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Introduction

The Standard Model of particle physics is a theory which describes all known particles to-
gether with the electromagnetic, weak and strong interactions. The Higgs particle was dis-
covered in 2012 at the European Organisation for Nuclear Research (CERN) by the ATLAS
and CMS experiments [1, 2].

With the observation of the Higgs particle, the particle content of the Standard Model is com-
plete. In spite of the big success of the Standard Model to describe elementary particles and
their interactions, it is considered as an approximation (“effective theory”) to a more funda-
mental theory.

There are some questions which remain open:

– Why are there exactly three generations of fermions which have the same properties, but
such different masses?

– The observation of neutrino oscillations implies, that at least some of the neutrinos have
a mass, which so far is not included in the Standard Model.

– Cosmology is hinting for dark matter, for which the Standard Model does not have a
good explanation.

– Why is the Higgs boson mass so much smaller than the Planck mass (hierarchy problem).

– It is expected that the new theory would unify electromagnetic, weak and strong inter-
actions at a high scale, the so-called Grand Unification Theory (GUT).

– Gravitation is not included in the Standard Model, moreover – the attempts to create a
quantum theory of gravity is facing technical problems. The final theory should unify
the gravitational force, too, such a theory is mentioned as a Theory of Everything (TOE).

Supersymmetry provides a solution for some of these problems:

– The hierarchy problem can be solved by the introduction of supersymmetric partners,
which removes divergences in a natural way.

– The electromagnetic, weak and strong interactions can be unified at a high energy scale
(the above mentioned Grand Unification Theory).

– The neutralino is a good candidate for the dark matter particle.
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Introduction

The high interest in supersymmetry searches at the ATLAS and CMS experiments, especially
for top-squark (t̃1) searches, is dictated by the hierarchy problem. To solve this problem, the
top-squark mass should be in the 1 TeV range, which is reachable at the LHC. For the presen-
ted searches, R-parity conservation is assumed. This implies the stability of the Lightest Super-
symmetric Particle (LSP), which is assumed to be the neutralino (χ̃0

1).

All presented analyses search for the top-squark pair production in final states one lepton
(electron or muon), jets and large missing transverse momentum. The analysis has been per-
formed with the data recorded by the ATLAS experiment at

√
s = 7 TeV and

√
s = 8 TeV.

The thesis is organised as follows:

Chapter 1 contains a theory overview of the Standard Model, the motivation for Supersym-
metry, a theory overview of the Minimal Supersymmetric extension of the Standard Model,
and a brief discussion on some open questions. A short description of the LHC and the ATLAS
detector is given in Chapter 2. General explanations for object definitions and reconstruction
used in the ATLAS experiment are described in Chapter 3.

The general search strategy used in the reported analyses is presented in Chapter 4. This
chapter also contains a short overview and a brief discussion on mathematical methods and
software frameworks and tools used for the analysis.

Searches for the light top squark at
√

s = 7 TeV for the t̃1 → bχ̃±1 , χ̃±1 →W±(∗)χ̃0
1 decay mode

are presented in Chapter 5.

Chapter 6 presents the t̃1 → bχ̃±1 analysis at
√

s = 8 TeV which was published in Ref. [3]. The
contribution in the published paper is the analysis, where m(t̃1) ≈ m(b) + m(χ̃

±
1 ).

Background reweighting strategies for the tt̄ process are discussed in Chapter 7. First the
default 4-bin reweighting approach is described, which is used in the zero- and one-lepton
analyses. Then an exponential reweighting approach is presented, which is smoothing the
reweighting function based on the default 4-bin strategy. The difference and improvement
from using exponential reweighting are highlighted.

Chapter 8 presents the t̃1 → tχ̃0
1 analysis at

√
s = 8 TeV to cover the phase-space region

where m(t̃1) ≈ m(t) + m(χ̃
0
1), which remained uncovered during the ATLAS and CMS top-

squark pair production searches at
√

s = 8 TeV. The presented analysis covers this gap in
the 200− 300 GeV interval. The strategy for searches targeting the diagonal and the variables
sensitive for this region of a mass plane are discussed.

An alternative approach for a multijet background estimation is presented in Chapter 9. It also
provides a detailed validation for this approach and a cross-check with the Matrix Method.

The summary of the work is presented in Chapter 10.

The results obtained in Chapter 6 of this thesis were included in a journal publication of the
ATLAS Collaboration [3]. The search presented in Chapter 8 is a pioneering study, which was
done for the first time in the course of this thesis. It provides the basis for further publications
on this topic in future analyses by the ATLAS Collaboration. In addition, an independent
cross-check was performed during the early phase of this thesis in Chapter 5 for the results
published by the ATLAS Collaboration on the light top-squark pair production searches with√

s = 7 TeV data [4].

2



CHAPTER 1

Theory Overview

1.1 The Standard Model of particle physics

The Standard Model (SM) of particle physics is a theory, which describes elementary particles
together with the electromagnetic, weak and strong interactions. It is considered as an ap-
proximation (“effective theory”) to a more fundamental global theory. For a more detailed
description of the Standard Model see, for example, Ref. [5]. The description given in the
following is closely based on this reference.

The Standard Model of particle physics is based on a local gauge symmetry:

GSM = SU(3)C ⊗ SU(2)L ⊗U(1)Y (1.1)

It consists of three generations of fermions with spin 1
2 , which are divided into quarks and

leptons. Quarks transform as SU(3)C triplets. There exist three generations of quarks:(
u
d

) (
c
s

) (
t
b

)
Leptons transform as SU(3)C singlets. They also appear in three generations:(

νe

e-

) (
νµ

µ-

) (
ντ

τ-

)
The gauge group is presented by eight generators La for SU(3)C, three generators Ta for
SU(2)L and one generator Y for U(1)Y. The commutation relations between these generators
are:

[La, Lb] = i fabcLc, [Ta, Tb] = iεabcTc, [La, Tb] = [La, Y] = [Tb, Y] = 0, (1.2)

where εabc and fabc are the structure constants for the SU(2) and SU(3) groups, respectively,
retaining standard notations.

3



1 Theory Overview

Table 1.1 presents the Standard Model fermions with the corresponding representations. The
notation (3, 2,+1/3) indicates a triplet of the SU(3)C colour, a doublet of SU(2)L isospin with
hypercharge Y = 2(Q− T3) = +1/3, where Q is the electric charge.

Fermions Notation SU(3)C⊗SU(2)L⊗U(1)Y

Quarks QLi =

(
ui

di

)
L

3 2 +1
3

ui = ( u, c, t ) uRi = (ui)R 3 1 +4
3

di = ( d, s, b ) dRi = (di)R 3 1 −2
3

Leptons LLi =

(
νi

`i

)
L

1 2 -1

νi = (νe, νµ, ντ) νRi = (νi)R 1 1 0

`i = ( e, µ, τ ) `Ri = (`i)R 1 1 -2

Table 1.1: List of Standard Model fermionic particles with the corresponding representations.

Gauge Fields Notation SU(3)C⊗SU(2)L⊗U(1)Y

Colour Charge Gµ
a 8 1 0

Weak Isospin Wµ
a 1 3 0

Weak Hypercharge Bµ 1 1 0

Table 1.2: List of Standard Model gauge fields with corresponding representations.

The local symmetry is presented with the following gauge fields: the Gµ
a are the gauge fields

for the SU(3)C of colour, the Wµ
a are for the SU(2)L of the weak isospin and the Bµ are for the

U(1)Y of weak hypercharge. The gauge fields are listed in Table 1.2 with the corresponding
representations. The L and R indices represent the left- and right-handed components of the
Dirac field and are described in Section 1.1.4.

The fields strengths are:

Gµν
a = ∂µGν

a − ∂νGµ
a − gs fabcGµ

b Gν
c , a, b, c = 1, . . . , 8

Wµν
a = ∂µWν

a − ∂νWµ
a − gεabcW

µ
b Wν

c , a, b, c = 1, 2, 3

Bµν = ∂µBν − ∂νBµ.

(1.3)

The Standard Model Lagrangian can be expressed as follows:

LSM = LGauge + LFermion + LHiggs + LYukawa. (1.4)

The LGauge describes the free propagation of the gauge fields and their self-interaction and can

4



1.1 The Standard Model of particle physics

be presented as

LGauge = −
1
4

Gµν
a Ga

µν −
1
4

Wµν
b Wb

µν −
1
4

BµνBµν. (1.5)

The term LFermion describes the interaction of the gauge fields with the fermions and can be
presented as

LFermion = iΨQL /DΨQL + iψuR /DψuR + iψdR
/DψdR + iΨLL /DΨLL + iψ`R

/Dψ`R + iψνR /DψνR , (1.6)

where the three gauge coupling constants gs, g and g′ are used for SU(3)C, SU(2)L and U(1)
groups.

The interaction itself is encapsulated in the covariant derivative

Dµ = ∂µ + igsGµ
a La + igWµ

b Tb + ig′
Y
2

Bµ, (1.7)

where for the SU(3)C quark triplets La = λa/2, with λa as the Gell-Mann matrices for SU(3)C,
for the SU(3)C lepton singlets La = 0. For the SU(2)L doublets Ta = σa/2, with σa as Pauli
matrices, while for the SU(2)L singlets Ta = 0.

1.1.1 Spontaneous symmetry breaking

The LGauge +LFermion terms of the Standard Model Lagrangian do not include any mass terms.
A naive introduction of mass terms like the Wa

µWµ
a for gauge bosons will break the gauge

invariance. A fermionic mass term ψ fL ψ fR + ψ fR ψ fL for a fermion f also breaks gauge invari-
ance, since left- and right-handed fermions transform differently under SU(2)L⊗U(1)Y gauge
transformations.

A gauge invariant introduction of mass terms for particles is based on a Spontaneous Symmetry
Breaking (SSB) approach and requires an extension of the theory.

The theory is extended by an introduction of a new complex scalar SU(2)L doublet of the weak
hypercharge, a so-called Higgs field

Φ =

(
ϕ+

ϕ0

)
(1.8)

and the potential
V(Φ) = −µ2(Φ†Φ) + λ(Φ†Φ)2. (1.9)

The Higgs term in the Lagrangian is described as

LHiggs = (DµΦ)†(DµΦ)−V(Φ). (1.10)

The form of the potential for the model fulfils the gauge invariance and renormalisability
requirements. For a stable vacuum, the condition λ > 0 is necessary, while to get a nontrivial
vacuum expectation value (vev) µ2 > 0 has to be chosen. In this case the minimum Φ0 should
fulfil the conditions

Φ†
0Φ0 =

v2

2
, v ≡

√
µ2

λ
. (1.11)
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1 Theory Overview

Requiring the vacuum expectation value to be electrically neutral, Φ0 can, up to a phase, be
presented as

Φ0 =
1√

2

(
0
v

)
. (1.12)

This breaks the SU(2)L ⊗U(1)Y symmetry to the U(1)Y group. The scalar doublet Φ(x) can
be rewritten with the splitt-off Φ0 in the form

Φ(x) = exp
(

i
σa

2
θa(x)

) 1√
2

(
0

v + H(x)

)
. (1.13)

The local SU(2)L symmetry allows to vanish the θa(x) dependence. This is mentioned as
the three Goldstone bosons are “eaten” by three gauge bosons. The non-vanished real scalar
degree of freedom H(x) is called the Higgs boson.

The charged W± bosons are defined as

W±µ =
W1

µ ∓ iW2
µ√

2
. (1.14)

After substitution, the mass contribution to the Lagrangian is

Lmass = −
v√

2
(gui ψui ψui + gdi ψdi ψdi + g`i ψ`i ψ`i) +

(vg
2

)2
W+

µ Wµ
−

+
v2

8
(
W3

µ, Bµ
) ( g2 −gg′

−gg′ g′2

)(
W3

µ

Bµ

)
.

(1.15)

The charged W-boson mass corresponds to

mW =
gv
2

. (1.16)

The mass matrix for W3
µ and Bµ is not diagonal, therefore the neutral gauge bosons are mixed.

Diagonalisation of the matrix can be done by a rotation about the weak mixing angle θW , which
is defined by

tan θW =
g′

g
. (1.17)

The transformation to the new basis of the photon and Z boson, Aµ and Zµ respectively is
defined as (

Zµ

Aµ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
W3

µ

Bµ

)
. (1.18)

In this basis, the mass terms for the γ photon and Z boson are

mγ = 0 and mZ =
v
2

√
g2 + g′2. (1.19)
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1.1 The Standard Model of particle physics

One can see, that the mass ratio of massive gauge-bosons is fixed by

mW

mZ
= cos θW . (1.20)

Rewriting the Higgs potential ( equation 1.9) in terms of the Higgs field H and v, one can
get

V = −µ2v2

4
+ µ2H2 + λvH3 +

λ

4
H4. (1.21)

The Higgs mass determined by the quadratic term, taking into account equation 1.13, can be
expressed as

mH =
√

2µ2 =
√

2λv. (1.22)

Interaction vertices of the Higgs boson with the fermions, W±, Z0 and Higgs bosons are shown
in Figure 1.1. The strength of the Higgs boson coupling with f fermion is proportional to the
mass m f of the particle.

H

f

f

−i
m f
v H

W−

W+

2i m2
W
v gµν

H

Z0

Z0

2i m2
Z

v gµν

H

H

H

−3i m2
H

v

Figure 1.1: Interaction vertices for the Higgs boson with the (from left to right) fermions and W±, Z0

and Higgs bosons.

1.1.2 Fermion masses

The masses for fermions are added ad-hoc by Yukawa coupling terms of fermions to the Higgs
doublet Φ.

LYukawa = −ΨLL G`ψ`R Φ−ΨQL GuψuR Φ̃−ΨQL GdψdR Φ + h.c., (1.23)

where “h.c.” means hermitian conjugate and Φ̃ is the charge-conjugate Higgs doublet which
is defined as

Φ̃ = iσ2Φ∗ =
(

ϕ0∗

−ϕ−

)
. (1.24)

The matrices G f ( f = `, u, d) are arbitrary complex 3× 3 matrices. The non-diagonal elements
of the G f matrices mix left- and right-handed fermions of different flavours, which causes
oscillations during a free propagation.

To avoid oscillations, one can transform from the “flavour basis” (ψ f1T
, ψ f2T

, ψ f3T
) to the “mass

basis” (ψ′f1T
, ψ′f2T

, ψ′f3T
) by means of a unitary matrix U fT for left- and right-handed fields:

ψ′fiT
= U fT ψ fiT

, f = `, u, d T = L, R i = 1, 2, 3. (1.25)
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1 Theory Overview

In the mass basis the corresponding G′f matrices take a diagonal form:

G′f = U fL G f U†
fR
=

√
2

v

m f1

m f2

m f3

 . (1.26)

The diagonal value m fi corresponds to the mass of the fermion fi. By convention all fermion
masses are chosen non-negative. This can always be achieved, since U fL and U fR are differ-
ent operators and can be, up to some extent, selected separately. In case of negative m f , the
sign can always be changed by flipping the corresponding component of the “mass basis” to
the opposite for only left- or right-handed basis, keeping G′f diagonal and making m f non-
negative.

After the substitution of ψ → ψ′ in the Standard Model Lagrangian, all coupling matrices G f
are transformed to a diagonal form. The effect of the substitution to the whole Standard Model
Lagrangian is discussed in Section 1.1.5.

By default it is assumed, that the Standard Model Lagrangian is written in the mass basis and
hats over fermionic fields are omitted. If the unitary gauge is used, where the Goldstone fields
are “eaten”, the LYukawa term can be represented in the form

LYukawa = −∑
f

m f (ψ fL ψ fR + ψ fR ψ fL)
(

1 +
H
v

)
, (1.27)

where the sum is taken over all fermions. From the Yukawa terms one can see, that the Higgs
boson couplings to fermions f are proportional to their masses

g f =

√
2

v
m f . (1.28)

1.1.3 Strong interaction

Quantum Chromodynamics (QCD) is the SU(3)C non-abelian gauge theory of strong interac-
tions. It describes the interactions between quarks and gluons.

There are two important properties of QCD:

– Confinement
The force between quarks increases with distance. An attempt to separate two quarks
from each other, increases the energy between them, until it will be enough to create
another quark pair. From the newly created pair, one quark stays with the first and the
second comes with the second quark. Therefore quarks do not exist in an isolated state,
they are always bound into the hadrons.

– Asymptotic freedom
At high energies, or at very small distances, the interaction between quarks and gluons
is very weak, i.e. they are asymptotically free.

8



1.1 The Standard Model of particle physics

The Lagrangian for quantum chromodynamics without a mass term is defined as

LQCD = −1
4

Gµν
a Ga

µν + ∑
f

iψ f /Dψ f (1.29)

where Gµν
a is defined in equation 1.3 and Dµ is defined as follows

Dµ = ∂µ + igsGµ
a La. (1.30)

1.1.4 Electroweak interaction

In the Standard Model only left-handed fermions are involved in the weak interaction. The
Dirac field ψ can be projected on left- and right-handed components using PL and PR projection
operators

ψL = PLψ = 1
2 (1− γ5)ψ,

ψR = PRψ = 1
2 (1 + γ5)ψ,

ψ =

(
ψL

ψR

)
, (1.31)

where γ5 is a Dirac gamma matrix. For the fermion f the left- and right-handed components
of the Dirac field ψ f are denoted accordingly as ψ fL and ψ fR .

By substitution of equations 1.14 and 1.18, the interaction term of the electroweak Lagrangian
can be rewritten as

LEW
int = − g

2
√

2
(W+

µ Jµ
+ + W−µ Jµ

−)− eAµ Jµ
em −

g
cos θW

Zµ Jµ
0 . (1.32)

The total charged weak currents Jµ
± have the form

Jµ
± = ∑

i

[
jµ
±(`i → νi) + jµ

±(di → ui)
]
, (1.33)

where the charged weak currents for quarks, without the quark mixing term, are defined
as

j+µ = jµ(d→ u) = ψuL γµψdL = ψuγµ
1
2 (1− γ5)ψd, (1.34)

j−µ = j†
µ(d→ u) = ψdL γµψuL = ψdγµ

1
2 (1− γ5)ψu. (1.35)

Here jµ
± and j±µ are a contravariant and the corresponding covariant tensors. For leptons the

weak currents are defined in a similar way.

The electromagnetic current Jµ
em and the neutral current Jµ

0 are defined, respectively, as

Jµ
em = ∑

f
Q f ψ f γµψ f , (1.36)

and
Jµ
0 = ∑

f
ψ f γµ 1

2 (c
f
v − c f

a γ5)ψ f , (1.37)

c f
v = T f

3 − 2Q f sin2 θW , c f
a = T f

3 . (1.38)
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1 Theory Overview

The coupling coefficients for the neutral weak interaction are listed in Table 1.3.

Fermions c f
v c f

a

νe, νµ, ντ +
1
2

+
1
2

e, µ, τ −1
2
+ 2 sin2 θW −1

2

u, c, t +
1
2
− 4

3
sin2 θW +

1
2

d, s, b −1
2
− 2

3
sin2 θW −1

2

Table 1.3: Neutral current vector and axial-vector couplings for fermions.

Due to sin2 θW ≈ 0.23, the vector coupling constants for leptons are suppressed ce,µ,τ
v ≈ −0.04

with respect to the axial-vector couplings. In case of a no mixing angle θW , the weak interaction
would be dependent only in the term T f

3 .

Interaction vertices for the weak interaction with a γ photon, a neutral current Z0 boson and a
charged current W+ boson with fermions are shown in Figure 1.2.

γ

f

f

−ieQ f γµ

Z0

f

f

−i g
cos θW

γµ 1
2 (c

f
v − c f

a γ5)
W+

d

u

−i g
2
√

2
γµ 1

2 (1− γ5)Vud

Figure 1.2: Weak interaction vertices with fermions for γ photon (left), neutral current Z0 boson
(middle) and charged current W+ boson (right).

1.1.5 Fermion mixing

In this paragraph the “mass basis” is noted as ψ, while the “flavour basis” is referred to as ψ′.
The transformation from the mass basis to the flavour basis has the form

ψ′~fT
= U f

T ψ~fT
U f †
T U f

T = I, T = L, R, f = u, d, ν, `. (1.39)

After substitution of ψ → ψ′ in the Standard Model Lagrangian, all the coupling matrices G f
are transformed to the diagonal form. The substitution affects only the weak interaction, as
described in the following.

The electromagnetic jem
µ and the neutral weak j0µ currents can be broken down to terms like

ψ
′
~fT

γµψ′~fT
, where the summation over ~f family index i = 1, 2, 3 (like in scalar product) is

assumed. This term is invariant under the flavour-to-mass basis transformation, as it follows
from

ψ
′
~fT

γµψ′~fT
= (ψ~fT

U f †
T )γµ(U

f
T ψ~fT

) = ψ~fT
γµ(U

f †
T U f

T )ψ~fT
= ψ~fT

γµψ~fT
. (1.40)
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1.2 Supersymmetry

Due to this invariance Flavour Changing Neutral Currents (FCNC) do not exist in the Standard
Model, which gives room for beyond the Standard Model searches in this direction.

The charged weak currents j±µ can be broken down to terms like ψ
′
~uL

γµψ′~dL
and ψ

′
~dL

γµψ′~uL
, which

after substitution convert to terms like

ψ
′
~uL

γµψ′~dL
= ψ~dL

γµ(Uu†
L Ud

L)ψ~uL = ψ~dL
γµVqψ~uL ,

ψ
′
~dL

γµψ′~uL
= ψ~dL

γµ(Ud†
L Uu

L)ψ~uL = ψ~dL
γµVq†ψ~uL ,

Vq = Uu†
L Ud

L =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 . (1.41)

The Vq is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

Similarly for leptonic terms ψ
′
~νL

γµψ′~̀ L
and ψ

′
~̀ L

γµψ′~νL
and after substitution one obtains

ψ
′
~νL

γµψ′~̀ L
= ψ~νLγµ(Uν†

L U`
L)ψ~̀ L

= ψ~νLγµVνψ~̀ L
,

ψ
′
~̀ L

γµψ′~νL
= ψ~̀ L

γµ(U`†
L Uν

L)ψ~νL = ψ~̀ L
γµVν†ψ~νL ,

Vν = Uν†
L U`

L =

Ve1 Ve2 Ve3
Vµ1 Vµ2 Vµ3
Vτ1 Vτ2 Vτ3

 . (1.42)

The Vν is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and is responsible for
neutrino mixing.

Both Vq and Vν matrices are unitary. Due to the unitarity, the parameters of each matrix can
be reduced to three mixing angles θ12, θ23, θ13 and one phase factor δ. The matrices can be
represented as sequential rotations in corresponding planes

V =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e−δ

0 1 0
−s13eiδ 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

 ,
sαβ ≡ sin θαβ,
cαβ ≡ cos θαβ.

(1.43)

In case of the CKM matrix, the θαβ angle is called Cabibo mixing angle and the phase factor δ
represents a source of CP-violation.

1.2 Supersymmetry

Despite all success of the Standard Model, as it was mentioned earlier, there are many open
questions, which are left unanswered. Searches for Physics Beyond the Standard Model (BSM)
are very intensive. Supersymmetric theories have an internal beauty and coherence to a much
larger extent, than many other BSM proposals.

In this section, some of these arguments and the open problems, which could be solved by the
supersymmetry are briefly discussed. In addition, a short general overview of the supersym-
metry and the Minimal Supersymmetric Extension of the Standard Model (MSSM) is given.

1.2.1 Open questions

If supersymmetry is considered, it may solve some open problems of the Standard Model.
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1 Theory Overview

Hierarchy problem

In particle physics, the hierarchy problem can be formulated as the question: why is the Higgs-
boson mass much lighter than the Planck mass MP, which is an order of 1019 GeV.

If coupling to the Higgs field by a fermion f is present in the Lagrangian as the term−g f ψ f Hψ f ,
the Feynman diagram from Figure 1.3 (top) gives the correction:

∆m2
H = −

∣∣g f
∣∣2

8π2 Λ2
UV + . . . , (1.44)

where ΛUV is an ultraviolet cut-off for the loop integral regularisation and f denotes leptons
or quarks. In case of quarks, each colour has to be counted separately. In general, each fermion

H

f

f

H

H H

S S

Figure 1.3: One-loop quantum corrections for the Higgs-boson mass from a fermion f (top) and a scalar
particle S (bottom).

from the Standard Model is adding its contribution, but the largest correction comes from the
top quark with g f ≈ 1. Assuming, that ΛUV has an order of magnitude of the Planck mass
MP, the quantum correction to m2

H is about 30 orders of magnitude higher than m2
H, which is

about 104 GeV2.

Assuming also, that there exists a complex scalar particle S with a mass mS, which is present in
the Lagrangian as a term −λS |H|2 |S|2, the Feynman diagram from Figure 1.3 (bottom) gives
a correction:

∆m2
H =

λS

16π2

[
Λ2

UV − 2m2
S ln(ΛUV/mS) + . . .

]
. (1.45)

Comparing these two equations, one can see, that if for each fermion there exist two particles
whith λS =

∣∣g f
∣∣2, then Λ2

UV will vanish from each fermion correction.

Supersymmetry introduces a symmetry between fermions and bosons and provides a natural
way to cancel the Λ2

UV term.
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1.2 Supersymmetry

Grand Unified Theory

After the unification of electromagnetic and weak interactions in the electroweak force, the
next natural step would be to unify strong and electroweak interactions. The running coupling
constants for the Standard Model are coming close to each other, but do not intersect at one
point, see Figure 1.4 (left), while for the Minimal Supersymmetric Extension of the Standard
Model (MSSM), this unification is achievable at about 1016 GeV (right).

Figure 1.4: Running coupling constants for the Standard Model (left) and the Minimal Supersymmetric
Extension of the Standard Model (right) [6].

Dark matter

Evidence for the existence of dark matter comes from astronomical measurements. Some dis-
agreements between the expected and the observed results, pointing to dark matter are:

– Galaxy rotation curves
The measured velocity of rotation as a function of the distance from the galactic centre.
The observed rotational curves for spiral galaxies have flatness, which cannot be ex-
plained by the visible matter only. The existence of an additional invisible mass (the
dark matter) can explain the experimental observations of the velocity curves.

– Galaxies velocity dispersions
By measuring the radial velocities of a group of objects (clusters, galaxies, . . . ), the cluster
mass can be estimated from the virial theorem. The observations show a difference of
about ten times. These measurements have pushed the fraction of the dark matter to
about 95%.

– Gravitational lensing
This is an effect, when the light from a background source, which is located on a larger
distance is “bent” by a massive object placed between the source and the observer. Based
on this lensing it is possible to estimate the mass of the object and compare this with the
visible mass. The comparisons show, that for lensing an extra mass is needed.

These and many other arguments are pointing to Weakly Interacting Massive Particles (WIMP).
A natural candidate for such a particle does not exist in the Standard Model, while for super-
symmetric models this can be a neutralino.
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1.2.2 Superspace and superalgebra

In this section the mathematical background for the supersymmetry is shortly presented. The
description follows Refs.[7, 8].

Superspace

Consider a vector space V over the field F with characteristic 0. In physics cases, the F is either
the real R or the complex C field.

A vector space V over F is called a supervector space or superspace if it is Z2-graded, i.e., it may
be composed as a direct sum of two vector spaces:

V = V0 ⊕V1, 0, 1 ∈ Z2, (1.46)

where Z2 is two-element finite field Z2 = Z/2Z. The elements of V0 and V1 are called even
and odd, respectively. The dimension of V is defined as d0|d1, where di is the dimension of Vi.
The elements from V0 and V1 are called pure vectors. The parity function p can be defined for a
non-zero pure vector x as the p(x) = 0 for an even and p(x) = 1 for an odd vector.

The V = Fp|q super vector space is defined as vector space Fp+q with an even and odd spaces
defined as V0 = Fp and V1 = Fq.

The super homomorphism T : U → V of superspaces U and V is defined as homomorphism of
corresponding vector spaces, that preserve grading, i.e. T(Ui) ∈ Vi, for i = 0, 1.

The direct sum of U and V superspaces is defined as superspace W = U ⊕V, with

W0 = (U0 ⊕V0) and W1 = (U1 ⊕V1), (1.47)

while the tensor product is defined as superspace W = U ⊗V, with

W0 = (U0 ⊗V0)⊕ (U1 ⊗V1) and W1 = (U0 ⊗V1)⊕ (U1 ⊗V0). (1.48)

Superalgebra

A superalgebra A is a vector superspace A = A0 ⊕ A1 which is an associative algebra with a
unity element 1. The multiplication is a morphism, and for pure vectors

p(xy) = p(x) + p(y) (mod 2), ∀x, y ∈ A0 ∪ A1. (1.49)

It is easy to check, that the unity element is always even p(1) = 0, the subalgebra A0 is purely
even A0 A0 ⊆ A0, and that A0A1 ⊆ A1 and A1A1 ⊆ A0.

A superalgebra A is called supercommutative, if for all pure vectors

xy = (−1)p(x)p(y)yx, ∀x, y ∈ A0 ∪ A1. (1.50)
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1.2 Supersymmetry

For odd vectors x and y of commutative superalgebra A following conditions hold:

xy + yx = 0, x2 = 0, ∀x, y ∈ A1. (1.51)

An important example of a supercommutative algebra is the exterior algebra (or Grassmann
algebra). The exterior algebra ∧(V) of a vector space V is defined as quotient algebra of the
tensor algebra T(V) by the two-sided ideal I

∧(V) = T(V)/I. (1.52)

The ideal I is generated by all elements of the form x ⊗ x, such that x ∈ V, i.e. is the vector
subspace of T(V) spanned by elements of the form

ai ⊗ (xi ⊗ xi)⊗ bi, xi ∈ V, ai, bi ∈ T(V). (1.53)

The ∧ operation induced from the tensor product ⊗ and defined as:

x ∧ y = x⊗ y (mod I). (1.54)

The following important relations fulfil:

x ∧ y + y ∧ x = 0, x ∧ x = 0, ∀x, y ∈ ∧(V). (1.55)

The k-th exterior power of V, referred to as ∧k(V), is the vector subspace of ∧(V) spanned by
elements of the form

x1 ∧ x2 ∧ · · · ∧ xk, xi ∈ V, i = 1, 2, . . . , k. (1.56)

By convention ∧0(V) = F and ∧1(V) = V.

The ∧(V) can be presented as sum of only even and only odd powers k of ∧k(V) spaces, which
are called the even (commutative) and the odd (anti-commutative) elements of the ∧(V). It is easy
to check, that even elements are commute between each other and with odd elements, while
odd elements are anticommute between each other.

A super Lie algebra is defined as a vector superspace A with a bracket [·, ·], which is a super-
morphism from A⊕ A→ A and fulfils the following properties:

[x, y] + (−1)p(x)p(y)[y, x] = 0 (1.57)

and the super Jacobi identity

(−1)p(x)p(z)[x, [y, z]] + (−1)p(y)p(x)[y, [z, x]] + (−1)p(z)p(y)[z, [x, y]] = 0. (1.58)

Poincare superalgebra

The Poincare superalgebra G = G0 ⊕ G1 extends the Poincare Lie algebra with odd generators.
According to the Coleman-Mandula theorem [9], an even G0 part of the superalgebra G con-
tains Poincare Lie group generators Pµ and Mµν which are in direct sum with other semisimple
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compact Lie group generators Ti. The following relations fulfil:[
Mµν, Mρσ

]
= iηµσ Mνρ − iηµρ Mνσ + iηνρ Mµσ − iηνσ Mµρ,[

Mµν, Pρ

]
= iηνρPµ − iηµρPν,

[
Pµ, Pν

]
= 0,[

Ti, Tj
]
= ick

ijTk,
[

Ti, Pµ

]
= 0,

[
Ti, Mµν

]
= 0.

(1.59)

The metric in the Minkowski space is defined as

ηµν = diag(1,−1,−1,−1), (1.60)

while the generators are defined using the following representations of the Lorentz group:

Pµ = ( 1
2 , 1

2 ), Mµν = (1, 0)⊕ (0, 1), Ti = (0, 0). (1.61)

For an odd G1 part of the superalgebra G any unitary representation can be generated by a
Lorenz spinors QI

α and QI
α̇, where I = 1, . . . , n [8]. The dimension of the supersymmetry is

defined depending on the number of indices of I, for example, in case of only one index, it is
called N = 1 supersymmetry.

Considering the case for N = 1 supersymmetry, and leaving only Qα and Qα̇, one can obtain
the following equations: {

Qα, Qβ̇

}
= 2σ

µ

αβ̇
Pµ,{

Qα, Qβ

}
=
{

Qα̇, Qβ̇

}
= 0,[

Pµ, Qα

]
=
[

Pµ, Qα̇

]
= 0,

(1.62)

and for the rest of the generators:[
Mµν, Qα

]
= i(σµν)α

βQβ,
[

Qα, Ti
]
= biQα,[

Mµν, Qα̇
]
= i(σµν)α̇

β̇
Qβ̇,

[
Qα̇, Ti

]
= −Qα̇bi,

(1.63)

where bi = bi are Hermitian matrices realising the representation of the Ti Lie algebra:[
bi, bj

]
= ick

ijbk. (1.64)

The generators Qα and Qα̇ are described by the following representations of the Lorentz group:

Qα = ( 1
2 , 0), Qα̇ = (0, 1

2 ). (1.65)

The σµ are the Pauli matrices. The σ µ and commutators σµν and σµν are defined as:

σ
µ

β̇α
= σ

µ

αβ̇
, σµν = − 1

4 (σµσν − σνσµ), σµν = − 1
4 (σµσν − σνσµ). (1.66)

Taking into account commutational relations, one can check, that the first Casimir operator for
the Poincare Lie group:

C1 = −PµPµ (1.67)
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1.2 Supersymmetry

commutes with Qα and Qα̇ generators and therefore is a Casimir operator for the Poincare
superalgebra. For an irreducible representation of Poincare superalgebra all particles have
equal masses C1 = m2, therefore for realistic theories supersymmetry has to be broken.

1.2.3 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is a supersymmetric extension of the
Standard Model which adds the minimal number of new particles with interactions consistent
with those of the Standard Model. The MSSM is the N = 1 supersymmetry. The chiral super-
multiplet fields are presented in Table 1.4. The gauge supermultiplet fields before symmetry
breaking are shown in Table 1.5.

Particle Names Spin- 1
2 Spin-0 SU(3)C⊗SU(2)L⊗U(1)Y

quarks, squarks Qi

(
uLi

dLi

) (
ũLi

d̃Li

)
3 2 +1

3

ui u†
Ri

ũ∗Ri
3̄ 1 −4

3

di d†
Ri

d̃∗Ri
3̄ 1 +2

3

leptons, sleptons Li

(
ν̃Li
˜̀Li

) (
νLi

`Li

)
1 2 −1

`i `†
Ri

˜̀∗
Ri

1 1 +2

higgsinos, higgs Hu

(
H̃+

u

H̃0
u

) (
H+

u
H0

u

)
1 2 −1

Hd

(
H̃0

d

H̃−d

) (
H0

d
H−d

)
1 2 +1

Table 1.4: Chiral supermultiplet fields in the MSSM.

Particle Names Spin- 1
2 Spin-1 SU(3)C⊗SU(2)L⊗U(1)Y

gluinos, gluons g̃ g 8 1 0

winos, W-bosons W̃0, W̃± W0, W± 1 3 0

bino, B-boson B̃0 B0 1 1 0

Table 1.5: Gauge supermultiplet fields in the MSSM before symmetry breaking.

The MSSM Lagrangian can be described as follows:

LMSSM = LGauge + LYukawa + LScalar + LSoft. (1.68)

For the MSSM the superpotential W which conserves the baryon and lepton number (R-parity
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1 Theory Overview

conservation) is defined similarly to the Standard Model:

W = QGuu·Hu + QGdd·Hd + LG``·Hd + µHu ·Hd (1.69)

In the MSSM all coupling constants and G f matrices (Yukawa couplings) are exactly the same
as those used in the Standard Model, the only new coupling appears in the µ-term (µHu ·Hd).
The corresponding dot product is defined as

Hu ·Hd = H+
u H−d − H0

uH0
d . (1.70)

R-parity conservation

The gauge-invariant and renormalisable superpotential may also include terms which violate
the baryon and lepton number. Three terms which violate the lepton number are:

W∆L=1 = εiLi Hu + λijkLiLj`k + λ′ijkLiQjdk, (1.71)

while the baryon number violating term is:

W∆B=1 = λ′′ijkuidjdk. (1.72)

The presence of both of them (i.e. baryon violating term and any of the lepton violating terms)
in the Lagrangian will lead to proton decay. Since the proton is quite stable, with a lifetime
larger than 1033 years, the coupling constants, which lead to the decay should be very small.
One possibility is to set these couplings to zero. This can be done by postulating R-parity
conservation.

The R-parity is defined as:
R = (−1)3(B−L)+2s, (1.73)

where B and L are baryon and lepton numbers, respectively, and s corresponds to the spin of
the particle.

The R-parity conservation implies that:

– The Lightest Supersymmetric Particle (LSP) is stable;

– The decay cascade of any supersymmetric particle must finish with an odd number of
LSPs;

– At the LHC, supersymmetric particles can be produced only in pairs.

Soft supersymmetry breaking

Since supersymmetry is not yet observed, if it exists, it should be spontaneously broken, to
allow for high masses of the superpartners. Different possible terms for a soft supersymmetry
breaking are listed below:

– Gaugino mass terms: related to three vector superfields (B̃, W̃ and G̃), the corresponding
mass terms are M1B̃B̃, M2W̃W̃ and M3G̃G̃.
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1.2 Supersymmetry

– Scalar mass term: for each scalar superfield mφ∗i φj can be added. If the generation in-
dices i and j are different, this term leads to flavour violation.

– Trilinear scalar couplings: three trilinear couplings Au
ijQ̃iūjHd, Ad

ijQ̃id̄jHu and A`
ij L̃i ¯̀ jHu.

– Bilinear scalar couplings: this term can be defined as BHuHd. This is the only gauge
invariant bilinear scalar coupling, after the scalar mass term.

The soft supersymmetry breaking terms mentioned above do not include the part, related to
the SU(2)L ⊗ U(1)Y → U(1)Y symmetry breaking. The Standard Model-like spontaneous
symmetry breaking is discussed below.

Electroweak symmetry breaking

Both neutral Higgs fields H0
u and H0

d are getting non-zero vacuum expectation values:

< H0
u >=

vu√
2

, < H0
d >=

vd√
2

. (1.74)

One constraint on these values can be fixed from experiment, in particular, from Z0 and W±

boson masses, since
m2

W = 1
4 g2(v2

u + v2
d),

m2
Z = 1

4 (g2 + g′2)(v2
u + v2

d),

v2
u + v2

d = v2 =
4m2

W
g2 , v ≈ 246 GeV,

(1.75)

here v is the vacuum expectation value (vev) for the Standard Model Higgs field.

The ratio between vevs is chosen as a second constraint

tan β ≡ vu

vd
, (1.76)

the value of tan β is not fixed experimentally, but can be calculated from the other MSSM
parameters. Since both vu = v sin β and vd = v cos β are positive, it is required by convention
that 0 < β < π/2.

After electroweak symmetry breaking the two Higgs doublets are converted to three massive
W± and Z0 bosons and five Higgs particles:

– two CP-even neutral scalar particles h0 and H0 (by convention mh0 < mH0);

– one CP-odd neutral scalar particle A0;

– two charged scalar particles H+ and H− with charge +1 and −1, respectively.

