that
the objects fall loosely in the category of massive, boosted resonances. The exact requirements are
later refined in the optimisation of the signal region selection.

No explicit requirement on the number of constituents is made, therefore large-R jets containing
exactly one small-radius jet are possible. The transverse momentum of the Z bosons in signal events
is often large enough that the resulting two jets from the decay products overlap in the detector. The
resulting two jets from the decay products then often overlap in the detector. These jets cannot be

73
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Figure 9.1:Mass of the leading large-R jet for different number of constituent jets for a benchmark
signal (left) and for tt̄ events (right).

resolved when their distance is less than ∆R = 0.4 and are then reconstructed as a single, massive,
small-radius jet. This behaviour can be seen in Figure 9.1, where the large-R jet mass is shown
in dependence on the number of constituents. For the signal events, a clear peak can be seen at
the Z boson mass for large-R jets containing exactly one constituent jet. For higher constituent
multiplicities, peaks are located in the mass range of W and Z bosons and at the mass of the top
quark. For the tt̄ background, large-R jets with only one constituent peak at the minimal mass
requirement of 50GeV, while for larger number of constituent jets, the W boson or the top quark
mass can be reconstructed.

A comparison of the pT-leading and sub-leading large-R jetmasses for the dominant backgrounds
and a signal process is shown in Figure 9.2. For the W+jets background, no distinct peak can be
seen, as no hadronically decaying resonances are produced in this process. For tt̄ events, the leading
large-R jet often contains the hadronic top quark decay, resulting in a peak at the top quark mass.
For less boosted events, the large-R jet captures the subsequent hadronic W boson decay. In the
signal, the mass peaks of hadronically decaying Z bosons and top quarks can be seen. The mass
distribution of the sub-leading large-R jet shows that for the signal processes generally a second,
hadronic resonance can be reconstructed, while for the backgrounds no distinct mass peaks are
found.
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Figure 9.2: Comparison of the mass of the leading (left) and the sub-leading large-R jet (right) for
the dominant background processes tt̄ and W+jets, and for a signal process after the preselection.
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Figure 9.3: Comparison of the jet multiplicity (left) and b-jet multiplicity (right) for the dominant
background processes tt̄ andW+jets, and for a signal process after the preselection. No requirement
on the b-jet multiplicity is set for the right plot.

Figure 9.3 shows the jet and b-jet multiplicities for the dominant backgrounds and a signal.
Generally, the signal events tend to contain more jets and more b-jets than the background, due to
the additional particles produced in the decay of the vector-like top quarks. The b-jet multiplicity is
increased by the subsequent Z → bb̄ decays, for which the branching fraction is about 15%. In view
of a possible combination with other searches for vector-like top quarks, especially those focusing
on the TT̄ → HtHt̄ decay mode which features a large b-jet multiplicity, no stronger requirements
are set on the jet and b-jet multiplicities than the preselection of ≥ 4 jets and ≥ 1 b-jet.

Figures 9.4 and 9.5 show comparisons of the properties of signals with different masses and
decay branching ratios. Additional comparisons for other variables are shown in Appendix B.1.1.
As can be seen, higher vector-like top quark masses lead to stronger kinematic features. The Emiss

T
distribution for mT = 1.2TeV tends towards higher values, while for mT = 800GeV a surplus
of events at lower values can be seen. As the final state does not differ, properties like the jet
multiplicity are less affected by the mass of the vector like top quark.

Differences in the signal model, or more general in the decay branching ratios, have a visible
impact on the signal properties. Models with a high B(T → Wb), like the singlet model, have a
lower Emiss

T . Additionally, the basic assumption that the Emiss
T is not only due to a leptonic W boson

decay does not always hold for such models, leading to differences in variables like the mT. The
T → Ht decay, which has a branching ratio of 50% in the doublet model, leads to a higher jet and
also b-jet multiplicity in the final state, due to the Higgs boson decay. This model can also feature
a peak at 125GeV in the distribution of the large-R jet masses.

In general, the decay branchingmodes have a larger impact on the final state and signal properties
than the VLTmasses. As discussed in the introduction, this analysis therefore focuses on theT → Zt
decay, while other analyses are optimised for different scenarios. While the analyses are optimised
and designed individually, basic parameters like the physics objects definitions are harmonised in
view of a possible combination of the results.
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Figure 9.4:Comparison of the Emiss
T distribution for different signal masses forB(T → Zt) = 100%

(left) and for different decay modes for mT = 1TeV (right) after the preselection.
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Figure 9.5: Comparison of the jet multiplicity distribution for different signal masses for
B(T → Zt) = 100% (left) and for different decay modes for mT = 1TeV (right) after the pres-
election.

9.1.1 Signal modelling

As discussed in Section 8.3, the VLQ signal samples are generated with the Protos MC generator
for 15 different masses of the vector-like top quark between 500GeV and 1.4 TeV. The samples are
produced with equal branching ratios into each of the three decay modes. Desired decay branching
ratios are then obtained by reweighting the samples based on generator information. The weight
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applied to the cross-section for each event is

w(a, b) =
Bnew(T → a)
Borig(T → a)

·
Bnew(T̄ → b)
Borig(T̄ → b)

, (9.1)

for an event in which the vector-like top quarks decay viaT → a and T̄ → b, as determined from the
MC truth information. The originally simulated branching ratios, Borig(T → a) and Borig(T̄ → b)
are 1/3, as all decay modes have equal probability in the simulation. The weight then applies the
desired branching ratios Bnew(T → a) and Bnew(T̄ → b) for the event, normalised to the original
ones. For example, when reweighting to B(T → Zt) = 100%, the weight for an event with both
vector like top quarks decaying to Zt would be w(Zt, Zt̄) = 100% · 100%/(1/3 · 1/3) = 9 and for an
event with one of the VLQs not decaying into Zt, the weight would be zero, e.g. w(Ht, Zt̄) = 0 as
Bnew(T → Ht) = 0%.

The vector-like top quark events are generated assuming couplings according to the singlet
model. In order to test the effects on the signal kinematics, a comparison is made with a sample
generated according to the doublet couplings. Figure 9.6 shows illustrative distributions for the
comparison of the coupling effects. The couplings affect the helicity of the top quark in the T → Zt
decay, with the doublet couplings leading to a higher momentum of the charged lepton. Accordingly,
the mT distribution is harder for the doublet couplings. Due to the polarised W boson decay, the
neutrino receives less momentum, but as the Emiss

T is dominated by the Z → νν̄ decay, the Emiss
T

distribution is not affected by the differences. In general, the doublet couplings lead to a slightly
higher acceptance for the signal, making the results obtained with the singlet model couplings
conservative.
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9.2 Signal region
The signal region selection is defined targeting a benchmark signal with a VLQ mass of 1 TeV and
a branching ratio of B(T → Zt,Ht,Wb) = (80, 10, 10)% for each VLQ T decay. In order to keep
some sensitivity to decays besides the T → Zt decay, the branching ratio of the benchmark signal
is not fixed to the extreme value of 100% for the Zt decay.

9.2.1 Selection optimisation

The selection for the signal region is optimised starting with the common preselection (see
Table 8.2). Additionally, mT > 120GeV is required to further reduce the dominant backgrounds,
and amT2 > 175GeV and mτ

T2 > 80GeV in order to reject dileptonic tt̄ events. The optimisation
follows a two-step approach, maximising the expected significance [156] of the signal process.

At first, all available variables are ranked according to the highest expected significance that
can be achieved by cutting on that variable. After this ranking, a cut is applied on the highest ranked
variable, maximising the figure of merit. These two steps, i.e. the ranking of variables and the cut
application, are iterated until no significant change in the figure of merit can be achieved. A flat
systematic uncertainty of 30% is assumed for all backgrounds. In order to account for correlations
between the variables, a damping function is applied. It limits the background efficiency of a cut
depending on the iteration. In the first step, at least 50% of the background has to survive the cut.
This limit is halved in each iteration. Using this procedure, the first cuts are less powerful than
the optimal cuts determined in the respective step and therefore less prone to washing out useful
correlations to other variables. In case that correlation effects do not have a strong impact, later
iterations of the algorithm will restore the optimal cuts, as the damping effect gets smaller.

In the optimisation, the following variables are considered:

• Emiss
T ,

• mT,

• Hmiss
T,sig,

• the pT of the small-radius jets, and

• the number of large-R jets, as well as their pT and mass requirements.

The highest ranked variables are the large-R jet multiplicity and its pT, followed by the Emiss
T and

the mT requirement and cuts on the Hmiss
T,sig and the pT of the small-radius jets.

9.2.2 Signal region selection

The final selection requirements are listed in Table 9.1. At least two large-R jets are required for
the signal region. These are intended to capture the decay products of a hadronically decaying top
quark (or the W boson, in case of insufficiently boosted events) and a hadronically decaying boson
from one of the VLT decays. The requirement on the Hmiss

T,sig favours events with large, real missing
momentum, compared to mismeasured jets and similar sources.

Table 9.2 shows the expected number of events for the backgrounds and the benchmark signal,
in the signal region. The fraction of the individual contributions is visualised in Figure 9.7. In total
6.5 ± 0.7 background events are expected, compared to 13.4 ± 0.5 events for the benchmark signal.
About 95% of the signal events contain an invisibly decaying Z boson, with the remaining events
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Table 9.1: Signal region selection for the search for vector-like top quark partners. For jet pT and
large-radius jet masses, multiple numbers refer to the objects ordered in pT.

Variable SR

Emiss
T > 350GeV
mT > 170GeV

amT2 > 175GeV
mτ

T2 > 80GeV
Hmiss

T,sig > 12
Jet pT > 120, 80, 50, 25GeV

|∆φ( ji, Emiss
T )|, i = 1, 2 > 0.4
# b-tagged jets ≥ 1

# large-radius jets ≥ 2
Large-R jet mass > 80, 60GeV

Large-R jet pT
> 290, 290GeV if Emiss

T < 450GeV
> 200, 200GeV if Emiss

T > 450GeV

entering the signal region due to the Emiss
T from high momentum W boson decays. This number

decreases to 75% for the singlet model with a T quark mass of 1 TeV, where B(T → Wb) ' 50%.
The dominant background in the signal region stems from dileptonic tt̄ events, followed by W+jets
events. The next dominant sources are single top (Wt) and tt̄ + Z events, followed by diboson
processes.

The optimisation process finds an optimal Emiss
T threshold of 450GeV for the benchmark signal

of mT = 1TeV. As can be seen in Figure 9.4, lower signal masses lead to a softer Emiss
T distribution.

Therefore an additional optimisation is performed in the region 350GeV < Emiss
T < 450GeV, in

order to recover sensitivity for lower signal masses. This second optimisation for lower Emiss
T results

in very similar cuts, apart from the tighter large-R jet pT requirements. At lower Emiss
T , stronger

Table 9.2: Events expected from simulation in the signal region
with MC statistical uncertainties.

SR e-channel µ-channel Total

tt̄ 2L 1.1 ± 0.3 1.2 ± 0.3 2.3 ± 0.4
tt̄ 1L 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1
Single top 0.4 ± 0.1 0.7 ± 0.1 1.1 ± 0.2
W+jets 1.0 ± 0.5 0.5 ± 0.1 1.6 ± 0.5
Diboson 0.3 ± 0.1 0.3 ± 0.1 0.6 ± 0.1
tt̄ + V 0.4 ± 0.1 0.5 ± 0.1 0.9 ± 0.1

Total SM 3.2 ± 0.6 3.4 ± 0.4 6.5 ± 0.7
Benchmark Signal 6.5 ± 0.4 6.8 ± 0.4 13.4 ± 0.5

 (36.2%)tt
W+jets (23.8%)
Single top (17.4%)
+V (14.0%)tt

Diboson (8.7%)

 = 13 TeVs
SR

Figure 9.7: Breakdown of the
individual SM contributions in
the signal region.



80 Search for vector-like top quarks in the T → Zt channel

 [GeV]Tm
600 800 1000 1200

]σ
E

xp
ec

te
d 

si
gn

ifi
ca

nc
e 

[

0

2

4

6

8

10 Combined

 [350, 450] GeV∈ miss
TE

 > 450 GeVmiss
TE

-1 = 13 TeV, 36.1 fbs

Figure 9.8: Expected significance assuming a
30% total background uncertainty for the SR
selection and for the separate selections for low
and high Emiss

T .

 decayTT
WbWb HtHt ZtZt WbHt WbZt ZtHt

E
ve

nt
 fr

ac
tio

n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
 = 13 TeVs

)=(1/3,1/3,1/3)Zt,Ht,Wb=1 TeV, B(Tm

Figure 9.9: Relative fraction of events in the
signal region for the different decay modes of a
vector-like top pair with mT = 1TeV and equal
branching ratios for all decaymodes,B(T → Zt)
= B(T → Ht) = B(T → Wb) = 1/3.

requirements are set in order to better discriminate between signal and background. In the higher
Emiss
T region the background is reduced, therefore looser large-R jet pT requirements are sufficient.

Small differences in the selection for the two Emiss
T regions are harmonised, favouring the looser

selection. Figure 9.8 shows the expected significance of a signal in the signal region as a function
of the VLT mass, assuming a 30% total background uncertainty. The significance is compared
to the expected significance using only the low or high Emiss

T part of the selection, in order to
show the impact of the addition of the 350GeV < Emiss

T < 450GeV selection. At high signal
masses the inclusion of the low Emiss

T region only brings a marginal increase in sensitivity. At lower
vector-like top quark masses the events with low Emiss

T become more important and the addition of
the Emiss

T < 450GeV selection results in a significant sensitivity increase.
Figure 9.9 shows the composition of the various VLT decay modes in the signal region, when

assuming equal branching ratios. In almost 90% of the selected events at least one VLT decays into
Zt. The decay modes of the second T are dominated by decays with hadronically decaying Z or H
bosons, as required by the second large-R jet requirement. A small preference for the mixed ZtHt
decay can be seen, due to the combinatorial effect that B(T → HtZt/ZtHt) = 2 × B(T → ZtZt)
before the selection. An additional effect is the higher mass of the H boson, which makes the mass
cut on the second large-R jet more efficient. Also, as the Higgs decays predominantly into b quarks,
the b-jet requirement is more efficient.

Table 9.3 shows a cutflow for the benchmark signal and the dominant SM backgrounds. Most
of the signal region requirements have an individual efficiency of 80% for the signal, with the
notable exception of the requirements on the Emiss

T , mT and the 2nd large-R jet. These requirements
select the targeted signal decay mode from all possibilities, i.e. they restrict the selection to the
semi-leptonic decay mode with a Z → νν̄ decay and a second hadronic resonance. The efficiency
of the full event selection for the benchmark signal is 1%, taking all decay modes into account. For
events with Z → νν̄ and one leptonically decaying W boson from a top quark decay, the selection
efficiency is about 10%.
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Table 9.3: Cutflow for the tt̄ andW+jets backgrounds and the benchmark signal. The tt̄ andW+jets
processes only contain events with at least one lepton, while for the signal also pure hadronic decays
are included. The requirements on the first and second large-R jet implicitly include requirements
on the large-R jet multiplicity.

Cut tt̄ W+jets Signal

Event cleaning 99 % 99 % 99 %
≥ 1 baseline lepton 90 % 98 % 61 %
≥ 1 signal lepton 76 % 78 % 69 %
= 1 signal lepton 92 % 100 % 69 %
= 1 baseline lepton 81 % 99 % 74 %
Emiss
T > 200GeV 1.6 % 0.05 % 57 %
≥ 4 jets 70 % 24 % 95 %
Trigger 100 % 100 % 100 %
|∆φ( ji, Emiss

T )| > 0.4, i = 1, 2 87 % 91 % 85 %
mT > 120GeV 9.2 % 3.7 % 49 %
≥ 1 b-jet 89 % 18 % 92 %
amT2 > 175GeV 21 % 72 % 82 %
mτ

T2 > 80GeV 85 % 99 % 96 %
Emiss
T > 350GeV 10 % 17 % 70 %

mT > 170GeV 72 % 73 % 89 %
Hmiss

T,sig > 12 91 % 94 % 94 %
small-R jet pT 73 % 57 % 96 %
1st large-R jet 45 % 56 % 88 %
2nd large-R jet 15 % 19 % 57 %

Total efficiency 2 × 10−5 % 3 × 10−7 % 0.95 %
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9.2.3 Distributions in the signal region
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Figure 9.10: Distributions of the Emiss
T , the mT, the amT2 and the mτ

T2 in the signal region. The
requirement on the displayed distribution, as indicated by the vertical line, is not applied. The mτ

T2
distribution is shown for events with an hadronic τ candidate.

Figures 9.10 to 9.12 show the distributions of the variables that define the signal region, without
the selection requirement on that variable applied. A comparison of the distributions for various
signal masses and decay branching ratios is shown in Appendix B.1.2.

The mT requirement strongly reduces the backgrounds in which the Emiss
T only comes from

a leptonic W boson decay. It almost completely removes semi-leptonic tt̄ events, and strongly
reduces the single top and W+jets backgrounds. The amT2 variable is strong against the dileptonic
tt̄ background in the signal region, as it is specifically designed against this final state. In the
distributions of the leading large-R jet properties, the requirement on the second large-R jet are not
applied, as they would implicate requirements on the leading one as well. Nonetheless it can be
seen that the signal region selection has a high signal efficiency, while the backgrounds are reduced.
The jet pT requirements, as shown in Figure 9.12, are implicitly fulfilled due to correlations with the
Emiss
T and the large-R jets and do not affect the signal and background selection efficiency. They are

explicitly included in the SR definition and kept constant in the selection for the control regions, in
order to reduce the effect of the jet energy scale uncertainty and make the analysis resilient against
potential mismodelling in the jet pT distributions. As discussed before, the b-jet multiplicity offers a
strong separation between the signal and the background, even after the full signal region selection.
No stronger requirements are placed in view of a possible combination with the search optimised
for T → Ht, which requires a high number of b-jet.
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Figure 9.11: The mass of the leading and sub-leading large-R jet in the signal region, and pT of the
leading and sub-leading large-R jet in the signal region, for events with 350GeV < Emiss

T < 450GeV
(middle) or Emiss

T > 450GeV (bottom). The requirement on the displayed distribution, as indicated
by the vertical line, is not applied. Additionally, the second large-R jet requirement is removed, as
it would implicitly include requirements on the leading large-R jet.
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Figure 9.12: The Hmiss
T,sig distribution, the large-R jet and b-jet multiplicities, as well as the pT of the

leading three jets in the signal region. The requirement on the displayed distribution, as indicated
by the vertical line, is not applied. All large-R jets fulfilling the reconstruction requirements of
pT,jet > 150GeV and mJet > 50GeV are counted in the large-R jet multiplicity.
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9.3 Background estimation

The normalisation of the dominant backgrounds in the signal region is estimated by a data driven
method, using control regions enriched in the respective background processes.

The dominant background in the signal region is tt̄ production, which contributes more than
35% of all SM events. The second most dominant contribution comes from W+jets events. The
control regions are kinematically close to the signal region, but enriched in either tt̄ or W+jets
events and with a low signal contribution. One of the most effective variables to suppress tt̄ and
W+jets production are mT and the b-jet multiplicity, respectively. Vice versa, inverting the selection
yields samples that are enriched with the background processes but are otherwise kinematically
similar to the signal region, without having itself a sizeable signal fraction. Both control regions
are thus defined by changing the mT requirement and imposing a window cut on mT ∈ [30, 90]GeV.
To increase the statistical power, the requirements on the Emiss

T and the amT2 are relaxed and
requirements on the Hmiss

T,sig are removed. The W+jets control region is additionally defined by a
veto on b-jets, in contrast to the requirement of at least one b-jet in the signal region and the tt̄
control region. Table 9.4 lists the selection for the control regions in comparison to the signal region
definition. The jet pT requirements are the same in the signal and the control regions, in order to
reduce the impact of jet related systematic uncertainties.

The observed events in the tt̄ CR are compatible with the expectation from the simulation,
while in the W+jets CR less events are observed than expected. The background normalisation
factors obtained from a simultaneous fit to the two control regions are µt t̄ = 1.05 ± 0.17 and
µW+jets = 0.70± 0.10, respectively. Further details on the control regions are given in the following
subsections.

The subdominant backgrounds considered in the analysis are taken from simulation. Additional
rare backgrounds, such as the associated production of tt̄ with a Higgs boson are checked in
simulation and found to be negligible.