At tree level the mass of the h0 can be constrained as

mh0 < mZ |cos 2β| < mZ. (1.77)

From this constraint mh0 < 91 GeV, but after one-loop corrections, the constraint is weakened
up to mh0 < 135 GeV, which is consistent to the observed Higgs particle at 125 GeV.
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1 Theory Overview

Particle spectrum

The list of MSSM particles after symmetry breaking is shown in Table 1.6. It is assumed, that
for the first two generations of sfermions the mixing is negligible.

Particle Names Spin PR Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 +1 H0
u, H0

d , H+
u , H−d h0, H0, A0, H+, H−

squarks 3-rd gen. 0 -1 t̃L, t̃R, b̃L, b̃R t̃1, t̃2, b̃1, b̃2

sleptons 3-rd gen. 0 -1 τ̃L, τ̃R, ν̃τ τ̃1, τ̃2, ν̃τ

neutralinos 1
2 -1 B̃0, W̃0, H̃0

u, H̃0
d

χ̃0
1, χ̃0

2, χ̃0
3, χ̃0

4

charginos 1
2 -1 W̃+, W̃−, H̃+

u , H̃−d χ̃+
1 , χ̃−1 , χ̃+

2 , χ̃−2

gluino 1
2 -1 g̃ g̃

Table 1.6: The gauge and mass eigenstates for the Minimal Supersymmetric Standard Model. It is
assumed, that sfermion mixing for the first and second families is negligible [10].

1.3 Hadron-hadron interactions

Hadron-hadron collisions at high energies create events with a much more complex structure,
than, for example, for the lepton colliders. The complexity of the structure makes it necessary
to use multiparticle simulation to get valuable results [11, 12]. In this section a short overview
of challenges for the simulation of hadron-hadron collisions and Monte Carlo generators [13,
14] used in the analysis is given.

Due to the high density of the colliding beams, each bunch contains about 1011 protons. To-
gether with a hard scattering process, many soft elastic and inelastic scatterings are produced.
The inelastic scatterings at

√
s = 8 TeV have very large cross section about 70 mb. The pro-

cesses, involved at high-momentum transfer may be described with perturbative QCD, which
is not the case for the soft scattering.

1.3.1 Parton Distribution Function

An attempt to avoid a detailed simulation of processes and to encapsulate all non-perturbative
problems in a set of functions measurable on the experiment is used. With a good approxi-
mation, a decay cross section for the AB → X can be described based on Parton Distribution
Functions (PDF). Considered, that the probability to find a parton a in the object A with a
momentum fraction xa of the total momentum of object A at the energy scale of the hard
interaction µ2 can be expressed by the function fa/A(xa, µ2), where fa/A is mentioned as a
distribution of density of the parton a in the A object. Accordingly, for parton b and object B
the corresponding function will be fb/B(xb, µ2). The cross section of the AB→ X decay can be
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1.3 Hadron-hadron interactions

expressed as:

σAB→X = ∑
a,b

∫
fa/A(xa, µ2) fb/B(xb, µ2) σ̂ab→X dxadxb (1.78)

where σ̂ab→X is a partonic cross section, which can be computed using the perturbative ap-
proach. Following this approach, all non-perturbative parts are encapsulated inside the ex-
perimental measurements of the fa/A and fb/B functions.

The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation [15, 16, 17] is playing an im-
portant role for PDF studies. It describes the evolution of the PDF when varying the µ2 para-
meter:

∂ fq(x, µ2)

∂ log µ2 =
αs

2π

∫ 1

x

dy
y

fq(y, µ2)P
(

x
y

)
, (1.79)

where P is the regularised splitting function (Pq→qg, Pq→gq, Pg→gg, Pg→qq̄) and αs is the coupling
constant for the strong interaction. This equation is widely used for PDF analyses, since it
allows to calculate fq(x, µ2) from the known values at a reference scale µ0 and to compare the
measurements of fq(x, µ2) from different experiments for different scales.

Different groups CTEQ [18, 19], MSTW [20], NNPDF [21, 22], HeraPDF [23] are using the
DGLAP equation to calculate PDFs based on measurements, which are carried out by different
experiments for different µ2. An example of PDFs computed by the NNPDF collaboration for
µ2 = 10 GeV2 and µ2 = 104 GeV2 is shown in Figure 1.5.

Figure 1.5: Distributions of PDFs at NNLO for µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right) computed
by the NNPDF collaboration [24].

The scale µ2 used for cross section calculations in equation 1.79 is called factorisation scale
µF. Since the equation also includes the σ̂ab→X calculation, which is done using a perturbative
approach, it depends on the renormalisation scale µR. Since the results depend on the choice
of the µF and µR scales, in the analysis, corresponding uncertainties have to be taken into
account. Often for calculations a scale µF = µR = µ, which is relevant for the considered hard
interactions, is used.
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1 Theory Overview

1.3.2 Monte Carlo generators

The simulation of a hard interaction leads to the creation of a large number of 100-1000 particles
with a large momentum spread. The most challenging problem is to make accurate predictions
for QCD processes, which are out of computational reach for the complex final states. The two
main problems are the evolution of the QCD states from short to long distances and the proper
modelling of hadronic states.

The Monte Carlo generators [13, 14] should take care about multi parton scattering and re-
scattering processes, as well as to convert partonic final states into colour-neutral hadrons. A
sketch for a generated event is shown in Figure 1.6. Different modelling steps are shown with
different colours.

Soft photons

Hadron decays

Hadronisation

Parton shower

Hard collision

Secondary scattering

Figure 1.6: Sketch of a simulated event from a hadron-hadron collision. The dark red spot represents the
hard collision, the purple blob corresponds to secondary hard scattering, the three structures around
blobs are QCD radiation simulated by parton showers. The hadronisation of partons is shown as light
green blobs, whereas dark green shows hadron decays, yellow lines are soft photon radiation [25].

The generation process can be divided into the following steps:

– Hard scattering is an interaction of the partons of the protons with a high momentum
transfer with an annihilation or a scattering channel. It can be calculated using the matrix
element based calculations, which are based on the perturbation approach.

– Parton shower simulates the shower of partons. Partons which are involved in the hard
interaction emit gluons. Since gluons carry colour charges, they can emit other softer
gluons. This shower propagates to produce more radiation with lower momentum, as
long as perturbation theory can be applicable.
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1.3 Hadron-hadron interactions

– Hadronisation models are used when perturbation theory cannot be used, for example
due to low momentum of particles. It is responsible to group partons into colourless
hadrons taking into account confinement.

– Underlying event is created from secondary hard interactions of the proton remnants.
This produces soft objects everywhere in the event and contaminates the initial hard
scattering process.

– Hadron decays models a decay of unstable hadrons, which was produced in one of the
previous steps. This is usually done based on decay tables and decay channels, which
are measured for different hadrons.

A more detailed explanation for each step is described in the following.

Hard scattering

The generation of the event starts from the computation of the hard scattering cross section.
Calculations are performed at Leading Order (LO) or for more precision at Next-to-Leading Order
(NLO). The calculation involves PDFs which are measured at lower energies and transferred to
higher scales using the DGLAP equation 1.79. The generator uses tree-level matrix elements,
usually to generate a 2 → n process, while extra m partons are added later by the parton
shower algorithm. Since this step may count some configurations twice, algorithms to resolve
a double counting have to be used.

In cases, when NLO calculations are not available, one can use LO calculations for analysis,
but with corrected cross section to the NLO prediction. This correction factor is called K-factor
and is defined as a ratio between the next-to-leading order and the leading order inclusive
cross sections:

K =
σNLO

σLO
. (1.80)

The K-factor depends on the process, the factorisation scale as well as on the selection criteria
used in the analysis. Nevertheless, under the assumption, that the leading order calculations
model relative quantities well enough, one can improve the leading order predictions by ap-
plying the corresponding K-factors.

This approach is used for some leading order simulations for current analysis.

Parton showering

Partons involved in the hard scattering processes have large momenta and emit gluons. Since
gluons carry colour charges, they also can emit other gluons or quarks. The shower propagates
and produces more and more radiation with lower momenta. It constitutes part of the higher
order corrections to the hard process, but due to its complexity, for calculations approximate
approach is used, which takes into account only dominant contributions.

The parton shower algorithm introduces a parameter Q0, which describes a minimal mo-
mentum k⊥, below which the splitted results cannot be resolved. For k⊥ > Q0 splitted par-
tons are considered as resolvable and perturbation theory is applicable, otherwise they are con-
sidered unresolvable.
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The probability, that a parton a will not split during the evolution from scale q2
1 to q2

2 is de-
scribed by the Sudakov Form Factor (SFF), which is defined as:

∆a(q2
1, q2

2) = exp
{
−
∫ q2

1

q2
2

dq2

q2
αs

2π

∫ 1−Q2
0/q2

Q2
0/q2

Pba(z)dz
}

, (1.81)

where Pba is a function used in the DGLAP equation.

The algorithm of a parton shower generation can be described as follows:

– Starting with parton a at initial scale Q2, by taking a random number R1 uniformly dis-
tributed in the interval [0, 1] and solving the equation ∆a(Q2, q2

1) = R1, one can obtain
the first splitting scale q2

1.

– If q1 < Q2
0 the splitting is unresolvable and the showering of parton a is terminated,

otherwise parton is split a→ b + c and the procedure is repeated for partons b and c.

– These steps are repeated until all splittings will be below the resolvable scale Q2
0.

Important parameters for parton shower algorithms are the ΛQCD scale and the cut-off para-
meter Q0. The Q0 parameter is responsible for the termination of the parton shower and reg-
ularises the soft gluon singularity. To use perturbative QCD calculations Q0 � ΛQCD should
hold. Since ΛQCD is about 200 MeV, the cut-off parameter Q0 is taken to be about 1 GeV.

Since fixed order calculations are combined to the parton showering, double counting is pos-
sible. To avoid this dedicated algorithms are used, for example CKKW [26] or MLM [27].

Hadronisation

The hadronisation process is not calculable neither based on perturbative QCD techniques, nor
with currently available non-perturbative approaches. Therefore the hadronisation is based on
different models, which encapsulate general features of QCD. Two models are explained in the
following:

– The string model uses an approach that at large distances the potential energy of colour
sources increase linearly. This approach is based on the observation from lattice simu-
lations of QCD. In this approach the colour field collapses into a string. When due to
distance the potential energy between two partons increases up to the level of hadron
masses, it is energetically favorable to break a string and to produce quark-antiquark
pairs. This string segments will stretch again and produce more quark-antiquark pairs.
This process will continue, until the whole energy will not be converted into pairs with
short string segments. These segments can be identified as hadrons.

– The cluster model is based on the preconfinement property of QCD, which means, that for
q � Q partons are grouped in colourless clusters with an invariant mass distribution
which depends only on q and ΛQCD and does not depend on the scale or mode of initial
hard process. For Q0 ≈ 1 GeV most clusters have masses below 3 GeV. Figure 1.7 shows,
that for colour singlets the mass distribution does not depend on Q. Since masses are
mainly below 3 GeV an isotropic quasi-two-body phase space model is used to decay
into hadrons. For the higher-mass tail of the distribution a string-like model is used.
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1.3 Hadron-hadron interactions

Figure 1.7: Distribution of colour singlet masses and random quark-antiquark combinations [28].

Hadron decays

This part of generation is modelling decays of all unstable hadrons produced on the hadron-
isation stage. Most decay modes and states are listed in the Review of Particle Physics [29].
In addition, generators should properly deal with many details, which are not listed in the
list. The total sum of branching fractions should be unity, since the list may not contain all
relevant decays, missing modes may need to be modelled by the generator. For hadronisation
of heavy-flavour quarks, complete flavour multiplets must be included for proper modelling.
In case of multiparticle decays, momentum distribution and spin correlations also have to be
taken into account.

Underlying event and pile-up

Parts of the protons, which do not participate in the hard interaction, can also collide and
contaminate existing events. The part of the event produced from collisions of proton rem-
nants is called underlying event. The collisions, which are not associated to hard interactions
are called minimum-bias events. Underlying and minimum-bias events contain soft interactions
and cannot be calculated based on perturbative approach. Therefore different phenomenolo-
gical models are used. These models contain different parameters, which are “tuned” based
on the experimental data. For a better description of the underlying event and minimum-bias
events, Monte Carlo generators were tuned using published data from the ATLAS and other
(Tevatron, LEP) experiments [30, 31].

Independent proton-proton collisions, which superimposed on the main event are mentioned
as a pile-up. Proton-proton collisions from the same bunch crossing are called in-time pile-up,
while from different bunch crossings they are mentioned as out-of-time pile-up. The pile-up is
modelled by taking into account an average number of interactions per bunch crossing 〈µ〉
and a distance between bunches.
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General-purpose event generators

For SUSY analyses samples are produced with different Monte Carlo generators. To produce
samples the following leading-order (LO) generators are used:

– The PYTHIA is a program to generate high-energy physics events [32, 33], for the current
analysis used for parton showering.

– The HERWIG++ is a general-purpose event generator for hard lepton-lepton, lepton-
hadron and hadron-hadron processes [34]. In the current analysis it is used to simulate
signal models.

– The SHERPA is a general purpose tool to simulate particle collisions for high energies
[35]. For current

√
s = 8 TeV analyses, W+ jets and Z+ jets processes are generated

using the SHERPA.

– The ALPGEN is used to generate hard multiparton processes in pp collisions [36]. For the
current study it is used to generate W+ jets and Z+ jets samples at

√
s = 7 TeV.

– The ACERMC is used to generate background processes for pp collisions at the LHC
[37]. In the current analysis this generator is used to estimate the theoretical uncertainty
of Initial and Final State Radiation (ISR/FSR) for tt̄ production.

– The MADGRAPH is a matrix element generator [38], for this analysis it is used for dibo-
son sample production, for signal models and to study different theory uncertainties
related to signal modelling.

For the current analysis the following next-to-leading-order (NLO) [39] generators are used:

– The MC@NLO is the NLO generator [40], which matched to HERWIG or HERWIG++
generators for parton showering. Since the parton shower generator adds terms, which
are already present in the NLO generation, to avoid double counting for some events
negative weights are assigned. For the current analysis the MC@NLO is used for tt̄ and
single top sample production at

√
s = 7 TeV.

– The POWHEG (positive-weight hardest emission generator) is the NLO generator [41],
which generates the hardest radiation, while for softer radiations a parton shower ge-
nerator is used. For the current analysis for parton showering it is matched to PYTHIA

generator and used for tt̄ and single top sample production at
√

s = 8 TeV.

Events generated with the Monte Carlo generators on this level do not include any detector
effects. These events are referred to in the following as true or particle level events.
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CHAPTER 2

The LHC and the ATLAS Detector

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a particle accelerator, used to accelerate protons and heavy
ions [42]. Up to the moment, it is the largest and the most powerful accelerator in the world.

The accelerator is located about 100 m under ground, the main ring of the collider is 26659 m
long. The LHC accelerates two beams, which travel in opposite directions, close to the speed
of light. Superconducting magnets are used to produce the high magnetic field 8.3 T to keep
the protons on their orbit. The magnets operate at 1.9 K. To cool down to this temperature
liquid helium is used.

Four detectors are located on the LHC ring:

• ALICE (A Large Ion Collider Experiment)

• ATLAS (A Toroidal LHC ApparatuS)

• CMS (Compact Muon Solenoid)

• LHCb (The Large Hadron Collider beauty experiment)

ATLAS and CMS are general purpose detectors to study Standard Model processes and to
perform searches for new particles. ALICE is used to study the properties of the quark-gluon
plasma in Pb-Pb collisions. LHCb was built to study b-quark physics, to answer such questions
as why e.g. our universe consists mainly of matter and almost not antimatter.

2.2 The ATLAS detector

The ATLAS Detector is the largest detector on the LHC with a length of 46 m, a diameter of
25 m and a weight of about 7000 tons. A cutaway view of the detector is shown in Figure 2.2
It is a general purpose detector for searches for heavy particles like the Higgs boson or super-
symmetric particles.
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Figure 2.1: The CERN accelerator complex [43]. The four main experiments ALICE, ATLAS, CMS and
LHCb and the pre-accelerators Linac2, Booster, PS and SPS are shown.

The ATLAS detector was designed to fulfil the following requirements:

– Large pseudorapidity (η) acceptance with almost complete azimuthal angle (φ) coverage
(variables are described in the following).

– High resolution charged particle tracking system for the very large track density condi-
tions.

– Good electromagnetic calorimeter for electron and photon identification and measure-
ments.

– Fully covered hadronic calorimeter for accurate missing transverse momentum (Emiss
T )

measurements.

– High precision muon spectrometer, able to reconstruct muon tracks based on standalone
measurements.

– Flexible multilevel trigger system for triggering on particles with low pT and complex
reconstructed objects.

In the following, the coordinate system and the related variables are described. The positive
direction of the x-axis is pointing to the centre of the LHC, the positive direction of the y-axis
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Figure 2.2: A cutaway view of the ATLAS detector. The detector has a length of 46 m, a diameter of
25 m and a weight of about 7000 tons [44].

is pointing upward, the z-axis is defined along the beam direction. The azimuthal angle φ is
measured in the x-y plane, the polar angle θ is measured from the z-axis. The pseudorapidity
is defined as η = − ln tan(θ/2). For LHC physics, this variable is preferable to the polar angle
θ, due to the invariance of ∆η under a longitudinal Lorentz boost for massless objects. The
transverse momentum pT and the missing transverse energy Emiss

T are defined in the x-y plane.
The distance ∆R in the pseudorapidity-azimuth plane is defined as ∆R =

√
∆η2 + ∆φ2.

2.2.1 The Inner Detector

The Inner Detector (ID) is used for charged particle tracks reconstruction (momentum and im-
pact parameter). It consists of three sub-detectors: the pixel, the semiconductor tracker and
the transition radiation tracker. To measure the pT of charged particles, the Inner Detector
operates in a 2 T axial magnetic field provided by the Central Solenoid (CS). The CS is a su-
perconducting solenoid, which is located between the Inner Detector and the electromagnetic
calorimeter. To decrease particle scattering effects, the solenoid has a thickness of 45 mm and
shares the cryostat with the electromagnetic calorimeter.

The Inner Detector has a length of 7 m and a radius of of 1.15 m and covers a pseudorapidity
range up to |η| < 2.5. The momentum resolution of the Inner Detector is

σpT

pT
= 0.05% pT ⊕ 1%. (2.1)

A cutaway view of the ID with all sub-detectors is shown in Figure 2.3. The ID sub-detectors
with distances from the interaction point are shown in Figure 2.4.
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A detailed description of sub-detectors of the Inner Detector is given below.

Figure 2.3: A cutaway view of the Inner Detector [44].

Figure 2.4: ID sub-detectors with distances from the interaction point in the end-cap region (left) and
from the beam axis in the barrel region (right) [44].

Pixel detector

The pixel detector consists of three barrel layers (pixel barrel) with radii of 50.5 mm, 88.5 mm
and 122.5 mm and three disks with radii 88.8 mm till 149.6 mm from each side of the barrel
(pixel end-cap). It operates in a high magnetic field 2 T at a temperature of about −10◦C. It
is designed in such a way, that in general, each track crosses three pixel layers. The barrel
consists of 1456 modules, the end-caps of 288 modules. Each pixel module has a length of
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62.4 mm and a width of 21.4 mm, it contains 46 080 = 288× 160 pixels, which are read out by
16 chips, each chip reading out an array of 18× 160 pixels. Most of the pixels have a size of
40× 400 µm2. Overall there are 80 million pixels covering an area of 1.7 m2.

The increasing luminosity in Run-II may cause significant radiation damage of the existing
B-layer (first layer of the Pixel detector). To decrease the effect from radiation damage, an
additional Insertable B-Layer (IBL) was installed during the 2013-2014 shutdown. Adding
the fourth layer improves the tracking accuracy as well as the tagging efficiency for b-quark
decays.

Semiconductor Tracker

The Semiconductor Tracker (SCT) is a silicon microstrip detector which is placed around the
Pixel detector and contributes to momentum and vertex position measurements. The SCT
consists of four barrel layers and nine end-cap disks on each side of the barrel. The barrel
consists of 2112 modules, the end-caps of 1976 modules. Each module consists of two silicon
microstrip sensors, which are aligned back-to-back with a stereo angle of 40 mrad. The sensors
have p-strips on n-type silicon, the strips have a pitch of 80 µm and a length of 12.8 cm.
Each sensor has 768 channels. The detector is designed to have eight measurements for each
track (which corresponds to four space points). The space point resolution is δ(rφ) ≈ 16 µm,
δ(z) ≈ 580 µm. The pseudorapidity coverage of the SCT is |η| < 2.5, the same as for the Pixel
detector. The detector is cooled down to −8◦C to decrease the noise and the radiation damage
of the sensors. Overall, 6.2 million readout channels are covering the area of 61 m2.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is the outermost part of the Inner Detector. Measure-
ments are done by straw tubes, which have a diameter of 4 mm. The detector is configured
into a barrel and two end-cap segments. The barrel contains 50 000 straws with a length of
144 cm, which are placed along the z-axis. Each barrel is divided into two equal parts, the in-
formation is read out from both ends. The end-caps consist of 320 000 straws which are placed
radially in the x-y plane, the length of the straw tubes is 37 cm, the readout is connected to the
outer ends. Transition radiation photons are created from the radiator material between the
straws. Xenon gas, which is filled inside tubes, is used to increase the measured signal. Each
channel measures the drift time. Two thresholds allow to discriminate between tracking hits,
which pass only a low threshold and transition radiation hits, which pass a higher one. The
pseudorapidity coverage of the TRT is |η| < 2.0, the measured track precision is about 200 µm,
a low precision is compensated by a high number of measured hits (about 30 hits).

2.2.2 The Calorimetry System

The calorimetry system is used for electrons, photons and jets identification, and energy meas-
urements, and plays a leading role in missing transverse energy measurements. It consists of
electromagnetic and hadronic parts, and is placed around the Inner Detector and the solenoid,
see Figure 2.5. All calorimeters are using the sampling approach, where the material used to

31



2 The LHC and the ATLAS Detector

produce particle showers differs from that, which is used for energy measurements. The calor-
imetry system has a large pseudorapidity coverage of |η| < 4.9. The performance requirement
for the electromagnetic calorimeter is driven by two decay channels, H → γγ and H → 4e±.
The electromagnetic calorimeter has a very fine granularity in the |η| < 2.5 region to be able
to measure electrons and photons with the precision, which allows to separate π0 → γγ from
H → γγ decays. To address the large dynamic range (from 30 MeV to 3 TeV) of energy meas-
urements, calorimeters have several gains for each channel. The important property of the
calorimeter is to completely prevent hadronic showers and to protect the muon system from
punch-through particles. This is achieved by a ≈ 22 radiation length of electromagnetic and
≈ 10 interaction length of hadronic calorimeters.

A more detailed description of the different calorimetry detectors is given below.

Figure 2.5: A cutaway view of the ATLAS calorimetry system [44].

Electromagnetic Calorimeter

The electromagnetic (EM) calorimeter consists of a barrel and two end-caps (EMEC). All of
them are using liquid argon as an active medium because of its radiation hardness and speed.
The shower passing through liquid argon liberates electrons, which are later collected and
measured by electronics. The EM barrel covers a pseudorapidity range of |η| < 1.475,the
electromagnetic end-caps extend this to 1.375 < |η| < 3.2. The EM barrel detector consists of
three radial layers, the first layer has fine ∆η granularity ∆η × ∆φ = 0.003× 0.1, the second
layer has ∆η × ∆φ = 0.025× 0.025, while the third layer has ∆η × ∆φ = 0.1× 0.1. The fine
granularity of the first layer is due to the requirement of angular separation of photons to
identify π0 decay. Presamplers are used to correct an energy loss due to dead materials in
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front of the calorimeter, they have a granularity of ∆η× ∆φ = 0.025× 0.1 and cover a range of
|η| < 1.8.

The energy resolution of the electromagnetic calorimeter is

σE

E
=

10%√
E(GeV)

⊕ 0.7%. (2.2)

Hadronic Calorimeter

The hadronic tile calorimeter (TileCal) consists of a long barrel and two extended barrels. The
long barrel has a length of 5.64 m and covers a rapidity range of |η| < 1.0. Itl consists of
two parts, LBA and LBC, according to sides A and C. The extended barrels (EBA and EBC)
each have a length of 2.9 m and a rapidity range of 0.8 < |η| < 1.7. Each part of the long
barrel and of each extended barrel are divided into 64 modules. Each of these 256 modules
consists of scintillating tiles and steel plates serving as absorbers. Particles passing through
the scintillator tiles are producing a light, which is collected by wavelength-shifting fibers and
is measured by photomultipliers. These tiles are grouped by cells. To provide redundancy,
each cell is measured by two photomultipliers, which are connected to fibers from the left
and the right side of the cells. Tile calorimeter has three layers of cells, the granularity for
the first two inner layers is ∆η × ∆φ = 0.1 × 0.1, while the outer one has a granularity of
∆η × ∆φ = 0.2× 0.1.

The hadronic end-cap calorimeter (HEC) is a liquid argon-sampling calorimeter with copper
plates as absorber. The HEC consists of two wheels, HEC1 and HEC2, which are installed after
the EMEC wheel. Each wheel has a diameter of 4 m and consists of 32 identical modules. The
length of the HEC1 and HEC2 wheels is 0.82 m and 0.96 m, respectively. The detector covers
a range of 1.5 < |η| < 3.2 and has a granularity of ∆η × ∆φ = 0.1× 0.1 for 1.5 < |η| < 2.5 and
of ∆η × ∆φ = 0.2× 0.2 for 2.5 < |η| < 3.2.

The combined energy resolution of the electromagnetic and the hadronic sections of the calor-
imeter is

σE

E
=

50%√
E(GeV)

⊕ 3%. (2.3)

Forward Calorimeter

The forward calorimeter (FCal) is situated in the end-cap cryostat together with the electro-
magnetic and the hadronic end-cap calorimeters (EMEC and HEC). The FCal covers a very
forward region of 3.1 < |η| < 4.9 where energies and densities of oncoming particles are very
high. The calorimeter improves the missing transverse energy reconstruction and the meas-
urement of forward jets, the first being important for SUSY searches, while the latter is needed
for the analysis of vector boson fusion (VBF) processes. The FCal consists of three layers –
FCal1, FCal2 and FCal3, the first layer closest to the interaction point being an electromagnetic
calorimeter, while the second and the third layers are hadronic calorimeters. After the third
layer an absorber is installed to stop the rest of the hadronic showers that punch through. All
three layers are using liquid argon as an active medium, whereas copper is used as absorber
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in the electromagnetic calorimeter and tungsten in the hadronic ones. The granularity of FCal
is ∆η × ∆φ = 0.1× 0.1.

The energy resolution for the hadronic component is

σE

E
=

100%√
E(GeV)

⊕ 10%. (2.4)

2.2.3 The Muon Spectrometer

The muon spectrometer (MS) shown in Figure 2.6 is the outermost detector with a length of
44 m and a diameter of 22 m. It consists of three superconduction air-core toroids, precision
tracking chambers and triggering chambers with fast response. Muons are the only particles,
which can pass through the whole calorimeter without being absorbed. The design of the
muon spectrometer allows to carry out precise stand-alone measurements of muon tracks over
the large range of pT from 3 GeV to 3 TeV.

Figure 2.6: A cutaway view of the ATLAS muon system [44].

The three superconducting toroids, one for barrel and two for end-caps are providing a mag-
netic field of 0.5 T in the central region and of 1 T in the end-caps. The end-cap toroids are
located inside the barrel toroid. Each of the toroids consists of eight coils and is assembled
symmetrically around the beam axis.

The Monitored Drift Tubes (MDT) are used for precision measurements of tracks for barrel and
end-caps. They cover a pseudorapidity range of |η| < 2.7, except for the innermost end-cap
layer, where the coverage is |η| < 2.0. For precision measurements in the innermost tracking
layer the Cathode Strip Chambers (CSC) are used, to cover the range of 2.0 < |η| < 2.7. The
momentum resolution for the |η| < 1.05 region is 2% at 100 GeV and 8% at 1 TeV.

For fast triggering, the muon spectrometer has two different trigger systems, the Resistive
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Plate Chambers (RPC) for the barrel region and the Thin Gap Chambers (TGC) for the end-
caps. The RPC have a time resolution of 1.5 ns and cover |η| < 1.05, the TGC have a time
resolution of 4 ns and cover 1.05 < |η| < 2.4. The triggering system therefore allows to
identify bunch crossing with an accuracy of 99%.

2.2.4 Trigger and Data Acquisition

The Trigger and Data Acquisition (TDAQ) system is responsible for collecting the event data
from the detector, selecting potentially interesting data for physics events and storing them on
the disk for further offline analysis.

The trigger system consists of three levels: Level-1 (L1), Level-2 (L2) and the Event Filter (EF),
see Figure 2.7. The last two levels are also called High Level Triggers (HLT).

Pipeline

memories

Derandomizers

Read-out drivers

(RODs)

Read-out buffers

(ROBs)

Full-event buffers and

processor sub-farms

Interaction rate

~ 1 GHz

Bunch crossing

rate 40 MHz

Level 1 Trigger

L1 < 75 kHz

Region of Interest

(RoI)

Level 2 Trigger

L2 ~ 3.5 kHz

Event Filter

EF ~ 400 Hz

CALO  MUON  TRACKING

Data recording

Event Builder

Figure 2.7: The ATLAS Trigger System from Ref. [45].

The design event rate of the ATLAS detector is 40 MHz, (during the 2012 data taking it worked
at a rate of 20 MHz). The responsibility of the Level-1 trigger is to decrease this rate down to
75 KHz. The decision whether to accept the event or not, has to be taken by the Level-1 trig-
ger in 2.5 µs. Due to this time constraint, the Level-1 trigger is based on custom hardware,
which uses the information only from the calorimeter and the muon detectors. Therefore the
L1 can trigger only on electrons, photons, jets, muons, and a simplified version of missing
transverse energy. Tracking of the information is not available at this level, therefore trigger-
ing, for example on b-tagged jets, is not possible. Until the L1 trigger has taken the decision,
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events, that are coming at a rate of 40 MHz with corresponding timestamps are being buffered
in each sub-detector. In case the event is accepted, it is retrieved by the timestamp through
the Read Out System (ROS) and passed on to the Level-2 trigger. The event information itself
is distributed between several computers. Since gathering the event information in one place
takes some time, the Level-2 trigger analyses the data from the “Region of Interest” (RoI) only,
which usually is made up by just a few percent of data. The L2 trigger decreases the event
rate to about 3.5 KHz. An event accepted by Level-2 trigger is then sent to the Event Filter.
On the Event Filter level the whole information on the event is collected in one place. The EF
runs its own offline-like software, which takes the final decision. If the event is accepted by EF,
it is stored in one of the “streams” according to the trigger signature. The four main physics
streams are used: Egamma, Muon, JetTauEtmiss and MinBias. The EF output rate during the
2012 data taking was up to 700 Hz.
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CHAPTER 3

Objects reconstruction

The ATLAS physics analyses use reconstructed objects, which are presenting the characteris-
tics of the particles created from the proton-proton collisions. In this chapter the reconstruction
of physics objects and the performance of the ATLAS detector are presented [46].

Track and vertex reconstruction, electron and muon identification, jet reconstruction, b-tagging
algorithm, and the missing transverse momentum reconstruction are briefly discussed. All
these objects are playing an important role in the analysis.

3.1 Tracks and vertices

The reconstruction of track parameters is based on the hit position measurements performed
by the Inner Detector. Due to a high pile-up environment the reconstruction of tracks for the
primary vertices is quite challenging [47]. The particles from the pile-up creating hits, pose
significant problems for reconstruction algorithms.

3.1.1 Track reconstruction

The tracks in the inner detector are reconstructed using different algorithms [48] in the follow-
ing order:

– The inside-out algorithm represents a baseline algorithm for the charged particles recon-
struction. The reconstruction starts from creation of space points the three-dimensional
representations of the Pixel and SCT detectors measurements. The algorithm starts from
three space point hits and extend the track moving away from the interaction point by
adding hits using a combinatorial Kalman filter. Reconstructed tracks are extended into
the TRT. The inside-out algorithm is only used for tracks with pT > 0.4 GeV.

The particles are defined as primary particles if they have a lifetime greater than 3× 10−11 s
and are produced from a decay of particles, whose lifetime is less than 3× 10−11 s.

37



3 Objects reconstruction

– The back-tracking algorithm detects a track in the TRT and extends it inside the silicon
tracker by adding hits. This algorithm is responsible for the reconstruction of secondary
tracks, which are produced from the decay products of the primary particles, having
their origin not close to the primary interaction point.

– The TRT-standalone algorithm reconstructs the tracks, left unreconstructed with the first
two algorithms, due to the absence of corresponding hits in the silicon detector.

Figure 3.1 illustrates the difference between the default track reconstruction approach, used for
the 2011 data taking with low pile-up and the more “robust” one, with tighter requirements
tuned for the high pile-up environment. A missing measurement, which is expected from the
track, is called a hole. The default approach requires at least 7 silicon hits and not more than
two holes in the Pixel detector. The robust selection requires 9 hits in the silicon detector (Pixel
and SCT) and no holes in the Pixel detector.

Figure 3.1 represent the primary reconstruction track efficiency as a function of pT and η. The
plots show this dependency for various pile-up conditions.
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Figure 3.1: The pT (left) and η (right) distributions of the primary track reconstruction efficiency
for the minimum bias Monte Carlo samples with average number of interactions per bunch-crossing
µ = 1, 21, 41. Tracks passing the default (dashed) and robust (solid) selection are shown [47].

One can see, that robust requirements reduce the efficiency by around 5%, but improve another
important property of the tracking algorithm, the fraction of reconstructed non-primary tracks.
The plots in Figure 3.2 show, that this fraction for the robust algorithm is reduced by a factor
of 2− 5 and is almost pile-up independent.

The transverse momentum resolution of the Inner Detector is

σpT

pT
= 0.05% pT ⊕ 1%, (3.1)

while the resolution of the transverse impact parameter for high momentum particles in the
central η region is 10 µm.
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Figure 3.2: The pT (left) and η (right) distributions of the non-primary track fraction in the minimum
bias Monte Carlo samples with average interactions per bunch-crossing µ = 1, 21, 41. Tracks passing
the default (dashed) and robust (solid) selection are shown [47].

3.1.2 Primary vertex reconstruction

The primary vertices reconstruction is based on the Iterative Vertex Finding algorithm [49]. This
algorithm works in the following way:

– A preselection from the tracks, that are candidates to come from the interaction region.

– The vertex seed is selected as the global maximum of the distribution of z coordinates of
the tracks, at the point of closest approach to the interaction point.

– The vertex position is fitted using an adaptive vertex fitting algorithm [50]. The fit al-
gorithm considers only tracks around the seed position. It is down-weighting tracks
based on their contribution to the overall χ2.

– The tracks associated with the fitted vertex compatible less than approximately 7σ are
removed from the subsequent considerations. The tracks are not associated to any vertex
are used to seed the next vertex. These steps are repeated, until no more vertex can be
found.

3.2 Electrons

For the one-lepton analysis the electrons are playing an important role. The requirement the
presence of exactly one electron in the analysis significantly suppresses other backgrounds,
especially the multijet background, therefore it is important to have a good rejection against
misidentified hadronic jets. It is also important to have a high tagging efficiency. In this sec-
tion, a brief description of the electron trigger, reconstruction, identification, and perform-
ance is given. The performance studies are based on the tag-and-probe approach and Z → ee,
J/ψ→ ee and W → eν processes are used for these analyses.
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3.2.1 Trigger

The electron trigger works as follows:

– The Level 1 (L1) EM trigger considers the EM calorimeter as a grid with granularity
∆η×∆φ = 0.1× 0.1, called trigger towers. A sliding-window algorithm searches for seeds
within a 4 × 4 window of trigger towers and identifies the so-called Region of Interest
(RoI). It sends a trigger request, when the central 2× 2 trigger towers contain one pair of
neighbouring towers with a total energy above the threshold.

– The Level 2 (L2) trigger uses the e/γ algorithm and builds cell clusters within the RoI of
a ∆η× ∆φ = 0.4× 0.4 window, found by the L1 trigger. Some offline-like corrections are
applied, to improve the energy and cluster position.

– The Event Filter (EF) level retrieves the cell information from a region slightly larger
than the RoI. It uses the offline sliding-window algorithm for cluster reconstruction and
applies all offline based corrections.

Further details about the trigger studies can be found in Ref. [51].

3.2.2 Reconstruction and identification

Electrons and photons are reconstructed for the |η| < 2.47 region using energy deposits in the
electromagnetic calorimeter. The η − φ space of the EM calorimeter is divided into a grid of
Nη ×Nφ = 200× 256, each grid cell with a size of ∆η×∆φ = 0.025× 0.025. The cells along the
longitudinal layers of the EM calorimeter with the same η × φ grid cell are forming a tower.
The tower energy is the total energy deposited in the tower cells.

The sliding-window algorithm [52] searches with window size of 3 × 5 towers for the total
cluster transverse energy above 2.5 GeV. Monte Carlo simulations show, that the cluster re-
construction is very efficient: for electrons with ET = 7 GeV the efficiency is about 95%, while
for ET = 15 GeV it reaches 99%.

A cluster in the EM calorimeter is classified as an electron, if it matches a well-reconstructed
track from the ID. If the track is consistent with a photon conversion and the conversion vertex
has also been reconstructed, the corresponding electrons are matched as converted photons.
Depending on the number of assigned electron tracks, a converted photon is classified as a
single- or double-track conversion. If a cluster does not have any matched track, it is classified
as an unconverted photon.

The electron clusters are rebuilt with different sizes depending on the barrel and end-cap
calorimeter regions. The cluster sizes are optimised to minimize pile-up and noise contri-
butions. Corresponding Monte Carlo simulation-based correction factors are applied to the
cluster energies.

The relative energy resolution for electromagnetic objects can be expressed as:

σE

E
=

a√
E
⊕ b

E
⊕ c, (3.2)
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where a is the sampling term, by design expected to be about 10%, b corresponds to the noise
term, while c is a constant term, which, by design, is expected to be about 0.7% at high energies.
All parameters are considered to be η dependent.

The clusters considered as electron or photon candidates should have longitudinal and trans-
verse profiles consistent with the response of the EM calorimeter for the corresponding particle.

For the analysis, three different cut-based selections loose, medium and tight are defined for
electrons, with increasing background rejection power, but decreasing efficiency [53]. Shortly
they can be described as follows:

– The Loose identification uses requirements on the hadronic leakage, lateral shower and
shower related parameters, the number of hits in the Pixel and SCT detectors, and track-
cluster matching.

– The Medium identification adds requirements on hits related to the TRT detector, the
transverse impact parameter, hits in the B-layer and on the ratio of the energy in the
back layer and EM calorimeter.

– The Tight identification adds additional requirements on the track-cluster matching, on
the cluster energy over the track momentum ratio E/p, and imposes a veto on electrons
matched as from photon conversions.

In addition to the above selections, identifications based on multivariate techniques are also
developed. They were designed to have similar electron identification efficiencies, but better
jets and converted photons rejection power. For one-lepton analyses, as well as for the current
analysis, the cut-based identification is used.

In addition to the identification criteria described above, different analyses use isolation re-
quirements to further suppress jets, which are misidentified as electrons. Two different types
of isolation variables are used:

– The Calorimetric isolation variable Econe∆R
T is defined as transverse energy deposited in

the calorimeter in a cone of size ∆R around the electron, excluding the energy deposited
in the cluster. Corresponding pile-up and energy leakage corrections are applied.