Table 9.4: Selection of the tt̄ (TCR) and the W+jets control region (WCR), compared to the signal
region (SR). For jet pT and large-radius jet masses, multiple numbers refer to the objects ordered
in pT.

Variable SR TCR WCR

Emiss
T > 350GeV > 300GeV
mT > 170GeV ∈ [30, 90]GeV

amT2 > 175GeV > 100GeV
mτ

T2 > 80GeV > 80GeV
Hmiss

T,sig > 12 –
Jet pT > 120, 80, 50, 25GeV > 120, 80, 50, 25GeV

|∆φ( ji, Emiss
T )|, i = 1, 2 > 0.4 > 0.4
# b-tagged jets ≥ 1 ≥ 1 = 0

# large-radius jets ≥ 2 ≥ 2
Large-radius jet mass > 80, 60GeV > 80, 60GeV

Large-radius jet pT
> 290, 290GeV if Emiss

T < 450GeV
> 200, 200GeV

> 200, 200GeV if Emiss
T > 450GeV
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9.3.1 Control region for tt̄

Table 9.5 gives the expected events in the TCR, with the relative contributions visualised in
Figure 9.13. In the control region, tt̄ events make up 55% of the expected events, giving a good
power to constrain this process. The expected contribution of the benchmark signal in the TCR
amounts to 10 events, which is less than 3% of the total yield. The tt̄ CR is dominated by semi-
leptonic tt̄ events, while in the SR dileptonic tt̄ is the dominant background. This extrapolation is
validated in the tt̄ validation region, as discussed in Section 9.4.1.

Figures 9.14 and 9.15 show illustrative distributions in the TCR after applying the normalisation
factors obtained in the background only fit. As the requirements on the Emiss

T , amT2 and Hmiss
T,sig are

relaxed with respect to the signal region selection, significant deviations in these variables would
lead to a bias in the background estimate in the signal region. Good agreement between the data and
the prediction is observed in the control region distributions. Additional distributions are shown in
Appendix B.2.1.

Table 9.5:Observed and expected events in the TCR. The
individual uncertainties are correlated, and do not add up
quadratically to the total uncertainty.

Region TCR

Observed events 437

Total background events 437 ± 21

Fitted tt̄ events 280 ± 40
Fitted W + jets events 70 ± 28
single top events 63 ± 24
tt̄ + V events 9.7 ± 1.6
diboson events 11 ± 5

MC exp. background events 450 ± 50

MC exp. tt̄ events 270 ± 7
MC exp. W + jets events 100 ± 35
MC exp. single top events 63 ± 24
MC exp. tt̄ + V events 9.7 ± 1.6
MC exp. diboson events 11 ± 5

 1L (55.2%)tt
W+jets (22.0%)
Single top (13.9%)
others (9.0%)

 = 13 TeVs
 control regiontt

Figure 9.13: Breakdown of the individ-
ual SM contributions in the TCR.
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Figure 9.14: Distribution of Emiss
T (left) and mT (right) in the tt̄ control region. The tt̄ and W+jets
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The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.
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9.3.2 Control region for W+jets

Table 9.6 gives the expected events in the WCR and the relative contributions are visualised in
Figure 9.16. W+jets events make up 80% of the SM events in the control region. The contribution
of the benchmark signal in the WCR amounts to about 1 event, much less than 1% of the total yield.

Figures 9.17 and 9.18 show illustrative distributions in theWCR after applying the normalisation
factors obtained in the background only fit. Even though the normalisation of the W+jets process
deviates from the prediction and is corrected by the fit, µW+jets = 0.70 ± 0.10, the shape of the
distributions agree well within the uncertainties. As for the TCR, no deviation can be seen for
variables over which the normalisation is extrapolated to the SR. Additional distributions are shown
in Appendix B.2.2.

Figure 9.19 shows the breakdown of the flavour components of the jets in the W+jets events.
Due to the requirement of at least one b-jet in the SR the W+heavy flavour components are strongly
enhanced there, while in the CR the W+light jet process dominates. The extrapolation from the CR
to the SR therefore relies on the correct modelling of the flavour composition in the simulation. This
was measured in 7 TeV data [157] and the measurement uncertainties are included as a systematic
uncertainty in the W+jets yields in all regions requiring at least one b-jet.

Table 9.6: Observed and expected events in the WCR.
The individual uncertainties are correlated, and do not
add up quadratically to the total uncertainty.

Region WCR

Observed events 303

Total background events 303 ± 17

Fitted tt̄ events 38 ± 15
Fitted W + jets events 224 ± 27
single top events 10 ± 5
tt̄ + V events 1.03 ± 0.30
diboson events 30 ± 12

MC exp. background events 398 ± 25

MC exp. tt̄ events 36 ± 12
MC exp. W + jets events 321 ± 13
MC exp. single top events 10 ± 5
MC exp. tt̄ + V events 1.03 ± 0.30
MC exp. diboson events 30 ± 12

W+jets (80.6%)

others (19.4%)

 = 13 TeVs
W+jets control region

Figure 9.16: Breakdown of the individ-
ual SM contributions in the WCR.
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Figure 9.17: Distribution of Emiss
T and mT in the W+jets control region. The tt̄ and W+jets

normalisation factors are applied as indicated in the legend and the last bin contains overflow events.
The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.
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Figure 9.18: Distribution of amT2 and Hmiss
T,sig in the W+jets control region. The tt̄ and W+jets
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Truth b-jets (30%)

Truth c-jets (30%)

Only light jets (40%)

 = 13 TeVs
SR Truth b-jets (3%)

Truth c-jets (26%)

Only light jets (71%)

 = 13 TeVs
WCR

Figure 9.19: Breakdown of the flavour components of the W+jets process in the SR (left) and the
W+jets control region (right). Events are classified as containing truth b-jets, when one or more of
the reconstructed jets originates from a MC truth B hadron. Events with truth c-jets are classified
accordingly, if they are not already classified as containing a truth b-jet. Events not falling in either
category are marked as “only light jets”.

9.3.3 Other backgrounds

Additional backgrounds considered in the signal region are single top, tt̄+V (both tt̄+ Z and tt̄+W)
and diboson production. As these backgrounds are small compared to the dominant tt̄ process, no
dedicated control regions are used for them and their yields are estimated from simulation.

In addition to the backgrounds mentioned above, the expected events of additional rare processes
have been checked in the signal region: tt̄ + H, tt̄ +WW and tZ in addition to Z+jets production.
The expected yields in the signal region are listed in Table 9.7. Each individual process, and the
sum of all, is smaller than the statistical uncertainty in the expected yields in the SR (see Table 9.2).
These small backgrounds are therefore neglected in the further analysis.

Table 9.7: Expected yields for rare backgrounds in the SR, compared to the expected non-rare SM
backgrounds and the benchmark signal yields, as shown in Table 9.2.

SR exp. events

tt̄ + H 0.07 ± 0.04
tt̄ +WW 0.00 ± 0.00
tZ 0.07 ± 0.04
Z + jets 0.15 ± 0.07

Total rare SM 0.33 ± 0.07
Total non-rare SM 6.5 ± 0.7
Benchmark signal 13.4 ± 0.5
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9.4 Background validation

The reliability of the background estimates in the signal region is crucial for the analysis. In addition
to validating the modelling of the data in the control regions, special selections are defined that
are called validation regions. They are disjunct from the signal and control regions and therefore
statistically independent. The validation regions are not part of the simultaneous fit. Instead, the
background normalisation, as obtained in the background only fit, are applied and both the inclusive
number of events and the modelling of the data are checked in the VRs.

Three validation regions are defined, one for each of the two dominant backgrounds and one for
the single top background. As single top events amount to more than 15% of the SM expectation in
the signal region, the prediction is validated specifically. The control regions are defined by inverting
the mT requirement to a window cut around the W boson mass. The validation regions thus require
higher values of mT, allowing to test the extrapolation over this variable. All validation regions
require exactly one large-R jet, in order to make them orthogonal to the SR and CR selections.
Other cuts are kept close to the SR, but are slightly loosened in order to increase the statistics.
For the single top background, the validation region (STVR) requires at least two b-tagged jets
and a high amT2, in order to decrease the tt̄ and W+jets contributions. The amT2 requirement is
especially strong to differentiate between single top in theWtb channel and tt̄ events, as it effectively
reconstructs the invariant mass of W boson and b-jet pairs, m(Wb). As single top events contain
only one top quark resonance, the second Wb pair can have a higher invariant mass compared to tt̄
events, where it is distributed around the top quark mass. The W+jets VR (WVR) is defined with a
veto on b-tagged jets, as in the WCR. To make the tt̄ VR orthogonal to the single top VR, the former
one requires low values of amT2. Table 9.8 gives the definition of the validation regions. Details of
the selection and the agreement of the observed events with the estimated yields are discussed in
the following. In the distributions comparing data and prediction the benchmark signal is overlaid,
to show the low signal contamination in the validation regions.

Table 9.8:Overview of the event selections for the tt̄ (TVR),W+jets (WVR) and single top (STVR)
validation regions, compared to the signal region. For jet pT and large-radius jet masses, multiple
numbers refer to the objects ordered in pT.

Variable Signal Region TVR WVR STVR

Emiss
T > 350GeV > 300GeV
mT > 170GeV > 120GeV > 60GeV

amT2 > 175GeV ∈ [100, 200]GeV > 100GeV > 200GeV
mτ

T2 > 80GeV > 80GeV
Hmiss

T,sig > 12 –
Jet pT > 120, 80, 50, 25GeV > 120, 80, 50, 25GeV

|∆φ( ji, Emiss
T )|, i = 1, 2 > 0.4 > 0.4
# b-tagged jets ≥ 1 ≥ 1 = 0 ≥ 2

# large-radius jets ≥ 2 = 1
Large-radius jet mass > 80, 60GeV > 80GeV

Large-radius jet pT
> 290, 290GeV /

> 200GeV
> 200, 200GeV
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9.4.1 tt̄ validation region

Table 9.9 gives the expected and observed events in the TVR, with the relative contributions
visualised in Figure 9.20. More than 80% of the expected events come from tt̄ and the observed
and expected yields are in good agreement. Figure 9.21 shows example distributions in the TVR
after applying the normalisation factors obtained in the background only fit to the control regions.
Additional distributions are shown in Appendix B.3.1. A good agreement of data and simulation
can be observed.

The tt̄ control region is defined with a window cut on mT around the W boson mass. As
discussed in Section 8.5, this has a strong influence on the dominant tt̄ decay mode. While in
the control region semi-leptonic tt̄ events dominate, the signal region is populated by dileptonic
tt̄ events with an unidentified lepton. This can also be seen in Figure 9.22, where the relative
contributions of the tt̄ decay modes in the different regions are shown. The extrapolation of the
tt̄ normalisation into the signal region therefore relies on the correct modelling of the relative
contributions and the mechanisms which cause a lepton to be not correctly identified by the detector
or the reconstruction software. The tt̄ VR is defined with a high mT threshold, similarly to the SR,
and the relative contributions of the tt̄ decay modes in the tt̄ VR are matching those in the SR, as
shown in Figure 9.22. The VR thus serves as a validation of this extrapolation from semi-leptonic
to dileptonic tt̄ events in a region with reduced signal contamination.

Table 9.9:Observed and expected events in the TVR. The
individual uncertainties are correlated, and do not add up
quadratically to the total uncertainty.

Region TVR

Observed events 112

Total background events 109 ± 35

tt̄ events 90 ± 40
W + jets events 3.5 ± 2.0
single top events 4.2 ± 2.6
tt̄ + V events 7.0 ± 1.4
diboson events 1.3 ± 1.3

MC exp. background events 106 ± 31

MC exp. tt̄ events 89 ± 30
MC exp. W + jets events 4.9 ± 2.7
MC exp. single top events 4.2 ± 2.6
MC exp. tt̄ + V events 7.0 ± 1.4
MC exp. diboson events 1.3 ± 1.3

 2L (71.5%)tt

 1L (12.1%)tt

others (16.4%)

 = 13 TeVs
 validation regiontt

Figure 9.20: Breakdown of the individ-
ual SM contributions in the TVR.
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Figure 9.21:Distribution ofEmiss
T andmT in the tt̄ validation region. The tt̄ andW+jets normalisation

factors are applied as indicated in the legend and the last bin contains overflow events. The lower
panels show the ratio of the data to the prediction. The error bands include statistical and systematic
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 lh (81.7%)→ tt

h (11.0%)lτ → tt

others (7.3%)

 = 13 TeVs
TCR  (40.8%)hτ l→ tt

 ll (24.4%)→ tt
 (17.9%)lτ l→ tt

 lh (14.2%)→ tt
others (2.6%)

 = 13 TeVs
TVR  (47.8%)hτ l→ tt

 ll (23.7%)→ tt
 (17.1%)lτ l→ tt

others (11.3%)

 = 13 TeVs
SR

Figure 9.22: Breakdown of the tt̄ decay mode into hadrons, h, electrons or muons, l, hadronically
decaying τ leptons, τh or leptonically decaying τ leptons, τl , in the TCR (left), TVR (middle) and
SR (right).
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9.4.2 W+jets validation region

Table 9.10 gives the expected events in the WVR. The relative contributions are visualised in
Figure 9.23. Figure 9.24 shows illustrative distributions in theWVR after applying the normalisation
factors obtained in the background only fit to the control regions. Additional distributions are shown
in Appendix B.3.2. A reasonable agreement of data and simulation can be observed. The low
W+jets normalisation factor found in the control region conform also to the validation region results.
This confirms the proper modelling of the mT distribution, over which the control region results are
extrapolated to the VR, and crucially also to the signal region. The second requirement inverted in
the control region definition is on the number of b-jets. This is requirement is also inverted in the
validation region, and is therefore tested in a dedicated cross check, documented below.

Table 9.10: Observed and expected events in the WVR.
The individual uncertainties are correlated, and do not add
up quadratically to the total uncertainty.

Region WVR

Observed events 131

Total background events 127 ± 31

tt̄ events 15 ± 8
W + jets events 77 ± 30
single top events 3.3+3.5

−3.3
tt̄ + V events 1.9 ± 0.7
diboson events 31 ± 9

MC exp. background events 160 ± 40

MC exp. tt̄ events 14 ± 7
MC exp. W + jets events 110 ± 40
MC exp. single top events 3.3+3.5

−3.3
MC exp. tt̄ + V events 1.9 ± 0.7
MC exp. diboson events 31 ± 9

W+jets (68.7%)

Diboson (19.3%)

others (12.0%)

 = 13 TeVs
W+jets validation region

Figure 9.23: Breakdown of the individ-
ual SM contributions in the WVR.
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Figure 9.24: Distribution of Emiss
T and mT in the W+jets validation region. The tt̄ and W+jets

normalisation factors are applied as indicated in the legend and the last bin contains overflow events.
The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.

9.4.2.1 W + heavy flavour cross-check

The normalisation of the W+jets process is found to be incompatible with the prediction of the
simulation, and a normalisation factor of µW+jets = 0.70 ± 0.10 is found in the background only
fit. The W+jets validation region confirms this. As both regions have a veto on b-tagged jets, the
heavy flavour fraction differs with respect to the signal region, as discussed in Section 9.3.2. In
order to check the normalisation of the W+jets background in a heavy flavour dominated region, a
special selection is constructed, which is based on the tt̄ control region. Several variables are used
to enhance the W+heavy flavour contribution (W+HF) with respect to the other SM backgrounds.
The requirement of high amT2 values and the veto of events for which the mass of the leading
large-R jet falls in the range of 150 − 200GeV reduces the tt̄ contribution. For events with two or
more b-jets a maximal separation of ∆R(b1, b2) < 1.2 is required, as the single top background is
concentrated at higher separations. Additionally, the charge asymmetry effect forW+jets production

Truth b-jets (2%)

Truth c-jets (18%)

Only light jets (80%)

 = 13 TeVs
WVR Truth b-jets (46%)

Truth c-jets (39%)

Only light jets (15%)

 = 13 TeVs
W+HF enhanced Truth b-jets (30%)

Truth c-jets (30%)

Only light jets (40%)

 = 13 TeVs
SR

Figure 9.25: Breakdown of the flavour components of the W+jets process in the WVR (left), the
cross-check selection (middle) and the SR (right).
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Table 9.11: Selection for the cross-check of the W+heavy flavour normalisation, compared to the
signal region selection requirements.

Variable Signal Region W+HF

Emiss
T > 350GeV > 300GeV
mT > 170GeV mT ∈ [30, 90]GeV

amT2 > 175GeV > 250GeV
Hmiss

T,sig > 12 –
Jet pT > 120, 80, 50, 25GeV > 120, 80, 50, 25GeV

# b-tagged jets ≥ 1 ≥ 1
∆R(b, b) – < 1.2 (for ≥ 2 b-jets)

Lepton charge – +1
# large-R jets ≥ 2 ≥ 2
Large-R jet pT > 290GeV/> 200GeV > 200GeV

Leading large-R jet mass > 80GeV ∈ [80, 150]GeV or > 200GeV
Sub-leading large-R jet mass > 60GeV > 60GeV

in pp collisions is exploited by requiring a positively charged lepton. Table 9.11 shows the detailed
selection requirements for theW+HF enhanced region. TheW+HF selection is not orthogonal to the
tt̄ control region, as the latter does not apply an upper cut on the amT2 variable. As the cross-check
selection is not used in the simultaneous fit, this does not introduce a bias. Figure 9.25 shows the
flavour breakdown of the W+jets validation region, the W+HF selection and the signal region. By
construction, the heavy flavour enhanced region is dominated by W+heavy flavour events.

The expected and observed events for this selection are shown in Table 9.12, with the relative
contributions visualised in Figure 9.26. Only statistical uncertainties are evaluated for this cross-
check. The W+jets events are the leading contribution with 55% of the expected events. The SM
expectation, including the normalisation as obtained in the background only fit, agrees well with the
observed data. Figures 9.27 shows the distribution of the Emiss

T and the b-jet multiplicity in theW+HF
enhanced region, demonstrating the good agreement of data and prediction. Additional comparisons
are shown in Figure 9.28. This cross-check confirms that the deviation of the normalisation factor
is not due to the b-jet requirement and validates the W+jets prediction in the signal region.



9.4. Background validation 97

Table 9.12: Observed events in the W+HF enhanced selec-
tion together with the expected background events, scaled
to the results of the simultaneous fit to the control regions.
Only the statistical uncertainties of the MC and the uncer-
tainties on the background normalisation are included.

Region W+HF enhanced

Observed events 51

Total background events 52 ± 4

tt̄ events 15 ± 3
W + jets events 24 ± 3
single top events 9.3 ± 0.7
tt̄ + V events 0.8 ± 0.1
diboson events 3.1 ± 0.7

MC exp. background events 62 ± 2

MC exp. tt̄ events 14 ± 2
MC exp. W + jets events 34 ± 1
MC exp. single top events 9.3 ± 0.7
MC exp. tt̄ + V events 0.8 ± 0.1
MC exp. diboson events 3.1 ± 0.7

W+jets (55.2%)
 1L (21.9%)tt

Single top (15.1%)
others (7.7%)

 = 13 TeVs
W+HF enhanced

Figure 9.26: Breakdown of the individ-
ual SM contributions in the W+HF en-
hanced selection.
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Figure 9.27: Distribution of the Emiss
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overflow events. The lower panels show the ratio of the data to the prediction. The error bands
include statistical and systematic uncertainties.
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Figure 9.28: Distribution of the amT2 and the Hmiss
T,sig in the W+HF enhanced region. The tt̄ and
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9.4.3 Single top validation region

Table 9.13 gives the expected events in the STVR. The relative contributions are visualised in
Figure 9.29. Figure 9.30 shows the distributions in the STVR after applying the normalisation
factors for tt̄ and W+jets obtained in the background only fit. Additional distributions are shown in
Appendix B.3.3. A reasonable agreement of data and simulation can be observed. This confirms that
the single top background is well modelled in the signal region, within the statistical uncertainties
and the relatively low purity of the validation region.
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Table 9.13: Observed and expected events in the STVR.
The individual uncertainties are correlated, and do not add
up quadratically to the total uncertainty.