– The Track isolation variable pcone∆R
T is defined as the sum of the transverse momenta

of the tracks within a cone of the ∆R around the electron and with pT > 0.4 GeV. The
electron track itself is excluded from the sum. Tracks included in the sum are required
to meet certain quality criteria and come from the same primary vertex as the electron.

Identification and reconstruction efficiencies are measured using a tag-and-probe approach. It
uses Z → ee and J/ψ → ee signatures and tags one of the two decay electrons based on strict
selection criteria (mentioned as “tag”), while another electron (mentioned as “probe”) is used
to measure the identification and reconstruction efficiency [54].

The total efficiency to detect an electron εtotal can be decomposed on different components:

εtotal = εreco · εid · εtrig · εother. (3.3)

The reconstruction efficiency εreco is related to the electromagnetic cluster reconstruction, the
εid corresponds to the efficiency of the identification, with respect to the reconstructed elec-
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trons, the εtrig accounts for the trigger efficiency, with respect to the electrons passing the
identification criteria, while the other efficiency εother is related to the analysis specific require-
ments, for example on isolation variables.

Combined reconstruction and identification efficiencies for different criteria, are based on the
Z → ee decay tag-and-probe approach are shown in Figure 3.3.

10 20 30 40 50 60 70 80 90 100

 R
ec

o*
ID

 E
ffi

ci
en

cy

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

-1 L dt = 20.3 fb∫
 = 8 TeV s

ATLAS Preliminary

| < 2.47η|
Loose
Multilepton
Medium
Tight

Data: full, MC: open

| < 2.47η|
Loose
Multilepton
Medium
Tight

 [GeV]TE

10 20 30 40 50 60 70 80 90 100

D
at

a/
M

C

0.95

1

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

 R
ec

o*
ID

 E
ffi

ci
en

cy
0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

-1 L dt = 20.3 fb∫
 = 8 TeV s

ATLAS Preliminary

 > 7 GeVTE
Loose
Multilepton
Medium
Tight

Data: full, MC: open

 > 7 GeVTE
Loose
Multilepton
Medium
Tight

η
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

D
at

a/
M

C

0.85

0.9

0.95

1

Figure 3.3: Combined reconstruction and identification efficiencies for lose, multilepton, medium and
tight criteria as a function of Emiss

T (left) and η (right) [53]. Data/MC comparisons are done for electrons
from Z → ee decay. Uncertainties related to the statistics are shown as inner error bars, while total
(statistical and systematic) uncertainty are shown as outer error bars.

3.2.3 Energy scale and resolution

The energy scale and resolution is determined using Z → ee decays.

The energy correction is defined as:

Edata = EMC(1 + αi), (3.4)

where Edata and EMC denote the electron energy in data and simulation, respectively. The αi
corresponds to the relative difference from the simulated value in the i-th bin.

The αi coefficients depend on η and are estimated as:

mdata
ij = mMC

ij (1 + αij), αij ≈
αi + αj

2
. (3.5)

Here it is taken into account, that the αi are small, therefore higher order terms may be neg-
lected and the angle between electrons is well modelled. mdata

ij and mMC
ij are invariant masses,
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respectively, for the data and the Monte Carlo simulation, of the electron pair reconstructed
for pseudorapidity bin (ηi, ηj), where αij corresponds to the relative shift of the mass peak for
this bin.

To estimate electron resolution corrections, it is assumed, that the Monte Carlo simulation is
well modelling the resolution curve up to some Gaussian smearing term c:(σE

E

)data
=
(σE

E

)MC
⊕ c. (3.6)

It is considered that ci also depends on η. Therefore, the resolution of the invariant mass for
the (ηi, ηj) bin can be written as:(

σm

m

)data

ij
=

(
σm

m

)MC

ij
⊕ cij =

1
2
·
[(σE

E

)MC

i
⊕ ci

]
⊕
[(σE

E

)MC

j
⊕ cj

]
, cij =

ci ⊕ cj

2
. (3.7)

Finally the αi and ci coefficients are obtained by solving the equations above, where αij and cij
are involved.

The energy scale corrections αi and effective constant term corrections ci as functions of η are
shown in Figure 3.4. Both correction coefficients are derived from the Z → ee events [54]. The
plots in the bottom row show statistical and total uncertainties as functions of η.
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Figure 3.4: Energy scale corrections αi (left) and effective constant term correction ci (right) as functions
of η [54]. Both correction coefficients are derived from the Z → ee events. The plots in the bottom row
show statistical and total uncertainties as functions of η.

The left plot in Figure 3.5 shows the invariant mass distribution after applying all corrections.
The data/MC agreement is at the level of 2% in the mass range 80 < mee < 100 GeV.

The resolution can be measured from the Z resonance width. The right plot in Figure 3.5 shows
the resolution curve as a function of ET for |η| = 0.2. A minimal relative uncertainty of 5% is
achieved for electrons with ET = 40 GeV.
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Figure 3.5: Invariant mass distribution for the Z → ee decay, before and after energy scale corrections
are applied is shown in the left plot. Distributions are normalised to the number of events in the data.
The right plot shows the resolution curve as a function of ET for |η| = 0.2 [54].

3.3 Muons

Muons are playing an important role in the one-lepton analysis, they have an even cleaner
signature than electrons. In this section a brief description of the muon trigger, reconstruction,
identification and performance is given. The performance studies are based on the tag-and-
probe approach and use J/ψ→ µµ, Υ→ µµ and Z → µµ processes for the analysis [55].

3.3.1 Trigger

The muon trigger works as follows:

– The Level 1 (L1) trigger identifies muons by hits coincidences in the RPCs or TGCs,
which are pointing to the beam interaction region. The L1 muon trigger system has six
programmable pT thresholds. The global L1 trigger uses information about the number
of muon candidates passing each threshold. If an event is accepted by the L1 trigger, the
information about the corresponding detector Region of Interest (RoI) and pT thresholds is
sent to the L2 trigger. The size of the RoI is ∆η×∆φ = 0.1× 0.1 for RPCs and 0.03× 0.03
for TGCs. The L1 trigger covers about 80% of the barrel and 99% of the end-cap regions.

– The Level 2 (L2) trigger reconstructs a stand-alone muon by adding information from the
MDT chambers to get a more precise track estimation. To fit in the time constraints,
a simplified reconstruction algorithm is used. The reconstructed stand-alone muon in-
formation is then combined with a track measured by the ID detector. The closest track
in the η − φ plane is used to create a L2 combined muon by taking the weighted average
of the transverse momenta of the track and the stand-alone muon.

– The Event Filter (EF) trigger uses two methods to define a muon: one method is based on
the RoI defined at L1 and L2 level, the other one uses a full-scan of the detector. Muons
candidates found by the RoI method are called EF stand-alone muons, while the muons
found by the full-scan method are referred to as EF full-scan muons.

Further details about the trigger studies can be found in Ref. [56].
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3.3 Muons

3.3.2 Reconstruction and identification

Muons are reconstructed for |η| < 2.7 based on the information from the Muon Spectrometer
(MS) and the Inner Detector (ID). In some cases, when the information from the ID is not
sufficient, the calorimeter information is also taken into consideration. Muon measurements
are provided by Monitored Drift Tube Chambers (MDT) or Cathode Strip Chambers (CSC).

Four different types of muons can be encountered:

– Stand-alone (SA) muons are reconstructed based on the MS information only. The para-
meters of the muon track are determined by an extrapolation of the track information
from the MS to the interaction point, taking into account energy losses in the detector
material before the MS. These muons are mainly used for the 2.5 < |η| < 2.7 range,
where the ID does not have any coverage.

– Combined (CB) muons are reconstructed by combining independently reconstructed
tracks from the MS and from the ID. In the analysis mainly this type of muons is used.

– Segment-tagged (ST) muons present a case, when a complete track from the MS cannot
be reconstructed, but there still exists information from at least one segment of the MDT
or CSC chambers. In this case the track of the muon candidate from the ID is combined
with the available information from these segments.

– Calorimeter-tagged (CaloTag) muons for which the track from the ID can be associated to
the region of the calorimeter with deposited energy compatible with a minimum ionising
particle. This type of muons has the lowest purity, but it recovers acceptance in the
uninstrumented region of the MS for |η| < 0.1 and is optimised for the momentum
range of 25 < pT < 100 GeV.

Reconstruction efficiencies for various types of muons as functions of pT and η are shown in
Figure 3.6. Efficiencies are measured using Z → µµ events for muons with pT > 10 GeV.
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Figure 3.6: Efficiency of the muon reconstruction as a function of pT (left) and η (right) measured using
Z → µµ events for muons with 0.1 < |η| < 2.5 and pT > 10 GeV, respectively [55]. Efficiencies are
shown for different reconstruction types. The error bars represent the total uncertainty.
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3.3.3 Energy scale and resolution

The energy scale and resolution corrections for muons in Monte Carlo simulation are defined
as functions in the η − φ plane. Corrections for the muon momenta pT are considered sepa-
rately for tracks measured in the ID and MS. The following equation is used for pT corrections
in Monte Carlo simulation:

pcorr
T =

pT + s0 + s1 · pT

1 + G(∆r0/pT) + G(∆r1) + G(∆r2 · pT)
. (3.8)

The G(σ) is a random variable distributed as a Gaussian with the mean equal to zero and
the width σ. The pT = pMC, det

T is a momenta from the Monte Carlo simulation, where “det”
denotes the ID or MS sub-detector. Terms si = sdet

i (η, φ) and ∆ri = ∆rdet
i (η, φ) correspond to

the scale corrections and momentum resolution smearing, respectively.

For the muon momentum resolution the following empirical parametrisation is used:

σpT

pT
=

r0

pT
⊕ r1 ⊕ r2 · pT, (3.9)

where the first term r0/pT corresponds to the resolution for energy loss in the material. The
second term r1 does not depend on pT and accounts for multiple scattering, inhomogenity of
the local magnetic field, etc., whereas the last term r2 · pT accounts for intrinsic effects due to
the spatial resolution of hit measurements and residual misalignment.

Assumed, that energy loss and it’s fluctuation between the interaction point and the ID are
negligible, the corresponding corrections sID

0 and ∆rID
0 set to zero.

It is considered, that the corrected CB muon momentum reconstruction pcorr, CB
T can be presen-

ted as the weighted average of the corrected pT for each of the ID and MS components:

pcorr, CB
T = f · pcorr, ID

T + (1− f ) · pcorr, MS
T , (3.10)

where the weight f is derived from the Monte Carlo event before the corrections by solving
the following linear equation

pMC, CB
T = f · pMC, ID

T + (1− f ) · pMC, MS
T . (3.11)

The ID and MS corrections are extracted from the data using a template fit to J/ψ → µµ and
Z → µµ events. For the ID track the scale corrections are below 0.1% with an uncertainty of
about 0.02% for |η| < 1.0 and up to 0.2% for |η| > 2.3. Corrections for the MS scale are mainly
below 0.1%, except for some specific regions, where they increase up to 0.4%.

The muon momentum resolution is studied by using J/ψ → µµ, Υ → µµ and Z → µµ
events.

Presumed that the angles between muons are modelled properly, one can estimate the invari-
ant mass resolution as:

σmµµ

mµµ
=

1
2
·

σp1

p1
⊕

σp2

p2
, (3.12)
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where p1 and p2 are the momenta of the muons.

Assuming that momentum resolution is similar for both muons, this can be rewritten as:

σmµµ

mµµ
=

1√
2

σp

p
. (3.13)

The plots in Figure 3.7 show the data/MC comparison for the fitted mean invariant mass
〈mµµ〉 and it’s resolution σmµµ /mµµ. The data are compared with the corrected Monte Carlo
samples as functions of the 〈pT〉 for various |η| regions for CB muons. For J/ψ and Υ an
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Figure 3.7: Data/MC agreement for the fitted mean invariant mass 〈mµµ〉 (top row) and it’s resolution
σmµµ /mµµ (bottom row) with the corrected Monte Carlo samples [55]. Corrections are calculated from
J/ψ → µµ, Υ → µµ and Z → µµ events as functions of the average 〈pT〉 for various |η| ranges. It is
required, that both muons are within the same |η| range. For J/ψ and Υ it is 〈pT〉 = pT , while for Z it
is 〈pT〉 = p∗T. Error bars represent the total uncertainty. The bands show uncertainties on the Monte
Carlo corrections separately for each process.

average momentum 〈pT〉 is defined as:

pT =
1
2
(pT1 + pT2), (3.14)
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while, in case of Z decay, the definition is:

p∗T = mZ

√
sin θ1 sin θ2

2(1− cos α12)
, (3.15)

where mZ denotes the mass of a Z-boson, θ1, θ2 are polar angles of the muons and α12 denotes
the angle between the muons. This definition of p∗T depends on angular variables only and
removes the correlation between 〈mµµ〉 and the average pT.

Figure 3.8 shows the data/MC agreement for distributions of the invariant mass mµµ for
J/ψ → µµ, Υ → µµ and Z → µµ reconstructed with the combined (CB) muons for MC simu-
lation before and after corrections. One can see, that the data/MC agreement has significantly
improved after MC corrections were applied.
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Figure 3.8: Distribution of the invariant mass mµµ for J/ψ → µµ (left), Υ → µµ (middle) and Z → µµ
(right) decays reconstructed with the combined (CB) muons [55]. The dashed blue line represents
Monte Carlo simulations before any momentum correction is applied. The yellow band represents the
systematic uncertainties for the momentum corrections.

3.4 Jets

Jets are playing a key role in many analyses for hadron-hadron collisions. In this chapter the
“anti-kt” algorithm – a default jet finding and reconstruction algorithm – is discussed, together
with the determination of the Jet Energy Scale (JES) and Jet Energy Resolution (JER).

3.4.1 Reconstruction

The “anti-kt” jet clustering algorithm is the default jet reconstruction algorithm used in the
ATLAS experiment [57]. This algorithm can be described by a generalised approach, which
includes other well known sequential recombination algorithms, the kt algorithm [58], and the
Cambridge/Aachen algorithm [59].

The generalised approach can be described as follows:

The distance dij between objects (particles or pseudojets) i and j and the distance diB between
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two object i and the beam axis B are defined as:

dij = min(kt
2p
i , kt

2p
j )

∆2
ij

R2 ,

diB = kt
2p
i ,

(3.16)

where:

– kt
2p
i , yi and φi are the transverse momentum, rapidity and azimuthal angle of the particle

i, respectively;

– ∆2
ij = (yi − yj)

2 + (φi − φj)
2 is the distance between the objects i and j in the y− φ plane;

– R denotes the radius parameter; for jets used in the current analysis, it is taken as R = 0.4;

– p is a parameter, allowing to generalise the algorithm.

The clustering algorithm searches for the smallest distance between the objects. There are two
cases:

– The distance dij is the smallest. In this case, objects i and j are combined in one object;

– The distance diB is the smallest. In this case, the object i is called a jet and removed from
the list of objects.

After each iteration, the distances are recalculated and the procedure repeated until the list of
objects is empty.

An important property, which is required from a jet clustering algorithm, is Infrared and Col-
linear (IRC) safety. Collinear safety means, that the results should not be changed by collinear
splitting of objects, while infrared safety means, that soft emission should not change the prop-
erties of the jet.

Different values of the parameter p correspond to different algorithms:

– p = 1 corresponds to the kt algorithm. It is shown, that the behaviour of the algorithm
with respect to soft radiation for p > 0 is similar to that of the case p = 1.

– p = 0 represents the Cambridge/Aachen algorithm.

– p = −1 is the anti-kt algorithm. Its behaviour for p < 0 with respect to the soft radiation
is similar to that of the case p = −1. The anti-kt algorithm is IRC safe.

An example of how differently the jet clustering algorithms behave, in the case when many
random soft objects are produced together with jets, is shown in Figure 3.9. One can see that
the anti-kt algorithm generates approximately circular regions around hard jets. The SISCone
algorithm is not used in the following, for the description of the algorithm one can see Ref. [60].

The active jet area A measures the susceptibility of the jet to the diffuse radiation. A compar-
ison between anti-kt and other algorithms is shown in Figure 3.10. The deviations from πR2

are measured as functions of pT. Small deviations from πR2 mean, that the anti-kt algorithm
is quite stable against soft radiation [61].
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Figure 3.9: A jet clustering using Cambridge/Aachen (top left), SISCone (top right), kt (bottom left) and
anti-kt (bottom right) algorithms. Each colour corresponds to the area for each hard jet. The presence
of many random soft components change the areas for kt and Cambridge/Aachen algorithms [57].
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Figure 3.10: Dependence of the average jet area 〈AJA,R〉 on the jet pT. A comparison is done for various
jet algorithms. The ratio is close to unity only for the anti-kt algorithm [57].
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For a better identification of the calorimeter jet origin, tracks measured in the Inner Detector
are associated to jets [61], which allows the estimation of the pile-up contribution to the jet
based on the Jet Vertex Fraction (JVF) approach [62].

The JVF is defined as follows:

JVF(jet, PVk) =

∑
i

pT(trackjet
i , PVk)

∑
m

∑
i

pT(trackjet
i , PVm)

. (3.17)

where PVk is the k-th primary vertex, while JVF(jet, PVk) is the ratio of contributions of tracks
associated with the k-th primary vertex to all tracks associated with the jet. Setting require-
ments on the JVF variable allows to efficiently discard jets from pile-up interactions.

3.4.2 Energy scale and resolution

The energy deposited in the ATLAS calorimeter cells is grouped into topological clusters (topo-
clusters). Two different calibrations can be applied to a topocluster: an electromagnetic scale
(EM) calibration and Local Cluster Weights (LCW) for the hadronic scale calibration, which cor-
rects the response for the non-compensating nature of the calorimeter.

Depending on the origin, jets are calibrated using EM-or LCW-scales. The calibration consists
of the following steps:

– The direction of the jet is adjusted to point to the interaction vertex, rather than to the
detector centre, as described in Ref. [63].

– The pile-up contribution is subtracted from jets [62]. For the 2011 dataset, the correction
can be described as a function of NPV and 〈µ〉, while for the 2012 dataset the pile-up
subtraction is based on a jet area approach [60]. An advantage of this approach is that
it deals with pile-up on event-by-event basis and relies less on the tracks and vertices
identification, which is affected by the pile-up.

– The jet is corrected on particle level using calibration factors as functions of the energy
and pseudorapidity [63]. The Global Sequential (GS) set of multiplicative corrections,
which are based on global jet observables, are applied [64].

– After applying all calibrations, jets are clustered based on EM- and LCW-scale topo-
clusters. Reconstructed jets are mentioned as EM+JES and LCW+JES accordingly.

Jet energy scale calibration

The in-situ jet energy scale is calibrated using as reference well calibrated objects. For different
pT and η of jets a different in-situ methodology is used. Different approaches cover the same
calibration region give the possibility to cross-check and improve the calibration.

The pref
T of reference object, which can be γ, Z and jet and is well-calibrated based on other

techniques, is compared to the pjet
T of a jet, which has to be calibrated. The ratio between data
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and Monte Carlo
Rdata

RMC
=
〈Rdata〉
〈RMC〉

, R = pjet
T /pref

T (3.18)

is used to define the correction, which is applied to the jets reconstructed in the data.

For the central rapidity region |η| < 0.8 the jet scale calibration is based on the Direct Balance
(DB) and Multijet balance (MJB) methods [65].

Briefly, both methodologies can be described as follows:

Direct balance method

The direct balance (DB) method is based on the transverse momentum balance between
a Z-boson or a photon γ and a jet [66]. To reduce the effect of additional parton radiation,
pjet

T is compared to the reference transverse momentum pref
T , which is calculated as:

pref
T = pZ/γ

T × |cos ∆ϕ| , (3.19)

where pZ/γ
T is the transverse momentum of the Z/γ and ∆ϕ is the azimuthal angle

between the Z/γ and the leading jet. Due to the pZ
T spectrum, the Z-jet direct balance

approach covers only 20 < pjet
T < 200 GeV transverse momentum range. To extend this

range, the γ-jet analysis is used, which covers the range 30 < pjet
T < 800 GeV. For the jet

energy scale calibration, a combination of these two analyses is used.

Dijet balance method

The dijet balance method is based on the approximation, that, at leading order in QCD,
for dijet events the transverse momenta should balance each other [67]. The imbalance
of the transverse momenta can be characterised by the asymmetry:

A =
pjet

T − pref
T

pavg
T

, pavg
T =

1
2
(pjet

T + pref
T ), (3.20)

where pref
T is the transverse momentum of the reference jet and pjet

T is the transverse
momentum of the jet under investigation.

The calorimeter response can be described as:

Rdijet =
pjet

T

pref
T

=
2 + 〈A〉
2− 〈A〉 , (3.21)

where 〈A〉 is the mean value of the asymmetry, which depends on pavg
T and ηdet.

Multijet balance method

The multijet balance (MJB) method is used to calibrate high pT jets [67]. The high pT jet
is calibrated to the recoil system of jets with lower pT. This approach requires to have
well calibrated low pT jets, which may be achieved by other in-situ methods.

RMJB =
pleading

T

precoil
T

, (3.22)
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where pleading
T corresponds to the transverse momentum of the leading jet and precoil

T
denotes the vectorial sum of transverse momenta of all sub-leading jets. To estimate the
response of high pT jets, the ratio 〈RMJB

data〉/〈R
MJB
MC 〉 is used. The MJB method covers the

range of 300 < pT < 1700 GeV.

Figure 3.11 shows the ratio of the response Rdata/RMC for the Z+jet, γ+jet and multijet balance
in-situ methods for EW+JES and LCW+JES. In the 20 < pT < 2000 GeV range, the agreement
between data and Monte Carlo simulation is at the 1% level. The black line represents the
combined correction from all three methods.
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Figure 3.11: Ratio of Rdata/RMC measured for Z+jet, γ+jet and multijet balance in-situ methods for
EW+JES (left) and LCW+JES (right). The black line represents the combined correction from all three
methods [65].

The jet energy scale uncertainty includes 65 different parameters related to uncertainty sources
from in-situ methods, η-intercalibration and pile-up correction uncertainties.

The plots in Figure 3.12 show the total jet energy scale uncertainty for LCW+JES calibrated
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Figure 3.12: The total jet energy scale uncertainty for LCW+JES calibration is shown as a function of
pjet

T for η = 0 (left) and as a function of η for pjet
T = 40 GeV (right). Distributions are shown for

dijet events. “Absolute in situ JES” corresponds to V+jet and multijet measurements, “Relative in situ
JES” corresponds to dijet η-intercalibration, and “Punch-through” is related to the uncertainty on the
muon-based stage of the global sequential corrections [65].
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jets with in-situ calibration as a function of pjet
T for η = 0 (left) and as a function of η for

pjet
T = 40 GeV (right). Uncertainties for EM+JES jets with in-situ calibration are similar.

Jet energy resolution

The jet energy resolution is estimated using data-driven techniques based on the transverse
momentum balance in dijet, multijet and Z/γ-jet events. It can be parametrised as [63]:

σpT

pT
=

a
pT
⊕ b
√

pT
⊕ c, (3.23)

where a represents a contribution from the external noise (electronics and detector noise and
pile-up), b is related to the sampling nature of the calorimeter, and c accounts for fluctuations,
which do not depend on pT.

Different methods described above for the jet energy scale calibration can also be used to es-
timate the jet energy resolution. Two methods are listed below:

Direct balance method

The direct balance method for Z/γ-jet events can be used to estimate the jet energy
resolution. The in-situ resolution σin-situ is obtained as difference in quadrature between
detector and particle level resolutions:

σin-situ =
√

σ2(Rdata)− σ2(Rtruth), (3.24)

where Rdata = pjet
T /pref

T , Rtruth = ptruth-jet
T /pref

T , and ptruth-jet
T is the transverse momentum

of the true jet, which is matched to the corresponding detector level probe jet.

Dijet balance method

The width of the asymmetric distribution of the dijet balance method can be used to
estimate the jet energy resolution:

σ(A) =
σ(pjet

T )⊕ σ(pref
T )

pavg
T

, (3.25)

where σ(pjet
T ) and σ(pref

T ) are energy resolutions for the reference and probe jets, respect-
ively.

Combining dijet measurements with Z/γ-jet measurements, the jet energy resolution as a
function of pT for different |η| regions ([0, 0.8], [0.8, 1.2], [1.2, 2.1] and [2.1, 2.8]) is obtained
for EM+JES and LCW+JES calibrations [65].

The plots in Figure 3.13 show the jet energy resolution as a function of pT for |η| < 0.8 meas-
ured with dijet, Z-jet and γ-jet in-situ methods. For |η| > 0.8 the jet energy resolution is
estimated based only on dijet approach, the resolution obtained as a function of pT is similar
to that shown in Figure 3.13.
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Figure 3.13: Jet energy resolution (JER) for EM+JES (left) and LCW+JES (right) calibrated jets as a func-
tion of the jet pT for |ηdet| < 0.8 detector pseudorapidity region [65].

There are alternative techniques which are also used to estimate the jet energy and resolution,
for example the Missing Projection Fraction (MPF) method [66] or the Dijet bisector method [67].

3.5 Heavy flavour tagging

The identification of jets coming from b quarks plays an important role to reject the vector
boson background processes (W+ jets, Z+ jets and diboson). For the b-quark identification,
the relatively long lifetime of b hadrons is used. With pT ≈ 50 GeV, they are able to travel
about half a centimeter from the beam axis before decaying. The secondary vertex created by
this decay can be detected by the inner detector. Since the inner detector plays a major role
in b-tagging, jets can only be tagged for |η| < 2.5, due to the inner detector pseudorapidity
coverage. A schematic view of a b-hadron decay is shown in Figure 3.14

primary vertex

xy
decay length L

secondary vertex

jet axis

track
impact
parameter

Figure 3.14: Schematic view of a b-hadron decay [68].
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The following b-tagging algorithms were developed within the ATLAS experiment:

– The IP3D is an algorithm based on the transverse d0 and longitudinal z0 impact paramet-
ers. The tagging algorithm compares impact parameters with smoothed distribution of
b- and light-jet hypotheses obtained from the Monte Carlo simulation using a likelihood
ratio technique [69].

– The SV1 is a secondary vertex-based algorithm. It uses a likelihood technique to combine
the invariant mass of all tracks associated with the vertex, the number of vertices with
two tracks and the ratio of the sum of energies for tracks associated with the vertex over
the sum of all tracks in the jet [69].

– The JetFitter is an algorithm using the topology of the b- and c-hadron decays inside
the jet. The discrimination is based on a likelihood approach using kinematical and
topological variables [69].

The following two algorithms are using a neural network approach to increase the separation
between b-, c- and light jets:

– The JetFitterCombNN is a combination of the JetFitter and IP3D [69]. This algorithm
was used for the b-tagging for the 2011

√
s = 7 TeV data analysis.

– The MV1 algorithm is using as input quantities the output from the IP3D, SV1 and
JetFitterCombNN algorithms [70]. This algorithm was used for b-tagging for the 2012√

s = 8 TeV data analysis.

An efficiency of the MV1 tagging algorithm to select the b-, c- and light-jet as a function of the
pT (left) and η (right) is shown in Figure 3.15.
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Figure 3.15: Efficiency of the MV1 tagging algorithm to select the b-, c- and light-jet as a function of
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3.6 Missing transverse energy

One of the most important objects for supersymmetry searches is missing transverse energy
(Emiss

T ) [72]. Due to the presence of neutralinos, the Emiss
T for signal events is higher than

for Standard Model processes. This makes it a powerful separation variable to reject back-
ground events. A description of the trigger, reconstruction and performance of Emiss

T is given
below.

3.6.1 Trigger

The transverse-momentum trigger is designed to select events with weakly interacting particles
passing through the detector. The trigger system works as follows:

– The Level 1 (L1) trigger only uses information from calorimeter “trigger towers”. Each
trigger tower corresponds to an analogue sum of (η, φ) calorimeter cells with a size of
0.1× 0.1. Analogue signals are digitised, the results of four adjacent trigger towers are
summed up to create a jet element. The Ex and Ey quantities are calculated using the
coarse information available for jet elements. At this level the Emiss

T is not calculated and
the decision to accept or reject events is taken based on the measured (x, y) components
of the energies, by mean of look-up tables.

– The Level 2 (L2) trigger recalculates quantities calculated at L1 level based on the objects
in the Region of Interest (RoI) using the full granularity of the detector. The L2 algorithm
improves the Emiss

T calculation by including the muons, reconstructed at L2 level.

– The Event Filter (EF) trigger recalculates all quantities using the full available event in-
formation and full granularity of both calorimeters and muon spectrometers. To sup-
press noise, for Emiss

T calculations only calorimeter energies above 3 σ of the noise are
considered.

Further details related to the transverse-momentum trigger performance can be found in
Refs. [73, 74].

3.6.2 Reconstruction

In this section all pT and Emiss
T are considered as vectors in the x− y plane. The missing trans-

verse energy of a set of objects X is defined as the vector in the x − y plane, opposite to the
vectorial sum of all measured objects in X:

Emiss
T

, X = − ∑
obj∈X

pobj
T . (3.26)

The Emiss
T is reconstructed as missing energy from the calorimeter and muon systems:

Emiss
T = Emiss

T
, calo + Emiss

T
, muon (3.27)
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The Emiss
T

, calo consists of the following components:

– Emiss
T

, e, Emiss
T

, γ, Emiss
T

, τ – reconstructed based on calorimeter cells, which were identified
as electron, photon and hadronically decaying τ lepton;

– Emiss
T

, jets – LCW+JES calibrated anti-kt R = 0.4 jets with pT > 20 GeV;

– Emiss
T

, soft-jets – LCW calibrated anti-kt R = 0.4 jets with 10 GeV < pT < 20 GeV;

– Emiss
T

, calo-µ – energy loss of muons in the calorimetry system;

– Emiss
T

, CellOut – includes all cells, which are not associated to any reconstructed objects.

The calibration of these objects is done independently, taking into account their physical nature.

The muon term is computed as:

Emiss
T

, muon = −∑
µ

pµ
T, (3.28)

where all muons with |η| < 2.5 are included in the sum.

To improve the calculation of the Emiss
T

, CellOut term, the energy-flow approach is used. The
track based information is used in order to recover the contribution from low-pT objects which
did not reach the calorimeter. If a track associated to a topocluster with a low deposited en-
ergy exists, the track based calculation of the momentum is preferred over the calorimeter
information.

For the Emiss
T affected by pile-up, two different approaches to pile-up suppression are used:

In the first approach the Soft Term Vertex Fraction is calculated:

STVF = ∑
track∈soft-term,PV

pT(track, PV)/ ∑
track∈soft-term

pT(track). (3.29)

The correction to the Emiss
T

, soft-term is applied by scaling with the STVF factor.

Another pile-up subtraction approach is based on considering the jet area Ajet. The energy
for topoclusters entering into the Emiss

T
, soft-term is reclustered based on the kt algorithm, which

reconstructs jets down to pT = 0. To define a contribution from pile-up in the jet area, the
event transverse momentum density ρ is used. Jets are corrected as:

pjet, corr
T = pjet

T − ρ× Ajet, (3.30)

where Ajet is the jet area. Finally the JVF > 0.25 filter is applied. Details about the jet-area
corrections can be found in Refs. [61, 62].

Two different ways to estimate ρ are considered:

– Extrapolated Jet Area Filtered
The ρ is calculated as the median of pjet

T /Ajet, where the jet is clustered by the kt algorithm
with R = 0.4 from the soft term in the |η| < 1.8 region. The value of ρ is then extrapolated
to the forward region. The soft term jets are clustered using the kt algorithm with R = 0.6
and corrected and filtered as described above.
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3.6 Missing transverse energy

– Jet Area Filtered
The ρ is calculated as the median of pjet

T /Ajet, where the jet is clustered by the kt algorithm
with R = 0.8 from the soft term in the |η| < 5 region. The soft term jets are clustered
using the kt algorithm with R = 0.4 and corrected and filtered as described above.

3.6.3 Performance

Performance of the Emiss
T reconstruction is measured using minimum bias, dijet, Z → `` and

W → `ν events. For all these processes, the simulated samples are compared with the ob-
served data distributions [75, 76].

Apart from the W → `ν process, three other processes can be used to investigate the Emiss
T . It

can be done almost without relying on the simulation, since they do not have a direct source
of Emiss

T , apart from some semileptonic decays which will have a much smaller contribution.
Therefore, the measured Emiss

T will be mainly due to reconstruction or detector effects.

The response of Emiss
T is studied for two different cases: for the Z → `` decay, where no

genuine Emiss
T is expected, and for the W → `ν, where genuine Emiss

T is produced from the
neutrino.

An important variable, used in performance measurements, is the total scalar sum of all ob-
jects

∑ ET = ∑
obj

∣∣∣pobj
T

∣∣∣ . (3.31)

The resolutions of the Emiss
x and Emiss

y distributions as a function of ∑ ET before (left) and
after (right) pile-up suppression with the STVF approach for various Monte Carlo samples
are shown in Figure 3.16.
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Figure 3.16: The Emiss
x and Emiss

y distributions as a function of ∑ ET before (left) and after (right) pile-up
suppression with the STVF approach for various Monte Carlo samples [76].

For the Z → `` decay, a projection of Emiss
T to the direction of the Z boson in the transverse
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plane is defined as:

Projection = 〈Emiss
T · AZ〉, AZ =

p`
+

T + p`
−

T∣∣p`+T + p`−T
∣∣ , (3.32)

where p`
±

T are transverse momentum vectors of the lepton anti-lepton pair, which is forming
the Z-boson, and AZ is the direction of the Z-boson in the transverse plane. Figure 3.17 shows
distributions of the mean value of Emiss

T (left) and the mean value of the projection of Emiss
T on

the transverse momentum direction of the Z boson pZ
T (right) as functions of pZ

T .
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Figure 3.17: Distributions of the mean value of Emiss
T (left) and the mean value of the projection of Emiss

T
on the transverse momentum direction of the Z boson pZ

T (right) [76]. Both distributions are shown for
the Z → µµ selection as functions of pZ

T .

Another important distribution is the hadronic recoil in the Z → `` decay, which is defined as
the vectorial difference

∣∣Emiss
T − pZ

T

∣∣. The plots in Figure 3.18 show the ratio of the projection
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Figure 3.18: Distribution of the mean value of the hadronic recoil 〈(Emiss
T − pZ

T ) · Az/pZ
T 〉 as function of

pZ
T [76]. Left plot shows the distribution for the Z → ee decay, the right plot for the Z → µµ decay.

of the hadronic recoil on the transverse direction AZ to the pZ
T of the Z boson. Distributions

are shown for the Z → ee and Z → µµ processes.
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3.6 Missing transverse energy

Correct modelling of the recoil is very important for the presented
√

s = 8 TeV analyses, since
both of them significantly benefit from the radiated jet. The variable, similar to the projection,
but based on the recoil jet is used to improve the signal to background separation.

For the W → `ν decay, the measured parameter is the Emiss
T linearity, which is defined as:

Linearity =

〈
Emiss

T − Emiss
T

, True

Emiss
T

, True

〉
, (3.33)

and the resolution of Emiss
T , which is defined as:

Resolution =
σ(Emiss

T /Emiss
T

, True)

〈Emiss
T /Emiss

T
, True〉

. (3.34)

The plots in Figure 3.19 show distributions of the resolution of Emiss
T (left) and Emiss

T linearity
(right) as functions of the true Emiss

T
, True for W → µν based on the Monte Carlo simulation.
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Figure 3.19: Distributions of the resolution of Emiss
T (left) and Emiss

T linearity (right) as functions of the
true Emiss

T
, True for W → µν based on the Monte Carlo simulation [76].

The following approach is used to study the balance between Emiss
T

, soft and hard objects. The
total transverse momentum of the hard objects is defined as:

phard
T = ∑

µ

pµ
T + ∑

e
pe

T + ∑
jet

pjet
T + ∑

γ

pγ
T + ∑

ν

pν
T. (3.35)

Following this definition, the phard
T is calculable only for Monte Carlo events, since it contains

invisible objects. It is expected, that the difference between Emiss
T and phard

T would be equal to
Emiss

T
, soft. To evaluate the scale and the resolution of Emiss

T
, soft, it is decomposed into two com-

ponents, along and perpendicular to the phard
T direction. The mean longitudinal component

corresponds to the scale of Emiss
T

, soft, while the resolution is estimated from the longitudinal
and perpendicular components distributions on the phard

T bins fitted by a Gaussian.

Distributions of Emiss
T for the Z → µµ process before and after pile-up suppression with STVF
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approach are shown in Figure 3.20. Variations of Emiss
T

, soft are done according to the scale
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Figure 3.20: Distributions of Emiss
T before (left) and after (right) pile-up suppression with STVF approach

[76]. Distributions show a data/MC comparison for the Z → µµ process. Variations of Emiss
T

, soft are
done according to the scale and resolution uncertainties estimated for the Emiss

T
, soft term.

and resolution uncertainties estimated for the Emiss
T

, soft term. The uncertainty on Emiss
T

, soft is
significantly reduced after pile-up suppression, due to the strong reduction of the Emiss

T
, soft

term.

Distributions of Emiss
T and mT for the W → eν process are shown in Figure 3.21 for differ-

ent pile-up suppression methods. The true Emiss
T and mT reconstructed with true Emiss

T are
also shown for comparison. Many analyses which estimate theory uncertainties are based on
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Figure 3.21: Distribution of Emiss
T (left) and mT (right) for the W → eν process for different pile-up

suppression methods [76]. The true Emiss
T and mT reconstructed with true Emiss

T are also shown for
comparison.

particle level studies. The mT distribution (right plot) shows, that if a selection with a hard
mT requirement (above 100 GeV) is used, it cannot be applied directly to particle level objects
without relaxing the mT requirement or applying a smearing of the true Emiss

T .
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CHAPTER 4

Search strategy

The strategy for searches for supersymmetry in the one-lepton channel, the statistical methods
and the tools used for the analysis are briefly discussed in this chapter.

For all searches presented in this thesis, R-parity conservation is assumed. A consequence is
the stability of the Lightest Supersymmetric Particle (LSP). Since the LSP has not been observed
so far by any experiment, it should be neutral and weakly interacting. It is assumed, that the
LSP is the lightest neutralino χ̃0

1.

4.1 Decay modes

The mass difference between two particles X and Y is denoted as ∆m(X, Y) = m(X)−m(Y).
In the presented work the following decay modes are considered:

– The t̃1 → tχ̃0
1 decay, with a branching ratio (BR) of 100%, where the top quark decays

on-shell: m(t) < ∆m(t̃, χ̃0
1). This mode is denoted as the top-neutralino decay and to

refer to it, the acronym “tN” (for “top-Neutralino”) is used in the following.

– The t̃1 → bWχ̃0
1 decay, with a BR = 100%; this corresponds to a top quark off-shell

decay, where the W-boson decays on-shell: m(b) + m(W) < ∆m(t̃, χ̃0
1) < m(t). This

decay mode is denoted as 3-body decay and is referred to with the acronym “bWN” (for
“bottom-W-Neutralino”) in the following.

– The t̃1 → bχ̃±1 decay, with the subsequent decay of χ̃±1 → W±(∗)χ̃0
1, where both decays

proceed with a BR = 100%, and m(b) < ∆m(t̃, χ̃±1 ) and m(χ̃
0
1) < m(χ̃

±
1 ), while the

W boson decays either on its mass shell m(W) < ∆m(χ̃
±
1 , χ̃0

1) or as a virtual particle
m(W) > ∆m(χ̃

±
1 , χ̃0

1). This mode is called the bottom-chargino decay and to refer to it,
the acronym “bC” (for “bottom-Chargino”) is used.

The Feynman diagrams for these decay modes for the semileptonic decay channel are shown
in Figure 4.1.
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Figure 4.1: The Feynman diagrams for top-squark pair production followed by semileptonic decay
channels, where both top squarks decay via: on-shell top quark and neutralino t̃1 → tχ̃0

1 (top left),
off-shell top quark (3-body decay) via bottom quark, W boson and neutralino t̃1 → bWχ̃0

1 (top right)
and bottom quark and chargino t̃1 → bχ̃±1 → bW±(∗)χ̃0

1 with W-boson decay either on-shell (bottom
left) or off-shell (bottom right).

4.2 Simplified models

Since the SUSY partners do not have the same masses as the corresponding Standard Model
particles, supersymmetry has to be broken.

In general, the masses of SUSY particles, if there are no other assumptions, enter the model
as input parameters. To decrease the number of input parameters, simplified models are con-
sidered, meaning that all supersymmetric particles, which are not included in the decay, are
considered to be very heavy (above 3 TeV) and are neglected.

This simplification allows to generate a model-dependent set of signal samples for different
masses of the particles in the decay mode. The produced set of signal samples for the t̃1 →
tχ̃0

1 on-shell and off-shell decay modes are referred to as “tN grid” and “bWN grid”, respec-
tively. Since these decays include only two supersymmetric particles, each signal model can
be presented as a point in the (t̃, χ̃0

1) mass plane.

For the t̃1 → bχ̃±1 → bW±(∗)χ̃0
1 decay mode, three particles are involved, therefore each signal

model is represented as a point in the (t̃, χ̃±1 , χ̃0
1) mass space. Since a three-dimensional space

is difficult to present, the signal points are generated for different mass planes and are referred
to as “bC grids”. The gaugino universality grid, which assumes m(χ̃

±
1 ) = 2 ·m(χ̃

0
1), is presented

in the (t̃, χ̃0
1) mass plane. The motivation for this assumption is that for supersymmetry the
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gauge coupling constants are unified at a high scale. Assuming that the gaugino masses are
also unified at the same scale, one can get the relation

m(χ̃
±
1 ) ≈ 2 ·m(χ̃

0
1) (4.1)

for the lightest chargino and neutralino.

4.3 Compressed scenarios

A Compressed Scenario refers to signal models where mass differences between some super-
symmetric particles are small or some masses are degenerated. Usually in these regions the
standard analysis does not have enough sensitivity and dedicated analyses have to be de-
veloped. The presented work targets different compressed scenarios for both t̃1 → tχ̃0

1 and
t̃1 → bχ̃±1 decays.

For the t̃1 → tχ̃0
1 decay mode the compressed scenario corresponds to ∆m(t̃, χ̃0

1) ≈ m(t), the
so-called tN diagonal region. This region consists of two parts:

– Below the diagonal, ∆m(t̃, χ̃0
1) > m(t); with on-shell top-quark decay t̃1 → tχ̃0

1;

– Above the diagonal, ∆m(t̃, χ̃0
1) < m(t); with off-shell (3-body) decay t̃1 → bWχ̃0

1.

The analysis covers the region which is left uncovered after top-squark pair production SUSY
searches at

√
s = 8 TeV. This analysis uses the

√
s = 8 TeV data and allows to cover the tN

diagonal region of m(t̃1) from 200 GeV up to 300 GeV on both sides of the diagonal for on-
and off-shell top-quark decays.

For the t̃1 → bχ̃±1 decay mode, the compressed scenario targets the so-called bC diagonal region
of the gaugino universality grid, where ∆m(t̃, χ̃±1 ) is small, less than about 25 GeV. In this re-
gion the pT of the produced b-jets is small and mainly below the acceptance threshold. There-
fore the standard analysis does not have enough sensitivity. Analyses for this compressed
scenario are developed for the

√
s = 7 TeV and

√
s = 8 TeV data. The analyses cover the bC

diagonal region of m(t̃1) from 125 GeV up to 300 GeV.

4.4 Variable definition

In this section the variables used in the analysis are defined. For the tN diagonal analysis,
additional specific variables are defined in Section 8.3.

Emiss
T is defined as the magnitude of the transverse momentum vector

∣∣pmiss
T

∣∣.
The HT variable is defined as the scalar sum of the leading three jets HT = ∑3

i=1 pT(ji). This
variable is used for the bC analysis, where the jet selection requires at least three jets.

The Emiss
T /

√
HT variable represents an approximation to the Emiss

T significance.
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The rapidity y is defined as:

y =
1
2

ln
(E + pz

E− pz

)
. (4.2)

The pseudorapidity η is defined as:

η =
1
2

ln
( p + pz

p− pz

)
= artanh

( pz

p

)
, (4.3)

where p is the magnitude of the three-momentum of the particle. In the limit m � p, one
obtains E ≈ p and η ≈ y.

The invariant mass of a particle X with the four-momentum pµ(X) is defined as

m(X) = m(pµ(X)) = pµ(X)pµ(X). (4.4)

In case of the system of particles, to improve the readability, the following notation is used:

m(X1 + · · ·+ Xn) = m(pµ(X1) + · · ·+ pµ(Xn)), (4.5)

where X1, . . . , Xn are arbitrary particles.

The mT variable

Since for proton-proton collisions at the LHC, the boost along the z-axis is not known, the
transverse mass (mT) variable, which is invariant under this boost, is defined. This is the key
variable for the one-lepton searches for supersymmetry.

The projection of the four-momentum for the particle with mass m on the transverse x − y
plane is defined as:

PT(E, px, py, pz) = (ET, px, py, 0), (4.6)

where

p2 = p2
x + p2

y + p2
z , p2

T = p2
x + p2

y, E =
√

m2 + p2, ET =
√

m2 + p2
T. (4.7)

In this notation, the transverse mass mT of two particles a and b can be defined as:

mT(a, b) = m(PT(a) + PT(b)). (4.8)

The more standard, equivalent definition is

mT(a, b) =
√

m2
a + m2

b + 2(Ea
TEb

T − pa
x pb

x − pa
y pb

y). (4.9)

The following assertions hold:

mT(a, b) ≤ m(a + b), mT(a, b) = m(a + b) ⇐⇒ y(a) = y(b), (4.10)

where y is the rapidity. In the m� p approximation this can be written as η(a) = η(b), where
η is the pseudorapidity.
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4.5 Multivariate analysis

The Toolkit for Multivariate Analysis (TMVA) is used for the tN diagonal analysis [77]. It provides
a machine learning environment and is integrated inside the ROOT package [78]. For the
training a Boosted Decision Trees (BDT) algorithm is used. Using an automated multivariate
tool allows to improve the sensitivity of the analysis, but in general, the main challenge is to
define variables, which have a good signal-to-background separation power.

4.6 Background estimate

For analyses, which study some physics models, the region of phase space where a signal
model predicts a significant excess over the Standard Model background is important. Such
a region is referred to as a signal regions (SR). It is possible that the analysis has several signal
regions.

To decrease the influence from different systematic variations, the dominant backgrounds in
the signal region are usually normalised using a semi-data-driven approach. For this pur-
pose control regions (CRs) enriched with the dominant background processes are defined. It is
assumed that control regions have a high number of background events to decrease the statist-
ical uncertainty and a low signal contamination, to be nearly independent on the signal model.
The normalisation of the background processes is performed using the observed data.

To validate the modelling of the Standard Model background in the signal regions, so called
validation regions (VRs) are defined. Usually they have selection requirements similar to those
used for the signal regions.

The signal and control regions have to be statistically independent. Therefore, it is important
that they do not overlap. Since validation regions are used for validation purposes, it is im-
portant that they do not overlap with the signal and control regions, but they may overlap
with each other.

To normalise n background processes, one should define at least n control regions. The control
regions should be optimised to minimise the uncertainties of the fit, therefore it is desirable,
that each background process pi dominates in a dedicated control region CRi.

The background processes, for which a semi-data-driven approach for the normalisation is not
used, are normalised to the Monte Carlo prediction.

The background process p in the signal region SR can be estimated as:

Np, est
SR = Np, obs

CR ·
MCp

SR

MCp
CR

= Np, obs
CR · TFp

CR→SR = µp ·MCp
SR, (4.11)

where:

Np, est
SR is the background estimate for the SR;

Np, obs
CR is the number of observed events in the CR;
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MCp
SR and MCp

CR are the unnormalised Monte Carlo predictions in the SR and the CR;

µp is the normalisation for process p, as obtained from the fit;

TFp
CR→SR =

MCp
SR

MCp
CR

is the transfer factor (TF) for a process p from the CR to the SR.

An important benefit of the estimation of the Np, est
SR based on the transfer factor is that part

of the systematic uncertainties may cancel. For example, the b-tagging uncertainty, without
using the normalisation in the CR, is about ±20%, while with a correct normalisation, it can
be reduced to a few percent.

In the current analysis, the dominant backgrounds are tt̄ and W+ jets production. Therefore, at
least two control regions are needed. For the current analysis, one control region is dominated
by the main background process (tt̄ or W+ jets, depending on tN or bC analysis), while for the
second one it is difficult to define a region where it dominates. Therefore, for other control
region both background processes have significant contributions.

4.7 Likelihood function

The likelihood function that is considered for the analysis is the product of the Poisson prob-
abilities of event counts in the signal and control regions, and distributions, which represent
systematic uncertainties. The function is defined as:

L(n, θ0|µsig, µp, θ) = PSR ×PCR × Csyst =

= ∏
i

P(ni|λi(µsig, µp, θ))× Csyst(θ0, θ),
(4.12)

where:

P is the Poisson distribution;

ni is the number of observed events in i-th bin of signal and control regions;

λi is the prediction in the i-th bin, depends on µsig, µp, θ parameters;

θ = (θ1, . . . , θk) are nuisance parameters for systematic uncertainties;

θ0 = (θ0
1 , . . . , θ0

k) are central value for auxiliary measurements;

µp = (µ
p
1 , . . . , µ

p
m) are normalisation factors for background processes;

µsig is the signal strength (µsig = 0 corresponds to background only, while µsig = 1
corresponds to the nominal signal).

The PSR and PCR are the Poisson distributions for signal and control regions. In the likelihood
definition there is no difference between signal and control regions.

For independent nuisance parameters, Csyst can be described by a product of Gaussian prob-
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ability distributions with unit width:

Csyst(θ
0, θ) = ∏

i
G(θ0

i − θi), (4.13)

where:

G is the Gaussian distribution with the mean 0 and variance 1;

θ = (θ1, . . . , θk) are nuisance parameters for systematic uncertainties;

θ0 = (θ0
1 , . . . , θ0

k) are central values for auxiliary measurements, typically fixed to zero.

4.8 Systematic uncertainties

Any systematic uncertainty used in the analysis is estimated from the nominal Vnom and two
variations, an upwards variation Vup and a down downwards variation Vdn.

The following basic methods are used for the estimation of the uncertainties:

– Normalisation systematic uncertainty
The uncertainty on the global normalisation of the sample. It does not affect the shape
of the distribution, and uses a Gaussian constraint to model the uncertainty.

– Shape systematic uncertainty
Uncertainty related to the systematic variation of a shape. Both the shape and normal-
isation may changed. To model the uncertainty a Gaussian constraint is used.

– Shape statistical uncertainty
Uncertainty on the shape due to statistical fluctuations in the bins. Used to model a
limited number of Monte Carlo events.

Some modifications of the basic methods are used, when the process is normalised in the
control regions, or when some variations are not available. The modifications are described as
follows:

– Normalised uncertainty
For the tt̄ and W+ jets processes, which are normalised in dedicated control regions, it is
required to keep the total number of events in the normalisation regions for the up and
down uncertainty variations invariant. This approach allows to describe the systematic
uncertainties on the Transfer Factors (TF).

– Symmetrised uncertainty
This is the main type of uncertainty used for different scale variations, where an asym-
metric behaviour of up and down variations can be neglected, or when the nominal
value is modelled with a different generator. The relative uncertainty is estimated as:

Vup −Vdn

Vup + Vdn
. (4.14)

The result is symmetrised, i.e. treated as a symmetric uncertainty.
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An example of an uncertainty without a nominal value is an ISR/FSR uncertainty for the
tt̄ process. It is estimated using ACERMC samples with higher and lower parton shower
activity, while the nominal sample is generated using POWHEG+PYTHIA.

– Symmetrised full difference
This type of uncertainty is used to estimate the difference between generators or between
parton shower models, i.e. for uncertainties, where the up and down variations do not
exist by definition. The relative uncertainty is estimated as:

Vvar −Vnom

Vnom
, (4.15)

where Vvar and Vnom are the variation and the nominal. The result is symmetrised.

4.9 Fit strategies

To obtain the final results for the analyses, the HistFitter framework [79] is used. All sig-
nal, control and validation regions, as well as the corresponding systematic uncertainties are
defined within the HistFitter framework. The framework allows to perform the following
common fit strategies:

– Background-only fit
This fit is used to estimate the total number of events in the signal regions (SRs) without
any assumption on the signal model. Since the fit is model independent, the control
regions (CRs) do not include any signal contamination. During the fit, the likelihood
function (equation 4.12) includes only control regions, i.e. PSR is removed from the like-
lihood. The background-only fit can be used for the transfer factor validation.

– Model-dependent signal fit
This fit strategy is used to study a specific signal model. It is also often mentioned as
Exclusion Fit. In case of no significant event excess in signal regions, one can set exclusion
limits for the signal models under study. In this case the likelihood fit uses both signal
and control regions. To perform the fit properly, the signal sample is included in all
regions which are used in the fit (all SRs and CRs).

The signal strength parameter µsig is used by default for the signal sample. To gain
sensitivity, one can use the distribution of the signal-sensitive variable, and perform a
so-called “shape-fit”. In the tN diagonal analysis presented in this thesis, the shape-fit is
used for the output variables from the multivariate analysis tool trained with the Boosted
Decision Tree (BDT) algorithm. This approach allows to improve the sensitivity and to
reach better exclusion limits.

– Model-independent signal fit
This strategy is used for the analysis, which searches for new physics. It is usually re-
ferred to as Discovery Fit. Since the fit is model independent, it is assumed, that the signal
contamination in control regions is negligible. For this fit, it is assumed, that the signal
region consists of only one bin with a “dummy signal”. Using more than one bin needs
additional information about the signal distribution. The number of signal events in the
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signal region bin is added as a parameter to the fit. Model-independent limits are set for
the bC diagonal analysis, since there is only one signal region. For the tN diagonal ana-
lysis, to achieve exclusion power, the shape fit is used, therefore no model-independent
limit is given.

4.10 The CLs method

The CLs method is based on the conditional probability calculation [80, 81]. It is considered,
that a signal hypothesis (signal and background, denoted as s+ b) has to be tested with respect
to a null hypothesis (background only, denoted as b). The test statistics q is constructed based
on Monte Carlo generated samples. The CLs value is defined as the ratio of the confidence
level of the signal hypothesis to the background-only hypothesis:

CLs =
CLs+b

CLb
=

Ps+b(q ≤ qobs)

Pb(q ≤ qobs)
, (4.16)

where qobs is the value observed in the experiment and Ps+b and Pb are probability functions
for the signal and background-only hypotheses.

A signal model is considered as excluded at a confidence level CL, if

CLs < 1−CL. (4.17)

For supersymmetry searches, a confidence level of 95% is used for the exclusion, which means,
that a signal model is considered as excluded for CLs < 0.05.
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CHAPTER 5

Searches for the top squark at
√

s = 7 TeV

In this chapter searches for direct top-squark pair production are presented for an integrated
luminosity of Lint = 4.7 fb−1 of data recorded at

√
s = 7 TeV. The analysis is focused on

the light top-squark scenario, where m(t̃1) < m(t) and the decay is assumed to proceed via a
chargino t̃1 → bχ̃±1 , with the subsequent decay of χ̃±1 → W(∗)χ̃0

1. It is further assumed, that
both decays proceed with a branching ratio (BR) of 100%.

The Feynman diagram for the semileptonic decay channel is shown in Figure 5.1. One can see
that this decay exactly mimics semileptonic decays of top-quark pairs. The two neutralinos
are not detected and contribute to the missing transverse energy.
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Figure 5.1: Feynman diagram for semileptonic decays for the t̃1 → bχ̃±1 , χ̃±1 →W±(∗)χ̃0
1 channel.

A general approach for SUSY searches relies on large Emiss
T or higher transverse momenta of

the reconstructed objects. The difficulty for light stop searches is, that, since the top squark is
lighter than the top quark, there is no large contribution to the missing transverse momentum.
The objects are soft, in some cases they are even below the threshold to be reconstructed. This
makes it much more difficult to perform the analysis.

In this case the standard approach to push the Emiss
T or meff = ∑ |pT| thresholds to higher
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values is not successful. A refined and more sophisticated analysis based on differences on
kinematic variables has to be performed.

The published one- and two-lepton analyses [4] targeted this decay mode by performing
searches with one and two leptons. The preselection was:

– One lepton, at least two b-tagged jets and large Emiss
T ;

– Two leptons, at least one b-tagged jet and large Emiss
T .

In order not to interfere with these analyses, the analysis developed and described here re-
quires to have exactly one lepton and exactly one b-tagged jet. The analysis targets the region
with ∆m(t̃1, χ̃±1 ) ≈ 20−40 GeV. The restriction to one b-tagged jet does not allow to target re-
gions with ∆m(t̃1, χ̃±1 ) > 50 GeV, where both b-jets are reconstructed in the majority of cases.
Targeting the region with ∆m(t̃1, χ̃±1 ) < 10 GeV appears difficult, since for a large fraction of
events both b-jets are below the detection threshold of 20 GeV. This leads to a significant drop
of the sensitivity to this decay mode.

5.1 Analysis strategy

The published one- and two-lepton analyses [4] are based on the reconstruction of the tt̄ sys-
tem and use the variable

√
s sub

min [82]. The reconstruction strategy used for the published one-
lepton analysis is described in the following.

5.1.1 Published one-lepton analysis

Two main discriminant variables are used in the published one-lepton analysis, the mass of the
hadronically decaying top quark m(thad) and the minimum invariant mass compatible with
the tt̄ subsystem

√
s sub

min.

Reconstruction of the tt̄ system

The published one-lepton analysis requires exactly one lepton, at least two b-tagged jets and at
least two light jets. The reconstruction of the tt̄ system is done by reconstructing the decayed
top quarks. It is assumed, that one top quark decays via thad → bhad +Whad, with a subsequent
hadronic decay of Whad → q1 + q2, where bhad is a b-tagged jet, while q1 and q2 are light jets.
The other top quark decays via tlep → blep + Wlep, with the subsequent leptonic decay of
Wlep → `+ ν, where blep is a b-tagged jet, ` is a lepton (e or µ) and ν is a neutrino.

The transverse component of the neutrino pT(ν) is taken as pmiss
T , while the longitudinal com-

ponent pz(ν) is reconstructed by solving the equation m(Wlep) = m(W). Usually, there are
two solutions for pz(ν). Both candidates are considered. In the case when the equation is not
solvable, the solution which minimises the difference

∣∣m(Wlep)−m(W)
∣∣ is taken.

The top quarks (thad and tlep) are reconstructed based on the four jets (two b-tagged and two
light jets), the lepton ` and the reconstructed neutrino ν. The ambiguity in the reconstruction
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is resolved by maximising the total decay probability, which is defined as

Ptotal = Pthad(mthad)×PWhad(mWhad)×Ptlep(mtlep)×PWlep(mWlep), (5.1)

where PX(m) is the probability to reconstruct the mass m for particle X = thad, tlep, Whad and
Wlep. The probabilities are approximated by Gaussian probability density functions. The mean
values and the widths for the Gaussian distributions are obtained from the corresponding
m(X) distributions, where the particle X is reconstructed using detector level objects, which
are matched to the corresponding decay products of the particle X at particle level.

The
√

s sub
min variable

The four-momentum of the subsystem pµ
sub is defined as the sum of the four-momenta of the

visible components from the tt̄ decay:

pµ
sub = pµ(`) + pµ(bhad) + pµ(blep) + pµ(q1) + pµ(q2). (5.2)

The transverse component of the subsystem is defined as:

psub
T = (Esub

T , psub
x , psub

y , 0), Esub
T =

√
m2

sub + (psub
x )2 + (psub

y )2, (5.3)

where msub is the invariant mass of the subsystem.

The invisible component is defined as:

pinv
T = (Einv

T , pmiss
x , pmiss

y , 0), Einv
T =

√
m2

miss + (pmiss
x )2 + (pmiss

y )2, (5.4)

where the mmiss is a sum of the masses of all invisible particles in the system, while the pmiss
T is

the missing transverse momentum vector.

In these notations, the minimum invariant mass, which is compatible with the subsystem can
be defined as: √

s sub
min =

√
(psub

T + pinv
T )2, (5.5)

or in the equivalent notations:

√
s sub

min =

√(√
m2

sub + (psub
T )2 +

√
m2

miss + (pmiss
T )2

)2
−
(

psub
T + pmiss

T

)2. (5.6)

Since the subsystem is defined for the tt̄ system, the invisible component accounts only for
one or two neutrinos, therefore the mmiss = 0.

The one-lepton selection

The default one-lepton analysis employs two main discriminant variables: the mass of the
hadronically decaying top quark m(thad) and the minimum invariant mass compatible with
the tt̄ subsystem

√
s sub

min, as discussed above.
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The signal selection for the one-lepton analysis with two b-jets is defined as:

– Exactly one signal lepton (e or µ) with pT(e) > 25 GeV or pT(µ) > 20 GeV;

– Al least four signal jets (Njets ≥ 4) with pT > 20 GeV and |η| < 2.5;

– At least two b-tagged jets;

– Emiss
T > 40 GeV;

– mT(`, Emiss
T ) > 30 GeV;

– m(thad) < 158 GeV;

–
√

s sub
min < 250 GeV.

For this signal selection, both the Emiss
T and mT variables are mainly used to reject the mul-

tijet background. For tt̄ events, the hadronically decaying top quark thad can be well re-
constructed, therefore m(thad) ≈ m(t), while the distribution of

√
s sub

min is expected to peak
around m(tt̄) ≈ 2 ·m(t) ≈ 345 GeV. This is not the case for the signal events, since the top
quark is not involved in the t̃1 → bχ̃±1 → bW±(∗)χ̃0

1 decay. Therefore, selections requiring
m(thad) < 158 GeV and

√
s sub

min < 250 GeV suppress tt̄ background events.

5.1.2 Improved one-lepton analysis

Contrary to the approach discussed above, the analysis developed in this thesis does not re-
construct the tt̄ system. However, it targets to exploit kinematic differences between the signal
and tt̄ background events.

To suppress the W+ jets and semileptonic tt̄ backgrounds, a tight requirement on the mT vari-
able is applied. The selection of mT > 110 GeV significantly suppresses all backgrounds where
the missing transverse momentum comes only from W → eν, µν decays. An upper require-
ment mT < 180 GeV suppresses backgrounds from dileptonic tt̄ decays, where a lepton from
the second W → eν, µν decay is missing (for example not identified or lost), or where the
second W boson decays via W → τν and the τ lepton undergoes a hadronic decay.

An important variable for the analysis is the transverse momentum of the b-jet. From the
t → bW decay pT(b) ≈ 50 GeV, therefore, if the second b-jet is below the detection threshold
of 20 GeV, the requirement of exactly one b-tagged jet with pT(b) < 50 GeV can be rewritten
as pT(b1) < 50 GeV and pT(b2) < 20 GeV, which suppresses the tt̄ background.

Another important variable is the invariant mass of the system of the b-jet and the lepton `,
denoted as m(b + `). If a b-jet comes from a leptonic top-quark decay t → bW → b`ν, the
corresponding invariant mass m(b + ` + ν) is equivalent to the top-quark mass. This is not
the case for t̃1 → bχ̃±1 → bWχ̃0

1 → b`νχ̃0
1 decays, where a massive neutralino takes some mo-

mentum. Since m(b + `) does include neither the neutralino nor the neutrino, the distribution
of this variable peaks around 80 GeV, while for signal models with ∆m(t̃1, χ̃±1 ) < 40 GeV the
same distribution peaks around 40 GeV. This difference makes this variable very powerful for
the tt̄ background rejection.

The use of these variables allows to significantly improve the exclusion limits.
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5.2 Data set and Monte Carlo samples

5.2.1 The data set

The analysis uses data recorded by the ATLAS experiment at
√

s = 7 TeV in 2011. The integ-
rated luminosity, after data quality requirements, corresponds to 4.7± 0.2 fb−1.

5.2.2 Trigger selection

Different electron and muon triggers are used for different data taking periods. All used trig-
gers are required to be unprescaled, therefore, due to the constantly increasing instantaneous
luminosity, the pT threshold and the isolation requirements for the triggers are tightened. For
electrons with pT(e) > 25 GeV a trigger efficiency of ≈ 97% is achieved, while for muons
with pT(µ) > 20 GeV a trigger efficiency of ≈ 75% and ≈ 90% is achieved for the barrel and
end-caps, respectively.

5.2.3 Monte Carlo samples

The production of the Monte Carlo background samples was performed using the ATLAS
full detector simulation[83] based on GEANT4 [84]. Signal samples and additional tt̄ samples
used for studies of systematic uncertainties, were simulated using the ATLAS fast simulation
package ATLFAST-II [85].

Background samples

For all NLO Monte Carlo generations the CTEQ6.6 [86] PDF set was used. The top-quark
NLO production was simulated with the MC@NLO generator [40] using a top-quark mass
m(t) = 172.5 GeV. The W+ jets and Z+ jets background production are simulated using the
ALPGEN [36] with the CTEQL1 [19] set of PDF. Signal samples for the one-lepton analysis were
simulated using HERWIG [87] with MRST2007 [88] leading order PDF set. For the ALPGEN and
MC@NLO generators the modelling of the fragmentation and hadronisation was done with
the HERWIG which employes the JIMMY to simulate the underlying event. Generator-related
systematic uncertainties for the production of the tt̄ events are taken as the difference between
the ALPGEN and POWHEG samples. For the initial and final state radiations (ISR/FSR) dif-
ferent variations of samples generated with the ACERMC [37] are used. The list of the back-
ground samples used in the analysis is shown in Table 5.1.

Signal samples

The direct top-squark pair production samples for the one-lepton analysis were produced us-
ing the HERWIG++ and PYTHIA generators [34, 32]. The signal cross sections are calculated at
NLO precision, where the resummation of the soft gluon emission is considered at the next-
to-leading-logarithmic (NLL) accuracy.
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Sample ID Name Equivalent L [fb−1]

ttbar MC@NLO

105200 T1_McAtNlo_Jimmy 165.4

single top MC@NLO

108340–108342 st_tchan_[e,mu,tau]nu_McAtNlo_Jimmy 42.8
108343–108345 st_schan_[e,mu,tau]nu_McAtNlo_Jimmy 641

108346 st_Wt_McAtNlo_Jimmy 69.2

ttbar+W/Z MADGRAPH

119353–119356 PythiaMadgraph_ttbar[W,Wj,Z,Zj] 0.62, 0.92, 0.81, 0.94
119583 PythiaMadgraph_ttbarWW 61.6

W+jets ALPGEN

107680–107685 AlpgenJimmyWenuNp[0-5]_pt20 [0.42, 1.61, 8.34, 8.34, 8.24, 8.46]
107690–107695 AlpgenJimmyWmunuNp[0-5]_pt20 [0.42, 1.61, 8.34, 8.34, 8.41, 8.46]
107700–107705 AlpgenJimmyWtaunuNp[0-5]_pt20 [0.41, 1.61, 8.30, 8.35, 8.24, 7.86]
107280–107283 AlpgenJimmyWbbFullNp[0-3]_pt20 [8.37, 4.79, 8.39, 8.80]
117284–117287 AlpgenWccFullNp[0-3]_pt20 [8.33, 8.36, 8.40, 8.35]
117293–117297 AlpgenWcNp[0-4]_pt20 [12.6, 10.8, 10.2, 9.68, 10.9]

Z+jets ALPGEN

107650–107655 AlpgenJimmyZeeNp[0-5]_pt20 [7.97, 8.03, 16.1, 15.8, 16.6, 21.2]
107660–107665 AlpgenJimmyZmumuNp[0-5]_pt20 [7.97, 8.03, 8.05, 7.90, 8.30, 10.6]
107670–107675 AlpgenJimmyZtautauNp[0-5]_pt20 [12.8, 20.1, 20.0, 36.6, 40.1, 47.8]
107710–107715 AlpgenJimmyZnunuNp[0-5]_pt20_filt1jet [1.53, 1.66, 0.69, 1.94, 16.7, 14.1]
109300–109303 AlpgenJimmyZeebbNp[0-3]_nofilter [18.4, 35.6, 36.4, 20.5]
109305–109308 AlpgenJimmyZmumubbNp[0-3]_nofilter [18.4, 35.6, 36.4, 20.5]
109310–109313 AlpgenJimmyZtautaubbNp[0-3]_nofilter [18.4, 35.6, 36.4, 18.5]
118962–118965 AlpgenJimmyZnunubbFullNp[0-3]_pt20 [14.4, 15.2, 15.2, 15.3]

diboson HERWIG

105985–105987 [WW,ZZ,WZ]_Herwig [142.7, 197.6, 180.1]

systematic uncertainties

105205 AcerMCttbar 22.1
117209, 117210 AcerMCttbar_[More,Less]PS 110
117255–117258 AcerMCttbar_[isr,fsr]_[up,down] 11.0

117259 AcerMCttbar_isr_down_fsr_down 10.4
117260 AcerMCttbar_isr_up_fsr_up 10.2

105860, 105861 TTbar_PowHeg_[Jimmy,Pythia] 33.1

Table 5.1: List of the Monte Carlo samples used in the
√

s = 7 TeV analysis. An equivalent luminosity
is defined as N/σ, where N is the total number of generated events and σ is the cross section (including
the K-factor and the filter efficiency).
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The ATLAS SUSY searches at
√

s = 7 TeV for the t̃1 → bχ̃±1 → bW±(∗)χ̃0
1 decay channel are

performed based on simplified models, as explained in Section 4.2. The parameter space for
the generated signal models is a three dimensional (t̃, χ̃±1 , χ̃0

1) mass space. In the following, the
triple (m1, m2, m3) refers to the signal model with m(t̃1) = m1, m(χ̃

±
1 ) = m2 and m(χ̃

0
1) = m3,

where masses are given in GeV. The list of the produced signal samples for the one- and two-
lepton analyses is shown in Table 5.2. The first two grids ch2nt and st180 were produced

Grid Sample ID Constraint Mass Plane Filter Generator

ch2nt 139175–139229 m(χ̃
±
1 ) = 2 ·m(χ̃

0
1) (t̃1, χ̃0

1) 1-lepton HERWIG++
144747–144765

st180 144766–144790 m(t̃1) = 180 GeV (χ̃
±
1 , χ̃0

1) 1-lepton HERWIG++

ch106 144025–144052 m(χ̃
±
1 ) = 106 GeV (t̃1, χ̃0

1) 2-lepton POWHEG

Table 5.2: List of signal samples used for the analysis of the t̃1 → bχ̃±1 , χ̃±1 → W±(∗)χ̃0
1 decay channel

at
√

s = 7 TeV.

with the HERWIG++ generator with a 1-lepton filter, while the third one ch106 was produced
using POWHEG with a 2-lepton filter. For the presented analysis only the gaugino universality
(ch2nt) and the fixed top-squark mass (st180) grids are used.

5.3 Object definitions and event cleaning

5.3.1 Object definitions

Electrons

Electrons are identified using a cut-based selection [89]. Baseline electrons are defined with
requirements to have medium identification, pT > 20 GeV and |η| < 2.47, see Section 3.2. For
signal electrons additionally the tight criteria and pcone 0.2

T /pT < 0.1 isolation is required. The
pcone 0.2

T is the sum of pT of all tracks in a ∆R < 0.2 cone around the electron (where the electron
track itself is not included). The overlap removal procedure first removes all jets, which are
within ∆R < 0.2 of an electron, it than removes all electrons which are within ∆R < 0.4 of jets.
A summary of the electron selection criteria is given in Table 5.3.

Electron baseline selection

Acceptance pT > 10 GeV, |η| < 2.47
Quality medium

Overlap ∆R(e, jet) < 0.2 or ∆R(e, jet) > 0.4

Electron signal selection

Acceptance pT > 20 GeV, |η| < 2.47
Quality tight

Isolation pcone 0.2
T /pT < 0.1

Table 5.3: Summary of the selection criteria for an electron in the baseline and signal selections.

79



5 Searches for the top squark at
√

s = 7 TeV

Muons

Muons are reconstructed by combining tracks from the Inner Detector and the Muon Spec-
trometer into Combined Muons (CB), see Section 3.3. Baseline muons are defined as combined
muons with pT > 10 GeV and |η| < 2.4. Quality requirements based on the number of hits for
Pixel, SCT and TRT detectors are applied as listed in Table 5.4. The Nhits

TRT is the total number
of TRT hist including outliers. For signal muons additionally the pcone 0.2

T < 1.8 GeV isola-
tion criterion is applied and a suppression against cosmic muons,

∣∣zµ − zPV
∣∣ < 1 mm and

|d0| < 0.2 mm. A summary of the muon selection criteria is given in Table 5.4.

Muon baseline selection

Algorithm combined muon

Acceptance pT > 10 GeV, |η| < 2.4
Quality ≥ 1 B-layer hits, ≥ 2 Pixel hit, ≥ 6 SCT hits

|η| ≤ 1.9 : Nhits
TRT ≥ 5, Noutliers

TRT < 0.9× Nhits
TRT

|η| > 1.9 and Nhits
TRT ≥ 5 : Noutliers

TRT < 0.9× Nhits
TRT

Overlap ∆R(µ, jet) > 0.4

Muon signal selection

Acceptance pT > 10 GeV, |η| < 2.4
Isolation pcone 0.2

T < 1.8 GeV
Cosmic

∣∣zµ − zPV
∣∣ < 1 mm, |d0| < 0.2 mm

Table 5.4: Summary of the selection criteria for a muon in the baseline and signal selections.

Jets

Jets are reconstructed using the anti-kt jet algorithm, with a distance parameter R = 0.4, see
Section 3.4. They are calibrated to correct the lower response to hadrons than electrons or
photons. To increase the robustness against pileup, the jet vertex fraction requirement is also
applied, see Section 3.4. Baseline jets are defined as calibrated jets with pT > 20 GeV and
|η| < 4.5. Baseline jets are used for the overlap removal procedure. Jets which are close to
the electron within ∆R(e, jet) < 0.2 cone are removed. Signal jets are defined as baseline jets
with an additional jet vertex fraction requirement JVF > 0.75. A summary of the jets selection
criteria is given in Table 5.5.

Jet baseline selection

Algorithm anti-kt, R = 0.4
Acceptance pT > 20 GeV, |η| < 4.5
Overlap ∆R(e, jet) > 0.2

Jet signal selection

Acceptance pT > 20 GeV, |η| < 2.5
Quality JVF > 0.75

Table 5.5: Summary of the selection criteria for a jet in the baseline and signal selections.
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b-jets

The b-tagging algorithm [69] is based on a multivariate approach and uses the JetCombNN as
output, see Section 3.5. A jet is considered b-tagged, if JetCombNN > 1.8, which corresponds to
a b-tagging efficiency of 60% estimated on a sample of tt̄ event, with a misidentification rate
for c- and light-quarks of less than 10%.

Missing transverse momentum

The missing transverse momentum is calculated as the negative vectorial sum of the pT of the
identified objects (electrons, muons and jets) and calorimeter clusters within |η| < 4.9 which
are not associated to any object, see Section 3.6.

Emiss
T = −∑ pe

T −∑ pµ
T −∑ pjet

T + Emiss
T

, CellOut. (5.7)

5.3.2 Overlap removal

The overlap removal procedure resolves overlaps between leptons and jets. It is based on the
distance between the lepton and the jet ∆R =

√
∆φ2 + ∆η2. The overlap removal is applied

in the following order:

– If an electron lies within ∆R < 0.2 of a jet, then the jet is considered as “fake” and is
removed;

– If an electron is within 0.2 < ∆R < 0.4 of a jet, it is considered, that the electron “belongs”
to the jet, and the electron is removed;

– If a muon is within ∆R < 0.4 of a jet, it is considered, that the muon “belongs” to the jet,
and the muon is removed.

5.3.3 Event cleaning

Basic cleaning requirements are applied for the whole one-lepton analysis. In addition, com-
mon preselection requirements for all signal, control and validation regions used in the current
analysis are applied. A list of cleaning requirements is given in the following:

– The standard ATLAS Data Quality requirements are applied.

– The electron or muon trigger requirement.

– At least five tracks have to be associated to the primary vertex.

– Events which contain a baseline muon tagged as “bad” or a cosmic muon candidate, are
rejected.

– Events which contain “very loose bad” baseline jets, are rejected.

– Events with mismeasured Emiss
T due to jets pointing to the LAr hole region, are rejected.
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5.4 Signal selection

The selection for the signal region (SR) consists of the preselection and a series of requirements.
In the following, each selection requirement is referred to as a “cut”. Figure 5.2 shows distri-
butions of the discriminant variables for successively applied selection requirements. For each
requirement, the distribution of the corresponding discriminant variable is shown, before the
requirement is applied. Three signal models m(t̃1, χ̃±1 , χ̃0

1) = (190, 160, 80), (200, 180, 90) and
(230, 200, 100) GeV are shown for comparison.

Preselection:

– One-lepton cleaning requirements, as described in Section 5.3.3;

– Exactly one signal lepton (e or µ) with pT(e) > 20 GeV or pT(µ) > 10 GeV and no other
baseline leptons;

– There, four or five jets with pT > 20 GeV;

– Exactly one b-tagged jet at 60% working point (to avoid overlap with the SUSY one-
lepton two b-jet analysis, exactly one b-tagged jet is required);

Cut1: Emiss
T > 60 GeV

This requirement is used to reject multijet background as well as backgrounds from other
processes, which do not have missing transverse momentum.

Cut2: 110 GeV < mT < 180 GeV
This requirement is applied against W → `ν decays. In the case of W → eν or W → µν,
the distribution of mT should drop above m(W) ≈ 82 GeV. Due to detector resolu-
tion effects the distribution of mT is broadened. Therefore, the requirement is applied
at mT > 110 GeV. This significantly reduces the W+ jets as well as the semileptonic
tt̄ background. An upper restriction of mT < 180 GeV is applied against the dileptonic
tt̄ background, where one of the W-boson decays via W → τν, and the τ lepton decays
hadronically.

Cut3: m(b + j1 + j2 + `+ Emiss
T ) < 400 GeV

This is the invariant mass of visible objects, under the assumption, that z-component of
the neutrino momentum is zero pz(ν) = 0.

Cut4: pT(b) < 50 GeV
This requirement suppresses the tt̄ background. In case of the t → bW decay, the av-
erage transverse momentum pT(b) is about 60 GeV, while for signal models with small
∆m(t̃1, χ̃±1 ) < 40 GeV, the distribution of pT(b) is much softer.

Cut5: m(b + `) < 50 GeV
This requirement almost completely rejects the W+ jets events and significantly reduces
the tt̄ background.

Cut6: ∆R(b, Emiss
T ) < 2.8

This requirement further improves the signal to background ratio. It is mainly needed
for signal models with higher top-squark masses.
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Figure 5.2: Distributions of the discriminant variables for successively applied selection requirements
(“cuts”). For each cut, the distribution of the corresponding discriminant variable is shown, before the
requirement is applied. The error bars include only the Monte Carlo statistical uncertainties. Three
signal models for the (t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0
1

are given in GeV.
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5.5 Background estimation

The dominant backgrounds are normalised in control regions. In this section the definition of
control regions and the estimation of the main backgrounds are discussed.