Region STVR

Observed events 143

Total background events 125 ± 27

tt̄ events 53 ± 23
W + jets events 15 ± 7
single top events 46 ± 17
tt̄ + V events 8.3 ± 1.4
diboson events 1.7 ± 1.1

MC exp. background events 129 ± 31

MC exp. tt̄ events 51 ± 21
MC exp. W + jets events 22 ± 9
MC exp. single top events 47 ± 17
MC exp. tt̄ + V events 8.3 ± 1.4
MC exp. diboson events 1.7 ± 1.1

Single top (36.0%)
 1L (33.5%)tt

W+jets (16.7%)
others (13.8%)

 = 13 TeVs
Single top valid. region

Figure 9.29: Breakdown of the individ-
ual SM contributions in the STVR.
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Figure 9.30: Distribution of Emiss
T and mT in the single top validation region. The tt̄ and W+jets

normalisation factors are applied as indicated in the legend and the last bin contains overflow events.
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9.5 Impact of systematic uncertainties
The sources of systematic uncertainties detailed in Section 8.6 are considered in the analysis. In
addition to those, systematic uncertainties in the jet masses and in the heavy flavour fraction in
W+jets events are included.

The systematic uncertainties in the background modelling are evaluated by comparing the
expected yields in the analysis regions for the nominal prediction and the systematically shifted
variations. This approach is affected by the limited number of generated events in the variation
samples. To account for this effect, the statistical uncertainty of the estimate is added in quadrature
to any of the theory uncertainties. The experimental uncertainties are evaluated on the same
sample, but with different experimental conditions, e.g. a different jet energy scale assumption.
These uncertainties are therefore not affected by additional statistical fluctuations. As discussed
in Section 8.6, the uncertainties in the tt̄ and W+jets backgrounds in the SR result from the
relative difference of each systematic source in the SR to the respective CR, as the normalisation is
determined in the fit.

Additional jet related uncertainties come from the error on the scale and resolution of the small-
radius jet masses. As the large-R jets are clustered from small-radius jets, the mass uncertainties
affect the mass of the large-R jets, especially in the case of just one small-radius jet constituent.
This is relevant for the signal process, as for highly boosted, hadronically decaying Z or H bosons
the decay products can overlap in the detector and result in just one, massive R = 0.4 jet.

As the W+jets background is normalised in a control region defined with a veto on b-tagged
jets and the SR requires at least one b-jet, an additional uncertainty in the heavy flavour fraction of
W+jets events is considered. The W+heavy flavour production was measured at

√
s = 7TeV [157].

The relative uncertainty in this measurement is 24% in events requiring exactly two jets. To account
for the extrapolation to the requirement of at least four jets in the analysis, in total a 30% relative
uncertainty is assumed on the total W+jets expectation in regions requiring at least one b-jet.

The leading systematic uncertainties in the total background prediction are listed in Table 9.14.
The dominant systematic effects are due to the modelling of the tt̄ background, amounting to
11%–17% uncertainty in the total background estimate. These uncertainties are strongly affected
by the statistical fluctuations because of the small number of generated events in the variation
samples. The leading experimental uncertainty is the effect of the jet mass resolution. In general,
the systematic uncertainties are smaller than the statistical uncertainties in the data.
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Table 9.14: Breakdown of the leading systematic uncertainties in the total background prediction in
the signal region. The statistical precision is included in uncertainties derived from the comparison of
MC samples. The individual uncertainties are correlated, and do not necessarily add in quadrature
to the total background uncertainty. Only uncertainties larger than 1% of the total background
prediction are shown.

Uncertainty SR

Total background prediction 6.1

Total statistical (√nexp) ±2.5
Total background uncertainty ±1.9 [31%]

tt̄ MC generator ±1.1 [17%]
tt̄ fragmentation ±0.8 [14%]
tt̄ radiation ±0.7 [11%]
MC stat. (nominal samples) ±0.7 [11%]
tt̄ Single-top interference ±0.6 [11%]
Single-top radiation ±0.4 [6.6%]
µt t̄ ±0.4 [6.6%]
Diboson fact. scale ±0.4 [6.5%]
Diboson renorm. scale ±0.4 [6.1%]
W+jets heavy flavour fraction ±0.3 [5.3%]
Jet mass resolution ±0.3 [5.0%]
Diboson resum. scale ±0.3 [4.7%]
Flavour-tagging light-jet mistag rate ±0.3 [4.5%]
Single-top fragmentation ±0.2 [3.5%]
Flavour-tagging c-jet mistag rate ±0.2 [3.4%]
W+jets MC generator ±0.2 [3.1%]
tt̄ PDF ±0.2 [2.8%]
µW+jets ±0.2 [2.4%]
W+jets merging scale ±0.1 [2.4%]
W+jets renorm. scale ±0.1 [2.3%]
W+jets resum. scale ±0.1 [2.3%]
W+jets fact. scale ±0.1 [2.3%]
Jet energy scale (1st component) ±0.1 [2.0%]
tt̄ + V cross-section ±0.1 [1.9%]
tt̄ + V scale ±0.1 [1.5%]
Jet energy scale (2nd component) ±0.1 [1.4%]
Jet energy resolution ±0.1 [1.3%]
Trigger efficiency ±0.1 [1.0%]
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9.6 Results

The observed and expected number of events are summarised in Table 9.15. No significant excess
above the SM expectation is found in the signal region, with 7 observed and 6.1 ± 1.9 expected
events. Figure 9.31 also shows the agreement of the observed data and the expected events in the
SR, and in the VRs to confirm the proper modelling of the backgrounds. The largest deviation is
seen in the STVR and amounts to less than 1σ. The compatibility of the observed data with the
background only hypothesis in the SR is calculated to p0 = 0.34, equivalent to a significance of
Z = 0.4σ.

The Emiss
T distribution in the SR is presented in Figure 9.32, where additionally the signal

contribution for a mass of 1.1TeV is shown. For this signal, nine additional events would be
expected in the SR, with the largest contribution at about half the T mass. Additionally, the mass of
the leading large-R jet in the SR is shown. With that, the data follows the distribution of the SM
prediction and no significant deviation, as expected from a VLT signal, is seen.

As no significant excess above the SM prediction is found, upper limits at 95% CL are derived
following the procedure described in Section 8.8. The observed upper limit on any non-SM events
in the signal region is Nnon−SM < 8, with an expected limit of 7.5 events. Additionally, limits on
the signal cross-section are derived as a function of the VLT mass. For each signal mass point, the
limits are calculated for the weak-isospin singlet and doublet models, as well as for pure T → Zt
decays. Figure 9.33 shows the resulting limits, interpolated for intermediate masses. The dashed
black line shows the expected cross-section limit, with the coloured bands giving the ±1σ and ±2σ
uncertainty. The solid line shows the observed limit, which is slightly weaker than the expected
limit as more events are observed than expected. The upper limits on the signal cross-section lie
between 2 pb and 13 fb.

Table 9.15: Number of events observed in the
signal region, together with the estimated SM
backgrounds. The uncertainties include all sta-
tistical and systematic sources. The individual
uncertainties are correlated, and do not neces-
sarily add in quadrature to the total background
uncertainty.

Region SR

Observed events 7

Total background events 6.1 ± 1.9

tt̄ events 2.5 ± 1.7
W + jets events 1.1 ± 0.7
single top events 1.1 ± 0.7
tt̄ + V events 0.9 ± 0.2
diboson events 0.6 ± 0.6

MC exp. background events 6.5

TVR WVR STVR SR

to
t

σ
ex

p
 -

 n
ob

s
n 1−

0

1

E
ve

nt
s

0
20
40
60
80

100
120
140
160
180
200
220

 1.05×  2Ltt
 1.05×  1Ltt

 0.70× W+jets
Single top

+Vtt
Diboson

Data
Total pred.

0

5

10

15

20
-1 = 13 TeV, 36.1 fbs

Figure 9.31: Comparison of the observed data
(nobs) with the predicted background (nexp) in the
VRs and the SR. The bottom panel shows the
significance of the difference between data and
predicted background, where the significance is
based on the total uncertainty (σtot).



9.6. Results 103

 [GeV]miss
TE

400 600 800 1000 1200

E
ve

nt
s 

/ 1
00

 G
eV

0

2

4

6

8

10 Data Total pred.
 1.05×  2Ltt  1.05×  1Ltt

Single top  0.70× W+jets

Diboson +Vtt

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.1 TeVTm

-1 = 13 TeV, 36.1 fbs
Signal region

leading large-R jet mass [GeV]
100 200 300 400

E
ve

nt
s 

/ 3
0 

G
eV

0

1

2

3

4

5

6
Data Total pred.

 1.05×  2Ltt  1.05×  1Ltt

Single top  0.70× W+jets

Diboson +Vtt

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.1 TeVTm

-1 = 13 TeV, 36.1 fbs
Signal region

Figure 9.32: Comparison of data and prediction in the Emiss
T distribution (left) and the mass of the
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The expected shape for a signal with mT = 1.1TeV and B(T → Zt) = 80% is overlaid on the SM
prediction.

In the limit setting, no nuisance parameters are constrained or pulled from the pre-fit values,
indicating a good fit stability and no discrepancies between data and simulation. The fit setup for
the statistical evaluation by construction has no power to further constrain the nuisance parameters
beyond the auxiliarymeasurements. Comparing the cross-section limits to the theoretical expectation
for the signal cross-section, lower limits on the T quark mass can be derived. Any vector-like top
quark mass for which the limit lies below the expected cross-section is excluded.

The resulting mass limits are summarised in Table 9.16 and range from more than 1.1 TeV for
the pure T → Zt decay to about 900GeV for the singlet model. The sensitivity to the latter model is
lower due to the low B(T → Zt), which approaches 25% in the high-mass limit. The contribution
from additional vector-like quarks, in particular from the X or B quark in the (X5/3,T) or (T, B)
doublets, is neglected, leading to conservative limits on the doublet model.

In order to show the sensitivity in dependence of the decay channels, Figure 9.34 shows the 95%
CL observed and expected lower limits on the signal mass as a function of the decay branching ratios.
The axes show the branching ratios for the T → Wb and T → Ht decays, respectively, and the
B(T → Zt) completes the branching ratio sum to 100%.1 Accordingly, the origin of the coordinate
system shows the point for which B(T → Zt) = 100%. For each branching ratio combination, the
cross-section limits are calculated as a function of the mass and the lower mass limits are derived.
The mass limits are then grid-wise interpolated. The contour lines show the areas in which the
indicated mass is excluded. The highest sensitivity is found in the region of B(T → Zt) ' 100%,
as this is the focus of the analysis. The sensitivity to the mixed ZtHt decay mode is larger than to
the ZtWb decay mode. As an example, masses of mT < 1TeV are excluded for B(T → Ht) < 65%
(70% expected) in the former decay mode and for B(T → Wb) < 45% (50% expected) in the latter.
This comes from the higher acceptance of the mixed ZtHt signature with respect to the ZtWb final
state, as the former events feature a higher b-jet multiplicity and more massive large-R jets (c.f.
Figure 9.9).

1See for example Refs. [158, 159] for a discussion of additional decay modes for the vector-like T quark when
B(T → Zt) + B(T → Ht) + B(T → Wb) < 100%, and a recast of the analysis results presented here.
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Figure 9.33: Observed and expected 95% CL upper limit on the cross-section times branching
ratio for VLT pair production as a function of the T mass for B(T → Zt) = 100% (top) and for
branching ratios according to the singlet model (bottom left) and the doublet model (bottom right).
Contributions from the X or B quark in the (X5/3,T) or (T, B) doublet models are neglected, leading
to conservative limits. The thickness of the theory curve represents the theoretical uncertainty from
PDFs, scale and the strong coupling constant αS.

Table 9.16: Observed and expected 95% CL lower limits on the T quark mass for the pure T → Zt,
the singlet model and the doublet model. Contributions from the X or B quark in the (X5/3,T) or
(T, B) doublet models are neglected, leading to conservative limits.

Signal Obs. 95% CL Exp. 95% CL
lower mass limit lower mass limit

T → Zt 1.16 TeV 1.17 TeV
Singlet 0.87 TeV 0.89 TeV
Doublet 1.05 TeV 1.06 TeV
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Figure 9.34: Expected (left) and observed (right) 95% CL lower limit on the T quark mass as a
function of the decay branching ratios into Wb and Ht. The markers indicate the branching ratios
in the singlet and doublet models for masses above about 0.8 TeV, where they are approximately
independent of the T quark mass.

9.6.1 Weak-isospin doublet model

In the cross-section limits for the weak-isospin doublet model, either (T, B) or (X5/3,T), any
contributions of the secondvector-like quarkare neglected in the analysis. This results in conservative
limits, as events with BB̄ (or X X̄) production can contribute to the signal region. Additionally, any
such events in the control region would lead to an increase in the fitted background normalisation,
when they are not included in the signal model.

In order to check the approximate contributions to the CR and the SR, simulated samples of
BB̄ production are used, generated with the same settings as the TT̄ signal samples. The X or B
quark are expected to always decay to a Wt final state, and preferred to have a similar mass as
the vector-like top quark [38]. As the analysis is not sensitive to the charge of the X or B quark,
the BB̄ results are valid also for a (X5/3T) doublet. Based on the generated samples, an additional
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Figure 9.35:Observed and expected 95% CL upper limit on the cross-section times branching ratio
for VLT pair production as a function of the T mass for branching ratios according to the doublet
model. The contributions of the vector-like bottom quark B pair production, with the same mass as
the VLT, are included. They are also valid for a (X5/3T) doublet.
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contribution of BB̄ with a size of about 50% of the VLT pair production is estimated in the signal
region. In the tt̄ control region about 80 signal events are expected for mB = 800GeV, and about
10 events for mB = 1.2TeV, compared to about 450 expected events from the SM. Due to the veto
on b-jets in the W+jets control region, no additional signal contribution is expected there.

Figure 9.35 shows the potential improvement in the cross-section limit as a function of the
vector-like top mass for the doublet model, when including the contributions of the second vector-
like quark. For this, the BB̄ production estimate is included in the analysis. The limits are set on
a combined signal strength factor µ for the sum of the TT̄ and BB̄ production for mB = mT . For
comparison with the previous results, this signal strength limit is then compared to the limit on
the TT̄ production cross-section alone. The cross-section limit improves by about 40%, constant
over the tested mass range. The limit on the vector-like top mass increases by about 100GeV,
accordingly.

As the vector-like top and bottom quark contributions are estimated separately, any mixed
production of T and B quarks is neglected in this study. To a larger effect, the signal model also
assumes singlet model couplings for both vector-like quarks, and any acceptance increases due to
the kinematic differences are not included in the evaluation. In summary, a complete model of
vector-like quarks in the doublet model, would potentially lead to a strong increase in the sensitivity.
This comes for the drawback of an increased signal model dependence, including the decay mode of
the second vector-like quark, the mass difference between the VLQs, as well as the actual couplings.
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9.7 Comparison to similar searches

Vector-like top quarks have been searched for in severalATLAS analyses at
√

s = 13TeV. Figure 9.36
shows the exclusion limits in the decay branching ratio plane for several VLT masses for the most
recent searches overlaid. For large values of B(T → Wb), as motivated by the singlet model, the
Wb + X analysis [153] is the most sensitive. The analysis reconstructs the mass of the vector-like
top from a b-jet, a charged lepton and the Emiss

T , using the W boson mass constraint in order to
reconstruct the third component of the neutrino momentum. The same-sign analysis [161] is based
on a selection of two same-sign leptons and is mostly sensitive to the doublet model. The signal
is extracted in several regions differing in the b-jet multiplicity, the Emiss

T and the HT. The Ht + X
analysis [152] is the most sensitive analysis for large values of B(T → Ht) and selects events with
zero or one lepton, and a large number of b-jets. A multitude of signal regions is defined based
on the large-R jet and b-jet multiplicity and other kinematic features. As can be seen, the analyses
have been designed to achieve complementary sensitivity to the different decay branching ratios.
In contrast to the search presented here, the other ATLAS analyses are based on multiple bins in
order to extract the signal. The excluded masses reach above 1.1 TeV for the pure decay modes, and
up to above 1.3 TeV for the T → Wb decay channel.

Searches with the CMS detector follow a more inclusive strategy, compared to the ATLAS
analyses. At

√
s = 8TeV, a combination of five analyses was achieved [46]. Of those, two are

optimised for the T → Wb decay, two for the T → Ht decay and one inclusively for all decay modes.
At
√

s = 13TeV, a search in single-lepton final states [49] is mostly sensitive to the T → Wb and
T → Ht decay channels. The most stringent limit on theT → Zt channel is from the inclusive 8 TeV
analysis with a boosted decision tree based search in several regions, categorised by the number of
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selected leptons, jets and kinematic features. There, vector-like top masses below 780GeV can be
excluded.



Chapter 10 Search for supersymmetric
partners of the top quark

The search for supersymmetric partners of the top quark is presented in this chapter. It relies on
the common properties of signals in final states similar to tt̄ + Emiss

T in addition to the special
features of the top squark decay. The results of this analysis are part of the searches published in
Ref. [4]. In the publication several signal regions are constructed in order to achieve sensitivity to
different signal parameter ranges. Here, the focus lies on the selection optimised for high top squark
masses in the t̃1 → t χ̃0

1 decay.

10.1 Signal properties
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Figure 10.1: Comparison of the b-jet multiplicity (left) and the distance of the lepton and the b-jet
(right) for the dominant background processes tt̄ and W+jets, and for a signal process after the
preselection. No requirement on the b-jet multiplicity is set for the left plot.

The final state of the signal process is very similar to that of tt̄ events, with the only difference being
the two additional, undetectable neutralinos. In contrast to the vector-like quark signal, the b-jet
multiplicity, as shown in Figure 10.1, does not differ strongly between tt̄ and the signal process.

Figure 10.1 also shows the distance of the lepton and the b-jet. In case that more than one b-jet
is tagged in the event, the one with larger transverse momentum is used for this variable. For the tt̄
decay either the b-jet from the leptonic top decay is selected, which tends to be close to the lepton,
or the b-jet from the other top quark decay is selected, leading to a larger distance. While the same
holds true for the signal, there the top quarks are commonly recoiling against the neutralinos in
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the event, leading to smaller separations of the top quark decay products in general. For W+jets,
generally larger distances are seen.

10.1.1 Hadronic top decay reconstruction

The reconstruction of the hadronically decaying top quark (hadronic top) can provide a strong tool
to suppress backgrounds like dileptonic tt̄, which do not contain such a decay. In order to reconstruct
the hadronic top decay, an algorithm based on the anti-kt clustering of small-radius jets is developed.
In comparison to the fixed radius large-R jets, as used in the vector-like quark search, the newly
developed algorithm is tuned to achieve higher signal efficiencies. As the production cross-section
for the SUSY signal is about 7 times lower than for the VLT signal, a higher selection efficiency
is needed. Additionally, the highly efficient reconstruction is used to reduce the contribution of
semi-leptonic tt̄ events to background control regions, by vetoing events with a reconstructed
hadronic top quark decay.

Assuming massless decay products, the distance of the child particles in a two body decay of
a mother particle with mass m can be approximated to R (pT) = 2 × m/pT. While the mass of
the W boson in the top quark decay cannot be neglected, this relation nonetheless gives a usable
approximation for the spread of the three partons in a fully hadronic top quark decay. The distribution
of the maximum separation of the top quark decay products as a function of the pT is shown in
Figure 10.2. As can be seen, especially at large pT the approximation holds true, while for lower top
quark pT the true separation has a large spread and is often smaller than R(pT). A reconstruction of
the hadronic top decay should thus cluster jets in a distance of approximately R(pT) to include all
decay products of the top quark, but no additional jets. As the transverse momentum of the top quark
decay is not known before the decay products are found, an algorithm is designed to iteratively
adjust the radius of candidate objects to match the transverse momentum of the candidate.