The dominant background for the analysis is the tt̄ process, which amounts to around 90% of
the total background. The sub-dominant background is the W+ jets process with a contribution
of about 5%. Normalisation scale factors for these processes are estimated by normalising
the tt̄ and W+ jets background to the observed data in the control regions. Control regions
should not overlap with each other and with the signal region. They should have a low signal
contamination and a large number of events, to decrease the uncertainty of the normalisation
scale factors.

Normalisation of backgrounds

In the analysis the tt̄ and W+ jets backgrounds are normalised simultaneously. To calculate the
ωtt̄ and ωW normalisation scale factors for the tt̄ and W+ jets processes, the corresponding tt̄
and W+ jets control regions (T-CR and W-CR, respectively) have to be defined. Using these
control regions, scale factors can be obtained by solving the following linear equation:[

NT-CR
tt̄ NT-CR

W

NW-CR
tt̄ NW-CR

W

] [
ωtt̄

ωW

]
+

[
NT-CR

other

NW-CR
other

]
=

[
DT-CR

DW-CR

]
(5.8)

where:

NCR
tt̄ and NCR

W are number of Monte Carlo events for the tt̄ and W+ jets processes in the
CR control region, where CR is T-CR or W-CR;

NCR
other is all other (except the tt̄ and W+ jets) Monte Carlo backgrounds in the CR;

DCR is a number of observed data events in the CR.

Multijet background

The multijet background has not been estimated, but due to the requirements of one lepton,
one b-tagged jet and high mT > 110 GeV it is expected to be negligible.

5.5.1 Control regions

The T-CR and W-CR control regions are defined by omission of the m(b + `) and ∆R(b, Emiss
T )

and by altering the mT and pT(b-jet) requirements of the SR selection. The event selection
requirements for these variables are shown for each region in Table 5.6. A schematic illustra-
tion for the signal and control regions after the application of the Preselection + Cut1 + Cut3
requirements is shown in Figure 5.3.

A breakdown of the expected event yields together with the observed numbers of events for
the control regions are shown in Table 5.7. The W+ jets and tt̄ production is normalised to the
Monte Carlo cross section. The purity for the tt̄ events in the T-CR is about 85%, while for the
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Variable W-CR T-CR SR

mT [GeV] [80, 110] [110, 180] [110, 180]

pT(b-jet) [GeV] – > 60 < 50

m(b + `) [GeV] – – < 50

∆R(b, Emiss
T ) – – < 2.8

Table 5.6: The event selection requirements which differ for the signal and control regions. The regions
differ only in these variables, therefore other selection requirements are not shown.

Figure 5.3: A schematic illustration of the signal and control regions. The (mT, pT(b)) plane is shown
after the application of the Preselection + Cut1 + Cut3 requirements.

1 electron 1 muon 1 lepton

Process T-CR W-CR T-CR W-CR T-CR W-CR

tt̄ 137.5 608.9 114.7 549.8 252.2 ± 3.4 1158.7 ± 7.5
single top 7.7 65.2 8.5 63.5 16.3 ± 1.3 128.8 ± 4.4
W+ jets 8.9 250.5 16.0 261.1 24.9 ± 4.7 511.6 ± 30.3
Z+ jets 0.7 1.8 0.7 9.0 1.4 ± 0.6 10.8 ± 2.1
diboson 0.5 5.6 0.4 6.5 0.9 ± 0.2 12.1 ± 0.6

SM Total 155.4 932.0 140.3 889.9 295.7 ± 6.0 1822.0 ± 31.6

Observed 153 970 153 919 306 1889

Table 5.7: A breakdown of the expected yields together with the observed numbers of events for the
control regions. The W+ jets and tt̄ production are normalised to the Monte Carlo cross section. Only
the Monte Carlo statistical uncertainties are shown. The numbers are normalised to an integrated
luminosity of 4.7 fb−1.
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Figure 5.4: Distributions of the mT(`, Emiss
T ) (top), m(b + `) (middle) and ∆R(b, Emiss

T ) (bottom) after
the application of the Preselection + Cut1 + Cut2 + Cut3 requirements for the electron (left) and muon
(right) channel. Only the Monte Carlo statistical uncertainties are shown. Three signal models for the
(t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0
1 are given in GeV.
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5.5 Background estimation

W+ jets events in the W-CR it is about 28%. The low purity of the W-CR does not play a signi-
ficant role due to the small contribution of the W+ jets (about 5%) in the signal region.

Distributions of the data to Monte Carlo comparison for the electron and muon channel after
the application of Preselection + Cut1 + Cut2 + Cut3 requirements are shown in Figure 5.4.
Three signal models for the (t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison. The masses of
t̃1, χ̃±1 and χ̃0

1 are given in GeV. One can see a good agreement for all presented variables for
both channels.

The normalisation scale factors for the tt̄ and W+ jets production are estimated by solving the
equation 5.8. The results of the estimation are:

ωtt̄ = 1.03± 0.09, ωW = 1.05± 0.26. (5.9)

One can see, that the scale factors are consistent with unity withing the uncertainty.

The signal contamination for the control regions is shown in Figure 5.5. One can see, that
the signal contamination for different signal models for the gaugino universality grid (left) for
both control regions is below 10%. For the fixed top-squark mass grid (right) for some signal
models the T-CR control region have a high signal contamination, while for the W-CR control
region, contamination is below 14%.
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Figure 5.5: Signal contaminations in the T-CR (top) and W-CR (bottom) control region for the gaugino
universality (left) and fixed top-squark mass (right) grid. Values are shown in percents.
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The signal yields and values for acceptance times efficiency for the gaugino universality grid
and for the fixed top-squark mass grid are shown in Figure 5.6.
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Figure 5.6: Signal yields (top) and acceptance times efficiency (bottom) for the signal region for the
gaugino universality (left) and fixed top-squark mass (right) grid.

5.6 Systematic uncertainties

5.6.1 Experimental uncertainties

The following dominant detector uncertainties have been considered.

– The jet energy scale (JES) is estimated by varying jet energy scale within ±1σ of the
uncertainty coherently for all jets in the event.

– The jet energy resolution (JER) is obtained by applying an additional smearing to jets
according to their pT and η parameters.

– The uncertainty on the b-tagging is estimated by varying b-tagging efficiency and mis-
tagging rates within the measured uncertainty.

– The uncertainties on the Emiss
T due to the energy scale of the clusters, which are not as-

sociated to any object (CellOut) are estimated based on the uncertainties on calorimeter
energy clusters involved in Emiss

T calculation.

88



5.6 Systematic uncertainties

5.6.2 Theoretical uncertainties

Around 95% of the background is composed of tt̄ and W+ jets events, therefore, theoretical
uncertainties are estimated for these processes only.

tt̄ production

The total theoretical uncertainty for the tt̄ production is estimated by summing in quadrature
the following uncertainties:

– Generator uncertainty
The uncertainty related to the choice of the generator is estimated as a difference between
the baseline MC@NLO and POWHEG generated samples. Both generators are interfaced
with HERWIG for parton showering.

– Initial and final state radiation
The uncertainty on the initial and final state radiations is estimated as the difference
between the nominal ACERMC and the same samples generated with higher and lower
parton shower activity.

– Parton shower
The difference between HERWIG and PYTHIA parton showering is taken as a parton
shower uncertainty. For this, samples generated with POWHEG are interfaced either
with HERWIG or with PYTHIA for parton showering. The difference between these two
samples is symmetrised.

W+ jets production

The total theoretical uncertainty for the W+ jets production is estimated by summing in quad-
rature generator and scale variation uncertainties:

– Generator uncertainty
The difference between the baseline ALPGEN and HERWIG samples is estimated as a
Monte Carlo generator uncertainty.

– Scale variations
The factorisation and renormalisation scale uncertainties were estimated by varying cor-
responding parameters in the ALPGEN generator by factors of 0.5 and 2.0 from the nom-
inal value. The following approach [90] is used: since variations mainly affect the num-
ber of generated partons Nparton, instead of generating samples with different variations,
the corresponding reweighting of the nominal samples according to the number of gen-
erated partons (Nparton = 0, . . . , 5) is used.

5.6.3 Summary

The summary of the experimental and theoretical systematic uncertainties and statistical un-
certainties of the Monte Carlo events is presented in Table 5.8. One can see, that the dominant
detector uncertainties are the jet energy scale (JES) and resolution (JER) uncertainties. For the
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theoretical uncertainty, the main (about ±7%) uncertainty is associated to the tt̄ production.
The total uncertainty related to the number of Monte Carlo events in signal region also have a
sizable contribution of 6%.

Detector Theory

Process JES JER b-tagging CellOut ttbar W+ jets MC stat.

tt̄ 6% 1% 3.0% 1.8% 7% 0.3% 5%
single top 2% 19% 0.6% 4.2% 4% 0.3% 27%
W+ jets 43% 194% 1.2% 51% 11% 19% 100%
Z+ jets – – – – – – –
diboson 21% 18% 0.8% 12% – – 36%

Total SM 7.2% 7.8% 2.6% 2.6% 7% 1% 6.3%

Table 5.8: The summary of the experimental and theoretical systematic uncertainties and statistical
uncertainties of the Monte Carlo events

5.7 Results

The final event yields of the Monte Carlo prediction and of the observed number of events in
the data separated for the electron and muon channels and for their combination are shown
in Table 5.9. The numbers are normalised to an integrated luminosity of 4.7 fb−1. The tt̄ and
W+ jets backgrounds are normalised in control regions, as described in Section 5.5. The Monte
Carlo predictions before normalisation are shown in brackets.

Process 1 electron 1 muon 1 lepton

tt̄ 12.3 ± 1.9 (11.9) 10.7 ± 1.7 (10.4) 23.0 ± 3.1 (22.3)
single top 0.6 ± 0.3 (0.6) 0.6 ± 0.3 (0.6) 1.2 ± 0.4 (1.2)
W+ jets 1.2 ± 1.5 (1.1) 0.0 ± 0.0 1.2 ± 1.5 (1.1)
Z+ jets 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
diboson 0.1 ± 0.1 0.2 ± 0.1 0.3 ± 0.1

Total SM 14.2 ± 2.4 11.4 ± 1.7 25.6 ± 3.5

Observed 13 11 24

Table 5.9: Breakdown of the expected yields and the observed numbers of events in the signal region.
The Monte Carlo prediction before normalisation is reported in parentheses. Only the statistical uncer-
tainties are shown. The numbers are normalised to an integrated luminosity of 4.7 fb−1.

The final distributions for the signal region (SR), after the application of all selection require-
ments are shown separately for the electron and muon channels for Njets, Emiss

T and mT in
Figure 5.7 and for the pT of the leading light jet, b-jet and lepton in Figure 5.8. Three signal
models for the (t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0
1

are given in GeV.
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Figure 5.7: Distributions of the number of selected jets Njets (top), Emiss
T (middle) and mT (bottom) for

the electron (left) and muon (right) channel for the signal region (SR) after applying all selection re-
quirements. The error bars include only the Monte Carlo statistical uncertainties. Three signal models
for the (t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0
1 are given in GeV.
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Figure 5.8: Distribution of pT of the leading light jet (top), b-jet (middle) and lepton (bottom) for the
electron (left) and muon (right) channels for the signal region (SR) after applying all selection require-
ments. The error bars include only the Monte Carlo statistical uncertainties. Three signal models for
the (t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0
1 are given in GeV.
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5.7 Results

5.7.1 Interpretation

The 95% CL exclusion limits for the gaugino universality m(χ̃
±
1 ) = 2 ·m(χ̃

0
1) grid and for the

fixed top-squark mass m(t̃) = 180 GeV grid for the presented analysis are shown in Figure 5.9.
The limits include only the relevant experimental and theoretical uncertainties, as described in
Section 5.6. The solid red line represents the expected limits. The yellow band shows the ±1σ
uncertainty variations, which include all uncertainties except the signal cross-section uncer-
tainty. The green line shows the observed limits for the one/two-lepton combined analysis for
the ATLAS SUSY searches at

√
s = 7 TeV. The dashed lines (green and red) show variations

of the signal cross section within ±1σ of the theoretical uncertainty. The current analysis was
re-optimised towards the diagonal of the gaugino universality (left) grid and was performed
for the

√
s = 8 TeV data.

The limits obtained in this thesis show a significant improvement with respect to those ob-
tained in the existing ATLAS SUSY one/two-lepton combined analysis based on the

√
s sub

min

variable for the t̃1 → bχ̃±1 , χ̃±1 → W±(∗)χ̃0
1 SUSY searches. The low sensitivity of the analysis

in the region around m(t̃) = 180 GeV, m(χ̃
0
1) = 60 GeV for the gaugino universality grid

(left) is caused by the requirement of exactly one b-tagged jet, which was applied to avoid
overlap with the one/two-lepton SUSY searches. The same is the case for the fixed top-squark
mass grid (right). Here the sensitivity drops down above the exclusion contour in the region
around m(χ̃

±
1 ) = 140 GeV, m(χ̃

0
1) = 80 GeV. Requiring exactly one b-tagged jet suppresses

the sensitivity in these regions, where two b-jets are dominating.

Gaugino universality grid Fixed top-squark mass grid

Figure 5.9: Preliminary 95% exclusion limits for the analysis performed in this thesis in comparison to
those obtained in previous ATLAS analyses. The limits are shown for the gaugino universality grid
(m(χ̃

±
1 ) = 2 ·m(χ̃

0
1), left) and the fixed top-squark mass grid (m(t̃) = 180 GeV, right). The solid red line

represents the expected limits, the yellow band shows the±1σ uncertainty variations, which include all
uncertainties except the signal cross-section uncertainty. The green line shows the observed limits for
the one/two-lepton combined analysis for the ATLAS SUSY searches at

√
s = 7 TeV. The dashed lines

(green and red) show variations of the signal cross section within ±1σ of the theoretical uncertainty.
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CHAPTER 6

Searches for the top squark at
√

s = 8 TeV,
t̃1→ bχ̃±1 , ∆m(t̃1, χ̃±1 ) ≈ m(b)

In this chapter the search for top-squark pair production in the t̃1 → bχ̃±1 , χ̃±1 → W(∗)χ̃0
1

decay mode is presented. This analysis is part of the published ATLAS top-squark searches
in semileptonic final states at

√
s = 8 TeV [3]. A Feynman diagram for the corresponding

semileptonic decay is shown in Figure 6.1. It is assumed, that both decay channels have a
BR = 100% and all other supersymmetric particles are assumed to have masses above 3 TeV
and not to be involved in interactions.

P

P
t̃∗1

t̃1

χ̃−1

χ̃+
1

W−

W+

χ̃0
1

q̄′

q

b

b̄

ν̄`

`−

χ̃0
1

Figure 6.1: Feynman diagram for the t̃1 → bχ̃±1 , χ̃±1 →W(∗)χ̃0
1 semileptonic decay channel.

Exclusion limits at 95% CL for the gaugino universality grid m(χ̃
±
1 ) = 2 · m(χ̃

0
1) are shown

in Figure 6.2. These limits have been derived from the ATLAS searches for supersymmetry
in final states with one lepton for Lint = 20.3 fb−1 at

√
s = 8 TeV [91] before the analysis

presented here. One can see, that a region along the diagonal m(t̃1) = m(b) + m(χ̃
±
1 ) (dashed

gray line) is not excluded. Signal models above the diagonal are kinematically impossible.
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√

s = 8 TeV, t̃1 → bχ̃±1 , ∆m(t̃1, χ̃±1 ) ≈ m(b)

t̃1 t̃∗1 production, t̃1 → bχ̃±1 , χ̃±1 →W(∗)χ̃0
1, m(χ̃

±
1 ) = 2×m(χ̃

0
1)

Lint = 20.3 fb−1,
√

s = 8 TeV

mt̃1
[GeV]

m
χ̃

0 1
[G

eV
]

m t̃ 1
<

m b
+

m χ̃
±

1
, m χ̃

±
1

=
2×

m χ̃
0

1

Figure 6.2: The expected (black dashed line) and observed (red solid line) 95% CL exclusion limits for
t̃1 → bχ̃±1 , χ̃±1 → W(∗)χ̃0

1 decays for the gaugino universality grid [91]. It is assumed, that both decays
have a BR = 100% and m(χ̃

±
1 ) = 2 ·m(χ̃

0
1). The yellow band corresponds to the ±1σ uncertainty on

the expected limit and includes all uncertainties except the signal cross-section theoretical uncertainties.
The dashed red line represents the change of the observed exclusion, when the signal cross section is
varied by ±1σ of the signal theoretical uncertainty. The non-excluded area within about 20 GeV below
the gray dashed line is referred to as “bC diagonal” region. Signal models above the diagonal are
kinematically non-accessible.

This analysis is targeting a compressed scenario, where the mass difference ∆m(t̃1, χ̃±1 ) is be-
low 40 GeV, the so-called “bC diagonal” region. For signal models with a small ∆m, the pT of
the b-jets from the t̃1 → bχ̃±1 decay are below the detection threshold of 25 GeV. Due to this,
there are no b-tagged jets in the reconstructed events. This significantly decreases the accept-
ance of the standard one-lepton analyses, which require at least one b-tagged jet. Therefore,
for this compressed scenario, a dedicated analysis was developed.

6.1 Data set and Monte Carlo samples

6.1.1 The data set

For this analysis, the data recorded by the ATLAS detector between April and December 2012
are used. After applying various ATLAS data-quality requirements, the integrated luminosity
is 20.3 fb−1 with an uncertainty of ±2.8% [92, 93].
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6.1 Data set and Monte Carlo samples

6.1.2 Trigger selection

For the one-lepton analysis single electron and muon triggers are used in combination with a
trigger for large missing transverse energy.

For the electron channel, two different triggers are used: The EF_e24vhi_medium1 is trigger-
ing at the high level trigger (HLT) on the energy deposited in the calorimeter ET > 24 GeV
with an isolation requirement pcone 0.2

T /ET < 0.1, see Section 3.2. To partially recover ineffi-
ciencies caused by isolation requirements, the EF_e60_medium1 trigger with an increased HLT
threshold up to ET > 60 GeV, but without isolation requirements, is used in addition.

A similar approach is used for the muon channel. The EF_mu24i_tight is triggering at the
HLT on the muons with pT > 24 GeV and applies isolation requirements pcone 0.2

T /pT < 0.12,
see Section 3.3. As for electrons, to recover inefficiencies of this trigger, the muon trigger
EF_mu36_tight is used, which has an increased pT > 36 GeV threshold and no isolation re-
quirement.

Two similar triggers, EF_xe80T_tclcw_loose and EF_xe80_tclcw_loose, are used for a miss-
ing transverse momentum selection. Both triggers have the HLT threshold at Emiss

T > 80 GeV
and are fully efficient (efficiency is more then 99%) for the offline-calibrated Emiss

T > 150 GeV,
see Section 3.6. The first trigger is available during the whole data taking, but omits events
from the first three bunch crossings in a bunch train, which causes a 10% efficiency loss. There-
fore, it is used only up to an integrated luminosity of 2.077 fb−1. After that it became available
a second trigger, which worked for all bunches and used for the rest of the data taking.

The combined trigger efficiency is measured for W → µν and Z → `` events and is found to
be more than 98% for both electron and muon channels.

6.1.3 Monte Carlo samples

All Monte Carlo samples are simulated using either ATLAS full simulation GEANT4 or the fast
simulation ATLFAST-II package.

Background samples

The following background samples are used for the analysis:

– The tt̄ process is generated with a top-quark mass mt = 172.5 GeV. The same top-quark
mass is used in all other samples. The tt̄ samples are generated with POWHEG with
NLO accuracy. The inclusive cross section for the tt̄ process is calculated at next-to-next-
to-leading-order (NNLO) with the resummation of soft gluon terms at next-to-next-to-
leading-logarithmic (NNLL) order [94, 95].

– Single top production samples are simulated using two different generators: for the Wt-
and the s-channel processes the POWHEG generator is used, while the t-channel process
is generated with ACERMC. The interference of the Wt-channel with the tt̄ channel at
NLO level is resolved by the diagram removal (DR) approach [96]. Cross sections for
single top production channels are calculated at NLO+NNLO accuracy [97, 98].
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s = 8 TeV, t̃1 → bχ̃±1 , ∆m(t̃1, χ̃±1 ) ≈ m(b)

Sample ID Name Simulation Equivalent L [fb−1]

ttbar POWHEG + PYTHIA

117050 PowhegPythia_P2011C AF2 545.6

single top ACERMC + PYTHIA, POWHEG + PYTHIA

110101 AcerMCPythia_P2011CCTEQ6L1_singletop_tchan_l FS 316.0
110119, 110140 PowhegPythia_P2011C_st_[schan_lep,Wtchan_incl_DR] FS [3299, 891.3]

ttbar+W/Z MADGRAPH + PYTHIA

119353, 119355 MadGraphPythia_AUET2BCTEQ6L1_ttbar[W,Z] FS [3284, 4377]
174830, 174831 MadGraphPythia_AUET2BCTEQ6L1_ttbarW[jExcl,jjIncl] FS [6404, 8237]
174832, 174833 MadGraphPythia_AUET2BCTEQ6L1_ttbarZ[jExcl,jjIncl] FS [6532, 7446]

119583 MadgraphPythia_AUET2B_CTEQ6L1_ttbarWW FS [10870]

W+jets SHERPA

167740–167748 W[enu,munu,taunu]MassiveCBPt0_BFilter AF2 [96.4, 96.0, 95.8]
W[enu,munu,taunu]MassiveCBPt0_CJetFilterBVeto AF2 [16.7, 19.3, 17.8]
W[enu,munu,taunu]MassiveCBPt0_CJetVetoBVeto AF2 [4.14, 4.33, 3.49]

167761–167769 W[enu,munu,taunu]MassiveCBPt70_140_BFilter AF2, FS [156.6, 155.7, 156.5]
W[enu,munu,taunu]MassiveCBPt70_140_CJetFilterBVeto AF2, FS [53.6, 54.2, 54.2]
W[enu,munu,taunu]MassiveCBPt70_140_CJetVetoBVeto AF2, FS [23.9, 23.7, 23.8]

167770–167778 W[enu,munu,taunu]MassiveCBPt140_280_BFilter AF2, FS [457.8, 457.2, 458.2]
W[enu,munu,taunu]MassiveCBPt140_280_CJetFilterBVeto AF2, FS [260.3, 266.5, 262.6]
W[enu,munu,taunu]MassiveCBPt140_280_CJetVetoBVeto AF2, FS [81.0, 80.0, 80.7]

167779–167787 W[enu,munu,taunu]MassiveCBPt280_500_BFilter FS [590.3, 591.2, 590.9]
W[enu,munu,taunu]MassiveCBPt280_500_CJetFilterBVeto FS [418.0, 428.8, 420.9]
W[enu,munu,taunu]MassiveCBPt280_500_CJetVetoBVeto FS [358.4, 355.1, 358.5]

167788–167796 W[enu,munu,taunu]MassiveCBPt500_BFilter FS [887.3, 886.1, 885.5]
W[enu,munu,taunu]MassiveCBPt500_CJetFilterBVeto FS [364.9, 369.9, 366.9]
W[enu,munu,taunu]MassiveCBPt500_CJetVetoBVeto FS [136, 668, 669]

180534–180542 W[enu,munu,taunu]MassiveCBPt40_70_BFilter FS [44.0, 43.8, 43.9]
W[enu,munu,taunu]MassiveCBPt40_70_CJetFilterBVeto FS [7.25, 7.48, 7.34]
W[enu,munu,taunu]MassiveCBPt40_70_CJetVetoBVeto FS [29.6, 29.3, 29.5]

Z+jets SHERPA

167749–167760 Z[ee,mumu,tautau,nunu]MassiveCBPt0_BFilter AF2 [115, 115, 116, 127]
Z[ee,mumu,tautau,nunu]MassiveCBPt0_CJetFilterBVeto AF2 [8.52, 8.50, 8.50, 10.6]
Z[ee,mumu,tautau,nunu]MassiveCBPt0_CJetVetoBVeto AF2 [5.85, 5.83, 3.49, 4.86]

167797–167808 Z[ee,mumu,tautau,nunu]MassiveCBPt70_140_BFilter AF2, FS [513, 511, 513, 382]
Z[ee,mumu,tautau,nunu]MassiveCBPt70_140_CJetFilterBVeto AF2, FS [85.3, 85.4, 85.2, 45.6]
Z[ee,mumu,tautau,nunu]MassiveCBPt70_140_CJetVetoBVeto AF2, FS [108, 108, 108, 47.5]

167809–167820 Z[ee,mumu,tautau,nunu]MassiveCBPt140_280_BFilter AF2, FS [470, 470, 467, 410]
Z[ee,mumu,tautau,nunu]MassiveCBPt140_280_CJetFilterBVeto AF2, FS [243, 241, 242, 216]
Z[ee,mumu,tautau,nunu]MassiveCBPt140_280_CJetVetoBVeto AF2, FS [251, 251, 252, 222]

167821–167832 Z[ee,mumu,tautau,nunu]MassiveCBPt280_500_BFilter FS [681, 679, 695, 1211]
Z[ee,mumu,tautau,nunu]MassiveCBPt280_500_CJetFilterBVeto FS [477, 478, 481, 429]
Z[ee,mumu,tautau,nunu]MassiveCBPt280_500_CJetVetoBVeto FS [365, 364, 364, 1303]

167833–167844 Z[ee,mumu,tautau,nunu]MassiveCBPt500_BFilter FS [5596, 5947, 5856, 5186]
Z[ee,mumu,tautau,nunu]MassiveCBPt500_CJetFilterBVeto FS [1666, 1662, 1706, 1536]
Z[ee,mumu,tautau,nunu]MassiveCBPt500_CJetVetoBVeto FS [6920, 5530, 6920, 5024]

180543–180551 Z[ee,mumu,tautau]MassiveCBPt40_70_BFilter AF2, FS [107.6, 107.3, 107.1]
Z[ee,mumu,tautau]MassiveCBPt40_70_CJetFilterBVeto AF2, FS [22.2, 22.2, 22.2]
Z[ee,mumu,tautau]MassiveCBPt40_70_CJetVetoBVeto AF2, FS [30.2, 30.1, 30.2]

diboson SHERPA

183734–183739 WWto[enu,munu,taunu]qq_MassiveCB FS [102.3, 102.1, 102.5]
WZto[enu,munu,taunu]qq_MassiveCB FS [105.1, 104.9, 104.4]

183585–183590 ZWto[ee,mumu,tautau]qq_MassiveCB FS [114.4, 114.5, 115.4]
ZZto[ee,mumu,tautau]qq_MassiveCB FS [121.6, 121.2, 124.1]

179974, 179975 [lllnu,lnununu]_WZ_MassiveCB FS [263.8, 244.1]
177997, 177999 llnunu_[WW,ZZ]_MassiveCB FS [1407, 1734]

Table 6.1: The Monte Carlo samples used in the
√

s = 8 TeV analysis. An equivalent luminosity is
defined as N/σ, where N is the total number of generated events and σ is the cross section (including
K-factor and filter efficiency). The labels AF2 and FS indicate whether fast (AF2) or full (FS) simulation
is used.

98



6.1 Data set and Monte Carlo samples

– The W+ jets and Z+ jets samples are generated with SHERPA with up to four additional
partons taking into account the correct masses of the b and c quarks. The correspond-
ing cross sections are calculated at NNLO including the γ− Z interference, finite-width
effects, leptonic decays of W/Z and spin correlations [99].

– The tt̄ + W/Z and t + Z samples are generated with MADGRAPH with up to two addi-
tional partons. Cross sections are calculated at NLO [100, 101] and LO [102] precision,
respectively.

– The diboson samples WW, WZ, ZZ are generated with SHERPA with massive b and c
quarks. Cross sections are calculated at NLO precision [103].

Cross sections for tt̄, W+ jets, Z+ jets and diboson processes are calculated using the MSTW2008
PDF set. For the tt̄ + W and tt̄ + Z cross section calculations, the MSTW2008 and CTEQ6.6M
PDF sets are used. A detailed list of the background Monte Carlo samples used by the SUSY
Working Group for the

√
s = 8 TeV analysis are shown in Table 6.1.

Signal samples

Signal samples for the process t̃1 → bχ̃±1 → bW±(∗)χ̃0
1 are generated with MADGRAPH, which

is interfaced to PYTHIA. The detector effects are modelled with the ATLAS fast simulation
ATLFAST-II program. Each signal model can be represented as a point in three-dimensional
mass space (t̃1, χ̃±1 , χ̃0

1). In the following the triple (m1, m2, m3) refers to the signal model with
m(t̃1) = m1, m(χ̃

±
1 ) = m2 and m(χ̃

0
1) = m3, where masses are given in GeV.

Results are presented on different two-dimensional plots. The signal models shown in each
plot are selected by adding a linear constraint on the masses of the t̃1, χ̃±1 and χ̃0

1 particles.
Signal models for each linear constraint are often called “grid”. The same signal model may
belong to different grids. The list of signal models used for the one-lepton analysis is shown
in Table 6.2.

Grid Sample ID Constraint Mass Plane Filter Generator

ch2nt 166418–166500
173278–173294 m(χ̃

±
1 ) = 2 ·m(χ̃

0
1) (t̃1, χ̃0

1) 1-lepton MADGRAPH

173473–173485

stch10 172689–172725 m(t̃1) = m(χ̃
±
1 ) + 10 GeV (t̃1, χ̃0

1) 1-lepton MADGRAPH

nt001 172648–172688 m(χ̃
0
1) = 1 GeV (t̃1, χ̃±1 ) 1-lepton MADGRAPH

st300 172726–172737 m(t̃1) = 300 GeV (χ̃
±
1 , χ̃0

1) 1-lepton MADGRAPH

st150 172738–172744 m(t̃1) = 150 GeV (χ̃
±
1 , χ̃0

1) 1-lepton MADGRAPH

ch150 172745–172769
174849–174853 m(χ̃

±
1 ) = 150 GeV (t̃1, χ̃0

1) 1-lepton MADGRAPH

177080–177089

ch106 175708–175766 m(χ̃
±
1 ) = 106 GeV (t̃1, χ̃0

1) 1-lepton MADGRAPH

Table 6.2: List of signal samples used for the t̃1 → bχ̃±1 → bW±(∗)χ̃0
1 analysis at

√
s = 8 TeV.
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The current analysis is mainly sensitive to the m(χ̃
±
1 ) = 2 ·m(χ̃

0
1) – gaugino universality grid

and the ∆m(t̃1, χ̃±1 ) = 10 GeV – compressed scenario grid. The motivation for the gaugino
universality grid is explained in Section 4.2.

For the presented compressed scenario an extra radiation jet is required, therefore a proper
estimation of systematic uncertainties related to Initial and Final State Radiation (ISR/FSR) is
very important. For this reason, for each signal sample of the two grids mentioned above,
additional samples using different scale choices are generated with a high number of events
on particle level.

6.2 Object definitions and event cleaning

6.2.1 Object definitions

Object definitions are based on the standard tool set used in the ATLAS SUSY Working Group.

Jets

Jets are reconstructed using an anti-kt clustering algorithm, with R = 0.4 as distance para-
meter, see Section 3.4.

Baseline jets are calibrated jets with pT > 20 GeV, |η| < 2.8. These jets are used for over-
lap removal (see Section 6.2.2). For jets, which pass the overlap removal, additional quality
checks are applied. Events containing very loose bad jets (i.e. jets from non-collision back-
ground, from Hadronic Endcap Calorimeter noise spikes or jets that fail the Electromagnetic
Calorimeter energy reconstruction quality/noise check) are rejected.

Signal jets are defined as baseline jets with pT > 25 GeV and |η| < 2.5.

A summary of the jet selection criteria is shown in Table 6.3.

Baseline jet

Algorithm AntiKt4LCTopo

Acceptance pT > 20 GeV, |η| < 2.8
Overlap ∆R(e, non b-jet) > 0.2
Quality VeryLoose bad jet: reject event

Signal jet

Acceptance pT > 25 GeV, |η| < 2.5

Table 6.3: Summary of the jet definition criteria.

b-jets

The definition of b-tagged jets uses the MV1 jet tagger at a 80% operation point, see Section 3.5.
To correct the b-tagging rate from the Monte Carlo to the data, a weight is applied for each jet.
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6.2 Object definitions and event cleaning

The weight is defined based on the efficiencies for the data and Monte Carlo, εdata
f (pT, η) and

εMC
f (pT, η), where f is the jet flavour [70]. If a jet is tagged, the weight is calculated as:

wjet =
εdata

f

εMC
f

= SF f . (6.1)

If a jet is not tagged, the weight is:

wjet =
1− εdata

f

1− εMC
f

=
1− SF f εMC

f

1− εMC
f

. (6.2)

The b-tagging efficiencies εdata
f and εMC

f and scale factors SF f are determined by the ATLAS
Flavour Tagging Working Group. It is assumed, that the b-tagging weights can be applied
independently for each jet. Therefore, the final b-tagging weight for the event is obtained by
miltiplication of the wjet weights for each jet from the event.

Electrons

Electrons are reconstructed using energy clusters in the electromagnetic calorimeter matched
to tracks from the inner detector, see Section 3.2.

Baseline electrons are defined as loose++ type with pT > 10 GeV and |η| < 2.47. The Electro-
magnetic Fraction (EMF) – the fraction of energy deposited in the electromagnetic calorimeter
– is required to be more than 0.8. The overlap removal is done between baseline electrons and
jets. In case of an overlap with b-tagged jets with ∆R(e, b-jet) < 0.2, the electron is removed.
In case of non b-tagged jets, the electron is removed only if 0.2 < ∆R(e, non b-jet) < 0.4.

Signal electrons are additionally required to have tight++ type, pT > 25 GeV and an isolation
requirement pcone 0.2

T /pT < 0.1.

A summary of the electron selection is shown in Table 6.4.

Baseline electron

Algorithm combined track+cluster electron
Acceptance pT > 10 GeV, |η| < 2.47
Quality loose++ and EMF > 0.8

requirement on quality flag
Overlap ∆R(e, non b-jet) < 0.2 or ∆R(e, jet) > 0.4

Signal electron

Acceptance pT > 25 GeV, |η| < 2.47
Quality tight++

Isolation pcone 0.2
T /pT < 0.1

Table 6.4: Summary of the electron definition criteria.
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Muons

Two types of muons are used: combined and segment-tagged, see Section 3.3.

Baseline muons are defined as muons with pT > 10 GeV, |η| < 2.4 and are requited to fulfil
quality requirements for tracks, see Table 6.5. Nhits

TRT is the total number of TRT hits including
outliers. Baseline muons are used for the overlap removal with jets. If a muon overlaps with a
jet with ∆R(µ, jet) < 0.4, the muon is removed.

Signal muons are additionally required to fulfil pT > 25 GeV, |η| < 2.4 and an isolation require-
ment pcone 0.2

T < 1.8 GeV. A suppression against cosmic muon candidates
∣∣zµ − zPV

∣∣ < 1 mm
and |d0| < 0.2 mm is also applied.

A summary of the muon selection is shown in Table 6.5.

Baseline muon

Algorithm combined or segment-taggedmuon
Acceptance pT > 10 GeV, |η| < 2.4
Quality ≥ 1 Pixel hit, ≥ 5 SCT hits, Pixel + SCT holes < 3

0.1 < |η| < 0.9 : Nhits
TRT ≥ 6, Noutliers

TRT < 0.9× Nhits
TRT

Overlap ∆R(µ, jet) > 0.4

Signal muon

Acceptance pT > 25 GeV, |η| < 2.4
Isolation pcone 0.2

T < 1.8 GeV
Cosmics veto

∣∣zµ − zPV
∣∣ < 1 mm, |d0| < 0.2 mm

Table 6.5: Summary of the muon definition criteria.

Missing transverse momentum

The missing transverse momentum Emiss
T is calculated as the vectorial sum of the transverse

momenta of identified objects (electrons, muons and jets) and calorimeter clusters, not as-
signed to any object:

Emiss
T = Emiss

T
, eγ + Emiss

T
, muon + Emiss

T
, soft-jets + Emiss

T
, jets + Emiss

T
, CellOut, (6.3)

for more details, see Section 3.6.

For the Emiss
T calculation a looser object definition is used: jets are included with pT > 10 GeV

and |η| < 4.9, electrons are taken with medium type and pT > 10 GeV, for muons the overlap
requirements with jets are loosened to ∆R(µ, jet) > 0.3. The “CellOut” term is calculated from
the topological clusters, which are not assigned to any physical object.

6.2.2 Overlap removal

Some jets may contain leptons, which “belong” to the jet, but they also can appear in a lepton
collection. On the other side, some leptons may be identified as jets, and they may appear in
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6.3 Background reweighting

a jet collection as extra jets. To resolve such cases, an overlap removal is needed. It is based
on performance studies [46] and uses the ∆R =

√
∆φ2 + ∆η2 variable between the lepton and

the jet.

The overlap removal is applied in the following order:

– If an electron lies within ∆R < 0.2 of a jet then:
– If the jet is b-tagged, the electron is removed,
– Otherwise, the jet is considered as “fake” and is removed;

– If an electron is within 0.2 < ∆R < 0.4 of a jet, it is considered, that the electron “belongs”
to the jet, and the electron is removed;

– If a muon is within ∆R < 0.4 of a jet, it is considered, that the muon “belongs” to the jet,
and the muon is removed.

6.2.3 Event cleaning

The basic cleaning requirements are applied for all SUSY one-lepton analyses. The so-called
“cleaning cuts” are listed in the following:

– The Good Run List (GRL) – official ATLAS Data Quality (DQ) requirements – is applied.
These requirements are applied only on data.

– A combination of the electron, muon and missing transverse momentum trigger is ap-
plied.

– Incompletely recorded events and events with an error flag set from the calorimetry
system (LAr or TileCal) or events for which TileCal module power supplies had tripped,
are rejected. This requirement is applied only on data.

– Event with mismeasured Emiss
T , due to non-operational cells in the TileCal or Hadronic

Endcap Calorimeter, are rejected.

– Event with a cosmic muon candidate or with a bad muon are rejected.

– The primary vertex is required to have at least 5 tracks.

– Event with “bad” jets, i.e. jets from non-collision background and cosmics, jets from
Hadronic Endcap Calorimeter spikes or Electromagnetic Calorimeter noise, are rejected.

6.3 Background reweighting

The Monte Carlo generated samples for the
√

s = 8 TeV analysis show some discrepancies
with data. Examples are the distributions of the leading jet pT, the jet multiplicity Njets and mT,
for the 2 b-jet selection. These distributions are shown in Figure 6.3.

The mismodelling causes a slope in the data-to-Monte-Carlo ratio for the leading jet pT and
Njets distributions, while the mT distribution is not sensitive to the mismodelling and has a
good data vs Monte Carlo agreement.
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Figure 6.3: The data-MC comparison for the 2 b-jet selection before any reweighting is applied for the
variables: pT of the leading jet (left), jet multiplicity Njets (middle), and mT (right). The distributions
are shown for the selection: 1 lepton, exactly 2 b-tagged jets, 4 jets with pT values above 40, 25, 25, and
25 GeV, Emiss

T > 80 GeV, mT > 60 GeV. The tt̄ and W+ jets production are normalised to the Monte
Carlo cross sections. The error bands include only the Monte Carlo statistical uncertainties.

Any attempt to correct the slope based on the Njets distribution in a control region may intro-
duce an opposite slope in the signal region. One exercise which highlights this problem was
done during a background reweighting study. This example shows why the reweighting of
the jet multiplicity distribution is dangerous and how it may introduce an opposite slope. A
detailed description of this example is presented in Appendix A.