Initially, all small-radius jets in the event are clustered using the anti-kt algorithm with a large
radius parameter R0. The resulting very large radius jets are the seeds for the iterative reclustering, in
which each candidate is shrunk until their radii match their pT, according to the above approximation.
A candidate in step i is considered too large, if R(pT) ≤ Ri−1 − Rdown, where Ri−1 is the radius
obtained in the previous step and the Rdown parameter is adjusted to balance the frequency of further
shrinking good candidates, and of retaining spurious constituents. In case that R(pT) ≥ Ri−1 + Rup
the candidate is discarded. This requirement mainly removes low momentum seeds from the initial
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Figure 10.2: Distribution of the maximal separation of the top quark decay products versus the top
quark pT. The red dotted line shows the approximation R (pT) = 2 × m/pT.
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Figure 10.3: Illustrative display of the jets in the η × φ plane for one event in the different steps of
the hadronic top reconstruction algorithm. The b-jet of the hadronic top decay is marked in blue,
the light jets from the top decay in green and other jets in the event are shown in grey. The actual
radius of the candidates is shown with red solid lines, the “optimal” radius according to the pT with
red dashed lines.

clustering. The exact values of the parameters are tuned to achieve a high reconstruction efficiency,
as discussed below. In detail, the algorithm follows these steps:

1. All signal small-radius jets in the event are reclustered with the anti-kt algorithm with an
initial radius R0 = 3.0.

• The initial radius parameter corresponds to a hadronic top quark pT of 120GeV. The
exact value is checked to have a small impact on the reconstruction efficiency.

2. For each candidate object, the “optimal” radius is computed, using R(pT) = 2 × m/pT, with
the mass parameter set to the top quark mass, mt = 175GeV. This optimal radius is then
compared with the radius assumed in the previous step, Ri−1, and the candidate is either
reclustered again, discarded or taken. This procedure is iterated, until all initial candidate
objects are taken (2c) or discarded (2b).

(a) If the optimal radius is much lower than the current radius, i.e. if R(pT) ≤ Ri−1 − Rdown,
then the constituents of the candidate jet are reclustered with a smaller radius, Ri =

R(pT) + 1/2 × Rdown.
• The new radius Ri is limited to be not less than half the previous radius,Ri ≥ 1/2Ri−1,
in order to prevent splitting good candidates for which the R(pT) approximation
does not hold completely.

• After this, the new optimal radius is calculated with the updated momentum and
the comparison in step 2 is followed again.

(b) Else, if the optimal radius ismuchhigher than the current radius, i.e. ifR(pT) ≥ Ri−1+Rup,
then the candidate is discarded.

• With this requirement, low momentum contributions from jets not from a hadronic
top quark decay are mostly removed.

(c) Else, if the optimal radius approximately matches the current radius (Ri−1 − Rdown ≤

R(pT) ≤ Ri−1 + Rup), then the candidate is taken as a hadronic top candidate.

Figure 10.3 shows an event display for the different steps of the top reconstruction algorithm.
Initially, two candidate objects are found, corresponding to the hadronic top decay and an additional
jet, respectively. As the transverse momentum of the top quark decay is large, the optimal radius
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Figure 10.4: Distribution of the mass of the reconstructed hadronic top candidates for dileptonic tt̄
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Figure 10.5: Distribution of the mass of reconstructed hadronic top candidates for semi-leptonic tt̄
events (left) and dileptonic tt̄ events (right), where the candidate always is a fake, in comparison
for different reconstruction techniques. Events are required to fulfil the preselection requirements.

is much lower than the initial radius for this case. For the additional jet, i.e. the second candidate,
the transverse momentum is small compared to the initially assumed radius. In the second step,
the additional jet is therefore discarded (following the 2b branch), and only the first candidate is
processed further. Its radius is shrunk and the three constituent jets are reclustered again (following
the 2a branch). The three constituents still fall into the jet with a smaller radius, which now matches
the pT. This candidate is then taken.

Figure 10.4 shows the distribution of the mass of the hadronic top candidates for events with
and without a true, hadronically decaying top quark. For events with a true hadronic top quark, the
expected peak at the top mass can clearly be seen. In a small fraction of events, the top decay is not
fully captured, resulting in a shoulder at the W boson mass. In some cases, additional jets enter the
top candidate, leading to a tail in the distribution towards larger masses. For the background, i.e. the
events without a true hadronic top quark, the distribution is smoothly falling from approximately
120GeV, without a peak at the top quark mass.

The method is compared to techniques previously used for reconstructing hadronic top quark
decays. In the search for vector-like top quarks, reclustered large-radius jets with a radius parameter
of R = 1.0 are used. An alternative technique aiming at less boosted decays is a χ2-minimisation
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Figure 10.6: Efficiency of reconstructing exactly the hadronic top decay as a function of the
hadronic top pT (left) and the fake rate as a function of the reconstructed top pT (right) for the
recursive reclustering algorithm, for R = 1.0 large-R jets and for the χ2 minimisation.

based algorithm used in previous searches for top squarks [143]. In the χ2 method, the three
jets in the event that are most compatible with the hadronic top decay are found by minimising
χ2 = (mbj1 j2 −mt )

2/σ2
bj1 j2
+ (mj1 j2 −mW )

2/σ2
j1 j2

over all possible jet and b-jet permutations, with
the resolutions σ based on the jet energy resolutions. Figure 10.5 compares the resulting mass
spectra of the three reconstructing algorithms for events with and without a hadronic top quark,
after the preselection. For events with a true hadronically decaying top quark, all three methods
produce a clear peak at the top quark mass. The large-radius jet reconstruction also finds a second
mass peak at the W boson mass, in events in which the boost of the top quark decay is lower
and the large-radius jet only contains the W boson decay products. In contrast, the χ2 technique
shows a large tail towards higher masses, indicating wrong combinations. In the case of background
events, both reclustering methods show a smoothly falling spectrum. The χ2 combination also
generates a peak at the top quark mass for events without a hadronic top quark decay, purely due to
combinatorial reasons.

Figure 10.6 shows the efficiency and fake rate of the different methods which are tested to
reconstruct hadronic tops. The reconstruction efficiency is defined as the fraction of events with
a hadronically decaying top quark in which the top quark decay is exactly reconstructed. For
the χ2 method this means, that the three selected jets are matched to the partons from the top
decay, and for the two reclustering approaches the partons from the top decay have to be matched
to jets that are included in the candidate. Additionally the candidate is required to have a mass
150GeV < m < 200GeV, in order to exclude candidates which include additional high momentum
jets. The fake rate is defined as the number of candidates falling in the mass window in events
without a hadronic top decay.

The approach described here shows a better efficiency with respect to the simple reclustering
of jets with a fixed radius of R = 1.0. At very low top quark momentum, the χ2 fit reconstruction
becomes the algorithm with highest efficiency. The fake rate is comparable for fixed radius large-R
jets and the reclustering algorithm, while the χ2 method has a much higher fake rate, as it is strongly
biased to find a candidate with approximately the top quark mass.

Figures 10.7 and 10.8 show the effect of varying the parameters of the algorithm. The distribu-
tions are normalised to the expected number of the events, and thus give an estimate of both the
reconstruction efficiency and the impact on the shape of the mass distribution. The Rdown parameter
has the largest effect on the mass distribution, as it controls the splitting of “large” candidates. At
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Figure 10.7: Distribution of the mass of the leading top candidate for different parameters in the
algorithm, varying Rdown (left) and Rup (right). Only one parameter is varied at a time, with the first
setting in the list being the default value.

high values, which make the splitting less likely, a large amount of candidates contain additional jets
and are reconstructed at masses much larger than the top quark mass. For low values of Rdown, the
peak at the W boson mass rises, as more good candidates are split. The default value of Rdown = 0.5
was chosen in order to balance the number of candidates falling in either extreme. In events without a
hadronic top quark decay, the Rdown parameter influences the endpoint of the distribution. For higher
values of Rdown, the endpoint increases and more events are expected at high candidate masses.
The other parameters, e.g. Rup, do not influence the mass distribution strongly. When limiting the
initial radius R0, additional candidates are found at very low masses. They are then not removed
in step 2b, as the initial radius is lower and better matches the momentum of the object. The limit
in the radius reduction in step 2a insignificantly increases the number of candidates above the W
mass. A procedure akin to jet trimming has been tested, but found to have negligible impact. For
this, constituent jets with less than 5% of the transverse momentum of the candidate are removed.

In case that multiple candidates are found in an event, the candidate with the mass closest to
the top mass is taken. Figure 10.9 shows the top candidate multiplicity and the mass of the selected
candidate for the dominant backgrounds and the benchmark signal. In addition to the preselection,
mT > 120GeV is required, making dileptonic events the main contribution for the tt̄ process. As
can be seen, the efficiency of finding at least one candidate is larger than 90% for the signal, while
approximately 20% of the background events are rejected by an requirement of a top candidate. In
addition, the reconstructed mass shows a peak at the top quark mass, while for the backgrounds
often lower values are found. Due to the long tails towards higher masses, indicating additional jets
not from the top decay in the candidate objects, the signal and background distributions are similar
for masses above 200GeV.

Figure 10.10 shows the constituent jet multiplicity and the number of b-tagged constituent
jets in the top candidate. For the signal, most of the times the candidate contains two or three
constituent jets, with one of them being b-tagged. Although the distribution shows differences to
the background, no requirements can be set without strongly reducing the signal efficiency. The
fraction of top candidates with only one constituent jet is below 5%.
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Figure 10.8: Distribution of the mass of the leading top candidate for different parameters in the
algorithm, varying R0 (left) or the limit on the minimal size of the new radius (right). Only one
parameter is varied at a time, with the first setting in the list being the default value.
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Figure 10.9: Comparison of the hadronic top candidate multiplicity (left) and the mass of the
hadronic top candidate (right) for the dominant background processes tt̄ and W+jets, and for a
signal process after the preselection and mT > 120GeV. Peaks in the distribution for W+jets come
from the low statistics after the mT requirement.

Although the algorithm presented here is developed primarily to reconstruct hadronic top quark
decays, it can easily be adapted to other hadronic resonances. For example, in order to reconstruct
W boson decays into jets, the target mass is set to m = 80GeV and only non-b-tagged jets are
considered in the clustering. This is used in Ref. [4] to construct signal regions targeting the
t̃1 → b χ̃±1 (→ W± χ̃0

1 ) decay. For this signal there are no top quark resonances, but one of the W
bosons is expected to decay hadronically.

Figure 10.11 shows a comparison of data and simulation in the mass distributions of the
hadronic top quark and hadronic W boson candidates after the preselection. The reconstruction is
well modelled in the simulation and no significant deviations can be seen.
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Figure 10.10: Comparison of constituent jet multiplicity (left) and constituent b-jet multiplicity
(right) in the hadronic top candidate for the dominant background processes tt̄ and W+jets, and for
a signal process after the preselection and mT > 120GeV.
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Figure 10.11: Comparison of data and simulation in the distributions of the hadronic top quark
and W boson candidates after the preselection. The lower panels show the ratio of the data to the
prediction. The error bands include statistical and systematic uncertainties.
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10.2 Signal region
The signal region for the top squark search is defined targeting a benchmark signal with mt̃1 = 1TeV
and a nearly massless neutralino. The optimisation of the selection follows the same approach as for
the VLQ search, as detailed in Section 9.2.1. Instead of the fixed-radius large-R jets, the properties
of the hadronic top candidates are used in the optimisation. In the context of Ref. [4] the signal
region is called “tN_high”, as it targets the decay of the top squark into a top quark and a neutralino
(tN) for a high mass difference ∆m(t̃1, χ̃

0
1 ). The most important variables in the optimisation are the

Emiss
T and the Hmiss

T,sig, due to the high mass difference in the signal model.

10.2.1 Signal region selection

The resulting selection for the signal region is shown in Table 10.1. The tN_high signal region is
characterised by large Emiss

T and Hmiss
T,sig, as well as the presence of a hadronic top quark candidate

with a mass of at least 130GeV. Further requirements are placed on the mT, as well as on the
distance between the lepton and the b-jet, ∆R(b, `).

The expected SM events in the signal region are shown in Table 10.2, with the fraction of the
individual contributions visualised in Figure 10.12. In total, about four SM events are expected,
compared to six events from the benchmark signal. The dominant backgrounds are the irreducible
tt̄ + Z(→ νν̄) process, followed by W+jets and dileptonic tt̄ events. The latter two backgrounds are
strongly reduced by the high Emiss

T requirement, as well as the hadronic top tagging.
A cutflow for the signal, as well as for the dominant backgrounds is shown in Table 10.3. All

requirements have close to 90% signal efficiency, with the exception of the choice of the single
lepton channel, as well as the Emiss

T requirement. The latter requirement reduces the backgrounds by
95%–98%. The total signal efficiency is 4%. For events with one leptonically decaying top quark,
the selection efficiency is about 11%.

Table 10.1: Signal region selection for the search for supersymmetric top quark partners. For the
jet pT requirement, the numbers refer to the objects ordered in pT.

Variable SR

Emiss
T > 550GeV
mT > 160GeV

amT2 > 175GeV
mτ

T2 > 80GeV
Hmiss

T,sig > 27
Jet pT > 100, 80, 50, 30GeV

|∆φ( ji, Emiss
T )|, i = 1, 2 > 0.4
# b-tagged jets ≥ 1

∆R(b, `) < 2
Had. top mass > 130GeV
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Table 10.2: Events expected from simulation in the signal
region with MC statistical uncertainties.

tN_high e-channel µ-channel Total

tt̄ 2L 0.25 ± 0.04 0.26 ± 0.05 0.51 ± 0.06
tt̄ 1L 0.02 ± 0.01 0.0 ± 0.0 0.02 ± 0.01
Single top 0.09 ± 0.05 0.10 ± 0.05 0.20 ± 0.07
W+jets 0.56 ± 0.14 0.51 ± 0.14 1.08 ± 0.20
Diboson 0.23 ± 0.06 0.19 ± 0.05 0.42 ± 0.07
tt̄+V 0.87 ± 0.15 0.81 ± 0.13 1.68 ± 0.20

Total SM 2.03 ± 0.22 1.87 ± 0.21 3.90 ± 0.31
Signal 3.04 ± 0.09 3.00 ± 0.09 6.04 ± 0.13

+V (43.0%)tt
W+jets (27.6%)
 2L (13.1%)tt

Diboson (10.8%)
others (5.5%)

 = 13 TeVs
tN_high

Figure 10.12: Breakdown of the
individual SM contributions in the
signal region.

Table 10.3: Cutflow for the dominant backgrounds and the benchmark signal. The tt̄ and W+jets
processes only contain events with at least one lepton, while for the signal and for tt̄ + V also pure
hadronic decays are included.

Cut Signal tt̄ tt̄ + V W+jets

Event cleaning 99 % 97 % 99 % 100 %
≥ 1 baseline lepton 60 % 91 % 79 % 98 %
≥ 1 signal lepton 70 % 83 % 77 % 91 %
= 1 signal lepton 90 % 91 % 87 % 100 %
= 1 baseline lepton 80 % 82 % 78 % 96 %
Trigger 100 % 70 % 78 % 73 %
≥ 4 jets 80 % 97 % 97 % 81 %
Emiss
T > 230GeV 90 % 9 % 20 % 13 %
|∆φ( ji, Emiss

T )| > 0.4, i = 1, 2 90 % 85 % 87 % 91 %
mT > 120GeV 90 % 9 % 36 % 3 %
≥ 1 b-jet 90 % 90 % 91 % 18 %
amT2 > 175GeV 90 % 22 % 61 % 77 %
mτ

T2 > 80GeV 99 % 81 % 96 % 99 %
Emiss
T > 550GeV 50 % 2 % 5 % 5 %

mT > 160GeV 100 % 75 % 90 % 90 %
Hmiss

T,sig > 27 80 % 30 % 70 % 70 %
small-R jet pT 90 % 80 % 85 % 60 %
had. top mass 85 % 50 % 90 % 65 %
∆R(b, `) 100 % 80 % 90 % 70 %

Total efficiency 4 % 6 × 10−6 % 0.01 % 2.11 × 10−7 %
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10.2.2 Distributions in the signal region
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Figure 10.13: Distributions of the Emiss
T , the mT, the amT2 and the mτ

T2, the Hmiss
T,sig and the ∆R(b1, `)

in the signal region. The requirement on the displayed distribution, as indicated by the vertical line,
is not applied. The mτ

T2 distribution is shown for events with a hadronic τ candidate.

Figures 10.13 and 10.14 show the distributions of the variables that define the signal region, without
the selection requirement on that variable applied. As can be seen, the high Emiss

T requirement
strongly reduces the background and is the most efficient cut against the tt̄ + V process. Together
with the requirements on mT and amT2, the tt̄ background is almost completely reduced.

The hadronic top reconstruction further reduces the single top and W+jets backgrounds, which
do not include a hadronic top quark decay. The b-jet related requirements, i.e. the cut on the
multiplicity and the distance to the lepton, are effective in reducing the W+jets and diboson
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backgrounds. As in the VLQ search the jet pT requirements are mostly implicitly fulfilled due to the
correlations with the Emiss

T cut, but are made explicit and kept constant in the control and validation
regions.
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Figure 10.14: The mass of the hadronic top quark candidate, the b-jet multiplicity and the pT of
the leading jets in the signal region. The requirement on the displayed distribution, as indicated by
the vertical line, is not applied.
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10.3 Background estimation

As discussed in Section 8.1, the dominant backgrounds in the analysis are normalised in dedicated
control regions. For the tN_high signal region, these are the tt̄ + V and W+jets processes, as
well as dileptonic tt̄ events. The contributions of semi-leptonic and dileptonic tt̄ events are treated
independently in the analysis. Additionally, the single top background is also normalised in a control
region. The diboson background is taken from simulation. Further processes and rare backgrounds,
including Z+jets, tt̄WW , tZ and tW Z events, contribute in total less than 0.1 events to the signal
region and are therefore neglected.

In comparison to the search for vector-like quarks, the general control region selection has
been redesigned. The tt̄ background is normalised in a region defined by a veto on hadronic top
candidates, in contrast to the mrecl

top > 130GeV requirement in the signal region. This allows to
require high mT in the CR and enriching the events in dileptonic tt̄ (T2LCR). With this selection,
dileptonic tt̄ events with an unidentified lepton can directly be normalised. This relaxes the need
that the mechanisms through which a charged lepton is not identified in the reconstruction are well
modelled in the simulation, as it was assumed and validated in the vector-like quark search.

The W+jets selection (WCR) is also defined with a hadronic top veto and an inverted mT
requirement, while keeping the b-jet multiplicity selection. With this, the analysis is unaffected by
the uncertainty in the relative fraction of light and heavy flavour decays in W+jets events, as the
flavour structure in the control and signal region is the same. In order to increase the purity of the
selection, the charge asymmetry effect in W+jets production is exploited. Due to the higher parton
density of u quarks, compared to d quarks in the proton, the production cross-section of W++jets
at the LHC is higher than for W−+jets. This effect is enhanced by the high Emiss

T requirement [162].
In general, the predominant W boson polarisation in W+jets events is left-handed. Due to the V − A
coupling, the lepton produced in the decay is boosted in the W boson flight direction, compared to
the produced anti-lepton. By requiring high Emiss

T , W+ → `+ν` events are favoured compared to

Table 10.4: Control region selection for the search for supersymmetric top quark partners. The
same jet pT requirements are set in each region. The veto on hadronic top candidates is fulfilled
when either no candidate is found in the event, or if the mass is lower than 130GeV.

Variable SR T1LCR T2LCR WCR STCR

Emiss
T [GeV] > 550 > 400 > 350 > 350 > 350
mT [GeV] > 160 ∈ [30, 90] > 120 ∈ [30, 90] ∈ [30, 120]

amT2 [GeV] > 175 < 200 < 200 > 200 > 200
mτ

T2 [GeV] > 80 > 80 > 80 > 80 > 80
Hmiss

T,sig > 27 > 10 > 10 > 10 > 10
|∆φ( ji, Emiss

T )|, i = 1, 2 > 0.4 > 0.4 > 0.4 > 0.4 > 0.4
# b-tagged jets ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 2

∆R(b, `) < 2 – – – –
top cand. mass > 130GeV > 130GeV veto veto veto
∆R(b1, b2) – – – < 1.2 > 1.2

Lepton charge – – – = +1 –
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Table 10.5:Background normalisation factors obtained in the simultaneous fit to all control regions.

Background tt̄ 2L tt̄ 1L W+jets Single top tt̄ + V

Normalisation factor 1.01 ± 0.15 0.97 ± 0.08 0.82 ± 0.17 0.64 ± 0.37 1.11 ± 0.35

W− → `−ν̄` events. To reduce the charge-symmetric contributions from other sources, a positively
charged lepton is required in the WCR.

The single top control region (STCR) is defined similarly to the validation region in the search
for vector-like quarks (see Section 9.4.3). In addition to the requirements of high amT2 and at least
two b-jets with a minimal separation of ∆R(b1, b2) > 1.2, also a veto on hadronic top candidates
is used to suppress the tt̄ contributions. The orthogonality between the STCR and the T2LCR is
ensured by an inverted amT2 requirement in the latter region.

Due to the lowered mT requirements in the WCR and the STCR, some contribution of semi-
leptonic tt̄ events is expected in these regions. Although it is small, mainly due to the veto on
hadronic top candidates, a further control region is defined enriched in semi-leptonic tt̄ events
(T1LCR). This serves to normalise the semi-leptonic tt̄ contributions to the other control regions,
as the signal region contribution is negligible. It is defined similarly to the tt̄ control region in the
vector-like quark analysis, by inverting the mT requirement with respect to the signal region.

Table 10.4 gives the full selection of these control regions, compared to the signal region
requirements. An overview of the control regions setup is shown in Figure 10.15. The general
control region strategy, building on a veto on hadronic top candidates in order to control dileptonic
tt̄ and W+heavy flavour events, is the basis for the background estimate for all signal regions in the
analyses in Ref. [4] which include a hadronic top or W boson requirement.

The irreducible tt̄ + Z(→ νν̄) background is estimated in a region selecting tt̄ + Z(→ `+`−)

events, defined in common for the analyses [4]. The control region (TTZCR) is defined requiring
exactly three charged leptons, at least four jets and at least one b-tagged jet. Two leptons are required
to have the same flavour and opposite charge, and the mass of the dilepton system, m`` , is required
to be in the range of 81GeV < m`` < 101GeV. The same jet pT requirements as in the signal
region are set.

The normalisation factors for the backgrounds obtained in the simultaneous fit to the control
regions are shown in Table 10.5. All parameters agree with unity in the uncertainties. For the
W+jets and single top processes, the best fit values are below one by 1σ. The W+jets normalisation
is in agreement with the results seen in the search for vector-like top quarks. In the simultaneous
fit, only the tt̄ + V normalisation is shared between the TTZCR and the other regions. Due to the
differences in the lepton multiplicity, all other contributions are treated as uncorrelated. Further
details on the control regions are given in the following subsections.
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Figure 10.15: Sketch of the control region layout. The STCR and the WCR or WVR differ in the
minimal b-jet multiplicity and the distance between the two leading b-jets.
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10.3.1 Dileptonic tt̄ control region

The expected and observed events in the T2LCR are shown in Table 10.6. Figure 10.16 shows the
relative contributions of the SM events. The dileptonic tt̄ process contributes more than 85% of the
events, and less than 1% of the events are expected from the benchmark signal.

Figure 10.17 shows example distributions in the T2LCR after applying the normalisation factors
obtained in the background only fit. Additional distributions are shown in Appendix C.1.1. The
normalisation factor obtained in the fit is compatible with one and good agreement between the
data and the prediction can be observed in the variables used in the analysis.

Table 10.6: Observed and expected events in the T2LCR.
The individual uncertainties are correlated, and do not
add up quadratically to the total uncertainty.

Region T2LCR

Observed events 67

Total background events 67 ± 8

tt̄ 2L events 59 ± 8
tt̄ 1L events 2.3 ± 0.7
tt̄ + V events 2.4 ± 0.7
W+jets events 1.25 ± 0.32
single top events 1.5 ± 1.2
diboson events 0.85 ± 0.31

MC exp. background events 67.5 ± 2.3

MC exp. tt̄ 2L events 58.2 ± 1.8
MC exp. tt̄ 1L events 2.4 ± 0.7
MC exp. tt̄ + V events 2.15 ± 0.33
MC exp. W+jets events 1.52 ± 0.28
MC exp. single top events 2.4 ± 1.3
MC exp. diboson events 0.85 ± 0.31

 2L (86.3%)tt

others (13.7%)

 = 13 TeVs
 2L control regiontt

Figure 10.16: Breakdown of the indi-
vidual SM contributions in the T2LCR.
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Figure 10.17: Distribution of Emiss
T (top left), mT (top right), amT2 (bottom left) and Hmiss

T,sig (bottom
right) in the dileptonic tt̄ control region. The background normalisation factors are applied as
indicated in the legend and the last bin contains overflow events. The lower panels show the ratio
of the data to the prediction. The error bands include statistical and systematic uncertainties.
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10.3.2 Semi-leptonic tt̄ control region

Table 10.7 gives the expected events in the T1LCR, with the relative contributions visualised in
Figure 10.18. In the control region, the semi-leptonic tt̄ process makes up more than 75% of the
expected events, and the contribution of the benchmark signal is below 0.1%.

Figure 10.19 shows illustrative distributions in the T1LCR after applying the normalisation
factors obtained in the background only fit. Additional distributions are shown in Appendix C.1.2.
Good agreement between the data and the prediction is observed, confirming the expected tt̄
contribution in the other control regions. The normalisation factors for semi-leptonic and dileptonic
tt̄ are compatible, with a difference of less than 1σ.

Table 10.7: Observed and expected events in the T1LCR.
The individual uncertainties are correlated, and do not
add up quadratically to the total uncertainty.

Region T1LCR

Observed events 411

Total background events 411 ± 20

tt̄ 2L events 25 ± 7
tt̄ 1L events 327 ± 25
tt̄ + V events 5.7 ± 1.6
W+jets events 33 ± 9
single top events 15 ± 11
diboson events 5.0 ± 1.7

MC exp. background events 437 ± 18

MC exp. tt̄ 2L events 24 ± 6
MC exp. tt̄ 1L events 339 ± 8
MC exp. tt̄ + V events 5.1 ± 0.8
MC exp. W+jets events 40 ± 8
MC exp. single top events 24 ± 11
MC exp. diboson events 4.9 ± 1.7

 1L (77.5%)tt

others (22.5%)

 = 13 TeVs
 1L control regiontt

Figure 10.18: Breakdown of the indi-
vidual SM contributions in the T1LCR.
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Figure 10.19: Distribution of Emiss
T (top left), mT (top right), amT2 (bottom left) and Hmiss

T,sig (bottom
right) in the semi-leptonic tt̄ control region. The background normalisation factors are applied as
indicated in the legend and the last bin contains overflow events. The lower panels show the ratio
of the data to the prediction. The error bands include statistical and systematic uncertainties.
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10.3.3 W+jets control region

The expected and observed events in the W+jets control region are shown in Table 10.8, and the
relative contributions in Figure 10.20. The W+jets fraction is 68%, and less than 0.1% signal
contribution is expected.

The normalisation factor for W+jets is determined to 0.82 ± 0.17. While this is compatible
with the prediction in the uncertainties, a similar downwards trend is observed as seen in other
signal regions of the same publication, and in the search for vector-like quarks. In contrast to the
W+jets control region in the search for vector-like top quarks, here at least one b-jet is required. The
composition of heavy and light flavour jets in the control and signal region is the same, as shown
in Figure 10.21.

A comparison of data and simulation is shown in Figure 10.22 for some illustrative distributions,
showing no significant deviations. Additional distributions are shown in Appendix C.1.3.

Table 10.8: Observed and expected events in the WCR.
The individual uncertainties are correlated, and do not
add up quadratically to the total uncertainty.

Region WCR

Observed events 113

Total background events 113 ± 11

tt̄ 2L events 2.6 ± 0.7
tt̄ 1L events 18 ± 5
tt̄ + V events 0.67 ± 0.33
W+jets events 76 ± 14
single top events 10 ± 7
diboson events 5.9 ± 1.7

MC exp. background events 136 ± 13

MC exp. tt̄ 2L events 2.6 ± 0.6
MC exp. tt̄ 1L events 19 ± 5
MC exp. tt̄ + V events 0.60 ± 0.15
MC exp. W+jets events 92 ± 10
MC exp. single top events 16 ± 5
MC exp. diboson events 5.9 ± 1.7

W+jets (68.0%)
 1L (13.7%)tt

Single top (11.7%)
others (6.7%)

 = 13 TeVs
W+jets control region

Figure 10.20: Breakdown of the indi-
vidual SM contributions in the WCR.
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Truth b-jets (34%)

Truth c-jets (40%)

Only light jets (27%)

 = 13 TeVs
SR Truth b-jets (42%)

Truth c-jets (36%)

Only light jets (22%)

 = 13 TeVs
WCR

Figure 10.21: Breakdown of the flavour components of W+jets in the SR and the WCR.
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Figure 10.22: Distribution of Emiss
T (top left), mT (top right), b-jet multiplicity (bottom left) and

Hmiss
T,sig (bottom right) in theW+jets control region. The background normalisation factors are applied

as indicated in the legend and the last bin contains overflow events. The lower panels show the ratio
of the data to the prediction. The error bands include statistical and systematic uncertainties.
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10.3.4 Single top control region

Table 10.9 shows the expected and observed events in the single top control region and the relative
contributions are shown in Figure 10.23. The purity of the single top process reaches 45%, and
less than 0.1% signal contribution is expected. In comparison to the single top validation region
in the search for vector-like quarks (see Section 9.4.3), the single top purity is enhanced and the
semi-leptonic tt̄ contributions are reduced, due to the veto on hadronic top quarks.

Figure 10.24 shows a comparison of data and simulation with the normalisation applied. Good
agreement between data and prediction can be observed. Additional distributions are shown in
Appendix C.1.4. Even though the nominal normalisation factor is smaller than one, it is compatible
with the prediction in the uncertainties.

Table 10.9: Observed and expected events in the STCR.
The individual uncertainties are correlated, and do not
add up quadratically to the total uncertainty.

Region STCR

Observed events 40

Total background events 40 ± 6

tt̄ 2L events 1.7 ± 0.5
tt̄ 1L events 11.0 ± 3.1
tt̄ + V events 0.49 ± 0.23
W+jets events 11.1 ± 2.5
single top events 15 ± 8
diboson events 0.72 ± 0.25

MC exp. background events 51 ± 6

MC exp. tt̄ 2L events 1.7 ± 0.4
MC exp. tt̄ 1L events 11.4 ± 2.9
MC exp. tt̄ + V events 0.44 ± 0.15
MC exp. W+jets events 13.5 ± 2.6
MC exp. single top events 23.3 ± 1.9
MC exp. diboson events 0.72 ± 0.25

Single top (45.6%)
W+jets (26.5%)
 1L (22.3%)tt

others (5.6%)

 = 13 TeVs
single top control region

Figure 10.23: Breakdown of the indi-
vidual SM contributions in the STCR.
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Figure 10.24: Distribution of Emiss
T (top left), mT (top right), amT2 (bottom left) and Hmiss

T,sig (bottom
right) in the single top control region. The background normalisation factors are applied as indicated
in the legend and the last bin contains overflow events. The lower panels show the ratio of the data
to the prediction. The error bands include statistical and systematic uncertainties.
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10.3.5 tt̄ + Z control region

The tt̄ + Z control region is defined targeting tt̄ + Z(→ ``) events. Figure 10.25 shows the
m`` distribution in the control region. As can be seen, at the Z peak the dominant contribution
comes from tt̄ + V events, with diboson production being the next dominant process. A common
normalisation factor of 80% was determined for the diboson process in all TTZCRs by inverting
the b-jet requirement to a b-jet veto, leading to a diboson purity of more than 85%. Figure 10.25
shows the b-jet multiplicity with the normalisation factor applied.

Table 10.10 shows the expected and observed events in the TTZCR. The purity of the tt̄ + V
process is more than 65% (see Figure 10.26), and a normalisation factor of 1.11±0.35 is determined.

Figure 10.27 shows the Z boson pT and the equivalent Emiss
T , when treating the Z → `` decay as

invisible and recalculating the Emiss
T accordingly. This shows that the relevant features of the tt̄ +V

process are well modelled. The results of the TTZCR have been validated in a region selecting
tt̄ + γ events, and effectively treating the photon as an invisible particle [4].
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Figure 10.25: Distribution of the m`` (left) and the b-jet multiplicity in the tt̄ + Z(→ ``) control
region, without the requirement on the displayed variable. The tt̄ + V and diboson normalisation
factors are applied as indicated in the legend. The lower panels show the ratio of the data to the
prediction. The errors bands include statistical and systematic uncertainties.
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Table 10.10:Observed and expected events in the TTZCR.
The individual uncertainties are correlated, and do not add
up quadratically to the total uncertainty.

Region TTZCR

Observed events 48

Total background events 48 ± 7

tt̄ + V events 35 ± 11
diboson events 7.1 ± 1.1
tW Z events 3+6

−3
tZ events 1.3+2.3

−1.3
tt̄ 2L events 0.59 ± 0.25
Z+jets events 0.142 ± 0.022

MC exp. background events 44 ± 9

MC exp. tt̄ + V events 32.2 ± 2.2
MC exp. diboson events 7.1 ± 1.1
MC exp. tW Z events 3+6

−3
MC exp. tZ events 1.3+2.3

−1.3
MC exp. tt̄ 2L events 0.59 ± 0.25
MC exp. Z+jets events 0.142 ± 0.021

ll) (68.0%)→+Z(tt

Diboson (19.5%)

others (12.4%)

 = 13 TeVs
+Z control regiontt

Figure 10.26: Breakdown of the indi-
vidual SM contributions in the TTZCR.
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Figure 10.27: Distribution of pT,`` (left) and the recalculated Emiss
T including the Z boson (right)

in the tt̄ + Z control region. The background normalisation factors are applied as indicated in the
legend and the last bin contains overflow events. The lower panels show the ratio of the data to the
prediction. The error bands include statistical and systematic uncertainties.
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10.4 Background validation
The background estimates are tested using validation regions. The background normalisation factors
which are determined in the CRs are applied in the VRs and the predicted yields are compared
with the data. Validation regions are defined for the dileptonic and semi-leptonic tt̄ background
(T2LVR, T1LVR) and for W+jets events (WVR). No single top validation region is defined, as the
background is small in the signal region. The tt̄ +V normalisation is tested in a tt̄ + γ selection, as
described in Section 10.3.5.

The dileptonic tt̄ control region is defined by a veto on hadronic top candidates. In order to test
the extrapolation to the signal region, in which a top candidate is required, the same requirement
as in the SR is set in the T2LVR. To make the selection disjoint to the SR, and in order to reduce
the signal contamination, a requirement of amT2 < 130GeV is used. Due to this and the high mT
requirement the dileptonic tt̄ is the dominant process in the T2LVR, even though a hadronic top
candidate is required. The validation regions for semi-leptonic tt̄ and W+jets events are defined by
changing the mT requirement. The full selection of the validation regions is listed in Table 10.11.

Figure 10.28 shows the composition of the expected events in the validation regions. The purity
of the targeted processes is comparable to that achieved in the respective control regions. The
observed events are compared in Table 10.12 with the expected events, including the normalisation
obtained in the simultaneous fit to the control regions. The two tt̄ validation regions show good
agreement of observed and expected events. In the WVR, more events are observed than expected.
The significance of the deviation, calculated as the difference in expected and observed events
divided by the total uncertainty, is below 1.5σ.

Figure 10.29 shows distributions in the validation regions, after applying the normalisation
factors. Additional distributions are shown in Appendix C.2.1, C.2.2 and C.2.3. No significant
deviations are found and a good agreement of data and simulation can be observed.

Table 10.11: Validation region selection for the search for supersymmetric top quark partners. The
same jet pT requirements are set in each region. The veto on hadronic top candidates is fulfilled
when either no candidate is found in the event, or if the mass is lower than 130GeV.

Variable SR T1LVR T2LVR WVR

Emiss
T > 550GeV > 400GeV > 350GeV > 350GeV
mT > 160GeV ∈ [90, 120]GeV > 120GeV ∈ [90, 120]GeV

amT2 > 175GeV < 200GeV < 130GeV > 200GeV
mτ

T2 > 80GeV > 80GeV > 80GeV > 80GeV
Hmiss

T,sig > 27 > 10 > 10 > 10
|∆φ( ji, Emiss

T )|, i = 1, 2 > 0.4 > 0.4 > 0.4 > 0.4
# b-tagged jets ≥ 1 ≥ 1 ≥ 1 ≥ 1

∆R(b, `) < 2 – – –
top cand. mass > 130GeV > 130GeV > 130GeV veto
∆R(b1, b2) – – – < 1.2

Lepton charge – – – = +1
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 2L (82.1%)tt

others (17.9%)

 = 13 TeVs
 2L validation regiontt  1L (72.5%)tt

 2L (14.5%)tt

others (13.0%)

 = 13 TeVs
 1L validation regiontt W+jets (57.3%)

 1L (18.2%)tt
Single top (15.3%)
others (9.2%)

 = 13 TeVs
W+jets validation region

Figure 10.28: Breakdown of the individual SM contributions in the T2LVR (left), the T1LVR
(middle) and the WVR (right).

Table 10.12: Observed and expected events in the validation regions. The individual uncertainties
are correlated, and do not add up quadratically to the total uncertainty.

Region T2LVR T1LVR WVR

Observed events 37 87 20

Total background events 38 ± 7 91 ± 22 13.1 ± 1.8

tt̄ 2L events 31 ± 7 14 ± 4 0.77 ± 0.31
tt̄ 1L events 2.1 ± 0.9 67 ± 21 2.7 ± 1.0
tt̄ + V events 1.7 ± 0.5 1.9 ± 0.5 0.10 ± 0.05
W+jets events 1.2 ± 0.6 5.2 ± 1.7 7.3 ± 1.7
single top events 0.8 ± 0.7 2.5 ± 2.2 1.5 ± 1.1
diboson events 0.40 ± 0.14 0.5 ± 0.5 0.59 ± 0.23

MC exp. background events 38 ± 6 96 ± 23 15.6 ± 2.4

MC exp. tt̄ 2L events 31 ± 6 14 ± 4 0.76 ± 0.29
MC exp. tt̄ 1L events 2.2 ± 0.9 70 ± 21 2.8 ± 1.0
MC exp. tt̄ + V events 1.49 ± 0.18 1.67 ± 0.22 0.09 ± 0.04
MC exp. W+jets events 1.5 ± 0.7 6.3 ± 1.7 8.9 ± 1.5
MC exp. single top events 1.3 ± 0.8 3.9 ± 2.5 2.4 ± 0.9
MC exp. diboson events 0.40 ± 0.15 0.5 ± 0.5 0.58 ± 0.24
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Figure 10.29:Distribution of the hadronic top mass (top left) and the mT (top right) in the dileptonic
tt̄ VR, the Emiss

T (bottom left) in the semi-leptonic tt̄ VR and the Emiss
T (bottom right) in the W+jets

VR. The background normalisation factors are applied as indicated in the legend and the last bin
contains overflow events. The lower panels show the ratio of the data to the prediction. The error
bands include statistical and systematic uncertainties.
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10.5 Impact of systematic uncertainties
The sources of systematic uncertainties affecting the analysis are detailed in Section 8.6. In
comparison to the search for vector-like quarks, no uncertainty in the W+jets heavy flavour fraction
affects the analysis, as the W+jets background is normalised in a control region with a requirement
of at least one b-jet. The effect of the jet mass scale and resolution uncertainties was found to be
negligible, as the hadronic top quark candidates contain more than one constituent in more than
95% of the cases.

In order to reduce the impact of the statistical uncertainty in the estimate of the background
modelling uncertainties, a different approach for the evaluation was chosen compared to the vector-
like quarks search. Starting with the preselection, the uncertainty is evaluated when only adding
the requirement on one variable. This is repeated for all requirements forming a region and the
systematic uncertainty is estimated as the quadratic sum of the effects on each individual variable.
As the statistical precision is much better, the statistical uncertainty is not added to the estimate.
This approach neglects any correlation between the variables, but was found to yield estimates
comparable to using the full selection [2]. As discussed in Section 8.6, the uncertainties in the
backgrounds that are normalised in control regions result from the relative difference of each
systematic source in the SR to the respective CR. The semi-leptonic and dileptonic tt̄ uncertainties
are treated as fully uncorrelated. The former process is affected by uncertainties that change the
mT distribution, such as fragmentation effects or the jet energy resolution. In contrast, dileptonic tt̄
events only enter the analysis when one charged lepton is not identified, and is therefore susceptible
to effects that change the lepton kinematics.