Since for the one-lepton analysis the dominant backgrounds are tt̄ and W+ jets production, the
needs for corresponding reweightings are studied separately for each process.

The W + jets reweighting

After requiring a high Emiss
T and mT, the regions dominated by the W+ jets background have

a good data-MC agreement for key variables within the systematic uncertainties. A detailed
data-MC comparison for different kinematic variables for control and validation regions can be
found in Appendix B. Based on this comparison it was decided to not apply any reweighting
for the W+ jets background in the one-lepton analysis.

The tt̄ reweighting

While for the W+ jets background, the data-MC agreement was good, this is not the case for
the tt̄ production. After checking different reweightings strategies, it was decided to use a
reweighting based on the true pT of the tt̄ system.

A measurement of the top-quark pair production differential cross section [104] shows a mis-
modelling of the unfolded distributions of the pT of the tt̄ system. Based on the measurements,
the weights are defined as a 4-bin function of the true pT of the tt̄ system. The electron and
muon weights are averaged. The reweighting coefficients are shown in Table 6.6.

The scale factors to reweight the distribution of the true pT of the tt̄ system are derived for the
POWHEG+PYTHIA samples simulated at

√
s = 7 TeV. The same generator is used as default

for the tt̄ process modelling at
√

s = 8 TeV.

104



6.4 Signal selection

truth pT(tt̄) [GeV] e - channel µ - channel average

pT ∈ [0, 40) 0.988 1.006 0.997
pT ∈ [40, 170) 0.912 0.967 0.940
pT ∈ [170, 340) 0.710 0.758 0.734
pT ∈ [340, ∞) 0.556 0.584 0.570

Table 6.6: Reweighting factors as a function of the true pT(tt̄) extracted from the ATLAS top-quark
differential cross-section measurement [104].

The approach considered has the following advantages:

– It does not depend on the analysis (zero- or one-lepton);

– It does not depend on a semileptonic tt̄ decay channel (e, µ, τ);

– It does not use the jet multiplicity for the reweighting.

The reweighting significantly improves the data-MC agreement for key variables. In Figure 6.4
the same distributions as discussed above are shown after the reweighting is applied. One can
see, that the data-MC agreement is significantly improved. This 4-bin tt̄ reweighting is used
for both the zero- and one-lepton SUSY analyses. For the presented bC diagonal analysis, the
default 4-bin tt̄ reweighting is applied.
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Figure 6.4: The data-MC comparison for the 2 b-jet selection after the default 4-bin tt̄ reweighting for
the variables: pT of the leading jet (left), jet multiplicity Njets (middle), and mT (right). The distributions
are shown for the selection: 1 lepton, exactly 2 b-tagged jets, 4 jets with pT values above 40, 25, 25, and
25 GeV, Emiss

T > 80 GeV, mT > 60 GeV. The tt̄ and W+ jets production are normalised to the Monte
Carlo cross sections. The error bands include only the Monte Carlo statistical uncertainties.

Distributions for various kinematical variables before any reweighting is applied and after the
default 4-bin tt̄ reweighting for the 1 b-jet and 2 b-jets selections are presented in Chapter 7. In
the same chapter an improved, smooth exponential tt̄ reweighting is also presented.

6.4 Signal selection

For signal points near the diagonal, where the mass difference ∆m = m(t̃1)−m(χ̃
±
1 ) is small,

in a large fraction of the events both b-jets have pT < 25 GeV, which is below the detector ac-
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ceptance. The distribution of the number of true b-jets with pT > 25 GeV is shown in Figure 6.5
for several signal points. Since most tt̄ events have at least one b-tagged jets, by vetoing b-jets
one can suppress the tt̄ background. One can see, that the rejection power increases towards
the diagonal.
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Figure 6.5: Distributions of the number of true b-jets after the preselection requirements. The colours
correspond to different ∆m = m(t̃1)−m(χ̃

±
1 ) values: 5 GeV (red), 25 GeV (blue), and 50 GeV (green).

The signal region for the bC diagonal analysis (SR-bC) is defined by the preselection and the
following selection requirements, referred to as “cuts”:

Preselection:

– The one-lepton event cleaning cuts as described in Section 6.2.3;

– Exactly one signal lepton with pT > 25 GeV and no other baseline leptons;

– At least three jets with pT(j1,2,3) > 80, 40, 30 GeV;

– ∆φ(j1,2, Emiss
T ) > 0.8 – minimal azimuthal (transverse) separation between the leading

two jets and the missing transverse momentum;

– Emiss
T /

√
HT > 5

√
GeV – cut on the Emiss

T significance. It is not relevant for the current
analysis, but is kept for consistency with other selections of the one-lepton analysis.

Cut1: Emiss
T > 140 GeV

This requirement suppresses the multijet and other backgrounds, where high Emiss
T is not

expected.
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6.4 Signal selection

Cut2: b-jet veto
Veto on b-tagged jets among the leading four jets with pT > 25 GeV. This selection
is introduced mainly against the tt̄ background. For signal models near the diagonal,
both b-jets are below the detector acceptance, while b-jets from t → bW decays typically
have pT(b) ≈ 60 GeV. Therefore, a veto on b-tagged jets significantly suppresses the tt̄
background.

Cut3: mT > 120 GeV
A high mT requirement is introduced against background from W → eν and W → µν
decays. Therefore, it suppresses the W+ jets background as well as the semileptonic tt̄
background, with W decay to eν or µν.

Cut4: ∆φ(j1, Emiss
T ) > 2.0

If b-jets are vetoed and at least three light jets are required, for tt̄ events one jet should
come from initial or final state radiation (ISR/FSR). This selection requires, that the lead-
ing light jet recoils against the Emiss

T .

Cut5: 0.8 < ∆R(j1, `) < 2.4
A requirement on the distance ∆R between the leading jet and the lepton improves the
signal-to-background separation.

Cut6: |η(`)| < 1.2
This selection requires centrality of the lepton. Due to a high mT requirement the η(`)
correlates with the η(ν) of the neutrino. In case of a supersymmetric signal this correla-
tion is less expressed. The requirement improves the signal-to-background separation.

The breakdown of the expected yields together with the observed numbers of events for the
signal region SR-bC are presented in Table 6.7. The default 4-bin tt̄ reweighting is applied, see

Process SR-bC

tt̄ 145.6± 2.7
W+ jets 276.8± 10.5
single top 12.1± 0.8
tt̄ + W/Z 3.3± 0.1
diboson 58.9± 2.2
Z+ jets 5.2± 1.2
MC expected SM Total 501.9± 11.2

Observed events 493

m(t̃1, χ̃±1 , χ̃0
1) = (180, 174, 87) 397.5± 41.8

m(t̃1, χ̃±1 , χ̃0
1) = (250, 240, 120) 331.7± 8.5

m(t̃1, χ̃±1 , χ̃0
1) = (350, 340, 170) 172.5± 2.4

Table 6.7: Breakdown of the expected yields together with the observed numbers of events for the signal
region SR-bC. The default 4-bin tt̄ reweighting is applied, see Section 6.3. The tt̄ and W+ jets production
is normalised to the Monte Carlo cross section. The numbers are normalised to an integrated luminosity
of 20.3 fb−1. Only the statistical uncertainties are shown. Three signal models for the (t̃1, χ̃±1 , χ̃0

1) mass
plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0

1 are given in GeV.
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Section 6.3. The tt̄ and W+ jets production is normalised to the Monte Carlo cross section. The
numbers are normalised to an integrated luminosity of 20.3 fb−1.

Figure 6.6 shows the distributions for the successively applied selection requirements (“cuts”),
starting from Cut3. For each cut, the distribution of the discriminant variable is shown be-
for the selection is applied. The cut values are indicated by black vertical lines. The arrow
points towards events which pass the selection. Signal models m(t̃1, χ̃±1 , χ̃0

1) = (180, 174, 87),
(250, 240, 120) and (350, 340, 170) GeV are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0

1
are given in GeV.
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Figure 6.6: Distributions of the discriminant variables for successively applied selection requirements
(“cuts”), starting from Cut3. For each cut, the distribution of the corresponding discriminant variable
is shown before the requirement is applied. The cut values are indicated by black vertical lines. The
arrow points towards events which pass the selection. The error bars include only the Monte Carlo
statistical uncertainties. Three signal models for the (t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison.
The masses of t̃1, χ̃±1 and χ̃0

1 are given in GeV.
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6.5 Background estimation

6.5.1 Control and validation regions

The dominant and sub-dominant background for the bC diagonal analysis is the W+ jets and
tt̄ production, respectively. The normalisation of the W+ jets and tt̄ process for the SR-bC
signal region is based on the semi-data-driven approach, described in Section 4.6.

The control region for the W+ jets (WCR-bC) and tt̄ (TCR-bC) background, is defined by al-
tering the mT and b-jet requirement of the signal region. Following the common approach
used in the one-lepton analysis [3], for both control regions the mT selection is altered to
60 GeV < mT < 90 GeV. In addition, for TCR-bC region, the b-jet veto selection is inver-
ted, requiring at least one b-tagged jet.

The validation region for the tt̄ process (TVR-bC) is defined by inverting the b-jet veto selection
for the SR-bC signal region, while the validation region for the W+ jets process (WVR-bC) is
defined by altering the mT selection to 100 GeV < mT < 120 GeV.

The event selection requirements for the signal, control and validation regions differ only for
the mT and the number of b-tagged jets variables. The selection requirements of these variables
are shown for each region in Table 6.8.

Variable WCR-bC TCR-bC WVR-bC TVR-bC SR-bC

mT [GeV] [60, 90] [60, 90] [100, 120] > 120 > 120

b-jet/veto veto b-jet ≥ 1 b-jet veto b-jet ≥ 1 b-jet veto b-jet

Table 6.8: Differences in selection requirements for the mT and number of b-tagged jets variables
between the signal, control and validation regions of the bC analysis. Since these regions differ only for
these variables, no requirements on other selection variables are shown.

A schematical illustration for the signal, control and validation regions of the bC analysis is
shown in Figure 6.7.

Figure 6.7: A schematic illustration for the signal, control and validation regions of the bC analysis.
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Figure 6.8: A comparison of the data and Monte Carlo for the bC diagonal analysis. Top: distribution
of the Emiss

T for the WCR-bC (left) and WVR-bC (right), middle: distribution of the pT(`) for the WCR-
bC (left) and WVR-bC (right), bottom: distribution of the pT(j2) for the TCR-bC (left) and TVR-bC
(right). The tt̄ and W+ jets production is normalised in the control regions. Three signal models for the
(t̃1, χ̃±1 , χ̃0

1) mass plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0
1 are given in GeV.
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A comparison between the data and Monte Carlo for some kinematic variables is shown in
Figure 6.8. Comparison plots for additional variables for the control and validation regions
are presented in Appendix B.

The breakdown of the expected yields together with the observed numbers of events for the
control and validation regions are shown in Table 6.9. The W+ jets and tt̄ production is norm-
alised to the Monte Carlo cross section.

Process WCR-bC TCR-bC WVR-bC TVR-bC

tt̄ 333.8± 4.2 1246.5± 8.0 154.7± 2.8 752.0± 6.0
W+ jets 1890.3± 22.6 278.2± 6.8 567.3± 14.1 51.4± 5.3
single top 46.5± 1.7 140.2± 2.9 18.3± 1.1 46.0± 1.3
tt̄ + W/Z 1.6± 0.1 5.5± 0.2 1.2± 0.1 15.3± 0.3
diboson 78.5± 3.8 16.8± 1.9 32.2± 2.2 10.1± 1.1
Z+ jets 10.4± 1.1 1.9± 0.4 7.7± 1.0 1.3± 0.3
MC exp. SM Total 2361.2± 23.4 1689.1± 11.0 781.2± 14.7 876.1± 8.2

Observed events 2162 1650 693 925

(180, 174, 87) 138.4± 25.1 13.0± 6.7 227.2± 31.8 101.4± 21.0
(250, 240, 120) 42.6± 3.1 11.1± 1.6 85.6± 4.3 86.3± 4.5
(350, 340, 170) 9.5± 0.6 2.6± 0.3 19.8± 0.8 40.2± 1.2

Table 6.9: The breakdown of the expected yields together with the observed numbers of events for
the W+ jets and tt̄ control and validation regions. The tt̄ production is reweighted according to the
procedure described in Section 6.3. The tt̄ and W+ jets production is normalised to the Monte Carlo
cross section. The numbers are normalised to the integrated luminosity of 20.3 fb−1. Only the Monte
Carlo statistical uncertainties are shown. Three signal models for the (t̃1, χ̃±1 , χ̃0

1) mass plane are shown
for comparison. The masses of t̃1, χ̃±1 and χ̃0

1 are given in GeV.

6.5.2 Multijet background

Events from the multijet background may pass the lepton identification requirements due to
jet misidentification, heavy flavour decays or photon conversions. Events with such a type of
leptons are referred to as a fake lepton background. The fake lepton background is estimated
separately for the electron and muon channel. The estimation is based on the Exponential
Extrapolation (EE) approach. For fake electrons, additionally, the Matrix Method is used for a
cross-check. For a detailed description of both approaches, as well as for definitions used in
the following, the reader is referred to Chapter 9.

Estimation of fake electrons

To employ the fake electron estimation approach (see Section 9.2) an isolation variable ξ and a
loose and tight electron have to be defined.

The isolation variable ξ is defined as pcone 0.2
T /pT, where the pcone 0.2

T is the track isolation vari-
able with ∆R = 0.2 GeV (see Section 3.2). A loose electron is defined as a baseline electron,
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while for a tight electron a definition of a signal electron without the isolation requirement
ξ < 0.1 is used (see Section 6.2.1).

The fake electron background is estimated for the FLR-bC region, which is described by the
following selection criteria:

– The one-lepton event cleaning cuts as described in Section 6.2.3;

– One electron with pT(e) > 25 GeV, no other baseline leptons;

– ∆φ(j1,2, Emiss
T ) > 0.8;

– At least three jets with pT(j1,2,3) > 80, 40, 30 GeV;

– Veto on b-tagged jets;

– Emiss
T > 140 GeV;

– mT > 120 GeV.

This region is similar to the SR-bC signal region and differs from it only by the omission of the
last three selection requirements (Cut4-Cut6).

Matrix Method for SR-bC

To use the Matrix Method (see Section 9.1) the tight-to-loose coefficient for real (εreal) and fake
(εfake) electrons have to be estimated.

Figure 6.9 shows the ratio between tight and loose electrons as a function of the isolation
variable ξ. The εfake coefficient is estimated with the data-driven approach as the ratio between
the tight and loose electrons in the [0.1, 0.5] interval.
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Figure 6.9: The ratio between tight and loose electrons as a function of the isolation variable ξ for the
FLR-bC region. The ratio is calculated for data and Monte Carlo simulated samples (simulated samples
do not include multijet contributions). The εfake coefficient is estimated as the ratio between tight and
loose electrons in the [0.1, 0.5] interval. The error bars show only the statistical uncertainty.
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The probability for real loose electrons to pass tight requirements (εreal) is estimated based on
the simulated Monte Carlo events which do not include multijet events. In Figure 6.9 this
corresponds to the first bin of the ratio of tight-to-loose electrons for the Monte Carlo simu-
lation. Usually, the electron identification, scale and resolution systematic uncertainties are
below 1%. Therefore, in this case they are neglected with respect to the statistical uncertainty
of ±4%.

The estimate of the εreal and εfake coefficients, as well as the number of fake electrons Ntight
fake in

the FLR-bC region are presented in Table 6.10. The number of fake electrons is estimated by us-

Region εreal εfake Nloose
data Ntight

data Ntight
fake QCD [%]

FLR-bC 0.82± 0.03 0.22± 0.04 1155 908 14± 14 1.5± 1.5

Table 6.10: Results of the Matrix Method estimation for the FLR-bC region. Only the statistical uncer-
tainties are shown.

ing equation 9.2. From the presented results the contribution of the fake electron background
with a confidence level of 95% found to be less than 4.0%.

Exponential Extrapolation for SR-bC

The number of fake electrons in the SR-bC signal region (Ntight
fake ) is also estimated with the

Exponential Extrapolation approach (see Section 9.2). Figure 6.10 shows the exponential fit to
the distribution of the isolation variable ξ for loose and tight electrons. The corresponding fit
results are shown in Table 6.11. The results indicate that the fake electron background with a
confidence level of 95% is less then 5.6%.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

­110

1

10

210

3
10

410

5
10

Data 2012

SM Total

ttbar

W + jets

Z + jets

ttbar + V

single top

di­boson

 = 8 TeVs, ­1 = 20.3 fbintL

1­electron (loose), jets: 80­40­30, veto b­jet, MET > 140, MT > 120, cleaning

E
v
e

n
ts

 /
 0

.0
2

5

ξ = p          /    T
   cone 0.2 p   T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
a

ta
 /

 M
C

  
  

0

0.5

1

1.5

2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

­110

1

10

210

3
10

410

5
10

Data 2012

SM Total

ttbar

W + jets

Z + jets

ttbar + V

single top

di­boson

 = 8 TeVs, ­1 = 20.3 fbintL

1­electron (tight), jets: 80­40­30, veto b­jet, MET > 140, MT > 120, cleaning

E
v
e

n
ts

 /
 0

.0
2

5

ξ = p          /    T
   cone 0.2 p   T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
a

ta
 /

 M
C

  
  

0

0.5

1

1.5

2

Figure 6.10: Estimation of the number of fake electrons using the Exponential Extrapolation approach.
The distribution of the isolation variable ξ for loose (left) and tight (right) electrons is fitted by an
exponential function e−αξ+β (red line) in the [0.1, 0.5] interval.
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Region α β Nfake Ndata QCD [%]

FLR-bC (loose) 5.9± 0.7 3.8± 0.2 131.6± 20.6 1155 11.4± 1.8

FLR-bC (tight) 6.7± 1.5 2.4± 0.4 32.7± 11.0 908 3.6± 1.2

Table 6.11: Results of the fit and the estimated number of fake electrons for the loose and tight selection
criteria for the FLR-bC region. An exponential function e−αξ+β is fitted in the [0.1, 0.5] interval. Only
the statistical uncertainties are shown.

The precision can be improved by the use of a combined fit, which fits both distributions with
the same α slope. Figure 6.11 shows the results of the combined fit. The fit is performed in the
[0.1, 1.0] interval. The distribution of the isolation variable ξ for loose-not-tight electrons (loose
electrons which do not pass the tight criteria) is fitted with e−αξ+β′ , while for tight electrons it
is fitted with e−αξ+β. The distributions are statistically uncorrelated. The number of fake tight
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Figure 6.11: A combined fit of the Exponential Extrapolation approach for the FLR-bC region. The
distribution of the isolation variable ξ for loose-not-tight electrons is fitted with e−αξ+β′ (left), while for
tight electrons is fitted with e−αξ+β (right). Both distributions are fitted in the [0.1, 1.0] interval.

electrons is estimated from e−αξ+β. The uncertainty on the fake electrons estimation accounts
for the uncertainties of the fit parameters α, β and β′.

The results of the combined fit and the estimated number of fake tight electrons are shown
in Table 6.12. All values include only the statistical uncertainties. In general, one has to add
a systematic uncertainty of the combined fit related to the use of the same α slope for both
distributions. Taking into account, that α slopes for loose and tight distributions are consistent
within the statistical uncertainty (see Table 6.11), and the difference between the loose and
tight slopes is consistent with the statistical uncertainty on the α estimated for the combined

Region α β β′ Nfake QCD [%]

FLR-bC 5.6± 0.6 2.7± 0.2 3.8± 0.2 22± 5 2.4± 0.6

Table 6.12: Results of the combined fit and the estimated number of fake tight electrons for the FLR-bC
region using the Exponential Extrapolation approach. Only the statistical uncertainties are shown.
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fit (which is about ±11%, see Table 6.12), the systematic uncertainty of the combined fit can be
neglected. From the combined fit result, the fake electron background with a confidence level
of 95% can be estimated as below 3.4%.

One can see, that the combined fit achieves the same precision as the Matrix Method, but
it is fully data-driven and does not rely on the Monte Carlo simulation to estimate the εreal
coefficient. In both cases, the estimate for the fake electron background in the SR-bC signal
region with a confidence level of 95% is less than 4%.

Exponential Extrapolation for WCR-bC and TCR-bC

The contribution of fake electrons is estimated separately for each control region using the
combined fit approach. Figure 6.12 shows the distributions of the isolation variable ξ for loose-
not-tight and tight electrons for the WCR-bC and TCR-bC control regions. For both regions
the fit is performed in the [0.1, 1] interval. The results of the combined fit and the estimated
number of fake tight electrons for the WCR-bC and TCR-bC control regions are shown in
Table 6.13. Due to a large statistical uncertainty on the α parameter estimate (more than±20%)
for both regions, the systematic uncertainty of the combined fit approach is neglected. In both
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Figure 6.12: Combined fits for the WCR-bC (top) and TCR-bC (bottom) control regions. The distribu-
tions of the isolation variable ξ for loose-not-tight electrons, referred to as hdiff(ξ), is fitted by e−αξ+β′

(left), while for the tight electrons the htight(ξ) is fitted by e−αξ+β (right). The combined fits are per-
formed in the [0.1, 1.0] interval.
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Region α β β′ Nfake QCD [%]

WCR-bC 4.8± 1.5 1.2± 0.6 0.9± 0.6 5± 3 0.5± 0.3

TCR-bC 5.2± 1.2 1.5± 0.5 1.7± 0.4 7± 3 0.8± 0.4

Table 6.13: Results of the combined fit and the estimated number of fake tight electrons for the WCR-
bC and TCR-bC control regions using the Exponential Extrapolation approach. Only the statistical
uncertainties are shown.

control regions the estimate for the fake electron background with a confidence level of 95% is
less than 1.5%.

Isolated electrons

All fits above are performed under the assumption, that a contamination of isolated electrons
(electrons, which are produced from the W-boson decay on a particle level) is negligible for
the ξ > 0.1 region. The distributions of the isolation variable ξ for the tight isolated electrons
for the FLR-bC, WCR-bC and TCR-bC regions are shown in Figure 6.13. The distributions
confirm, that in the ξ > 0.1 region the contamination from the isolated electrons is negligible.
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Figure 6.13: Distributions of the isolation variable ξ for the tight isolated electrons for the FLR-bC (left),
WCR-bC (middle) and TCR-bC (right) regions.

Estimation of fake muons

To employ the fake muon estimation approach (see Section 9.3), an isolation variable ξ, a vari-
able ζ, and loose and tight muons have to be defined.

An isolation variable ξ is defined as pcone 0.2
T , a variable ζ is defined as pcone 0.4

T − pcone 0.2
T , a loose

muon is defined as a signal muon without an isolation requirement and with the relaxed over-
lap removal selection ∆R(µ, jet) from 0.4 to 0.2 (see Section 6.2.2), while a tight muon is defined
as a signal muon without an isolation requirement ξ < 1.8 GeV (see Section 3.3).

Fake muons are estimated for the FLR0-bC (b-jet veto) and FLR1-bC (at least one b-jet) regions.
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The regions are described as follows:

– The one-lepton event cleaning cuts, as described in Section 6.2.3;

– One muon with pT(e) > 25 GeV, no other baseline leptons;

– ∆φ(j1,2, Emiss
T ) > 0.8;

– At least three jets with pT(j1,2,3) > 80, 40, 30 GeV;

– Veto on b-tagged jets (FLR0-bC) or at least one b-tagged jet (FLR1-bC);

– Emiss
T > 140 GeV;

– mT > 60 GeV.

According to these descriptions, the FLR0-bC region contains the signal region (SR-bC) and the
W+ jets control region (WCR-bC), while the FLR1-bC contains the tt̄ control region (TCR-bC).

The distributions of the variable ζ for loose and signal muons for the FLR0-bC and FLR1-bC
regions are shown in Figure 6.14. For each region the distribution for loose muons is fitted by
an exponential function e−αζ+β′ . The estimated slope α is used to fit the distribution for signal
muons with an exponential function e−αζ+β. Both functions are fitted in the [30, 120] GeV
interval. The fit results with the estimated number of fake signal muons Nsignal

fake are shown in
Table 6.14. The results include only the statistical uncertainties.
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Figure 6.14: Distributions of the variable ζ for loose and signal muons, referred to as the hloose(ζ) and
hsignal(ζ), respectively. The distributions are shown for the FLR0-bC (b-jet veto, left) and FLR1-bC (at
least 1 b-jet, right) regions. For both regions the hloose(ζ) is fitted by an exponential function e−αζ+β′ .
The estimated slope α is used to fit hsignal(ζ) with an exponential function e−αζ+β. Both functions are
fitted in the [30, 120] GeV interval.

The systematic uncertainties of the approach are estimated as follows. The slope α is estim-
ated by fitting the distribution of ζ for loose muons. This slope is used as a parameter for
the exponential fit to the distribution of ζ for tight muons. Following the study performed in
Section 9.3.2, the systematic uncertainty on α is taken as ±20%. The propagation of this uncer-
tainty to the estimate of the Nsignal

fake is giving the systematic uncertainty of about ±20%.

The distribution of ζ for fake muons is assumed to be an exponential function. The uncer-
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Region α β β′ Nsignal
fake QCD [%]

FLR0-bC (veto on b-jet) 0.026± 0.003 3.4± 0.2 0.2± 0.2 10± 4 0.1± 0.1
FLR1-bC (at least 1 b-jet) 0.028± 0.003 3.7± 0.2 0.6± 0.3 13± 6 0.4± 0.2

Table 6.14: Fit results and the estimated number of fake signal muons Nsignal
fake for the b-jet veto and at

least 1 b-jet selections. Only the statistical uncertainties are shown.

tainty related to the non-exponentiality of the distribution is estimated for different Emiss
T se-

lections. Figure 6.15 shows the distributions of ζ for loose-not-tight muons, referred to as
hdiff(ζ), for events from the FLR0-bC and FLR1-bC regions with an inverted isolation require-
ment pcone 0.2

T > 1.8 GeV.
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Figure 6.15: Distributions of ζ for loose-not-tight muons for events with an inverted isolation require-
ment pcone 0.2

T > 1.8 GeV for the FLR0-bC (b-jet veto, left) and FLR1-bC (at least 1 b-jet, right) regions.
The distributions are shown for different Emiss

T selections.

The systematic uncertainty due to the non-exponentiality is estimated as the relative difference
between the integrals from the hdiff(ζ) and from the fitted exponential function e−αζ+β:

Ndiff =
∫ ∞

0
hdiff(ζ)dζ and Nfake =

∫ ∞

0
e−αζ+βdζ. (6.4)

The results of the estimate are shown in Table 6.15 One can see, that the systematic uncertainty

FLR0-bC (b-jet veto) FLR1-bC (at least 1 b-jet)

Emiss
T [GeV] α β Ndiff Syst. α β Ndiff Syst.

> 80 0.026± 0.003 4.0± 0.2 521 24% 0.020± 0.003 3.7± 0.2 431 10%
> 110 0.024± 0.004 2.9± 0.3 202 28% 0.017± 0.004 2.7± 0.3 205 18%
> 140 0.024± 0.006 2.3± 0.4 100 22% 0.025± 0.006 2.4± 0.4 94 3%

Table 6.15: Fit results and the estimate of the systematic uncertainty for fake muons. The results are
presented for FLR0-bC (b-jet veto) and FLR1-bC (at least 1 b-jet) regions.
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can be up to ±30%. The total systematic uncertainty is estimated by adding each uncertainty
in quadrature and is found to be about ±40%. Even with this systematic uncertainty, the fake
muon background for both regions with a confidence level of 95% is less than 1%.

6.6 Systematic uncertainties

Due to the tight selection requirements, the signal regions often have a low number of expected
Standard Model events.

Usually, for the nominal Monte Carlo samples the number of generated events is high enough,
therefore, even for a low number of expected total Standard Model events in a signal region,
the statistical uncertainty of the Monte Carlo estimate is lower than the statistical uncertainty
of the observed events in the data. The experimental systematic uncertainties are estimated
using the nominal Monte Carlo samples by varying different parameters related to the ATLAS
detector modelling and response. The Monte Carlo statistical uncertainty for each variation,
is similar to the one for the nominal samples. Therefore, the systematical uncertainty, which is
estimated as a difference between the event yields for the variation and nominal samples for
some region, usually, has a lower statistical uncertainty, than the total statistical uncertainty of
the expected nominal events (

√
Nexp ) in the same region.

This is not the case for the theoretical uncertainties. To estimate the theoretical uncertainties,
usually, additional Monte Carlo samples with some parameter variations have to be generated.
This requires to have a separate production for each parameter variation. Since this process
is time consuming, samples used for theory systematic studies often have a lower number
of generated events, than the nominal samples. Therefore, theoretical uncertainties are often
affected by large statistical fluctuations.

6.6.1 Uncertainty estimation strategy

In the one-lepton analysis, to decrease the contribution of the statistical uncertainty in the es-
timate of the systematical uncertainty, some selection requirements are relaxed. Uncertainties
are estimated for the region selected by the relaxed requirements. The extrapolation uncer-
tainty for each variable is estimated separately for each variable from the region obtained by
relaxing only this variable to the signal region. The extrapolation uncertainties are assumed to
be uncorrelated. The total systematic uncertainty is obtained by adding in quadrature the sys-
tematic uncertainty for the relaxed region and the extrapolation uncertainties for each relaxed
variable.

Following the approach employed by the one-lepton analysis, the number of events is in-
creased by relaxing the selection requirements on the Emiss

T and mT variables. The Emiss
T and

mT requirements are relaxed to Emiss
T > 100 GeV and mT > 60 GeV, respectively. The ex-

trapolation uncertainties for variables are assumed to be uncorrelated. The total systematic
uncertainty is estimated by summing up in quadrature the systematic uncertainty in the re-
laxed region and all extrapolation uncertainties.

Such an approach faces some challenges. One of challenges is that due to a low number of
simulated events in the signal region, it is difficult to estimate an extrapolation uncertainty. To
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make a reasonable extrapolation, an additional assumption is needed, for example about the
linear dependency of the uncertainty as a function of the relaxed variable. Usually, such an
assumption is difficult to validate due to the lack of events, therefore it is often used without
a proper validation.

Another challenge is related to the assumption, that the extrapolation uncertainties are uncor-
related. This assumption allows to sum up all uncertainties in quadrature, but to check this
assumption, is even more difficult, than to estimate the extrapolation uncertainties. In case
when the systematic uncertainty can be estimated as a linear function of the relaxed variables,
the corresponding uncertainties also have to be summed up linearly. By summing up the
uncertainties in quadrature one can underestimate the total systematic uncertainty.

To avoid these problems, the presented analysis was optimised to have a high number of
events in the signal region, therefore all uncertainties for the presented analysis are estimated
without loosening the selection requirements. For some background samples this leads to
systematic uncertainties, which are driven by the statistical component, but in all these cases, a
contribution of the corresponding background is negligible, and a high systematic uncertainty
does not affect the final result.

In the context of the one-lepton analysis [3], both approaches were compared and the estim-
ated uncertainties were found to be consistent within statistical fluctuations. An exception
was the tt̄ parton shower uncertainty, where the difference was above 3σ, therefore the higher
uncertainty from the estimate presented in the following was used.

6.6.2 Experimental uncertainties

Experimental uncertainties are estimated using the package provided by the ATLAS SUSY
Working Group. The following sources of experimental uncertainties are considered:

Luminosity uncertainty
The uncertainty on the total integrated luminosity is taken as ±2.8% (see Section 6.1.1).

Pileup uncertainties
Following the official recommendation, the uncertainty on the pileup is estimated by
scaling the average number of interactions per bunch crossing µ by ±10%.

Jet energy scale
The jet energy is scaled up and down coherently for all jets by the ±1σ total systematic
uncertainty, estimated using the software provided by the ATLAS Jet/Etmiss Working
Group. For the current analysis, only the total systematic uncertainty is considered, i.e.
the jet energy scale is not broken down into its components.

Jet energy resolution
The jet resolution systematic uncertainty is estimated by applying an extra smearing of
pT of each jet, based on the pT and η parameters of the jet. The difference between event
yields with respect to the nominal is considered as the systematic uncertainty, which is
treated in a symmetric way.
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Emiss
T soft term

The scale uncertainty on the Emiss
T soft term (see Section 3.6) is estimated by varying the

scale up and down. The resolution uncertainty is also included by comparison with the
nominal event yields and by treating the uncertainty in a symmetric way.

b-tagging efficiency
The b-tagging efficiency is estimated sepatately for b-, c- and light-jets. The uncertain-
ties are estimated by varying scale factors, which depend on the flavour, on the pT and
η parameters. The scale factors are varied according to the systematic uncertainties on
their measured values. These uncertainties are considered to be uncorrelated and added
in quadrature.

Lepton uncertainties
Uncertainties related to the lepton identification, energy scale, energy resolution and
trigger efficiency are estimated following the recommendations provided by the ATLAS
Egamma and Muons Combined Performance Working Groups. These uncertainties are
found to be negligible, less than 1−2%, for the one-lepton analysis.

6.6.3 Theoretical uncertainties

All theoretical uncertainties are better to estimate taking into account detector modelling ef-
fects, on the so-called “detector” or “reconstruction” level using either ATLAS full or fast
simulation software. But, since the modelling of the detector effects is time consuming, and
the detector modelling uncertainties are estimated separately as experimental uncertainties,
some of theoretical uncertainties are estimated without modelling of detector effects, on the
so-called “particle” or “truth” level. In case of the uncertainty estimation on particle level,
the analysis selections are approximated on particle level objects. Due to the high number
of events in the signal region, all uncertainties are estimated without loosening the selection
requirements, as discussed above.

For the bC diagonal analysis, the W+ jets and tt̄ production are the dominant and sub-dominant
backgrounds, respectively (see Table 6.7). For the one-lepton analysis all theoretical uncertain-
ties for the W+ jets production, as well as the factorisation and renormalisation scale uncer-
tainties for the tt̄ production are estimated on particle level. The main challenge for these
uncertainties is to transfer a high mT requirement from the reconstruction to particle level.
All signal selections in the one-lepton analysis are using the mT requirement above 120 GeV,
which significantly suppresses the W+ jets and semileptonic tt̄ events. Figure 3.21 shows the
distribution of the mT variable evaluated on the particle and detector level for W → eν events.
One can see, that by using the mT > 120 GeV requirement on particle level, the W → eν events
are significantly suppressed. The same is true for the semileptonic tt̄ decay, where the W boson
decays via W → eν, µν.

In general, a low number of events is not a big problem for the uncertainty estimate, as long
as there are enough events to avoid large statistical fluctuations. The main challenge is the
relative composition of decay modes. For example, for the tt̄ production, after a suppression
of the semileptonic decays on particle level, dileptonic decays with a hadronically decaying
τ lepton become dominant. These events have one lepton and three neutrinos on particle level.
Therefore, the true mT variable can easily pass a high mT selection requirements. This means,
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that instead of the estimation of the uncertainty for a semileptonic tt̄ decay mode, one does
estimate it mainly for the dileptonic decay with a hadronically decaying τ lepton.

To avoid this, one can try to relax the mT requirement for selections applied on particle level,
but this approach may also create problems, since in this case background events, which pass
the control region requirements on the detector level modelling, will pass the relaxed mT re-
quirement on particle level. This can underestimate theoretical uncertainties.

Another approach is to use smearing of particle level jets and to recalculate the missing trans-
verse momentum. This approach can smooth the distribution of the true mT variable and
makes it similar to one on detector level.

Since for the presented bC analysis the dominant background is W+ jets production, instead
of applying a jet smearing approach, it was decided to perform a validation between the fac-
torisation scale uncertainties estimated for the W → eν modelling for the detector and particle
level samples.

Validation of the particle vs detector level uncertainties

An uncertainty estimate is validated for the factorisation scale uncertainty for the modelling of
the W → eν process. The renormalisation scale is varied by factor 0.5 and 2.0 from the nominal.
The same selections are applied for renormalisation scale variation samples generated on the
detector and particle level.

The production of all factorisation scale variations for all leptonic decays of W → eν, µν, τν is
time and resource consuming, therefore the following simplifications were used.

Neglecting the mass difference between electrons and muons, one can consider, that theoret-
ical uncertainties for W → eν and W → µν decays are similar. This is not the case for the
W → τν decay, due to an extra two neutrinos produced from the τ lepton. But, as one can
see from Table 6.16, the contribution of this decay in signal and control regions is negligible,
below 4%. Therefore, factorisation scale variations were produced only for the W → eν decay.

Process WCR-bC TCR-bC SR-bC

W → eν 45.4% 47.6% 44.7%
W → µν 51.0% 48.7% 51.5%
W → τν 3.6% 3.7% 3.8%

Table 6.16: Contribution from different W → `ν decays for the signal and control regions.

Samples for W+ jets production are generated in different true pT(W) slices. To further re-
duce the number of samples generated on detector level, only the relevant slices are gener-
ated. Table 6.17 shows contribution of each pT(W) slice in the signal and control regions. The
corresponding distributions of true pT(W) are shown in Figure 6.16. For the validation the
[140, 280], [280, 500] and [500, ∞) GeV slices are generated on the detector level. One can see,
that this covers of about 94% of control regions and more than 70% of a signal region.
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pT(W) [GeV] WCR-bC TCR-bC SR-bC

[0, 40] 0.0% 0.1% 0.8%
[40, 70] 0.0% 0.0% 1.9%
[70, 140] 6.2% 5.6% 28.8%
[140, 280] 80.5% 78.7% 54.0%
[280, 500] 12.7% 15.0% 13.4%
[500, ∞) 0.5% 0.6% 1.1%

Table 6.17: A breakdown of the W+ jets production to true pT(W) slices for the signal and control regions
of the bC analysis.
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Figure 6.16: Distributions of the pT(W) for different slices of W → eν production for the WCR-bC (left),
TCR-bC (middle) and SR-bC (right) regions.

A validation is done for transfer factor uncertainties, which are estimated only for three gen-
erated slices. The results are shown in Table 6.18. A precision of the transfer factor uncertainty
estimate for samples generated on particle and detector levels are about of 2% of the transfer
factor values. One can see, that the transfer factor uncertainties estimated for the signal and
validation regions are consistent within 1−2σ between the estimates on particle and detector
levels.

Generated samples WCR↔ TCR WCR↔WVR WCR↔ TVR WCR↔ SR

Particle level 3% 2% 5% 4%
Detector level 7% 4% 5% 3%

Table 6.18: A comparison of the transfer factor uncertainties of the factorisation scale variation on the
W → eν modelling. The transfer factor uncertainties are estimated from the WCR-bC to the associated
TCR-bC, WVR-bC, TVR-bC and SR-bC regions for the samples generated on the particle and detector
levels.

W+jets production

For the SR-bC signal region the dominant background is W+ jets production, at about 55%.
Since the W+ jets production is normalised in the control regions, uncertainties are estim-
ated on the transfer factors. The validation of the factorisation scale uncertainty with samples
which include the detector modelling with ATLAS fast simulation ATLFAST-II showed, that
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the transfer factor uncertainties can be estimated by applying the analysis selection require-
ments on the particle level objects (see Table 6.18). All theoretical uncertainties on the W+ jets
production are estimated on particle level.

The following uncertainties are considered:

– Scale variations
Scale uncertainties are estimated by varying three sources of systematic uncertainty.
The systematic uncertainty related to the matrix elements and parton showers match-
ing scheme is estimated by varying the CKKW jet matching parameter from the nominal
of 20 GeV to 15 GeV and 30 GeV. The systematic uncertainties related to the factorisa-
tion and renormalisation scales are estimated varying the scale by factor of 0.5 and 2.0
from the nominal.