The leading systematic uncertainties in the total background prediction are listed in Table 10.13.
The dominant systematic effects are due to the modelling and the normalisation of the tt̄ + V
background, as this is the dominant background in the signal region. The leading experimen-
tal uncertainty is in the jet energy scale calibration, which also effects the hadronic top quark
reconstruction. In general, the systematic uncertainties are smaller than the statistical uncertainty.
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Table 10.13: Breakdown of the leading systematic uncertainties in the total background prediction
in the signal region. The statistical precision is included in the uncertainties derived from the
comparison of MC samples. The individual uncertainties are correlated, and do not necessarily add
in quadrature to the total background uncertainty. Only uncertainties larger than 1% of the total
background prediction are shown.

Uncertainty tN_high

Total background expectation 3.82

Total statistical (
√

Nexp) ±1.95
Total background uncertainty ±1.00 [26.2%]

tt̄ + V modelling ±0.69 [18.0%]
µt t̄+V ±0.59 [15.4%]
MC stat. (nominal samples) ±0.30 [7.8%]
Jet energy scale (1st component) ±0.23 [6.1%]
µW+jets ±0.18 [4.8%]
Flavour-tagging c-jet mistag rate ±0.18 [4.8%]
tt̄ MC generator ±0.10 [2.6%]
Jet energy resolution ±0.09 [2.5%]
Diboson cross section ±0.09 [2.3%]
Flavour-tagging light-jet mistag rate ±0.09 [2.3%]
tt̄ radiation ±0.08 [2.1%]
tt̄ fragmentation ±0.08 [2.1%]
Diboson modelling ±0.08 [2.1%]
µt t̄ 2L ±0.07 [1.9%]
µsingle top ±0.07 [1.9%]
W+jets modeling ±0.06 [1.7%]
Flavour-tagging b-tagging efficiency ±0.05 [1.2%]
Single top radiation ±0.04 [1.0%]
tt̄ single top interference ±0.04 [1.0%]
Jet energy scale (2nd component) ±0.04 [1.0%]
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10.6 Results
The observed and expected number of events are summarised in Table 10.14. The agreement of
the observed data and the expected events in the VRs and the SR is also visualised in Figure 10.30.
No significant excess above the SM expectation is found in the signal region, with 8 observed and
3.8 ± 1.0 expected events. The compatibility of the background only prediction with the observed
number of events corresponds to p0 = 0.05 (1.6σ). The distributions of the Emiss

T and the hadronic
top candidate mass in the signal region are shown in Figure 10.31. In general, the data follows the
distribution of the SM prediction.

Table 10.14: Number of events observed in the
signal region, together with the estimated SM
backgrounds. The normalisation factors deter-
mined in the simultaneous fit are applied. The
uncertainties include all statistical and system-
atic sources. The individual uncertainties are
correlated, and do not necessarily add in quadra-
ture to the total background uncertainty.

Region tN_high

Observed events 8

Total background events 3.8 ± 1.0

tt̄ 2L events 0.5 ± 0.2
tt̄ 1L events 0.0 ± 0.0
tt̄ + V events 1.9 ± 0.9
W+jets events 0.9 ± 0.2
single top events 0.1 ± 0.1
diboson events 0.4 ± 0.2

MC exp. background events 3.9

T1LVR T2LVR WVR tN_high
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Figure 10.30: Comparison of the observed data
(nobs) with the predicted background (nexp) in
theVRs and the SR. The bottom panel shows the
significance of the difference between data and
predicted background, where the significance is
based on the total uncertainty (σtot).

As no significant deviation of the SM prediction is found, limits on the direct top squark pair
production are derived following the procedure outlined in Section 8.8. The observed upper limit
on any non-SM events in the signal region is Nnon−SM < 10, with an expected limit of 5.8 events.

Figure 10.32 shows the observed and expected exclusion contour in the mt̃1 , mχ̃0
1
plane. The

±1σexp uncertainty band shows the impact of the systematic and statistical uncertainties on the
expected limits. The ±1σth uncertainty lines illustrate the change in the observed limit when scaling
the signal cross-section by its theoretical uncertainty. Top squark masses below 900GeV can be
excluded for scenarios with neutralino masses below 100GeV and B(t̃1 → t χ̃0

1 ) = 100%. Due to
the slight excess of events in the signal region, the observed exclusion is lower than the expected
sensitivity, which reaches top squark masses of above 1 TeV for neutralino masses below 300GeV.
Figure 10.32 also shows the observed upper limit on the signal cross-section.
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10.7 Comparison to similar searches

Direct top squark pair production is searched for also in other analyses at ATLAS and CMS. For
comparison, the results of the ATLAS search in fully hadronic events [163] and the CMS search in
the one lepton channel [164] are compared to the results presented here, focusing on the reach to
high top squark masses. Figure 10.33 shows the 95% exclusion contours in the mt̃1 versus mχ̃0

1
plane.

The sensitivity of all three searches is very similar, resulting in an expected limit of mt̃1 ' 1TeV.
The fully hadronic search employs a similar strategy to the analysis discussed here. Several,

overlapping signal regions are defined of which one (SRA) is optimised for the same benchmark
signal as for tN_high. In contrast to tN_high, the SRA region is further split into three categories,
according to the reconstruction quality of the second, hadronically decaying top quark. While the
exact selection depends on the category, in general SRA has similar requirements on the Emiss

T and
other kinematic variables as tN_high.
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1
for
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lepton channel [164] (right).

In the CMS analysis, 27 disjoint signal regions are defined by requirements on the jetmultiplicity,
the Emiss

T , the invariant mass of the required b-jet and the lepton, as well as the tmod variable, which
is the quality of a kinematic fit under the assumption of a dileptonic tt̄ event in which one lepton
is not reconstructed. While all signal regions are combined for the exclusion limits, the largest
sensitivity to signals with large mt̃1 is found in bins with high Emiss

T and high tmod requirements. The
reach towards high mt̃1 is similar to the analysis presented here. In addition, the strategy employed
by the CMS search enabled sensitivity towards higher neutralino masses.
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10.8 Combination with a soft-lepton selection

The tN_high signal region is optimised for the t̃1 → t χ̃0
1 decay in a simplified model with a

branching ratio of 100%. As discussed in Chapter 3, the neutralino in such models mainly consists
of the bino. As discussed in Section 3.3.2 and 3.3.3, other scenarios with a high branching ratio for
t̃1 → t χ̃0

1 exist, where the LSP is either a higgsino, or with a higgsino close in mass to the bino
LSP. In such models the mass splitting between the lightest neutralinos and the lightest chargino is
small and the decays t̃1 → t χ̃0

2 , t̃1 → b χ̃±1 and t̃1 → t χ̃0
1 are possible. The χ̃±1 and χ̃0

2 further decay
via the emission of an off-shell W , Z or Higgs boson into the LSP. The signatures of these decays
are characterised by low-momentum (“soft”) objects, which in the case of charged leptons can be
reconstructed and used to reduce the background. In contrast to this, the minimal charged lepton
pT requirement of tN_high is 25GeV, referred to as “hard” leptons. For the t χ̃0

1 decay, and for t χ̃0
2

with a hadronic decay of the Z or Higgs boson in χ̃0
2 → Z/H χ̃0

1 , or when Z → νν̄, the signatures
of the alternative signal models resemble the simplified model targeted by the tN_high region.

The branching fractions of the different decay modes depend on the composition of the top
squark. For top squarks mainly composed of t̃R, the decay into b χ̃±1 is dominant in the higgsino
LSP model, while for high t̃L contents the t χ̃0

2 and t χ̃0
1 decay modes are more important. The tan β

parameter also influences the branching fractions, with higher values leading to a higher branching
ratio for the b χ̃±1 decay.

In Ref. [4], where this analysis is a part of, three signal regions are optimised for the higgsino
LSP scenario, targeting final states with a soft lepton: bCsoft_diag, bCsoft_med and bCsoft_high1.
These regions require exactly one lepton with a minimal pT of 4GeV for muons and 5GeV for
electrons, respectively, in addition to high Emiss

T and high pWT . In order to keep the sensitivity to
the t χ̃0

1/ χ̃
0
2 decays, the regions are later statistically combined with the tN_med region, which is

similar to tN_high but optimised for intermediate top squark masses.
The results are also interpreted in the well-tempered neutralino model, in which the higgsino

and the bino LSP are close in mass. Here, two cases are considered, in which the lightest top squark
is either mostly left-handed or mostly right-handed. In the former case, the model also includes
light bottom squarks, as discussed in Section 3.3.3.

The details of the combination are explained here on the basis of an additional combination of
the bCsoft_high region with tN_high.

10.8.1 Soft-lepton signal region

The bCsoft_high signal region is optimised for high top squark masses, which makes it an ideal
candidate for the combination with tN_high. In the target decay of t̃1 → b χ̃±1 the χ̃±1 is boosted due
to the large mass difference between the top squark and the charged higgsino. The event signature
is characterised by two high-pT b-jets, large Emiss

T and a soft lepton. Table 10.15 lists the selection
for the bCsoft_high signal region. The transverse momentum of the leptonically decaying W boson
is calculated to ®pWT = ®p

`
T +
®Emiss
T . As the W boson in the χ̃±1 → W χ̃0

1 decay is highly off-shell, the
bCsoft signal regions require low mT. With the cut of mT < 160GeV, the bCsoft_high region is
orthogonal to the tN_high region, where mT > 160GeV is required.

The targeted signal is characterised by low-pT leptons and large Emiss
T , while the SM back-

grounds are dominated by events with leptonic W boson decays. This makes the p`T/E
miss
T a strong

1The names indicate the target of the b χ̃±1 decay (bC) and the top squark mass range between low ∆m(t̃1, χ̃
±
1 ) (diag)

and medium to high masses.
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Table 10.15: Signal region selection for the bCsoft_high SR [4]. The jet pT requirements refer to
the objects ordered in pT.

Variable bCsoft_high

Lepton pT > 5, 4GeV for e,µ
Number of jets, b-jets ≥ 2, ≥ 2

Jet pT > 100, 100GeV
b-jet pT > 100, 100GeV

Emiss
T > 230GeV
mT < 160GeV
pWT > 500GeV

p`T/E
miss
T < 0.03

amT2 > 300GeV
|∆φ(bi, Emiss

T )|, i = 1, 2 > 0.4
∆R(b1, b2) > 0.8

discriminant, with very low values expected for the signal and a ratio of approximately one for
the background. In order to fully use this variable, a shape-fit in the p`T/E

miss
T is used for the

signal-model dependent exclusion fits with the bCsoft signal regions. For bCsoft_high, three bins
are used with borders at [0, 0.015, 0.03, 0.1].

In total, about 12 SM events are expected in the bCsoft_high SR, with 2 events for p`T/E
miss
T <

0.03 and 10 events for 0.03 < p`T/E
miss
T < 0.1, respectively. The dominant backgrounds are single

top and W+jets events, followed by the semi-leptonic tt̄ process. Three control regions are defined
to normalise these processes, one for each of the listed backgrounds. The same pWT threshold is
required in the CRs and the backgrounds are isolated by inverting the requirements on the amT2,
the p`T/E

miss
T and the b-jet multiplicity.

10.8.2 Overlap between the soft and hard lepton selections

The statistical combination of the tN_high and the bCsoft_high signal region is based on a combined
fit. It is therefore important that the event selections for the signal and control regions do not overlap.
As discussed in the previous section, the signal region selections are disjunct due to the inverse
mT requirements. In order to assess the overlap between the control regions, the MC simulation of
the backgrounds and several signals are used. For each simulated event all regions are determined
for which the selection requirements are fulfilled. Figure 10.34 shows the number of overlapping
simulated events in each region for the dominant backgrounds. In general, no overlapping events
were found between the tt̄ control regions of either selection and any of the other regions. The
largest overlap is found between the W+jets and single top control regions. Up to 20% of the W+jets
events are selected by the bCsoft_high_WCR and the tN_high_WCR, and a similar fraction is found
for the respective STCR selections. Minor overlap is found between the bCsoft_high signal region
and the tN_high WCR and STCR, with less than 10% shared events.

In order to reduce the overlap between the control regions, events that pass the tN_high WCR
or STCR selections are removed from the bCsoft_high WCR or STCR, respectively. Such events
have a high lepton pT and therefore are less important for the determination of the background



144 Search for supersymmetric partners of the top quark

tN_high
T1LCR_tN_high

T2LCR_tN_high

WCR_tN_high

STCR_tN_high

bCsoft_high

bCsoft_high_TCR

bCsoft_high_WCR

bCsoft_high_STCR

0
10
20
30
40
50
60
70
80
90
100

tt

101
310
0

101
0
0

101
4889
0

101
746
0

56696
310
0

56696
0
0

56696
4889
0

56696
746
0

6911
310
0

6911
0
0

6911
4889
0

6911
746
0

5269
310
3

5269
0
0

5269
4889
461

5269
746
7

1514
310
23

1514
0
0

1514
4889
0

1514
746
58

tN_high
T1LCR_tN_high

T2LCR_tN_high

WCR_tN_high

STCR_tN_high

bCsoft_high

bCsoft_high_TCR

bCsoft_high_WCR

bCsoft_high_STCR

0
10
20
30
40
50
60
70
80
90
100

+Vtt

412
108
0

412
0
0

412
284
0

412
294
0

1385
108
0

1385
0
0

1385
284
0

1385
294
0

714
108
0

714
0
0

714
284
0

714
294
0

266
108
0

266
0
0

266
284
25

266
294
1

170
108
2

170
0
0

170
284
0

170
294
6

tN_high
T1LCR_tN_high

T2LCR_tN_high

WCR_tN_high

STCR_tN_high

bCsoft_high

bCsoft_high_TCR

bCsoft_high_WCR

bCsoft_high_STCR

0
10
20
30
40
50
60
70
80
90
100

W+jets

128
615
0

128
0
0

128
14618
0

128
2128
0

3688
615
0

3688
0
0

3688
14618
0

3688
2128
0

110
615
0

110
0
0

110
14618
0

110
2128
0

10298
615
12

10298
0
0

10298
14618
1554

10298
2128
29

1389
615
45

1389
0
0

1389
14618
0

1389
2128
119

tN_high
T1LCR_tN_high

T2LCR_tN_high

WCR_tN_high

STCR_tN_high

bCsoft_high

bCsoft_high_TCR

bCsoft_high_WCR

bCsoft_high_STCR

0
10
20
30
40
50
60
70
80
90
100

Single top

8
203
0

8
0
0

8
1245
0

8
2487
0

682
203
0

682
0
0

682
1245
0

682
2487
0

81
203
0

81
0
0

81
1245
0

81
2487
0

1117
203
2

1117
0
0

1117
1245
142

1117
2487
15

805
203
18

805
0
0

805
1245
0

805
2487
139

Figure 10.34: Number of simulated events selected by both a bCsoft_high and tN_high associated
region for the tt̄ (top left), tt̄ + V (top right), W+jets (bottom left) and single top (bottom right)
backgrounds. The numbers in each bin give the number of overlapping events and the number of
events selected by the region indicated on the vertical axis and the horizontal axis, respectively,
from top to bottom. The colour scale indicates the fraction of overlapping events in a bin.

Table 10.16: Number of observed and expected events in the bCsoft_high WCR and STCR before
and after application of the overlap veto.

no veto with veto
WCR STCR WCR STCR

Observed events 207 59 200 55
MC exp. SM events 216 101 202 94

normalisation in the soft-lepton signal region. The number of expected events in the control regions
is reduced by about 7%, as detailed in Table 10.16. The remaining overlap, mainly between the
bCsoft_high_STCR and the tN_high_WCR, as well as the bCsoft_high SR and the tN_high_STCR,
is well below 10% for any of the signal or background processes and was deemed negligible,
compared to the uncertainties in these regions. The overlap after the veto is shown in Appendix C.3.
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10.8.3 Combined fit setup and validation

The control and signal regions for bCsoft_high and tN_high are included in a combined likelihood
for the statistical evaluation. As the background processes differ and possible mismodelling effects
depend strongly on the kinematic phase-space, the background normalisation factors for the soft- and
hard-lepton selections are not shared. This means, taking as an example the single top background,
that the single top contributions to the soft-lepton selections are scaled by a factor µsoft

single top and
the contributions to the hard-lepton selections by an uncorrelated factor µhard

single top. Independent
normalisation factors preventmismodelling effects in one selection from affecting the other selection.
Only the signal normalisation factor is shared, as there a fully correlated contribution to the two
signal regions is expected.

The nuisance parameters for the experimental uncertainties are treated as fully correlated
between the different selections. For the theory uncertainties, no correlation is assumed between the
soft- and hard-lepton regions, as potentially different effects play a role there. Figure 10.35 shows
the fitted results and uncertainties of the nuisance parameters. All Gaussian nuisance parameters
have a best fit value of zero with an uncertainty of one, showing that no constraints are introduced
by the correlation of the uncertainties between the regions. Additionally the correlations between
the nuisance parameters were checked and found to agree well with the correlations observed in
the standalone fits.

With this setup, identical background normalisation factors are expected for the tN_high
backgrounds as from the standalone fit. For the soft-lepton selection small deviations are possible,
due to the overlap removal in the control regions described in the previous section. The fitted values
for the standalone and the combined fits are listed in Table 10.17. As can be seen, the normalisation
factors for the soft-lepton selection agree well within the uncertainties, and no deviation is found for
the hard-lepton fit results. The low values for the single top normalisation in the bCsoft_high region
result from the strong interference effects between single top and tt̄ which are not well modelled in
the extreme phase-space targeted by this analysis.
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Figure 10.35:Fit values and errors of theGaussian nuisance parameters in the combinedbackground
only fit to bCsoft_high and tN_high. The expected result is 0 with an uncertainty of ±1.
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Table 10.17: Summary of the background normalisation factors for the standalone regions and for
the combined fit setup.

tt̄ (1L/2L) W+jets single top tt̄ + V

bCsoft_high (standalone) 0.89 ± 0.14 1.18 ± 0.21 0.32 ± 0.13 –
bCsoft_high (combined) 0.93 ± 0.16 1.17 ± 0.21 0.35 ± 0.15 –
tN_high (standalone) 0.97 ± 0.08 / 1.01 ± 0.15 0.82 ± 0.17 0.64 ± 0.37 1.11 ± 0.25
tN_high (combined) 0.97 ± 0.08 / 1.01 ± 0.15 0.82 ± 0.17 0.64 ± 0.37 1.11 ± 0.25

10.8.4 Results

In Figure 10.36 the expected exclusion contours are shown for the individual tN_high and bC-
soft_high regions and for the combination, comparing two cases in which the sensitivity is either
improved by the combination, or dominated by the contributions of one signal region. For the t̃1 ∼ t̃L
with large tan β signal model, resulting in equal branching ratios into all three decay modes, the
standalone regions have a small sensitivity to the signal, as they are only sensitive to a part of the
final states. The combination strongly increases the expected exclusion reach (left hand side). Even
for the signal with t̃1 ∼ t̃R, where the bCsoft_high has a good sensitivity but tN_high does not show
an expected exclusion limit, an improvement can be seen with the combined results. In the third
case, t̃1 ∼ t̃L with small tan β, the sensitivity is dominated by tN_high, as shown in Appendix C.3.

The final, observed and expected exclusion contours are shown in Figure 10.37 for two signal
grids with either ∆m( χ̃±1 , χ̃

0
1 ) = 5GeV or with mχ̃±1

= 150GeV. These include the results for the
combination of tN_med with the soft-lepton signal regions. For any signal point, the combination
with the best expected significance is chosen. In comparison to the results without the addition of
the bCsoft_high and tN_high combination [4], the expected significance towards larger masses is
increased by about 50GeV in the top squark mass. The combination involving tN_high provides
better sensitivity for mt̃1 & 900GeV. Due to the small excess in tN_high, and similar small excesses
in tN_med and bCsoft_med, the observed exclusion is slightly weaker than the expected sensitivity.
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Figure 10.36: Expected 95% CL exclusion contour for the higgsino LSP signal with t̃1 ∼ t̃L and
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bCsoft_high regions and for the combination.



10.8. Combination with a soft-lepton selection 147

 [GeV]
1t

~
 

m
400 500 600 700 800 900 1000

 [G
eV

]
0 1χ∼

m

100

200

300

400

500

600

700

0
1χ∼

 + m
t m <

t~
 m

+10 GeV0

1
χ∼ = m0

2
χ∼ m+5 GeV,0

1
χ∼ = m±

1
χ∼ m production,1t

~
1t

~
Higgsino LSP model: 

1t
~ → 0

1,2
χ∼, t ±

1
χ∼b 

0

1
χ∼ W → ±

1
χ∼ 0

1
χ∼, Z 

0

1
χ∼ h → 0

2
χ∼

≈) 
0

1
χ∼, t±

1
χ∼, b

0

2
χ∼B(t

: (45, 10, 45)%β, small tanLt
~

: (33, 33, 33)%β, large tanLt
~

: (25, 50, 25)%Rt
~

Observed limit

)expσ1±Expected limit (

L
t
~
 ≈ 1t

~
)β(large tan

L
t
~
 ≈ 1t

~
R
t
~
 ≈ 1t

~

-1 = 13 TeV, 36.1 fbs
Limit at 95% CL

 [GeV]
1t

~
 

m
600 700 800 900 10001100120013001400

) 
[G

eV
]

0 1χ∼
, ± 1χ∼

m
(

∆

5

10

15

20

25

30
 = 150 GeV±

1
χ∼ m production,1t

~
1t

~
Higgsino LSP model: 

1t
~ → 0

1,2
χ∼, t ±

1
χ∼b 

0

1
χ∼ W → ±

1
χ∼ 0

1
χ∼, Z 

0

1
χ∼ h → 0

2
χ∼

≈) 
0

1
χ∼, t±

1
χ∼, b

0

2
χ∼B(t

: (45, 10, 45)%β, small tanLt
~

: (33, 33, 33)%β, large tanLt
~

: (25, 50, 25)%Rt
~

Observed limit
)expσ1±Expected limit (

L
t
~
 ≈ 1t

~
R
t
~
 ≈ 1t

~

)β(large tan
L
t
~
 ≈ 1t

~

-1 = 13 TeV, 36.1 fbs
Limit at 95% CL

Figure 10.37: Expected and observed 95% excluded regions in the plane of mt̃1 versus mχ̃0
1
(left)

and of mt̃1 versus the higgsino mass splitting ∆m( χ̃±1 , χ̃
0
1 ) (right) for direct stop pair production in

the higgsino LSP model, including the results of the combination of the soft-lepton regions with
tN_med [4] in addition to the combination with tN_high.
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Figure 10.38: Expected and observed 95% excluded regions in the plane of mt̃1 versus mχ̃0
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for

direct stop pair production in the bino/higgsino mix model, including the results of the combination
of the soft-lepton regions with tN_med [4] in addition to the combination with tN_high.

As discussed above, the sensitivity to the t̃1 ∼ t̃R scenario is mainly driven by the soft-lepton
regions, while for low tan β the hard-lepton selections dominate the reach. This can be seen in the
dependence of the exclusion on the mass splitting ∆m( χ̃±1 , χ̃

0
1 ). For low mass differences the soft-

lepton regions are strongly sensitive, as the momentum of the charged lepton is directly correlated
with the mass splitting. Larger mass differences decrease the sensitivity of the soft-lepton regions,
as can be seen in the t̃1 ∼ t̃R scenario. The hard-lepton regions are nearly not affected.

The results are also interpreted in the well-tempered neutralino model. Figure 10.38 shows
the exclusion contours for the two cases t̃1 ∼ t̃L and t̃1 ∼ t̃R. In the former case, top squarks with
masses below 800GeV are excluded for neutralino masses below 200GeV, with an expected range
of 900GeV and 400GeV, respectively. The strong offset of the observed exclusion comes from the
small excesses in the various signal regions in the combination. In the case of t̃1 ∼ t̃R the sensitivity
is smaller with an expected limit of 720GeV in the top squark mass. Due to the excess, no observed
exclusion is found for this model.





Chapter 11 Comparison and outlook

Two searches for models predicting top quark partners are presented in this dissertation. The
two models – vector-like top quarks and supersymmetric top quark partners – can lead to a

similar final state characterised by a top quark pair and additional missing transverse momentum,
tt̄ + Emiss

T . Overall this prompts a similar search strategy, but differences in the models motivate an
adaption to the specific signal process.

The underlying strategy for both searches is the same. Sensitivity to the signals is gained by
comparing the observed events to the expected background, in a region constructed to maximise the
significance. The background normalisation is constrained in control regions. The definition of the
underlying physics objects is similar. For the vector-like quark search the definition is harmonised
with other analyses. In the search for top squarks, especially the pT requirements for the baseline
electrons and muons is lowered. This helps to reduce the dileptonic tt̄ background, by increasing
the acceptance for the second lepton.

Due to their fermionic nature, the production cross-section for vector-like top quarks is higher
than that for top squarks: σ(pp → TT̄) = (43.8 ± 4.8) fb and σ(pp → t̃1 t̃1) = (6.2 ± 1.0) fb
for a mass of 1TeV. The effective VLQ cross-section is reduced due to decay branching ratio
considerations. Even for B(T → Zt) = 100% the requirement of a Z → νν̄ decay reduces the
selectable signal to about 40%. Nonetheless, this difference in production cross-section necessitates
a higher selection efficiency for the search for top squarks. In both analyses the semi-leptonic decay
of the top quark pair is targeted. The reconstruction of the hadronic top quark decay provides a
tool to suppress Standard Model backgrounds. In the search for vector-like top quarks, hadronic
top quark decays are reconstructed using reclustered large-radius jets. In order to achieve a higher
signal efficiency in the top squark search, a highly efficient reconstruction algorithm for hadronic
top quark decays is developed.

The final state of vector-like quark decays include additional particles, with respect to that of
the SUSY model. In the analysis, this feature is exploited by requiring a second hadronic resonance
in addition to the top quark decay. With this requirement, the Standard Model backgrounds can
be strongly reduced. The multitude of possible decay modes for vector-like quarks motivate a
combination of several searches in different decay topologies. The basis of the analysis, the physics
object definitions and general selection strategy, is therefore harmonised with other analyses, in
view of a possible combination. In the SUSY search a combination of different signal regions within
the same publication is made, in order to gain sensitivity to less simplified models that can feature
more decay modes for the top squark.

While in the final states of the vector-like top quark signal an additional hadronic resonance is
used to suppress the backgrounds, no such feature is expected for the SUSY signal. There, instead
the Emiss

T requirement is increased. With this, the background composition changes and the Standard
Model expectation in the signal region is dominated by tt̄ + Z(→ νν̄) events. In order to constrain
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the normalisation of this process, a dedicated control region based on tt̄ + Z(→ `+`−) events is
employed. Based on the experience gained in the vector-like quark search, the control regions in
the SUSY analyses are constructed to directly target dileptonic tt̄ decays and W + heavy flavour jet
events. This is made possible by the highly efficient hadronic top quark reconstruction, which is
used to suppress semi-leptonic tt̄ events in the control regions. In the vector-like top quark search
the control regions are dominated by semi-leptonic tt̄ events and W+jets events with light flavour
jets, and the extrapolation towards the background composition in the signal region is tested in
validation regions.

In both searches no excess above the Standard Model prediction is found, and limits are set on
models of top quark partners. Due to the higher cross-section, the vector-like quark search is sensitive
to higher masses, excluding vector-like top quarks with mT < 1.16TeV for B(T → Zt) = 100% at
95% CL. For neutralino masses below 100GeV, the limit on top squark masses is at mt̃1 < 900GeV
with an expected limit of mt̃1 < 1040GeV.

Future analyses targeting these signal models can profit from the larger dataset, collected in
the full LHC Run 2 and future LHC runs. In comparison to the pair production, the electroweak
production of single vector-like top quarks can have a higher production cross-section at highmasses.
In the single production mode the production cross-section however depends also on the coupling
to the W and Z bosons, making the exclusion limits more model dependent. The algorithm for
reconstructing hadronic top quark decays could potentially increase the signal selection efficiency in
the VLQ search. By additionally adapting the reconstruction toW or Z bosons, the reconstruction of
the vector-like top quark mass in fully hadronic decays could be feasible. This opens the possibility
of using the full distribution of the reconstructed mass in order to increase the sensitivity.

A further option, which also applies to the SUSY search, is to introduce categories according
to the quality of the hadronic top quark reconstruction. Possible categorisation schemes would be
the mass of the top quark candidate, the constituent jet multiplicity, as well as the existence of a
b-jet in its constituents. Categories with a lower signal purity can help to constrain the background,
when combined with high purity categories. A further categorisation in the Emiss

T could help to
increase the sensitivity towards higher neutralino masses, for which the expected Emiss

T is lower.
These improvements could help to exploit the possibilities enabled by larger, future datasets and
potentially gain insights into theories beyond the Standard Model.
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This dissertation presents searches in tt̄ + Emiss
T final states using 36.1 fb−1 of pp collision data

at
√

s = 13TeV, recorded at the LHC by the ATLAS detector in 2015 and 2016. The searches
target the pair production of top quark partners in models with vector-like quarks, as well as in
models of Supersymmetry.

The first analysis searches for the pair production of vector-like top quarks with the decay
mode T → Zt [3]. With the subsequent decay of the Z boson into neutrinos, this generates the
targeted final state of tt̄ + Emiss

T . A signal region maximising the expected sensitivity is defined
by using large-radius jets to reconstruct hadronic decays of the top quark and of massive bosons
from vector-like top quark decays, as well as high thresholds on Emiss

T and related variables. The
normalisation of the dominant Standard Model backgrounds is estimated in dedicated control
regions. This data driven background normalisation estimate is validated in validation regions. No
excess above the background estimate is found in the signal region and 95% CL limits are set on the
vector-like top quark mass in dependence of the decay branching ratio. Assuming a branching ratio
of B(T → Zt) = 100%, masses below 1.16 TeV are excluded, with an expected limit of 1.17 TeV.
For vector-like top quark masses below 1TeV, branching ratios B(T → Ht) < 65% are excluded
for mixed ZtHt decays, and branching ratios B(T → Wb) < 45% are excluded for mixed ZtWb
decays.

The second search targets a simplifiedmodel of Supersymmetry,with a light top squark decaying
into a top quark and a neutralino as the lightest supersymmetric particle. For this analysis, the
reconstruction of the hadronically decaying top quark is improved by a new iterative reclustering
algorithm, compared to the previously used large-radius jets or χ2 minimisation based techniques.
In order to find and combine the decay products of the top quark, jets are iteratively reclustered,
matching the radius of the combined object to its momentum. The algorithm is highly efficient in
reconstructing hadronic top quark decays and is the basis for the definition of the signal region and
the background estimate strategy. One of the dominant backgrounds are tt̄ events in the dileptonic
decay mode, in which one lepton cannot be reconstructed. The normalisation of this background
is constrained in a selection vetoing events with hadronic top quark decays. In a similar fashion,
control regions for the other backgrounds are constructed. The observed data in the signal region
are compatible with the Standard Model prediction, and 95% CL limits are set on the masses of
the top squark and the neutralino. For neutrino masses below 100GeV, top squark masses up to
900GeV are excluded, with an expected limit on the mass of 1 TeV.

Combining this analysis with other analyses targeting low momentum leptons, sensitivity is
achieved to additional models of Supersymmetry. In models with light higgsinos, and Dark-Matter-
inspired models with a light mixture of the bino and higgsinos, top squark masses below 800GeV
to 900GeV are excluded, depending on the model and the decay branching ratio of the top squark.
The results of the tN_high analysis as well as the combination are part of the publication in Ref. [4].

The analyses presented in this dissertation are based on the first part of the dataset expected
from the LHC Run 2, achieving for the first time sensitivity to top squark masses of 1 TeV as well
as vector-like top quarks with masses above 1 TeV. With the increase in luminosity and further
data provided by the LHC, future searches can expand this sensitivity and challenge the common
prediction of light top quark partners. Further improvements in the reconstruction of hadronic top
quark decays, but also more complex analyses using multiple categories and the shape information
of discriminating variables in the evaluation are needed to fully profit from the larger dataset.
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Appendix A b-tagging in dense
environments

The efficiency and rejection of b-tagging algorithms are degraded in so-called dense environ-
ments, in which jets are close-by or even partially overlap [117]. This can be an important effect

for analyses in final states with highly boosted top quarks, e.g. searches for a Z ′ boson. For high
masses of the Z ′, the decay Z ′→ tt̄ produces boosted top quarks, with strongly collimated decay
products. Important effects for the performance reduction are a shift of the jet axis with respect to
the b-hadron flight direction, as well as the contamination of the tracks associated to the jet with
tracks from nearby light-flavour jets.

In Ref. [117], several variables are identified which help to reduce the effects of dense envi-
ronments on the b-tagging performance. These are used in Run 1 in order to train a multivariate
classification algorithm called MVb, based on the MV1 algorithm, the predecessor of the MV2
algorithm used in Run 2. In the training, jets from simulated, high mass Z ′→ tt̄ events are included
in addition to those from SM tt̄ events, in order to incorporate jets in dense environments. The
MVb algorithm shows an improved performance over MV1 in Z ′→ tt̄ events.

Here, the MVb algorithm is retrained for Run2, based on the MV2 tagger. In order to assess
the impact of the different changes, each variable is added individually and the performance
improvement is quantified. Furthermore, the effect of changing the training sample from pure SM
tt̄ events to additionally included high mass Z ′→ tt̄ events is analysed. Different hyperparameter
settings for the BDT training are tested in order to reduce the effect of statistical fluctuations in the
training samples.

A.1 Variables
The additional variables used to improve the sensitivity of theMVb algorithm in dense environments
are shown in Figure A.1. The jet width is defined as the pT weighted average of the distance of
tracks to the jet axis,

wjet =
1∑
pT,i

∑
i∈tracks

pT,i · ∆R(i, jet) , (A.1)

where pT,i refers to the pT of track i,∆R(i, jet) is the distance between track i and the jet axis, and the
sum goes over all tracks matched to the jet. A further track related quantity is the number of tracks
with a high impact parameter significance, |d0/σd0 | > 1.8. Due to the additional IP requirement,
this quantity is less affected by the contamination of the tracks associated to the jet from nearby light
flavour jets. In order to additionally reduce the effects of such contamination, the energy fractions
of the secondary vertices found by the SV and JetFitter algorithms are scaled by the number of

157



158 b-tagging in dense environments

tracks in the jet, relative to the number of tracks associated to the respective vertex. The d0 and z0
significances of the third track, ordered by the d0 significance, are resilient against a shift in the jet
axis and also provide good distinction between b and light jets.
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Figure A.1: Distribution of the additional variables for b-jets, c-jets and light jets in tt̄ events.

A.2 Training
The training of the Run 2 MVb tagger is based on the MV2 configuration. Initially, only jets from
an inclusive tt̄ sample are used in the training. The training dataset is split into two parts, of which
one is used in the actual training of the BDT and the other, statistically independent half is used to
evaluate the performance of the trained classifier. This ensures that artificial differences between
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b-jets and c- or light flavour jets in the training set due to statistical fluctuations do not bias the
performance in the evaluation.

In the first step, the additional variables are added subsequently in the training:

1. the jet width,

2. the number of tracks with |d0/σd0 | > 1.8,

3. the d0 and z0 significances of the third track, and

4. the scaled SV and JetFitter vertex energy fractions.

Figure A.2 shows the b-tagging efficiency versus the light jet rejection and the c-jet rejection, for
the reference training with the MV2 configuration and for each step of the additional variables. The
results are shown for the inclusive tt̄ sample, as well as for Z ′ → tt̄ events with a mass of the Z ′

boson of mZ′ = 3TeV, resulting in highly boosted top quark decays. The rejection is defined as the
inverse tagging rate, e.g. N(c−jets)/N(c-jets tagged as b-jets).

The inclusion of the jet width and the number of tracks with a high IP significance leads to
an improvement in the performance in dense environments. The light jet rejection in inclusive tt̄
events is slightly lowered in the region of 0.6 . εb . 0.8. The addition of the IP significances of the
third track leads to an improvement in the performance in both tt̄ events and dense environments,
bringing the tt̄ performance back to the MV2 reference. The light jet rejection in Z ′→ tt̄ events is
improved by a factor of up to 4, for εb ' 77%. In general, the addition of the jet width brings an
improvement of about 20% in the rejection, for εb . 70% in both resolved and dense environments.
Further variables do not alter the performance of discriminating b and c-jets. The further addition
of the scaled vertex energy fractions does not improve the performance, but instead leads to a light
jet rejection decrease for SM tt̄ as well as for dense environments. While this effect is not yet fully
understood, the scaled energy fractions are not further used in the training.

Due to the increased number of variables, the BDT is more prone to training on statistical
fluctuations. While this does not introduce a bias in the final results, as long as the events used in
the training are not used in the evaluation, such overtraining indicates a loss of performance and
generality. Several hyperparameters of the BDT influence the sensitivity to statistical fluctuations.
Here, the maximal tree depth, is decreased from 10 to 5 in order to find settings with reduced
overtraining. A lower maximal tree depth results in a lower probability of a split being taken due to
a statistical fluctuation. In order to compensate for the lower depth, the number of trees in the BDT,
nTrees, is increased from 400 to 500.

Figure A.3 shows the resulting BDT classifier distribution for signal and background, i.e. b-jets
and c or light flavour jets, comparing the events used in the training and the statistically independent
evaluation sample (“testing”) for the two sets of hyperparameters. While the overall classifier output
is similar for both configurations, the lower tree depth results in a lower difference between the
training and the test dataset, i.e. a reduced overtraining. The reduced χ2 for the signal distribution
improves from 3.6 for a depth of 10 to 1.5 for a depth of 5. The improvement in the compatibility
of the background distributions is similar. The tagging performance for the two configurations is
compared in Figure A.4. A small performance decrease can be seen for tt̄ events, while in dense
environments the altered configuration shows a small performance gain.

In the next step, the training dataset is changed to additionally include Z ′ → tt̄ events with
mZ′ = 3TeV. Changing the training inputs requires a different reweighting of the pT and η

distributions of the jets. In the original configuration of the MV2 tagger, b- and c-jets in the
training are reweighted to match the two dimensional pT × η distribution of the light jets. The
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Figure A.2: Light flavour jet rejection (top) and c-jet rejection (bottom) as a function of the
b-tagging efficiency for multiple training options based on MV2 and additional variables, evaluated
on an inclusive tt̄ sample (left) and on Z ′ → tt̄ events (right). The black line shows the reference
MV2 training, the coloured lines show the results for subsequently adding additional variables.

correlation of the other variables to the pT and η of the jet contain important information, and this
procedure ensures that these correlations can be used in the training without a dependency on the
actual pT and η distributions of the jets in the training dataset. Due to the limited statistics in the
dense environment training set, which contains only 15% of the inclusive events, this reweighting
procedure results in strong fluctuations at high jet pT. This effectively devalues the interesting
b-jets in dense environments in the training, resulting in a poor performance. In order to resolve
this issue, the reweighting procedure is changed to match the light and c-jet distributions to the
b-jets as a reference. Figure A.5 shows the global performance for the reference tagger, the original
reweighting procedure and the fixed version. As one can see, the original setting leads to a strong
performance loss in dense environments, which is corrected when using the alternative version.
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Figure A.3: Comparison of the BDT result for the training and the test samples, for two different
sets of BDT settings. The left figure shows the training with depth=10, nTrees=400 and the right
figure shows the training with depth=5, nTrees=500. The reduced χ2 and the χ2-probability are
given below the legends.

Overall, the inclusion of Z ′ → tt̄ events in the training strongly improves the performance in
dense environments. For εb ' 77%, the light jet rejection is increased by a factor of more than 4,
and the c-jet rejection by about 35%. In SM tt̄ events, the overall performance decreases, as the
light jet rejection is decreased by about 40%. The c-jet rejection in resolved environments is not
affected by the change in the training dataset.
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Figure A.4: Light flavour jet rejection (top) and c-jet rejection (bottom) as a function of the
b-tagging efficiency for multiple training options based on MV2 and additional variables, evaluated
on an inclusive tt̄ sample (left) and on Z ′ → tt̄ events (right). The black line shows the training
with depth=10, nTrees=400 and the blue line shows the results for the training with depth=5,
nTrees=500.
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Figure A.5: Light flavour jet rejection (top) and c-jet rejection (bottom) as a function of the
b-tagging efficiency for multiple training options based on MV2 and additional variables, evaluated
on an inclusive tt̄ sample (left) and on Z ′→ tt̄ events (right). The black line shows the MV2 tagger
as the reference, the blue line shows the training with the original reweighting procedure and the
purple line shows the results the reweighting to the b-jet distribution.