– Finite number of partons
The systematic uncertainty related to the number of partons used in the hard scattering
is based on a comparison between the W → (e, µ, τ)ν with exactly 4 extra partons and
with 4-5 extra partons.

The transfer factor uncertainties on the W+ jets modelling from the WCR-bC region to the
associated TCR-bC, WVR-bC, TVR-bC and SR-bC regions for different sources of systematic
uncertainties are presented in Table 6.20.

Systematic uncertainty WCR↔ TCR WCR↔WVR WCR↔ TVR WCR↔ SR

CKKW jets matching 0.2% 2% 2% 0.1%
Factorisation Scale 3% 1.9% 5% 4%
Renormalisation Scale 6% 3% 6% 3%
Finite number of partons 2% 0.5% 0.3% 4%

Total uncertainty 7% 5% 8% 7%

Table 6.19: Transfer factor uncertainties on the W+ jets modelling from the WCR-bC region to the asso-
ciated TCR-bC, WVR-bC, TVR-bC and SR-bC regions for different sources of systematic uncertainties.

Following the ATLAS SUSY Working Group recommendations, an additional ±24% uncer-
tainty on the Wb cross-section measurements in the 2 jets bin [105] is considered for the
W+heavy flavour samples for all regions. For the bC analysis the signal region (SR-bC) and
W+ jets control and validation regions (WCR-bC and WVR-bC) have the same b-jet veto re-
quirement. Therefore, relative compositions of the light and heavy flavours for the WCR-bC,
WVR-bC and SR-bC regions are similar, at 0.48, 0.52 and 0.53, respectively.

Flavour composition WCR-bC TCR-bC WVR-bC TVR-bC SR-bC

W+light flavour 54% 3% 48% 1% 36%
W+heavy flavour 26% 13% 25% 5% 19%

Total W+ jets 80% 16% 73% 6% 55%

Table 6.20: A composition of the light and heavy flavours of the W+ jets background for the signal,
control and validation regions of the bC analysis.

124



6.6 Systematic uncertainties

tt̄ production

For the bC diagonal analysis the tt̄ production is a sub-dominant background (at about 29%),
which is also normalised in the control regions. Therefore, all theoretical uncertainties are
estimated for transfer factors. Theoretical uncertainties for the tt̄ production are estimated as
follows:

– Generator uncertainty
Studies performed in the context of the one-lepton analysis [3] show, that the tt̄ samples
modelled with the MC@NLO and ALPGEN generators have a notably worse agreement
with data than the nominal samples generated with the POWHEG. Therefore, it was
decided to ignore the uncertainty related to the generator choice for the tt̄ modelling.

Just for a comparison, uncertainties on transfer factors for the bC diagonal analysis are
shown in Table 6.21. These uncertainties are not included in the analysis.

– Scale variations
The uncertainties on transfer factors for factorisation and renormalisation scale vari-
ations are estimated on particle level by varying each scale by factor of 0.5 and 2.0 from
the nominal. Figure 6.17 shows distributions of the mT and number of b-tagged jets Nb-jet
variables, which are normalised to unity in the [60, 90] GeV interval and the region with
at least 1 b-jet, respectively. Distributions of the mT are shown for the WCR-bC and
TCR-bC control region selections before the mT requirement is applied, while distribu-
tions of the Nb-jet are shown for the TCR-bC and SR-bC region selections before the b-jet
requirement is applied.

– Parton shower
The parton shower uncertainty is estimated on detector level as a difference between
the samples generated with the POWHEG, interfaced either with PYTHIA or HERWIG for
parton showering.

– ISR/FSR
The initial and final state radiation uncertainty is estimated on detector level as a dif-
ference between ACERMC samples generated with higher and lower parton shower
activity.

Systematic uncertainty TCR↔WCR TCR↔WVR TCR↔ TVR TCR↔ SR

POWHEG vs MC@NLO 2% 20% 9% 10%
POWHEG vs ALPGEN 2% 27% 9% 6%

Table 6.21: Transfer factor uncertainties on the tt̄ production related to the choice of the generator for
the bC analysis. Uncertainties are estimated on transfer factors from the TCR-bC control region to the
associated WCR-bC, WVR-bC, TVR-bC and SR-bC regions. These uncertainties are not included in the
analysis (for more details see text).

Table 6.22 presents transfer factor uncertainties on the tt̄ modelling from the TCR-bC control
region to the associated WCR-bC, WVR-bC, TVR-bC and SR-bC regions for different sources
of systematic uncertainties.
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Figure 6.17: Normalised distributions of the mT and number of b-tagged jets Nb-jet variables for the
factorisation (factor) and renormalisation (renorm) scale variations of the tt̄ production. Distributions
of the mT are shown for the WCR-bC (top left) and TCR-bC (top right) control region selections before
the mT requirement is applied, and normalised to unity in the [60, 90] GeV interval. Distributions of
the Nb-jet are shown for the TCR-bC (bottom left) and SR-bC (bottom right) region selections before the
b-jet requirement is applied, and normalised to unity in the region with at least 1 b-jet.

Systematic uncertainty TCR→WCR TCR→WVR TCR→ TVR TCR→ SR

Factorisation scale 0.2% 3% 0.0% 0.6%
Renormalisation scale 0.6% 6% 0.6% 5%
Parton shower 10% 1% 1.7% 19%
ISR/FSR modelling 5% 8% 6% 18%

Total uncertainty 11% 10% 7% 27%

Table 6.22: Transfer factor uncertainties on the tt̄ modelling from the TCR-bC control region to the asso-
ciated WCR-bC, WVR-bC, TVR-bC and SR-bC regions for different sources of systematic uncertainties.
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Single top production

The single top production has a small (less than 3%) contribution in the SR-bC signal region.
All uncertainties are estimated on detector level. The following sources of systematic uncer-
tainties are considered:

– Generator uncertainty
The generator uncertainty is estimated by a comparison between the samples generated
with MC@NLO and the nominal POWHEG samples;

– Parton shower
The parton shower uncertainty is estimated by a comparison of the nominal POWHEG

samples interfaced with either PYTHIA or HERWIG for parton showering;

– Interference with the tt̄ production
The uncertainty related to the interference with the tt̄ NLO production is estimated by a
comparison of the nominal (tt̄ + Wt) with ACERMC (WWbb) samples;

– ISR/FSR modelling
The ISR/FSR uncertainty is evaluated as a difference between the ACERMC samples
generated with more and less parton shower activity.

The results for different sources of systematic uncertainties for the single top production are
shown in Table 6.23.

Systematic uncertainty WCR-bC TCR-bC WVR-bC TVR-bC SR-bC

Generator uncertainty 22% 16% 22% 23% 50%
Parton Shower 10% 6% 17% 9% 28%
Interference with tt̄ 16% 39% 9% 26% 11%
ISR/FSR modelling 13% 1.1% 8% 0.1% 21%

Total uncertainty 32% 42% 30% 36% 62%

Table 6.23: Uncertainties on the single top production for the signal, control and validation regions for
the bC analysis.

Diboson production

The contribution from the diboson production in the SR-bC signal region is about of 12%. All
uncertainties are estimated on particle level. The following variations are considered:

– Scale variations
The factorisation and renormalisation scales is varied coherently by factor of 0.5 and
2.0 from the nominal. The uncertainty on the matrix element to parton-shower matching
scale for jets is estimated by varying up and down of 10 GeV from the nominal of 20 GeV;

– Finite number of partons
The uncertainty on the finite number of partons is estimated by a comparison of the
nominal samples with three extra parton with samples produced with two extra partons.
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The results for different sources of systematic uncertainties are shown in Table 6.24.

Systematic uncertainty WCR-bC TCR-bC WVR-bC TVR-bC SR-bC

CKKW matching scale 1% 1% 10% 3% 2%
Factorisation scale 5% 3% 7% 2% 8%
Renormalisation scale 13% 11% 18% 4% 5%
Finite number of partons 4% 7% 27% 8% 13%

Total uncertainty 15% 14% 35% 9% 16%

Table 6.24: Uncertainties of the diboson production for the signal, control and validation regions for the
bC analysis.

tt̄W and tt̄Z production

The contribution from the tt̄W and tt̄Z production in the SR-bC signal region is negligible, less
than 1%. All theoretical uncertainties on the tt̄W and tt̄Z production are estimated on particle
level. The following variations are considered:

– Scale variations
The factorisation and renormalisation scales, varied coherently by factor of 0.5 and 2.0
from the nominal; The uncertainty on the matrix element to parton-shower matching
scale for jets is estimated by varying up and down of 10 GeV from the nominal of 20 GeV;

– ISR/FSR modelling
The uncertainties on the ISR and FSR modelling are estimated by varying the αs para-
meter up and down by factor of 2 and the relevant parameter in the MADGRAPH parton
showering model, respectively;

– Finite number of partons
The finite number of partons uncertainty is estimated by a comparison of the nominal
two-jet inclusive with the one-jet inclusive samples.

The results for different sources of systematic uncertainties are shown in Table 6.25.

Systematic uncertainty WCR-bC TCR-bC WVR-bC TVR-bC SR-bC

Scale variation 3% 0.2% 3% 1.7% 1.0%
Jet matching scale 7% 0.5% 13% 0.6% 1.3%
ISR modelling 1.6% 3% 9% 0.8% 5%
FSR modelling 10% 4% 2% 3% 3%
Finite number of partons 19% 7% 41% 10% 10%

Total uncertainty 23% 9% 44% 11% 12%

Table 6.25: Uncertainties on the tt̄W and tt̄Z modelling for the signal, control and validation regions for
the bC analysis.
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Z+jets production

The contribution from Z+ jets in signal and control regions is so small (less than 1%), that
the estimation of uncertainties is completely dominated by statistical fluctuations. Therefore,
uncertainties for Z+ jets process are not estimated. Instead, a systematic uncertainty of ±50%
is assigned.

Cross-section uncertainties

Since the tt̄ and W+ jets processes are normalised to the dedicated control regions (TCR-bC
and WCR-bC), the uncertainty on the theoretical cross section of these processes has no effect.
The cross-section uncertainties from other backgrounds are estimated as follows:

– single top production
Following Ref. [106], the cross-section uncertainty on the Wt channel is ±6.8%, while for
the s- and t-channels it is ±3.9% [97, 98]. Since the contribution of the single top events
in the signal region is small anyway, the total cross-section uncertainty for the single top
production was conservatively assigned to ±6.8%.

– tt̄W and tt̄Z production
For the tt̄W and tt̄Z processes a cross-section uncertainty of±22% is assigned, following
Ref. [101, 100].

– diboson production
Cross-section uncertainties for the ZZ and WZ samples are taken as ±5% and ±7%,
respectively [107].

– Z+ jets production
The Z+ jets process contribution is almost negligible, therefore, instead of a detailed de-
termination, a cross-section uncertainty of ±50% was conservatively assigned.

PDF uncertainties

PDF uncertainties are estimated following the PDF4LHC recommendations [108] by compar-
ing CT10 NLO, MSTW2008 NNLO and NNPDF [109] PDF error sets. The impact of the PDF
uncertainties on the bC analysis is shown in Table 6.26.

Process WCR-bC TCR-bC SR-bC

tt̄ < 0.1% 0.1% 0.4%
W+ jets 0.1% 0.1% 0.1%
single top 0.1% 0.4% 0.1%
tt̄ + W/Z < 0.1% < 0.1% < 0.1%
diboson 0.2% 0.1% 0.7%

Table 6.26: Impact of PDF uncertainties on the total background estimate for the signal and control
regions of the bC analysis.
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Usually, PDF uncertainties for different background processes are about 3−6%, but taking into
account, that the tt̄ and W+ jets background processes are normalised in control regions, the
impact due to the PDF uncertainties on the total background estimate is less than 0.4%. The
total contribution from all other processes for the signal region is below 15%, therefore, the
impact of the PDF uncertainties on the total background estimate in the signal region is less
then 0.7%.

6.6.4 Signal uncertainties

Cross-section uncertainties

The direct top-squark pair production cross section as a function of top-squark mass is shown
in Figure 6.18. The cross-section uncertainty for top-squark pair-production is calculated fol-
lowing the prescriptions in Ref. [110]. The total cross-section uncertainty includes αs, factor-
isation and renormalisation scale variations and PDF uncertainties.
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Figure 6.18: Direct top-squark pair production cross section at
√

s = 8 TeV as a function of top-squark
mass mt̃1

. The shaded area corresponds to the cross-section uncertainty and includes αs, factorisation
and renormalisation scale variations and PDF uncertainties. The uncertainties are estimated following
the prescriptions in Ref. [110].

For the top-squark masses 180 GeV < m(t̃1) < 500 GeV the total theoretical cross-section
uncertainty, which includes the αs, factorisation and renormalisation scale variations and PDF
uncertainties, is estimated as ±15%.
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Theoretical uncertainties

The presented bC analysis significantly benefits from ISR/FSR jets, therefore for each signal
model, corresponding scale variations were generated. Systematic uncertainties are estimated
on samples generated on particle level. The variation for each bC signal model is done using
the MADGRAPH+PYTHIA generator. The following variations are generated:

– Scale variations
The factorisation and renormalisation scales are varied independently by factor of 0.5
and 2.0 from the nominal;

– ISR/FSR modelling
The uncertainty on the ISR modelling is estimated by varying the αs parameter up and
down by a factor of 2, while for FSR modelling by varying the relevant parameter in the
MADGRAPH parton showering model by a factor of 0.5 and 1.5.

For each signal model the total theoretical uncertainty is estimated by summing up in quadrat-
ure the ISR, FSR and scale variations uncertainties. The total theoretical uncertainties for the
SR-bC signal region are shown in Figure 6.19 for the gaugino universality m(χ̃

±
1 ) = 2 ·m(χ̃

0
1)

and ∆m(t̃1, χ̃±1 ) = 10 GeV signal model grids. All uncertainties are shown in percent.

One can see, that the uncertainties are not constant and tend to be larger for low top-squark
masses. Therefore by estimating the uncertainties for the whole grid using only signal models
with m(t̃1) > 250 GeV, like it was used for dileptonic searches targeting the same bC diagonal
region [111], where uncertainties were estimated as 10% for the diagonal region, may lead to
significant underestimation of uncertainties for the low top-squark mass region.

6.7 Results

6.7.1 Background-only fit

Results for the background-only fit are shown in Table 6.27. The fit is performed in the con-
trol regions only, the signal and validation regions are not included in the fit. To avoid a fit
instability due to statistical fluctuations, the detector uncertainties for the negligible Z+ jets
background are neglected. A visualisation of the fit results is shown in Figure 6.20. The nor-
malisation of the tt̄ and W+ jets backgrounds is done in the WCR-bC and TCR-bC control
regions.

N− 1 distributions

Figure 6.21 shows the distributions for various discriminant variables used in the signal region
definition. Each distribution is obtained by applying all signal selection requirements except
for the discriminant variable shown in the distribution. These distributions are referred to as
“N − 1” distributions. The requirement is indicated by a black vertical line, the arrow indic-
ates the SR-bC signal region. The error bands include only the Monte Carlo statistical uncer-
tainties. The error bars on the data and data/MC ratio points represent the 68% confidence
intervals.
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Figure 6.19: The total theoretical uncertainties, estimated by summing up in quadrature the ISR, FSR
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6.7 Results

SR-bC WCR-bC TCR-bC WVR-bC TVR-bC SR-bC

Observed events 2162 1650 693 925 493

Fitted SM Total 2162± 47 1650± 41 720± 160 870± 230 472± 48

Fitted tt̄ 331± 79 1236± 62 153± 52 750± 230 144± 45
Fitted W+ jets 1694± 99 250± 37 510± 130 46± 9 248± 27
Fitted single top 46± 10 140± 24 18± 5 46± 15 12± 3
Fitted tt̄ + W/Z 1.6± 0.5 5.4± 1.6 1.2± 0.4 15.3± 4.5 3.3± 1.1
Fitted diboson 79± 23 17± 5 32± 10 10± 3 59± 17
Fitted Z+ jets 10.4± 5.2 1.9± 1.0 7.6± 3.8 1.2± 0.6 5.2± 2.6

MC exp. SM Total 2361.2± 23.4 1689.1± 11.0 781.2± 14.7 876.1± 8.2 501.9± 11.2

MC exp. tt̄ 333.8± 4.2 1246.5± 8.0 154.7± 2.8 752.0± 6.0 145.6± 2.7
MC exp. W+ jets 1890.3± 22.6 278.2± 6.8 567.3± 14.1 51.4± 5.3 276.8± 10.5
MC exp. single top 46.5± 1.7 140.2± 2.9 18.3± 1.1 46.0± 1.3 12.1± 0.8
MC exp. tt̄ + W/Z 1.6± 0.1 5.5± 0.2 1.2± 0.1 15.3± 0.3 3.3± 0.1
MC exp. diboson 78.5± 3.8 16.8± 1.9 32.2± 2.2 10.1± 1.1 58.9± 2.2
MC exp. Z+ jets 10.4± 1.1 1.9± 0.4 7.7± 1.0 1.3± 0.3 5.2± 1.2

Table 6.27: Results of the background-only fit for the bC analysis. The normalisation of the tt̄ and
W+ jets backgrounds is done in the WCR-bC and TCR-bC control regions. The validation regions
(WVR-bC and TVR-bC) are not included in the fit.
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Figure 6.20: Visualisation of the background-only fit results for the bC analysis [3]. The normalisation
is done in the WCR-bC and TCR-bC control regions.
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Figure 6.21: The N − 1 distributions for the SR-bC signal region. Each distribution is obtained by ap-
plying all selection requirements except for the discriminant variable shown in the distribution. The
requirement is indicated by a black vertical line, the arrow points to the events, which fulfil the require-
ment. The error bands include only the Monte Carlo statistical uncertainties. The error bars on the data
and data/MC ratio points represent the 68% confidence intervals.
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6.7.2 Signal-model-independent upper limits

Signal-model-independent limits are determined (see Section 4.9). This is done by varying
the number of events in the signal region to determine the highest value Nnon-SM for which
CLs < 0.05, i.e. the highest value for which any beyond-the-Standard-Model model contri-
bution can be excluded at a confidence level of 95% (see Section 4.10). This value is stated as
the model-independent limit. During the CLs calculation no signal contamination in control
regions is taken into account and all signal-related uncertainties are removed (signal cross sec-
tion, experimental and theoretical uncertainties related to the signal). All uncertainties related
to the Standard Model background are taken into account.

The signal-model-independent limit, as the visible signal cross section σvis, is obtained by
dividing Nnon-SM by the integrated luminosity.

The expected and observed signal model independent upper limits for beyond the Standard
Model (Nnon-SM) and the visible signal cross sections (σvis = σprod× A× ε) for the SR-bC signal
region at 95% confidence level are shown in Table 6.28.

SR-bC Expected Observed

Nnon-SM 95.1 110.6
σvis [fb] 4.7 5.7

Table 6.28: Signal-model-independent upper limits for beyond the Standard Model (Nnon-SM) contribu-
tion and the visible signal cross sections (σvis = σprod× A× ε) for the SR-bC signal region. All numbers
are given at 95% CL.

6.7.3 Interpretation

The contributions from the presented bC analysis are represented as limits in the (t̃1, χ̃0
1) mass

plane for the two signal grids considered in Figure 6.22.

For the gaugino universality grid, this analysis is the only ATLAS analysis filling the diagonal
gap for the low top-squark mass region in the 125−175 GeV interval.

For the m(t̃1)−m(χ̃
±
1 ) = 10 GeV grid, the bC analysis is the only one-lepton analysis (except

the soft-lepton analysis) which has sensitivity. The soft-lepton analysis extends this limit in
the region of m(t̃1, χ̃0

1) ≈ (200, 150) GeV, towards the diagonal m(χ̃
±
1 ) ≈ m(χ̃

0
1). In this region,

due to a small mass difference ∆m(χ̃
±
1 , χ̃0

1), a decay of the chargino χ̃±1 → W(∗)χ̃0
1 proceed via

a virtual W boson. A lepton, produced from the W(∗) → `ν virtual decay is soft and mainly
has pT < 25 GeV, which is below the preselection requirement of the one-lepton analysis.
Therefore, in this region, the bC analysis has a very low acceptance.

For the m(χ̃
±
1 ) = 150 GeV and m(t̃1) = 300 GeV grids presented in Figure 6.23, the bC analysis

has some sensitivity, but the exclusion is just slightly extended. It is mainly covered by other
one-lepton analysis selections.
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Figure 6.22: Exclusion limits at 95% CL for the gaugino universality grid with m(χ̃
±
1 ) = 2 ·m(χ̃

0
1) (top)

and for the m(t̃1)−m(χ̃
±
1 ) = 10 GeV grid (bottom) for the bC analysis [3]. The limits are shown in the

(t̃1, χ̃0
1) mass plane. The black dotted line corresponds to the expected limit, the yellow band includes

all uncertainties except the uncertainty on the signal cross section. The dark red line corresponds to the
observed limit, the dashed red lines are ±1σ of the signal cross-section uncertainty.
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Figure 6.23: Exclusion limits at 95% CL for the m(χ̃
±
1 ) = 150 GeV grid in the (t̃1, χ̃0

1) mass plane (top)
and for the m(t̃1) = 300 GeV grid in the (χ̃

±
1 , χ̃0

1) mass plane (bottom) for the bC analysis [3]. The
black dotted line corresponds to the expected limit, the yellow band includes all uncertainties except
the uncertainty on the signal cross section. The dark red line corresponds to the observed limit, the
dashed red lines are ±1σ of the signal cross-section uncertainty.
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6.8 ATLAS top-squark searches at
√

s = 8 TeV, t̃1→ bχ̃±1

The summary of the ATLAS results on searches for top-squark pair production for the simpli-
fied decay scenario, where the top-squark decays via t̃1 → bχ̃±1 with subsequent decay of a
χ̃±1 →W(∗)χ̃0

1, is shown in Figure 6.24.
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Figure 6.24: The summary of the ATLAS searches for top-squark pair-production for the simplified
decay scenario t̃1 → bχ̃±1 , χ̃±1 → W(∗)χ̃0

1 is based on an integrated luminosity of Lint = 20.3 fb−1 of
data at

√
s = 8 TeV and Lint = 4.7 fb−1 of data at

√
s = 7 TeV [112]. It is assumed, that both decays

proceed with a branching ratio of 100%. All exclusion limits are shown for the (t̃1, χ̃0
1) mass plane at

95% CL. The dashed and solid lines correspond to the expected and observed limits, respectively. The
limits include all uncertainties except the uncertainty on the signal cross section. Different grids are
presented: m(χ̃

±
1 )−m(χ̃

0
1) = 5 GeV and 20 GeV (top left), m(χ̃

±
1 ) = 106 GeV and 150 GeV (top right),

gaugino universality m(χ̃
±
1 ) = 2 ·m(χ̃

0
1) (bottom left) and m(t̃1)−m(χ̃

±
1 ) = 10 GeV (bottom right).
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6.8 ATLAS top-squark searches at
√

s = 8 TeV, t̃1 → bχ̃±1

Both decays are assumed to proceed with a branching ratio of 100%. The results are based on
an integrated luminosity of Lint = 20.3 fb−1 of data at

√
s = 8 TeV and Lint = 4.7 fb−1 of data

at
√

s = 7 TeV. All exclusion limits are shown at 95% confidence level.

The following grids are presented:

– m(χ̃
±
1 )−m(χ̃

0
1) = 5 GeV and 20 GeV

The exclusion contours present the results of the zero- and one-lepton analyses, per-
formed at

√
s = 8 TeV [113, 3]. The LEP limit m(χ̃

±
1 ) > 103.5 GeV is also shown.

– m(χ̃
±
1 ) = 106 GeV and 150 GeV

The exclusion limits are shown for the zero-, one- and two-lepton analyses, performed at√
s = 8 TeV [113, 3, 111], and the one- and two-lepton analyses at

√
s = 7 TeV [4, 114].

– Gaugino universality m(χ̃
±
1 ) = 2 ·m(χ̃

0
1)

The results are shown for the one- and two-lepton analyses at
√

s = 8 TeV [3, 111], and
at
√

s = 7 TeV [4]. The LEP exclusion is also shown.

– m(t̃1)−m(χ̃
±
1 ) = 10 GeV

The results are shown for the one- and two-lepton analyses at
√

s = 8 TeV [3, 111].

The summary plot is published in Ref. [112].
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CHAPTER 7

The tt̄ background reweighting

7.1 Default 4-bin reweighting

A mismodelling of the unfolded distribution of the pT of the tt̄ system was observed in the top-
quark pair production differential cross-section measurement [104]. This might cause the main
disagreement in the Monte Carlo modelling for the regions enriched by the tt̄ process.

Based on measurements of tt̄ production by the ATLAS Collaboration, weights are determined
to correct the disagreement between data and Monte Carlo. The weights are defined as a 4-bin
function of the true pT of the tt̄ system on particle level. The electron and muon weights are
averaged. The reweighting coefficients as determined in Ref. [104] are shown in Table 7.1.

true pT(tt̄) [GeV] e - channel µ - channel average

pT ∈ [0, 40) 0.988 1.006 0.997
pT ∈ [40, 170) 0.912 0.967 0.940
pT ∈ [170, 340) 0.710 0.758 0.734
pT ∈ [340, ∞) 0.556 0.584 0.570

Table 7.1: Event weights depending on the true pT(tt̄) extracted from the ATLAS top-quark differential
cross-section measurements [104].

The considered approach has the following advantages:

– It does not depend on the analysis (zero- or one-lepton);

– It does not depend on a semileptonic tt̄ decay channel (e, µ, τ);

– It does not use the jet multiplicity for the reweighting;

– The reweighting coefficients are derived based on the POWHEG+PYTHIA generated samples
for
√

s = 7 TeV (equivalent of the nominal tt̄ sample), but are applied for
√

s = 8 TeV.
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7 The tt̄ background reweighting
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Figure 7.1: The data-MC comparison for the 1 b-jet selection before any reweighting is applied (left) and
after the default 4-bin tt̄ reweighting (right) for the variables: pT of the leading jet (top row), pT of the
lepton (middle row) and the HT (bottom row). The selection: 1 lepton, exactly 2 b-tagged jets, 4 jets with
pT values above 40, 25, 25, and 25 GeV, Emiss

T > 80 GeV, mT > 60 GeV (for details, see Section 7.1). The
tt̄ and W+ jets production are normalised to the Monte Carlo cross sections. The error bands include
only the Monte Carlo statistical uncertainties.
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7.1 Default 4-bin reweighting
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Figure 7.2: The data-MC comparison for the 1 b-jet selection before any reweighting is applied (left)
and after the default 4-bin tt̄ reweighting (right) for the variables: the Emiss

T (top row), the mT (middle
row) and a number of selected jets Njet (bottom row). The selection: 1 lepton, exactly 2 b-tagged jets,
4 jets with pT values above 40, 25, 25, and 25 GeV, Emiss

T > 80 GeV, mT > 60 GeV (for details, see
Section 7.1). The tt̄ and W+ jets production are normalised to the Monte Carlo cross sections. The error
bands include only the Monte Carlo statistical uncertainties.
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7 The tt̄ background reweighting
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Figure 7.3: The data-MC comparison for the 2 b-jet selection before any reweighting is applied (left) and
after the default 4-bin tt̄ reweighting (right) for the variables: pT of the leading jet (top row), pT of the
lepton (middle row) and the HT (bottom row). The selection: 1 lepton, exactly 2 b-tagged jets, 4 jets with
pT values above 40, 25, 25, and 25 GeV, Emiss

T > 80 GeV, mT > 60 GeV (for details, see Section 7.1). The
tt̄ and W+ jets production are normalised to the Monte Carlo cross sections. The error bands include
only the Monte Carlo statistical uncertainties.
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Figure 7.4: The data-MC comparison for the 2 b-jet selection before any reweighting is applied (left)
and after the default 4-bin tt̄ reweighting (right) for the variables: the Emiss

T (top row), the mT (middle
row) and a number of selected jets Njet (bottom row). The selection: 1 lepton, exactly 2 b-tagged jets,
4 jets with pT values above 40, 25, 25, and 25 GeV, Emiss

T > 80 GeV, mT > 60 GeV (for details, see
Section 7.1). The tt̄ and W+ jets production are normalised to the Monte Carlo cross sections. The error
bands include only the Monte Carlo statistical uncertainties.
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7 The tt̄ background reweighting

The selected approach significantly improves the agreement between data and Monte Carlo
simulation for key variables in tt̄ events. The data-MC comparison is done for two different
regions, for events with exactly 1 and exactly 2 b-jets. In the following, these regions are
referred to as 1 b-jet and 2 b-jet regions. In the event selection, the following criteria are applied
in these regions:

– The one-lepton analysis cleaning cuts, as described in Section 6.2.3;

– Exactly one lepton with pT > 25 GeV, no other background leptons;

– At least four jets with pT(j1,2,3,4) > 40, 25, 25, 25 GeV;

– Exactly 1 b-jet (1 b-jet region) or exactly 2 b-jets (2 b-jet region). The b-jets are tagged
using the MV1 tagger for a working point with an efficiency of 80%;

– ∆ϕ(j1, Emiss
T ) > 0.4;

– Emiss
T > 80 GeV;

– mT > 60 GeV.

The data-MC comparison before reweighting and after the application of the 4-bin reweight-
ing for the 1 b-jet and 2 b-jet regions is presented in Figures 7.1 – 7.4. From the plots one can see,
that the mismodelling does not affect the mT distribution. Therefore, for the one-lepton ana-
lysis, the mT variable is used to define control and validation regions (see Section 6.5.1).

7.2 Exponential reweighting

It is clear, that a correct reweighting should have a smooth distribution of weights and should
not be a 4-bin step function. Since in Ref.[104] only weights in four bins are provided, some
models for smoothing have been considered.

The true pT(tt̄) distribution for the 1 b-jet and 2 b-jet selections, used for the reweighting of the
data-MC comparison in Section 7.1, is shown in Figure 7.5. From this plot one can conclude,
that in the region pT(tt̄) > 170 GeV the true pT(tt̄) distribution can be approximated by an
exponential function. In this region the slope of the exponent does not depend on the 1 b-jet
or 2 b-jet selections.

The distribution of the true pT(tt̄) does not exactly follow the exponential function for the
pT(tt̄) < 170 GeV. There are several reasons, which may contribute to this disagreement.

One reason is the event selection itself, which applies requirements on the pT, Emiss
T and mT

variables. This may distort and suppress the distribution below pT(tt̄) < 40 GeV.

The second lies in different acceptance and scale factors (trigger, lepton, b-tagging, . . . ), which
are applied for the presented distributions and may create some distortion of the shape.

To understand what strategy to use for smoothing, a model for the mismodelling of the true
pT(tt̄) distribution has to be considered.
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7.2 Exponential reweighting
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Figure 7.5: Distributions of the true pT(tt̄) before any reweighting is applied for the 1 b-jet and 2 b-jet
selections. The 1 b-jet (2 b-jet) selection is: 1 lepton, exactly 1 b-tagged (exactly 2 b-tagged) jets, 4 jets
with pT values above 40, 25, 25, and 25 GeV, Emiss

T > 80 GeV, mT > 60 GeV (for details, see Section 7.1).
An exponential function is fitted to the interval [170, 700] GeV.

Model of tt̄ mismodelling

It is assumed, that with a good approximation the normalised distribution of the pT of the
tt̄ system is modelled by a normalised exponenential function with some slope α:

fα(x) = α · e−αx,
∫ +∞

0
fα(x)dx = 1. (7.1)

It is further assumed that the generator mismodelling affects only the slope of the distribution,
i.e. the correct distribution also can be described by an exponential function with a slope β.
The normalised function of the generator modelling is assumed to be fα, while the normalised
true function is fβ. It is also assumed, that β > α, like in the current case.

The reweighting function w(x) can than be defined as:

w(x) =
fβ(x)
fα(x)

=
β

α
· e−∆α·x, ∆α = β− α. (7.2)

Experimentally, a reweighting coefficient is measured for an interval [p, p + ∆p]. The integral
of fα(x) for the interval is calculated as:∫ p+∆p

p
fα(x)dx = α · −1

α
· e−α·x

∣∣∣p+∆p

p
= e−α·(p+∆p) − e−α·p = e−α·p(e−α·∆p − 1). (7.3)
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7 The tt̄ background reweighting

The reweighting coefficient for the interval [p, p + ∆p] is calculated as:

w(p, p + ∆p) =
e−β·p(e−β·∆p − 1)
e−α·p(e−α·∆p − 1)

= e−∆α·p · e−β·∆p − 1
e−α·∆p − 1

=

= e−∆α·p ·
(

1 + e−α·∆p · 1− e−∆α·∆p

1− e−α·∆p

)
.

(7.4)

In the limit of ∆p→ +∞, one obtains

w = e−∆α·p, ∆α = − 1
p
· ln w, (7.5)

where p is the left border of the interval.

The ∆α parameter is calculated using two different approaches. The first approach estimates
∆α in the limit of ∆p→ +∞, where the slope variable α cancels out. Therefore, it is applicable
to the fourth bin only. The second approach fits the parameters α and ∆α based on the true
pT(tt̄) distribution and can be applied to all bins. But, to allow for a cross-check with the first
approach, it is also applied only to the fourth bin. In this case the systematic uncertainty on
the ∆α parameter can be estimated as the difference between the two approaches.

Another advantage to use only the fourth bin is that the signal region in the tN analysis has
a low fraction of events in the region pT > 340 GeV, see Section 8.5. Therefore, it is almost
statistically independent with the fourth bin.

The first approach uses equation 7.5 for the fourth bin of the default reweighting. The weight
is obtained to be w4 = 0.570± 0.014, with p4 = 340 GeV and ∆p4 = +∞. The uncertainty
on w4 is estimated as half the difference between the weights determined for the electron and
muon channels. The result of this calculation is

∆αcalc = (1.65± 0.07) · 10−3. (7.6)

The second approach is based on equation 7.2, which depends on the two parameters α and
∆α. The slope α is estimated by fitting an exponential in the [170, 700] GeV interval to the true
pT(tt̄) distribution for the 2 b-jet selection (see Figure 7.5). The result of the fit is

α = (9.51± 0.12) · 10−3. (7.7)

The slope α is used to fix one parameter for the reweighting function w(x). The second para-
meter ∆α is estimated by fitting the integral of the reweighted Monte Carlo distribution in the
interval [340, 700] GeV to the experimentally measured value w4. The fit is performed using
the 2 b-jet selection. The result of the fit is

∆αfit = (1.78± 0.08) · 10−3. (7.8)

In general, the 1 b-jet region can also be included in the fit, but to avoid any possible distortion
from events where second b-tagged jet is missing, only the 2 b-jet region is used to determine
the parameters.
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7.3 Reweighting comparison

Both results are consistent, but the second approach may account for a non-exponentiality of
the true pT(tt̄) distribution, since it is obtained from Monte Carlo. Therefore, the results from
the second approach are used. To account for differences between these two approaches, the
difference between the two fits is assigned as a systematic uncertainty. The total uncertainty on
∆α is estimated by summing in quadrature the statistical and systematic uncertainties. Finally,
for the exponential reweighting the following parameters are used:

α = (9.51± 0.12) · 10−3, ∆α = (1.78± 0.15) · 10−3. (7.9)

The reweighted distributions, based on the exponential reweighting approach for the 1 b-jet
and 2 b-jet selection (see Section 7.1 for selection details) are shown in Figures 7.6 and 7.7.
More data-MC comparisons after the application of the exponential reweighting for specific
variables of the tN analysis are presented in Section 8.5.

7.3 Reweighting comparison

For the comparison to the exponential reweighting approach, the following two smoothing
strategies are considered:

– The “left border” smoothing

It is assumed that ∆pi � 1 and using equation 7.5 one can get

wi = e−∆α·pi . (7.10)

The reweighting function w(x) from equation 7.2 can be defined as

w(pi) =
β

α
· e−∆α·pi =

α + ∆α

α
· wi, (7.11)

i.e. wi is proportional to w(pi). Therefore the w(x) reweighting function, up to a scale
coefficient, can be reconstructed by fitting an exponential function to these points. If
the background is normalised in the control region, which is the case for the tt̄ process,
the scale β/α can be neglected. The benefit of this approach is that it does not need to
estimate the α parameter.

Formally this approach can be formulated such that the bin weights wi are determined
at the left border of each bin interval i.e. w(pi) = wi. The normalisation of the process
is not estimated by this approach and has to be done separately. In the current case, the
β/α normalisation coefficient can be estimated to be 1.19 with an uncertainty of ±6%
within the [0, 700] GeV interval.

– The “mean value” smoothing

For this approach it is assumed that each weight wi is determined using the mean value
p̄i of the true pT(tt̄) distribution for the i-th interval, i.e. w( p̄i) = wi. The p̄i is calcu-
lated for the 2 b-jet selection of the true pT(tt̄) distribution, as shown in Figure 7.5. For
smoothing, an exponential function is fitted to these points.

The comparison of the different smoothing strategies is shown in Figure 7.8. The 4-bin re-
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Figure 7.6: The data-MC comparisons for the tt̄ reweighting based on the exponential approach for the
variables: pT of the leading jet and the Emiss

T (top), pT of the lepton and the mT (middle), and the HT
and a number of selected jets Njet (bottom). The selection: 1 lepton, exactly 1 b-tagged jet, 4 jets with pT

values above 40, 25, 25, and 25 GeV, Emiss
T > 80 GeV, mT > 60 GeV (for details, see the text). The tt̄ and

W+ jets production are normalised to the Monte Carlo cross sections. The error bands include only the
Monte Carlo statistical uncertainties.
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Figure 7.7: The data-MC comparisons for the tt̄ reweighting based on the exponential approach for the
variables: pT of the leading jet and the Emiss

T (top), pT of the lepton and the mT (middle), and the HT
and a number of selected jets Njet (bottom). The selection: 1 lepton, exactly 2 b-tagged jets, 4 jets with
pT values above 40, 25, 25, and 25 GeV, Emiss

T > 80 GeV, mT > 60 GeV (for details, see the text). The tt̄
and W+ jets production are normalised to the Monte Carlo cross sections. The error bands include only
the Monte Carlo statistical uncertainties.
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7 The tt̄ background reweighting

weighting based on the exponential correction method (dashed red line) and the “left border”
reweighting – scaled up by a factor 1.19 (dashed green line) are also shown on the same figure.
One can see that with a good approximation the “left border” reweighting is proportional to
the exponential reweighting. Using the “left border” smoothing, the final result is the same
as for the exponential reweighting, but the normalisation of the tt̄ process is 1.19 times higher.
From the plot it is also clear, that the “mean value” approach gives a different slope.
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Figure 7.8: Comparison of the different reweightings. The exponential reweighting based on the expo-
nential correction method (red line), the 4-bin reweighting based on the exponential correction method
(dashed red line), the default 4-bin reweighting used in the one-lepton analysis (black line), the “left
border” smoothing, assuming the wi weight in the left border of the i-th bin with the fitted exponential
function (green line), the “left border” smoothing scaled up for the comparison to the exponential re-
weighting (dashed green line), the “mean point” smoothing, assuming the wi weight in the mean point
of the pT distribution of the i-th bin (blue line).

A comparison between the default 4-bin reweighting and the smooth exponential reweighting
is presented in Figure 7.9 for the 2 b-jet selection. The exponential reweighting shows an
improvement of the normalisation, as well as some improvement in the low pT region for the
HT and the leading jet pT distributions.

The underestimation of the data at low HT, after the 4-bin reweighting points to incorrect
weights for the first bin. To improve the normalisation for the 4-bin reweighting, the w1 re-
weighting coefficient has to be increased at least by 8%. The Njets distribution shows that the
exponential reweighting overweights the tt̄ process, but just by about 2%.