A.3 Conclusion

The MVb tagger is re-trained for Run 2 based on the MV2 configuration and including additional
variables as well as Z ′→ tt̄ events in the training. Additionally, the hyperparameters of the BDT
are optimised to reduce overtraining effects and increase the performance in dense environments.
Both changes, the addition of information robust against dense environment effects as well as the
specialised training including jets from highly boosted top quark decays, improve the performance
in dense environments. This can be seen again in Figure A.6, where the performance of the changes
is compared to the final MVb tagger and the MV2 algorithm. In dense environments, the MVb
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tagger improves the light jet rejection for εb ' 77% by a factor of 5.8 compared to MV2, and the
c-jet rejection is improved by 40%. In SM tt̄ events the light jet rejection is decreased compared to
the general algorithm, making MVb a specialised tool for dense environments. The c-jet rejection
in SM tt̄ events is not altered by the changes.
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Figure A.6: Light flavour jet rejection (top) and c-jet rejection (bottom) as a function of the
b-tagging efficiency for multiple training options based on MV2 and additional variables, evaluated
on an inclusive tt̄ sample (left) and on Z ′→ tt̄ events (right). The black line shows the MV2 tagger
as the reference, the purple line the performance for MV2 with additional variables and the light
blue line the performance for MV2 trained on the dense environment inputs. The blue line shows
the performance of the full MVb training.



Appendix B Vector-like top quarks

B.1 Mass and decay mode dependency of the signal properties

B.1.1 Preselection

 [GeV]Tm
0 100 200 300 400 500 600 700

E
ve

nt
 fr

ac
tio

n 
/ 3

0 
G

eV

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

=1 TeVTm

=1.2 TeVTm

=0.8 TeVTm

 [GeV]Tm

R
at

io
 to

 1
 T

eV

0
0.5

1
1.5

2

 [GeV]Tm
0 100 200 300 400 500 600 700

E
ve

nt
 fr

ac
tio

n 
/ 3

0 
G

eV

0

0.05

0.1

0.15

0.2

0.25 Zt)=100%→TB(

Singlet

Doublet

 [GeV]Tm

R
at

io
 to

 Z
t

0
0.5

1
1.5

2

 [GeV]T2am
100 200 300 400 500 600

E
ve

nt
 fr

ac
tio

n 
/ 3

0 
G

eV

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
=1 TeVTm

=1.2 TeVTm

=0.8 TeVTm

 [GeV]T2am

R
at

io
 to

 1
 T

eV

0
0.5

1
1.5

2

 [GeV]T2am
100 200 300 400 500 600

E
ve

nt
 fr

ac
tio

n 
/ 3

0 
G

eV

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 Zt)=100%→TB(

Singlet

Doublet

 [GeV]T2am

R
at

io
 to

 Z
t

0
0.5

1
1.5

2

Figure B.1: Comparison of the mT (top) and the amT2 (bottom) distribution for different signal
masses for B(T → Zt) = 100% (left) and for different decay modes for mT = 1TeV (right) after
the preselection.
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Figure B.2: Comparison of the Hmiss
T,sig distribution (top) the b-jet multiplicity (middle) and the mass

of the leading large-R jet (bottom) for different signal masses for B(T → Zt) = 100% (left) and
for different decay modes for mT = 1TeV (right) after the preselection.
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Figure B.3: Comparison of the mass of the sub-leading large-R jet for different signal masses
for B(T → Zt) = 100% (left) and for different decay modes for mT = 1TeV (right) after the
preselection.

B.1.2 Signal region
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Figure B.4:Comparison of the Emiss
T distribution for different signalmasses forB(T → Zt) = 100%

(left) and for different decay modes for mT = 1TeV (right) in the signal region. The cut on the
displayed variable is not applied, but indicated with a blue vertical line.
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Figure B.5: Comparison of the mT distribution (top), the Hmiss
T,sig distribution (middle) and the b-jet

multiplicity (bottom) for different signal masses for B(T → Zt) = 100% (left) and for different
decay modes for mT = 1TeV (right) in the signal region. The cut on the displayed variable is not
applied, but indicated with a blue vertical line.
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Figure B.6: Comparison of the large-R jet multiplicity (top) and the mass of the leading (middle)
and sub-leading (bottom) large-R jet for different signal masses for B(T → Zt) = 100% (left) and
for different decay modes for mT = 1TeV (right) in the signal region. The cut on the displayed
variable is not applied, but indicated with a blue vertical line.
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B.2 Additional control region distributions

B.2.1 tt̄ control region
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Figure B.7: Distribution of the jet and the b-jet multiplicity (top) and the pT and the mass of the
leading large-R jet (bottom) in the TCR. The tt̄ and W+jets normalisation factors are applied as
indicated in the legend. The lower panels show the ratio of the data to the prediction. The error
bands include statistical and systematic uncertainties.



B.2. Additional control region distributions 171

 [GeV]
T

sub-leading large-R jet p

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]
T

sub-leading large-R jet p
200 250 300 350 400 450 500 550 600 650 700

E
ve

nt
s 

/ 2
5 

G
eV

0

20

40

60

80

100 Data
Total SM

 1.05×  1Ltt

Single top
 0.70× W+jets

Others

-1 = 13 TeV, 36.1 fbs
 control regiontt

sub-leading large-R jet mass [GeV]

D
at

a 
/ S

M

0.5

1

1.5

sub-leading large-R jet mass [GeV]
100 150 200 250 300 350

E
ve

nt
s 

/ 2
0 

G
eV

0

20

40

60

80

100

120

140

160 Data
Total SM

 1.05×  1Ltt

Single top
 0.70× W+jets

Others

-1 = 13 TeV, 36.1 fbs
 control regiontt

 [GeV]
T

first jet p

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]
T

first jet p
200 400 600 800 1000 1200

E
ve

nt
s 

/ 4
0 

G
eV

0

10

20

30

40

50

60

70
Data
Total SM

 1.05×  1Ltt

Single top
 0.70× W+jets

Others

-1 = 13 TeV, 36.1 fbs
 control regiontt

 [GeV]
T

second jet p

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]
T

second jet p
100 200 300 400 500 600 700 800

E
ve

nt
s 

/ 3
0 

G
eV

0

20

40

60

80

100 Data
Total SM

 1.05×  1Ltt

Single top
 0.70× W+jets

Others

-1 = 13 TeV, 36.1 fbs
 control regiontt

 [GeV]
T

third jet p

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]
T

third jet p
50 100 150 200 250 300 350 400

E
ve

nt
s 

/ 2
5 

G
eV

0

20

40

60

80

100

120 Data
Total SM

 1.05×  1Ltt

Single top
 0.70× W+jets

Others

-1 = 13 TeV, 36.1 fbs
 control regiontt

 [GeV]
T

fourth jet p

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]
T

fourth jet p
50 100 150 200 250

E
ve

nt
s 

/ 2
5 

G
eV

0

20

40

60

80

100

120

140

160
Data
Total SM

 1.05×  1Ltt

Single top
 0.70× W+jets

Others

-1 = 13 TeV, 36.1 fbs
 control regiontt

Figure B.8: Distribution of the pT and the mass of the sub-leading large-R jet (top), the pT of the
leading and sub-leading jet (middle) and the pT of the third and fourth leading jet (bottom) in the
TCR. The tt̄ and W+jets normalisation factors are applied as indicated in the legend. The lower
panels show the ratio of the data to the prediction. The error bands include statistical and systematic
uncertainties.
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Figure B.9: Distribution of the pT and the pseudo-rapidity of the signal electron (top) and muon
(bottom) in the TCR. The tt̄ and W+jets normalisation factors are applied as indicated in the legend.
The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.



B.2. Additional control region distributions 173

B.2.2 W+jets control region
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Figure B.10:Distribution of the jet multiplicity (top) and the pT and the mass of the leading large-R
jet (bottom) in the WCR. The tt̄ and W+jets normalisation factors are applied as indicated in the
legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.
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Figure B.11: Distribution of the pT and the mass of the sub-leading large-R jet (top), the pT of the
leading and sub-leading jet (middle) and the pT of the third and fourth leading jet (bottom) in the
WCR. The tt̄ and W+jets normalisation factors are applied as indicated in the legend. The lower
panels show the ratio of the data to the prediction. The error bands include statistical and systematic
uncertainties.
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Figure B.12: Distribution of the pT and the pseudo-rapidity of the signal electron (top) and muon
(bottom) in theWCR. The tt̄ andW+jets normalisation factors are applied as indicated in the legend.
The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.
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B.3 Additional validation region distributions

B.3.1 tt̄ validation region
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Figure B.13: Distribution of amT2 and Hmiss
T,sig (top) and the jet and the b-jet multiplicity (bottom)

in the TVR. The tt̄ and W+jets normalisation factors are applied as indicated in the legend. The
lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.



B.3. Additional validation region distributions 177

 [GeV]
T

first jet p

D
at

a 
/ S

M

0.5
1

1.5

 [GeV]
T

first jet p
200 300 400 500 600 700

E
ve

nt
s 

/ 5
0 

G
eV

0

5

10

15

20

25

30

35
Data
Total SM

 1.05×  2Ltt

 1.05×  1Ltt

+Vtt
Others

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.0 TeVTm

-1 = 13 TeV, 36.1 fbs
 validation regiontt

 [GeV]
T

second jet p

D
at

a 
/ S

M

0.5
1

1.5

 [GeV]
T

second jet p
100 200 300 400 500 600

E
ve

nt
s 

/ 5
0 

G
eV

0

10

20

30

40

50

60

70 Data
Total SM

 1.05×  2Ltt

 1.05×  1Ltt

+Vtt
Others

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.0 TeVTm

-1 = 13 TeV, 36.1 fbs
 validation regiontt

 [GeV]
T

third jet p

D
at

a 
/ S

M

0.5
1

1.5

 [GeV]
T

third jet p
50 100 150 200 250 300 350

E
ve

nt
s 

/ 5
0 

G
eV

0

20

40

60

80

100 Data
Total SM

 1.05×  2Ltt

 1.05×  1Ltt

+Vtt
Others

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.0 TeVTm

-1 = 13 TeV, 36.1 fbs
 validation regiontt

 [GeV]
T

fourth jet p

D
at

a 
/ S

M

0.5
1

1.5

 [GeV]
T

fourth jet p
40 60 80 100 120 140 160 180 200 220

E
ve

nt
s 

/ 5
0 

G
eV

0

20

40

60

80

100

120 Data
Total SM

 1.05×  2Ltt

 1.05×  1Ltt

+Vtt
Others

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.0 TeVTm

-1 = 13 TeV, 36.1 fbs
 validation regiontt

 [GeV]
T

leading large-R jet p

D
at

a 
/ S

M

0.5
1

1.5

 [GeV]
T

leading large-R jet p
200 300 400 500 600 700 800 900100011001200

E
ve

nt
s 

/ 1
00

 G
eV

0

10

20

30

40

50
Data
Total SM

 1.05×  2Ltt

 1.05×  1Ltt

+Vtt
Others

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.0 TeVTm

-1 = 13 TeV, 36.1 fbs
 validation regiontt

leading large-R jet mass [GeV]

D
at

a 
/ S

M

0.5
1

1.5

leading large-R jet mass [GeV]
100 150 200 250 300 350

E
ve

nt
s 

/ 3
0 

G
eV

0

10

20

30

40

50

60

70 Data
Total SM

 1.05×  2Ltt

 1.05×  1Ltt

+Vtt
Others

)=(0.8,0.1,0.1)Zt,Ht,WbB(
=1.0 TeVTm

-1 = 13 TeV, 36.1 fbs
 validation regiontt

Figure B.14: Distribution of the jet pT (top, middle) and the pT and the mass of the leading large-R
jet (bottom) in the TVR. The tt̄ and W+jets normalisation factors are applied as indicated in the
legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.
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Figure B.15: Distribution of the pT and the pseudo-rapidity of the signal electron (top) and muon
(middle) and the mτ

T2 distribution (bottom, without the mτ
T2 requirement) in the TVR. The tt̄ and

W+jets normalisation factors are applied as indicated in the legend. The lower panels show the ratio
of the data to the prediction. The error bands include statistical and systematic uncertainties.
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B.3.2 W+jets validation region
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Figure B.16: Distribution of the jet multiplicity (top) and amT2 and Hmiss
T,sig (bottom) in the WVR.

The tt̄ and W+jets normalisation factors are applied as indicated in the legend. The lower panels
show the ratio of the data to the prediction. The error bands include statistical and systematic
uncertainties.
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Figure B.17: Distribution of the jet pT (top, middle) and the pT and the mass of the leading large-R
jet (bottom) in the WVR. The tt̄ and W+jets normalisation factors are applied as indicated in the
legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.
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Figure B.18: Distribution of the pT and the pseudo-rapidity of the signal electron (top) and muon
(bottom) in theWVR. The tt̄ andW+jets normalisation factors are applied as indicated in the legend.
The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.
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B.3.3 Single top validation region
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Figure B.19: Distribution of amT2 and Hmiss
T,sig (top) and the jet multiplicity and the b-jet multiplicity

(bottom) in the STVR. The tt̄ and W+jets normalisation factors are applied as indicated in the
legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.
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Figure B.20: Distribution of the jet pT (top, middle) and the pT and the mass of the leading large-R
jet (bottom) in the STVR. The tt̄ and W+jets normalisation factors are applied as indicated in the
legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.
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Figure B.21: Distribution of the pT and the pseudo-rapidity of the signal electron (top) and muon
(bottom) in the STVR. The tt̄ and W+jets normalisation factors are applied as indicated in the
legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.



Appendix C Search for top squarks

C.1 Additional control region distributions

C.1.1 Dileptonic tt̄ control region
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Figure C.1: Distribution of the jet and b-jet multiplicity, and the first and second jet pT in the
T2LCR. The background normalisation factors are applied as indicated in the legend. The lower
panels show the ratio of the data to the prediction. The error bands include statistical and systematic
uncertainties.
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Figure C.2: Distribution of the third and fourth jet pT (top) and the pT and η of the electron
(middle) and the muon (bottom) in the T2LCR. The background normalisation factors are applied
as indicated in the legend. The lower panels show the ratio of the data to the prediction. The error
bands include statistical and systematic uncertainties.
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Figure C.3: Distribution of the ∆R(b, `) in the T2LCR. The background normalisation factors are
applied as indicated in the legend. The lower panels show the ratio of the data to the prediction.
The error bands include statistical and systematic uncertainties.

C.1.2 Semi-leptonic tt̄ control region
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Figure C.4: Distribution of the jet and the b-jet multiplicity in the T1LCR. The background
normalisation factors are applied as indicated in the legend. The lower panels show the ratio of the
data to the prediction. The error bands include statistical and systematic uncertainties.
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Figure C.5: Distribution of the jet pT (top, middle) and the ∆R(b, `) (bottom) in the T1LCR. The
background normalisation factors are applied as indicated in the legend. The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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Figure C.6: Distribution of the electron (top) and muon (bottom) pT and η in the T1LCR. The
background normalisation factors are applied as indicated in the legend. The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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C.1.3 W+jets control region
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Figure C.7: Distribution of the jet multiplicity and the ∆R(b, `) (top) and the first and second jet pT
(bottom) in the WCR. The background normalisation factors are applied as indicated in the legend.
The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.
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Figure C.8: Distribution of the third and fourth jet pT (top) and the electron (middle) and muon
(bottom) pT and η in the WCR. The background normalisation factors are applied as indicated in
the legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.
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Figure C.9: Distribution of the amT2 and the ∆R(b, b) in the WCR. The background normalisation
factors are applied as indicated in the legend. The lower panels show the ratio of the data to the
prediction. The error bands include statistical and systematic uncertainties.
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Figure C.10: Distribution of the jet and the b-jet multiplicity in the STCR. The background
normalisation factors are applied as indicated in the legend. The lower panels show the ratio of the
data to the prediction. The error bands include statistical and systematic uncertainties.
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Figure C.11: Distribution of the jet pT (top, middle) and the ∆R(b, `) and the ∆R(b, b) (bottom) in
the STCR. The background normalisation factors are applied as indicated in the legend. The lower
panels show the ratio of the data to the prediction. The error bands include statistical and systematic
uncertainties.
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Figure C.12: Distribution of the electron (top) and muon (bottom) pT and η in the STCR. The
background normalisation factors are applied as indicated in the legend. The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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C.2 Additional validation region distributions

C.2.1 Dileptonic tt̄ validation region
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Figure C.13:Distribution of the Emiss
T and the Hmiss

T,sig (top) and the jet and b-jet multiplicity (bottom)
in the T2LVR. The background normalisation factors are applied as indicated in the legend. The
lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.
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Figure C.14: Distribution of the jet pT (top, middle) and the ∆R(b, `) (bottom) in the T2LVR. The
background normalisation factors are applied as indicated in the legend. The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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Figure C.15: Distribution of the electron (top) and muon (bottom) pT and η in the T2LVR. The
background normalisation factors are applied as indicated in the legend. The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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C.2.2 Semi-leptonic tt̄ validation region

 [GeV]reclustered
topm

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]reclustered
topm

150 200 250 300 350

E
ve

nt
s 

/ 2
0 

G
eV

0

5

10

15

20

25

30

35 Data
Total SM

 1.01×  2Ltt

 0.97×  1Ltt

 0.82× W+jets
Others

-1 = 13 TeV, 36.1 fbs
 1L validation regiontt

 [GeV]T2am

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]T2am
80 100 120 140 160 180 200

E
ve

nt
s 

/ 2
0 

G
eV

0

5

10

15

20

25

30

35
Data
Total SM

 1.01×  2Ltt

 0.97×  1Ltt

 0.82× W+jets
Others

-1 = 13 TeV, 36.1 fbs
 1L validation regiontt

Jet multiplicity

D
at

a 
/ S

M

0.5

1

1.5

Jet multiplicity
4 5 6 7 8 9 10 11 12 13

E
ve

nt
s

0

5

10

15

20

25

30

35

40
Data
Total SM

 1.01×  2Ltt

 0.97×  1Ltt

 0.82× W+jets
Others

-1 = 13 TeV, 36.1 fbs
 1L validation regiontt

b-jet multiplicity

D
at

a 
/ S

M

0.5

1

1.5

b-jet multiplicity
1 2 3 4 5

E
ve

nt
s

0

10

20

30

40

50

60

70 Data
Total SM

 1.01×  2Ltt

 0.97×  1Ltt

 0.82× W+jets
Others

-1 = 13 TeV, 36.1 fbs
 1L validation regiontt

Figure C.16: Distribution of the hadronic top mass and the amT2 (top) and the jet and the b-jet
multiplicity (bottom) in the T1LVR. The background normalisation factors are applied as indicated
in the legend. The lower panels show the ratio of the data to the prediction. The error bands include
statistical and systematic uncertainties.
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Figure C.17: Distribution of the jet pT (top, middle) and the ∆R(b, `) and the Hmiss
T,sig (bottom) in the

T1LVR. The background normalisation factors are applied as indicated in the legend. The lower
panels show the ratio of the data to the prediction. The error bands include statistical and systematic
uncertainties.
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Figure C.18: Distribution of the electron (top) and muon (bottom) pT and η in the T1LVR. The
background normalisation factors are applied as indicated in the legend. The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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C.2.3 W+jets validation region
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Figure C.19: Distribution of the amT2 and the ∆R(b, `) (top) and the jet and the b-jet multiplicity
(bottom) in the WVR. The background normalisation factors are applied as indicated in the legend.
The lower panels show the ratio of the data to the prediction. The error bands include statistical and
systematic uncertainties.
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Figure C.20: Distribution of the jet pT in the WVR. The background normalisation factors are
applied as indicated in the legend. The lower panels show the ratio of the data to the prediction.
The error bands include statistical and systematic uncertainties.
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Figure C.21: Distribution of the electron (top) and muon (bottom) pT and η in the WVR. The
background normalisation factors are applied as indicated in the legend. The lower panels show the
ratio of the data to the prediction. The error bands include statistical and systematic uncertainties.
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C.3 Combination of tN_high and bCsoft_high
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Figure C.22: Number of simulated events selected by both a bCsoft_high and tN_high associated
region for the tt̄ (top left), tt̄ + V (top right), W+jets (bottom left) and single top (bottom right)
backgrounds after the overlap veto. The numbers in each bin give the number of overlapping events
and the number of events selected by the region indicated on the vertical axis and the horizontal
axis, respectively, from top to bottom. The colour scale indicates the fraction of overlapping events.
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