The following properties of the exponential reweighting have to be mentioned:

– The important difference between the 4-bin and the exponential reweighting, is that the
α slope is measured based on Monte Carlo modelling only, while the ∆α difference is
calculated from w4 – the fourth bin of the default reweighting for true pT(tt̄) > 340 GeV.
The reweighting coefficients for the pT < 340 GeV come from the exponential reweight-
ing model itself.
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Figure 7.9: The data to Monte Carlo ratio for various kinematical variables for the default 4-bin re-
weighting and the exponential reweighting for the variables: pT of the leading jet and the Emiss

T (top),
pT of the lepton and the mT (middle), and the HT and a number of selected jets Njets (bottom). The selec-
tion: 1 lepton, exactly 2 b-tagged jets, 4 jets with pT values above 40, 25, 25, and 25 GeV, Emiss

T > 80 GeV,
mT > 60 GeV (for details, see Section 7.1). The tt̄ and W+ jets production are normalised to the Monte
Carlo cross sections. The error bands include only the Monte Carlo statistical uncertainties.

– Only one parameter w4 is used to correct both the slope and the normalisation for the
tt̄ process. For both reweightings the tt̄ and the W+ jets processes are normalised to the
Monte Carlo cross section. It is therefore plausible, that the proposed model of exponen-
tial mismodelling is applicable for this case.

– The exponential reweighting provides a better estimation of the normalisation for the
2 b-jet region, but a worse one for the 1 b-jet region. This can be explained as mismod-
elling of the W+ jets process which is not reweighted. The exponential reweighting is
applied to the tt̄ process. Therefore, for the 2 b-jet region, where the tt̄ background is
dominant, this approach provides a better normalisation. One can see from Figure 7.8,
that the improvement of the normalisation for the exponential approach comes from the
difference between the reweighting coefficients in the low pT region.

– For the 2 b-jet selection, after application of the exponential reweighting approach the
slopes for the HT and jet multiplicity Njets distributions are improved.
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CHAPTER 8

Searches for the top squark at
√

s = 8 TeV,
t̃1→ tχ̃0

1, ∆m(t̃1, χ̃0
1) ≈ m(t)

In this chapter the search for the top-squark pair production in the t̃1 → tχ̃0
1 decay mode is

presented. It is assumed, that decay channel has a branching ratio of 100%, and that the top
quark decays either on- or off-shell. A Feynman diagram for the corresponding semileptonic
decay is shown in Figure 8.1. One can see that the decay mimics the semileptonic tt̄ decay,

P

P
t̃∗1

t̃1

t

t

W−

W+

χ̃0
1

q̄′

q

b

b̄

ν̄`

`−

χ̃0
1

Figure 8.1: Feynman diagram for the t̃1 → tχ̃0
1 semileptonic decay channel.

especially for signal models with ∆m(t̃1, t) ≈ m(χ̃
0
1), where both neutralinos are soft and have

a small contribution in the missing transverse momentum Emiss
T .

8.1 Summary of results on top-squark searches

A summary of the ATLAS searches for top-squark pair production in the (t̃1, χ̃0
1) mass plane,

based on an integrated luminosity of 20.3 fb−1 of data recorded at
√

s = 8 TeV, is shown in
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8 Searches for the top squark at
√

s = 8 TeV, t̃1 → tχ̃0
1, ∆m(t̃1, χ̃0

1) ≈ m(t)

Figure 8.2. The results of corresponding searches by the CMS experiment for an integrated
luminosity of 19.5 fb−1 of data recorded at

√
s = 8 TeV are presented in Figure 8.3.

The existing ATLAS and CMS analyses leave a gap along the mass splitting ∆m(t̃1, t) = m(χ̃
0
1)

line, the so-called “tN diagonal” region. Near the diagonal, where ∆m(t̃1, t) ≈ m(χ̃
0
1), two

decay modes are present: on- and off-shell top-quark decays (below and above the diagonal),
which correspond to t̃1 → tχ̃0

1 and t̃1 → bWχ̃0
1 (3-body decay), respectively. In this chapter, an

analysis covering the gap in the tN diagonal region for top-squark masses of 200−300 GeV is

 [GeV]
1t

~m

200 300 400 500 600 700 800

 [
G

e
V

]
10

χ∼
m

0

50

100

150

200

250

300

350

400

450

1

0
χ∼ t →

1
t
~

1

0
χ∼ t →

1
t
~

1

0
χ∼/b f f’ 

1

0
χ∼ W b →

1
t
~

1

0
χ∼ W b →

1
t
~

1

0
χ∼ c →

1
t
~

1

0
χ∼ b f f’ →

1
t
~

1

0
χ∼

,t)
 <

 m
1t~

 m
(

∆

W

 +
 m

b

) 
< 

m
1

0
χ∼,

1t~
 m

(
∆

) 
< 

0
1

0
χ∼, 

1t~
 m

(
∆

1

0
χ∼ t →1t

~
 / 

1

0
χ∼ W b →1t

~
 / 

1

0
χ∼ c →1t

~
 / 

1

0
χ∼ b f f’ →1t

~
 production, 1t

~
1t

~

ATLAS 

1

0
χ
∼W b 

1

0
χ
∼c 

1

0
χ
∼b f f’ 

Observed limits Expected limits All limits at 95% CL

­1=8 TeV, 20 fbs

t0L/t1L combined

t2L, SC

WW

t1L, t2L

tc

tc, t1L
 [GeV]

1
t
~m

170 180 190 200 210
 [
G

e
V

]
10

χ∼
m

0

10

20

30

40

Figure 8.2: A summary of the ATLAS searches for top-squark pair production based on Lint = 20.3 fb−1

of data at
√

s = 8 TeV. Exclusion limits are shown for the (t̃1, χ̃0
1) mass plane at 95% CL. The dashed

and solid lines correspond to the expected and observed limits. The limits include all uncertainties
except the uncertainty on the signal cross section. Four different decay modes are considered, each
with BR = 100%: t̃1 → tχ̃0

1, t̃1 → bWχ̃0
1 (3-body decay), t̃1 → cχ̃0

1 and t̃1 → b f f ′χ̃0
1 (4-body decay).

The plot corresponds to the simplified decay scenarios and is published in Ref. [112].
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8.1 Summary of results on top-squark searches

presented. This is the first time that a specific analysis is designed to cover this difficult region
of phase space.

Two dedicated ATLAS analyses cover the low corner of the diagonal region. An analysis based
on tt̄ cross-section measurements excludes top-squark masses up to 177 GeV at 95% CL [121],
while a spin correlation analysis improves the previous result excluding at 95% CL top-squark
masses up to 191 GeV [122].
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Figure 8.3: A summary of the CMS searches for top-squark pair production based on Lint = 19.5 fb−1 of
data at

√
s = 8 TeV. Exclusion limits are shown for the (t̃1, χ̃0

1) mass plane at 95% CL. The dashed and
solid lines correspond to the expected and observed limits. Four different decay modes are considered,
each with BR = 100%: t̃1 → tχ̃0

1, t̃1 → bWχ̃0
1 (3-body decay), t̃1 → cχ̃0

1 and t̃1 → b f f ′χ̃0
1 (4-body

decay). The results correspond to simplified decay scenarios and are published in Refs. [115, 116, 117,
118, 119, 120].
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1) ≈ m(t)

The main challenge in the diagonal region is that in the case of an on-shell top decay, due to the
small mass difference ∆m = m(t̃1)− m(t)− m(χ̃

0
1) (less than 10 GeV) both neutralinos have

low pT and are mainly back-to-back in the transverse plane. Therefore, their total contribution
to the Emiss

T is small. This makes signal events very similar to tt̄ background events.

Previous ATLAS analyses which target the diagonal region above 200 GeV are hitting prob-
lems not only due to a low number of signal events. Some of them do not have enough separ-
ation power to reach the diagonal, even assuming an infinite integrated luminosity.

– For the zero-lepton top-squark searches the main constraint is the trigger. Since there
is no neutrino in the event and the neutralinos have low pT due to the small ∆m, the
acceptance of the missing transverse energy trigger is low.

– The one-lepton analysis targeting the diagonal uses a shape fit approach. For the signal
model m(t̃1, χ̃0

1) = (350, 150) GeV, where ∆m ≈ 27 GeV, for each bin the signal-to-
background ratio is less than 22%. For this signal region the tt̄ background is dominant
with a total systematic uncertainty of about ±15%. Taking into account, that for smal-
ler ∆m the signal acceptance decreases, such an analysis will not be able to reach the
diagonal even for a higher integrated luminosity.

– For the two-lepton analysis both W-bosons decay leptonically creating two neutrinos,
which contribute to the Emiss

T more than the two neutralinos, which are very soft near
the diagonal and mainly back-to-back. Variables used in the two-lepton multivariate
analysis become quite similar for the signal and the tt̄ background. This makes it chal-
lenging to get good separation power to suppress the tt̄ background.

– For the tt̄ cross-section measurement, an increase of the integrated luminosity will not
reach far up along the diagonal, since the top-squark pair production cross section de-
creases, while the precision of the cross-section measurement is driven by systematic
uncertainties.

– The spin-correlation approach may hit the same problem, since it tries to observe a cor-
relation on top of the tt̄ background process.

Another challenge are signal points exactly on the diagonal, where on- and off-shell top quarks
in the top-squark decay are equally possible. Theoretical predictions of how the branching
ratio changes between on- and off-shell decays when crossing the diagonal require additional
studies. Therefore, for the current exclusion (see Figure 8.2) in the low mass corner only a
region 1−2 GeV below the diagonal is considered excluded, to be sure that the BR(t̃1 → tχ̃0

1)
is close to 100%.

In general, having two different analyses for on- and off-shell decays raises the problem of a
proper modelling of the relative BR for the process. The ideal would be to have one analysis,
which is sensitive to both decay modes. In such a case it is not necessary to have an exact
modelling of the relative BR. The decay mode for which the analysis is less sensitive will drive
the exclusion. In the Section 8.6 it is shown, that the analysis presented fulfils this requirement
and the most challenging scenario appears to be the t̃1 → tχ̃0

1 on-shell decay mode.
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8.2 Signal samples

8.2 Signal samples

Signal samples for the t̃1 → tχ̃0
1 decay mode are generated with HERWIG++ [34]. Detector

effects are modelled with the ATLAS fast simulation software ATLFAST-II [85]. Each signal
sample can be represented as a point in the (t̃1, χ̃0

1) mass plane. In the following, the m(t̃1, χ̃0
1)

refers to (mt̃1
, mχ̃0

1
), and the double (m1, m2) refers to the signal model with m(t̃1) = m1 and

m(χ̃
0
1) = m2, where masses are given in GeV.

The list of the signal samples used for the t̃1 → tχ̃0
1 analysis for

√
s = 8 TeV is shown in

Table 8.1.

Grid Sample ID Name Filter Generator

tN 118494–118495 Herwigpp_UEEE3_CTEQ6L1_Tt_TXXX_LYYY no filter HERWIG++
127834–127850 Herwigpp_UEEE3_CTEQ6L1_Tt_TXXX_LYYY no filter HERWIG++
144208–144213 Herwigpp_UEEE3_CTEQ6L1_Tt_TXXX_LYYY no filter HERWIG++
164241–164246 Herwigpp_UEEE3_CTEQ6L1_Tt_TXXX_LYYY no filter HERWIG++
164646–164647 Herwigpp_UEEE3_CTEQ6L1_Tt_TXXX_LYYY no filter HERWIG++
179570–179577 Herwigpp_UEEE3_CTEQ6L1_Tt_TXXX_LYYY_noAllHad 1-lepton HERWIG++
205196–205202 Herwigpp_UEEE3_CTEQ6L1_Tt_TXXX_LYYY_Lepton10 1-lepton HERWIG++

bWN 183557–183584 Herwigpp_UEEE3_CTEQ6L1_Tt_bWN_tXXX_nYYY_Lepton20MET60 1-lepton HERWIG++
183951–183954 Herwigpp_UEEE3_CTEQ6L1_Tt_bWN_tXXX_nYYY_Lepton20orMET60 1-lepton HERWIG++
183955–183957 Herwigpp_UEEE3_CTEQ6L1_Tt_bWN_tXXX_nYYY_MET150 no filter HERWIG++

Table 8.1: List of signal samples used for the t̃1 → tχ̃0
1 analysis (on- and off-shell decay modes) of data

collected at
√

s = 8 TeV.

To avoid statistical fluctuations during the analysis optimisation, especially if one wants to use
a multivariate approach, signal samples with a high number of events are required. For this
reason, along the diagonal ∆m(t̃1, χ̃0

1) = 175 GeV extra samples with a large number of events
were privately produced with HERWIG++. Overall 10 M events after a 1-lepton filter (filter
efficiency ≈ 0.57) were generated. The list of samples of simulated signal events is shown in
Table 8.2.

m(t̃1, χ̃0
1) [GeV] Events Filter Generator

(210, 35) 2 M 1-lepton HERWIG++
(230, 55) 2 M 1-lepton HERWIG++
(240, 65) 1 M 1-lepton HERWIG++
(250, 75) 2 M 1-lepton HERWIG++
(260, 85) 1 M 1-lepton HERWIG++
(270, 95) 2 M 1-lepton HERWIG++

Table 8.2: Privately generated signal samples for the tN diagonal region with a large number of events.

Additionally, to estimate ISR/FSR signal model uncertainties, samples were generated privately
on particle level with a large number of events. The ISR/FSR variations were generated for
the m(t̃1, χ̃0

1) = (190, 15), (210, 35) and (230, 55) GeV signal models.
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1, ∆m(t̃1, χ̃0

1) ≈ m(t)

8.3 Kinematics on the diagonal

In this section, the kinematical properties of signal models exactly on the diagonal are dis-
cussed, under the assumption, that both top squarks decay to an on-shell top quark via the
t̃1 → tχ̃0

1 decay mode. In this section pµ refers to a four-momentum, while pT always refers
to a vector in the transverse plane. Furthermore, to improve the readability, the following
notations are used:

pµ(X1 + · · ·+ Xn) = pµ(X1) + · · ·+ pµ(Xn) (8.1)

and
pT(X1 + · · ·+ Xn) = pT(X1) + · · ·+ pT(Xn), (8.2)

where X1, . . . , Xn are arbitrary particles.

8.3.1 Neutralino reconstruction

Consider a top squark in its rest frame for a signal model exactly on the diagonal, where
∆m(t̃1, t) = m(χ̃

0
1). In the case of an on-shell top-quark decay, there is no energy to give

momentum to the decay products, therefore both the t and χ̃0
1 will be produced at rest and the

relation between the four-momenta can be presented as:

pµ

t̃1
= pµ

t + pµ

χ̃0
1
, pµ

t =
mt

mt̃1

· pµ

t̃1
, pµ

χ̃0
1
=

mχ̃0
1

mt̃1

· pµ

t̃1
, (8.3)

where pµ

t̃1
, pµ

t and pµ

χ̃0
1

are the four-momenta of t̃1, t and χ̃0
1, respectively.

Since the momenta are collinear in the rest frame, this will hold in any boosted frame too.
From these equations it follows, that on the diagonal, if the four-momentum of any particle
is known, the other one can be calculated by a corresponding scaling. In particular, the four-
momentum of the neutralino can be calculated from the four-momentum of the top squark:

pµ

χ̃0
1
= αpµ

t̃1
, α =

mχ̃0
1

mt̃1

, (8.4)

or in case of the top quark

pµ

χ̃0
1
=

mχ̃0
1

mt
pµ

t =
α

1− α
pµ

t . (8.5)

As a consequence of this relation, if the neutralino is nearly massless, after the decay it gets a
very small momentum and therefore it does not contribute much to the Emiss

T .

8.3.2 Neutrino pT reconstruction

The next step is to reconstruct the pT of the neutrino ν from the semileptonic top-squark decay.
Since for signal events not only the neutrino contributes to the Emiss

T , but also both neutralinos,
in general, the reconstruction of the neutrino pT is not possible. But in the case of the diagonal
region one can use the collinearity of the neutralinos to the tt̄ system.
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8.3 Kinematics on the diagonal

In the following, the particles involved in the hadronic and leptonic decay chain, are labeled
with “had” and “lep”, respectively.

The following assignments are used:

t̃1had → thad + χ̃0
1had, thad → bhad + Whad, Whad → q1 + q2,

t̃1lep → tlep + χ̃0
1lep, tlep → blep + Wlep, Wlep → `+ ν.

(8.6)

where:

bhad and blep are b-tagged jets;

q1 and q2 are light jets from the hadronic decay of the Whad;

` are ν are the lepton and neutrino from the leptonic decay of the Wlep.

In these notations, the missing transverse momentum can be defined as:

pmiss
T = pT(χ̃

0
1had) + pT(χ̃

0
1lep) + pT(ν), (8.7)

where pT is considered as a two-dimensional vector.

Taking into account that each neutralino is collinear to the corresponding top squark, the above
equation can be rewritten as:

pmiss
T = αpT(t̃1had) + αpT(t̃1lep) + pT(ν) = αpT(t̃1 t̃∗1) + pT(ν), (8.8)

where
t̃1 t̃∗1 = t̃1had + t̃1lep. (8.9)

The pT of the neutrino can be calculated as:

pT(ν) = pmiss
T − αpT(t̃1 t̃∗1). (8.10)

Assuming, that the tt̄ system is reconstructed from the semileptonic decay

pµ(tt̄) = pµ(thad + tlep) = pµ(bhad + blep + q1 + q2 + `+ ν), (8.11)

and using the equations 8.5 and 8.7 one obtains

pmiss
T =

α

1− α
pT(tt̄) + pT(ν). (8.12)

One can split off the neutrino term

pmiss
T =

α

1− α
pT(bhad + blep + q1 + q2 + `) +

α

1− α
pT(ν) + pT(ν). (8.13)

From the above equation, the pT of the neutrino for a signal event can be calculated as:

pT(ν) = (1− α)pmiss
T − αpT(bhad + blep + q1 + q2 + `). (8.14)
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8.3.3 Recoil against a jet

An important difference between signal and tt̄ background events is the existence of two neut-
ralinos, which can contribute to the Emiss

T and improve the signal separation. The main chal-
lenge is, that due to the small mass splitting ∆(t̃1, t) they are mainly back-to-back in the trans-
verse plane and therefore compensate each other.

From equation 8.8 one can see, that the pT of the t̃1 t̃∗1 system directly contributes to the pmiss
T .

Therefore, by boosting the t̃1 t̃∗1 system, one can increase the Emiss
T , while for the tt̄ system, the

boost will only indirectly affect the Emiss
T via the neutrino ν.

It is important to mention, that only initial state radiation (ISR) affects the pmiss
T . Any radiation

of objects after the t̃1 → tχ̃0
1 decay does not affect the neutralinos. Therefore, for the analysis,

the presence of a hard ISR jet is very important.

The calculation of the pT(ν) for signal events plays an important role in the analysis. The
approach for the pT(ν) calculation, presented in Section 8.3.2, has some disadvantages:

– It is not always clear, which light jets should be taken to reconstruct the hadronic Whad.
Putting aside, that one can incorrectly select one of the light jets due to combinatorial
freedom, one of the light jets may also be missing in the event due to having a pT below
the detector acceptance.

– Apart from the pmiss
T , which can be the main source of the uncertainty for pT(ν), the cal-

culation includes four different jets and one lepton. Each of them add some uncertainty
to the pT(ν) reconstruction.

– An additional disadvantage can be a final state radiation (FSR). Any jet may radiate for
example a gluon, which will not be included in the reconstruction and will produce an
additional source of uncertainty for the pT(ν).

To improve the pT(ν) reconstruction, one can assume, that the boost of the t̃1 t̃∗1 system is
mainly due to a hard ISR jet (jrec), which recoils against the t̃1 t̃∗1 system. The assumption,
that only one recoil jet is produced with the pT opposite to the pT(t̃1 t̃∗1) yields

pT(t̃1 t̃∗1) = −pT(jrec). (8.15)

Under this assumtion, one can calculate the pT(ν) as:

pT(ν) = pmiss
T − αpT(t̃1 t̃∗1) = pmiss

T + αpT(jrec). (8.16)

8.3.4 The mstop
T variable

Based on the calculated pT(ν), one can reconstruct the variable mT(`, pT(ν)), which is the trans-
verse mass of the leptonic W for a signal event. Taking into account, that the reconstruction of
pT(ν) significantly depends on the top-squark mass m(t̃1), it is denoted as pm(t̃1)

T (ν), while the

corresponding mT is denoted as mm(t̃1)
T .

One of the important variables used in the analysis is the difference between the mT variable
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8.4 Multivariate analysis

calculated under the assumption of tt̄ or t̃1 t̃∗1 semileptonic decays. The variable is defined as:

∆mm(t̃1)
T = mT −mm(t̃1)

T = mT(`, pmiss
T )−mT(`, pm(t̃1)

T (ν)). (8.17)

As an example, for m(t̃1) = 250 GeV the corresponding variable is written as:

∆m250
T = mT −m250

T = mT(`, pmiss
T )−mT(`, p250

T (ν)). (8.18)

8.3.5 Estimation of the neutrino pz

In SUSY searches with semileptonic decays one of the powerful approaches to reject tt̄ back-
ground is to select events with a high mT. For signal events a contribution from the neutrali-
nos increases the Emiss

T , which increases the mT too, while for tt̄ events the endpoint of mT
is estimated to be the mass of the W boson. Due to detector resolution effects this endpoint
is broadened and increased by 20−30 GeV. For the signal selection in the current analysis,
mainly events with the mT > 110 GeV are used.

Since mT corresponds to the transverse mass, the following inequality holds

mT(`, ν) ≤ m(`+ ν). (8.19)

From mT(`, ν) ≈ m(` + ν) it follows that η(`) ≈ η(ν), see Section 4.4. This means, that for
leptonic W-boson decay with high mT values a good estimation for η(ν) can be η(ν) ≈ η(`).
In the current analysis the pz(ν) component is estimated based on this approximation.

8.3.6 The η of the recoil jet

The pseudorapidity of the recoil jet η(jrec) is found to be a variable with some separation
power, after requiring a high momentum of the tt̄ system and a centrality of the reconstruc-
ted top quarks η(thad) ≈ 0 and η(tlep) ≈ 0. The arguments, why the η(jrec) variable has
separation power, could be the following: If one assumes that the boost of the event along
the z-axis is small, it follows from the centrality requirement for the reconstructed top quarks
η(thad) ≈ 0 and η(tlep) ≈ 0, that for the tt̄ event, the recoil jet also should be in the (x, y)
plane i.e. η(jrec) ≈ 0. This is not the case for a signal event, where two neutralinos may com-
pensate the boost of the recoil jet in the z direction, giving the possibility for the recoil jet to
have a higher η. Therefore, adding the η(jrec), η(thad) and η(tlep) variables to the multivariate
analysis increases the separation power.

8.4 Multivariate analysis

In the current analysis an optimisation was done for the on-shell decay for the signal model
with m(t̃1, χ̃0

1) = (250, 75) GeV. This corresponds to a mass difference of ∆m ≈ 3 GeV below
the diagonal. For the m(t̃1, χ̃0

1) = (250, 75) GeV signal model a high number of events were
produced with ATLFAST-II (equivalent to 2 M events before any filter is applied). The sample
was divided into two equal sets A and B.
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The analysis uses the Toolkit for Multivariate Analysis (TMVA) [77], which is integrated inside
the ROOT package [78]. For the training the Boosted Decision Trees (BDT) algorithm [123] is
used. The BDT algorithm trained on the set A getting output variable BDTA, and with the
same options trained on the set B getting for output BDTB. To estimate its power and check
the overtraining, each BDT is tested against the other set, i.e. BDTA is tested on set B and
BDTB on set A. All other signal points are used only to test the exclusion reach and not for
training.

Finally, both output variables are combined into one BDT output. By definition, for events
from the set A, the BDT = BDTB, while for events from set B, the BDT = BDTA. This allows to
use the full set of events for the analysis.

8.4.1 Variable definitions

In this section a list of variables used for the multivariate analysis is presented. The pT is
always considered as a two-dimensional vector in the (x, y) plane. The analysis is optimised
for the m(t̃1, χ̃0

1) = (250, 75) GeV signal model. The following definitions, assumptions and
motivations are used for the tN diagonal analysis:

– The leading tree light jets are referred to as j1, j2 and j3, with pT(j1) > pT(j2) > pT(j3).

– Up to two b-tagged jets in an event, referred to as b1 and b2, with pT(b1) > pT(b2).

– It is assumed, that the recoil jet jrec is the highest pT light jet j1.

– It is assumed, that one jet from the hadronic Whad decay q1 is the sub-leading light jet j2.

– Another light jet from the Whad decay q2 is not taken from the reconstructed jets, instead
it is constructed under the assumption, that pT(q1 + q2 + jrec + pmiss

T + b1 + b2 + `) = 0.
For the pz(q2) component, the assumption η(q2) = η(q1) is made. This approach allows
to construct q2 even if only two light jets are presented in the event.

– The hadronically decaying Whad is reconstructed as pµ(Whad) = pµ(q1 + q2).

– To be sure, that the leading light jet does not come from the Whad decay, two invariant
masses are computed, m12 = m(j1 + j2) and m13 = m(j1 + j3). The multivariate algorithm
uses these variables to suppress events, where potentially the j1 may not be the recoil jet.

– The pz component of the neutrino is obtained from the assumption η(`) = η(ν).

– The leptonically decaying Wlep is reconstructed as pµ(Wlep) = pµ(`+ ν).

– If the event contains exactly one b-tagged jet, the second b-jet is assumed to be below the
detector acceptance and set to zero, pµ(b2) = 0.

– The hadronically and leptonically decaying top-quark candidates are reconstructed as
pµ(thad) = pµ(bhad + Whad) and pµ(tlep) = pµ(blep + Wlep).

– The choice, which of the two b-tagged jets b1 or b2 have to be tagged as hadronic or
leptonic is done based on the reconstruction of the leptonic top-quark candidate. The
candidate closest to the top-quark mass of 173 GeV from m(b1 + Wlep) and m(b2 + Wlep)
defines the corresponding b-jet as the leptonic blep and the other one as the hadronic bhad.
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– The neutrino ν250 for the signal model exactly on the diagonal with m(t̃1) = 250 GeV
is calculated as described in Section 8.3.2. The pz(ν250) component of the neutrino is
reconstructed under the assumption of η(ν250) = η(`).

– Based on the reconstructed ν250, the corresponding signal related objects are reconstruc-
ted as: pµ(W250

lep ) = pµ(` + ν250), pµ(t250
lep ) = pµ(blep + W250

lep ), m250
T = m(` + ν250) and

∆m250
T = mT −m250

T .

– The difference |pT(q2)| − |pT(j3)| is calculated. The third light jet j3 is expected to be
from the hadronic Whad decay. If there is no j3 jet in the event, it is assumed to be zero,
pT(j3) = 0. The difference estimates how reasonable is this assumption.

– The difference between the projections of pmiss
T and pT(jrec) in the pT(jrec) direction is

used: ∆proj(pmiss
T , pT(jrec)) = (pmiss

T − pT(jrec)) · nT, where nT is a unity vector in the
direction of the pT(jrec).

The variables passed as input to the multivariate algorithm are the following:

Emiss
T , mT, m250

T , ∆m250
T , m12, m13,

|pT(jrec)|, |η(jrec)|, |pT(b1)|, |pT(q2)|, |pT(j3)|,

m(Whad), m(Wlep), m(W250
lep ), m(thad), m(tlep), m(t250

lep ), η(thad), η(tlep),

∆proj(pmiss
T , pT(jrec)), |pT(q2)| − |pT(j3)|.

8.4.2 Training of the BDT

The BDT training was done for the m(t̃1, χ̃0
1) = (250, 75) GeV signal model. To increase the

exclusion power, the BDT is trained for two different selections: BDT1 for an exclusive 1 b-jet
and BDT2 for an exclusive 2 b-jet selection. The common BDT preselection requirements are
applied as follows:

– Common one-lepton analysis cleaning cuts are applied, see Section 6.2.3;

– Exactly one signal lepton with pT > 25 GeV, no other baseline leptons;

– At least four jets with pT > 25 GeV;

– ∆φ(j1, Emiss
T ) > 0.4 between the leading jet j1 and Emiss

T ;

– Leading light jet pT(jrec) > 80 GeV;

– Sub-leading light jet pT(j1,had) > 40 GeV;

– Emiss
T > 80 GeV;

– mT > 80 GeV.

The preselection regions PR1-tN and PR2-tN for the 1 b-jet and 2 b-jet selection, respectively,
are defined as:

– PR1-tN: Common BDT preselection with exactly 1 b-tagged jet requirement;

– PR2-tN: Common BDT preselection with exactly 2 b-tagged jets requirement.
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Both BDTs are trained with the Gradient Boosting (Grad-Boost) method [123] for the signal
model m(t̃1, χ̃0

1) = (250, 75) GeV using 150 trees with a maximal depth of 5 variables for each
tree. The distributions for the BDT1 and BDT2 output variables are shown in Figure 8.4. The
bottom part of each plot shows a signal-to-background ratio for different signal models along
the ∆m(t̃1, χ̃0

1)−m(t) ≈ 3 GeV diagonal (on-shell top-quark decays) for the top-squark masses
of m(t̃1) = 190, 210, 230, 250, and 270 GeV.

One can see that for the BDT output above 0.6 there is no significant difference between the
event yields for different signal models, except for the signal model with m(t̃1) = 190 GeV
which has a lower event yield.
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Figure 8.4: Distributions for the BDT1 (1 b-jet selection, left) and BDT2 (2 b-jet selection, right) output
variables. The training of the BDTs is done for the m(t̃1, χ̃0

1) = (250, 75) GeV signal model. The signal is
shown for top-squark masses m(t̃1) = 190, 210, 230, 250, and 270 GeV, for on-shell top decays at about
3 GeV below the diagonal. One can see that in the BDT > 0.6 region there is no significant difference
for the event yields for different signal models.

If one assumes a total systematic uncertainty of±20% the significance can be estimated as

Significance =
S√

S + B + (0.2 · B)2
, (8.20)

where S and B are the numbers of signal and background events, respectively.

The expected significance for the BDT1 and BDT2 variables under the assumption of a total
systematic uncertainty of±20% is shown in Figure 8.5 for the m(t̃1, χ̃0

1) = (250, 75) GeV signal
model, which was used to train the BDTs. One can see that the main separation power is
expected from the 2 b-jet selection and the optimal point for both BDTs is about 0.7.

There are differences between the significance curves calculated for the test and training sam-
ples. This is well visible for the BDT1 output (left plot). The reason for this difference is that the
training of the BDT is affected by statistical fluctuations due to a limited number of events in
the training samples. In this case, the BDT can separate signal and background events for the
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8.4 Multivariate analysis
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Figure 8.5: The significance assuming a total systematic uncertainty of±20%. The significance is shown
for the BDT1 output (1 b-jet selection, left) and BDT2 output (2 b-jet selection, right), as calculated using
the test and the training samples.

training samples better, than for an unknown test sample. This effect is called “overtraining”
of the BDT.

A comparison of the BDT1 and BDT2 outputs for the test and training samples, the so-called
“overtraining plots”, for the 1 b-jet and 2 b-jet regions are shown in Figure 8.6. One can see
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Figure 8.6: A comparison of the BDT1 (1 b-jet selection, left) and BDT2 (2 b-jet selection, right) outputs
for the test and training samples. The training of the BDTs is done for the m(t̃1, χ̃0

1) = (250, 75) GeV
signal model.

that for the 2 b-jet selection the BDT2 is slightly overtrained, but for the BDT output above
0.7 the difference between the training and test datasets is small. In the case of the 1 b-jet
selection, there is more overtraining. This is mainly caused by larger contributions of the
W+ jets and single top processes which pass the preselection. The numbers of Monte Carlo
events generated for the W+ jets and single top processes are smaller than those for the tt̄
process, which results in an overtraining of the BDT1.

One can try to avoid overtraining by increasing the minimal number of events per node
(MinNodeSize parameter) for the BDT training, but this decreases the separation power for the
tt̄ process, which dominates for the BDT1 selection. Decreasing the MinNodeSize parameter
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improves the separation, but also leads to overtraining for W+ jets and single top samples,
due to the low number of trained events for these processes. Removing the single top samples
from the training dataset improves the training stability, but decreases the separation power
for the analysis, since the BDT is not trained to reject this process.

After several optimisation steps, for both BDT1 and BDT2 output variables, it was found,
that independently from this overtraining, the presented BDTs give good results within the
instabilities related to the training method. Therefore, it was decided to use the presented
BDT outputs for the analysis.

The normalised outputs for the BDT1 and BDT2 selections for different signal points along the
diagonal are shown in Figure 8.7. One can see that for BDT > 0.4, an increase of the top-squark
mass leads to an increase of the acceptance for the diagonal signal points.
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Figure 8.7: Normalised outputs for the BDT1 (left) and BDT2 (right) variables. The BDTs are trained for
the (250, 75) signal point. One can see that for BDT > 0.4 an increase of the top-squark mass leads to an
increase of the acceptance for diagonal signal points.

Since the 1 b-jet and 2 b-jet regions do not overlap, the BDT1 and BDT2 output variables are
simply referred to as the BDT output variable in the following, meaning BDT1 if events are
from the 1 b-jet region and BDT2 for events from the 2 b-jet region.

8.5 Background reweighting

The distribution of the pT of the tt̄ system on particle level (true pT(tt̄)) for the 1 b-jet and
2 b-jet selection after a BDT > 0.6 requirement is shown in Figure 8.8. The selection is near to
the optimal one of ≈ 0.7 for both BDTs (see Figure 8.5).

The gray lines on the plot show the borders of the bins for the default 4-bin reweighting of
the true pT(tt̄) used in the one-lepton analysis, see Section 7. One can see, that the peak is
located around 170 GeV, i.e. exactly on the border between two bins. The difference between
the weights is 0.21, which means, that smoothing the reweighting may have some impact
on the data-MC agreement in the signal region. Therefore, for the tN diagonal analysis the
exponential reweighting described in Section 7.2 is used.

168



8.6 Crossing the diagonal

)t(t
T

 true p

0 50 100 150 200 250 300 350 400 450

E
v
e
n
ts

0

5

10

15

20

25

30
) for BDT1 > 0.6t(t

T
truth p

) for BDT2 > 0.6t(t
T

truth p

 

 = 8 TeVs, 
­1

 = 20.3 fbintL

 channelµ + e

Figure 8.8: Distributions of the true pT(tt̄) for the 1 b-jet and 2 b-jet regions after the BDT > 0.6 require-
ment. The gray lines show the borders of the bins for the default 4-bin reweighting of the true pT(tt̄)
used in the one-lepton analysis. The peaks of the distributions are located around 170 GeV, i.e on the
border of the second and third reweighting bin.

Figures 8.9 and 8.10 show the data-MC agreement before any reweighting is applied and after
the exponential tt̄ reweighting for the variables mT, m250

T and ∆m250
T = mT − m250

T . One can
see that mT and m250

T show a good agreement even before the reweighting, but their difference
is not modelled properly before reweighting. For the ∆m250

T distribution, the most important
region, which includes the signal region, is the [20, 60] GeV interval. Applying the reweighting
improves the data-MC agreement.

8.6 Crossing the diagonal

In general, three different scenarios have to be considered:

– Both top squarks are decaying on-shell via t̃1 → tχ̃0
1;

– Both top squarks are decaying off-shell via t̃1 → bWχ̃0
1;

– The mixed decay, where one top squark is decaying on-shell, via t̃1 → tχ̃0
1 and the other

one off-shell, via t̃1 → bWχ̃0
1.

Any scenario can be represented as a combination of these three, with the corresponding re-
lative branching ratios BRon, BRoff and BRmix, taking into account, that the total branching
ratio should be BRon + BRoff + BRmix = 100%.

Under the assumption, that both top squarks decay on-shell independently with probability α,
the branching ratios for BRon, BRoff and BRmix decays will be α2, (1− α)2 and 2α(1− α),
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Figure 8.9: The data-MC comparison before any reweighting is applied (left) and after the exponential
tt̄ reweighting (right) for the mT (top), m250

T (middle), and ∆m250
T (bottom) distributions. The selec-

tion: 1 lepton, exactly 1 b-tagged jets, at least 4 jets with pT(j1) > 40 GeV and pT(j2,3,4) > 25 GeV,
mT > 60 GeV, Emiss

T > 80 GeV (for the details, see the text). The tt̄ and W+ jets are normalised to the
Monte Carlo cross section. The error bands include only the Monte Carlo statistical uncertainties.
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Figure 8.10: The data-MC comparison before any reweighting is applied (left) and after the exponential
tt̄ reweighting (right) for the mT (top), m250

T (middle), and ∆m250
T (bottom) distributions. The selec-

tion: 1 lepton, exactly 2 b-tagged jets, at least 4 jets with pT(j1) > 40 GeV and pT(j2,3,4) > 25 GeV,
mT > 60 GeV, Emiss

T > 80 GeV (for the details, see the text). The tt̄ and W+ jets are normalised to the
Monte Carlo cross section. The error bands include only the Monte Carlo statistical uncertainties.
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respectively. This means, that while crossing the diagonal, for α = 0.5, the branching ratio for
the mixed decay mode BRmix is 50%.

For signal points further than 3−4 GeV away from the diagonal, both top squarks dominantly
decay either on-shell (below the diagonal) or off-shell (above the diagonal). Crossing the di-
agonal from the on-shell to the off-shell decay region, BRon changes from 100% to 0%, while
BRoff changes from 0% to 100%. The mixed decay mode also makes some contribution while
crossing the diagonal, but outside the diagonal it can be neglected, BRmix ≈ 0%.

Having two different analyses for on- and off-shell decays raises a relative branching ratio
modelling problem. The analysis presented has the advantage, that it is sensitive to both
decay modes. Therefore, instead of calculating the relative branching ratio, one can use a
more conservative approach by choosing the worst case in terms of acceptance between the
on- and off-shell decay modes.

In general, while crossing the diagonal, signal models for the mixed decay scenario also have
to be taken into account, but these samples have not been generated. In the analysis presen-
ted it is assumed, that if by swapping the decay mode for one top-quark decay (for example
from off-shell to on-shell), the sensitivity decreases, than by swapping the decay mode for the
second top quark, the sensitivity should further decrease. Therefore, the sensitivity for the
mixed decay cannot be worse than the worst case between the fully on- and fully off-shell
decay scenarios.

It is important to mention, that this assumption is only applicable, when the same analysis is
sensitive to the fully on- and fully off-shell decay scenario. In this case, for the analysis, the
calculation of the relative branching ratio for decay modes is not needed.

The BDT outputs for m(t̃1) = 250 GeV and m(χ̃
0
1) = 50, 60, 70, 75, 80, and 100 GeV are shown

in Figure 8.11. The signal model exactly on the diagonal has m(χ̃
0
1) ≈ 77.5 GeV. Therefore,

m(χ̃
0
1) = 50, 60, 70, 75 GeV correspond to on-shell, while m(χ̃

0
1) = 80, 100 GeV to off-shell

decay modes. The m(t̃1, χ̃0
1) = (250, 75) GeV signal model (green) is generated with about

four times more events with respect to the other points on this plot produced by the official
ATLAS production.

To improve visibility, the signal-to-background ratio for the [0.6, 0.7], [0.7, 0.8], and [0.8, 0.9]
intervals of the BDT outputs are shown in Figure 8.12. One can see, especially for the 2 b-jet
selection (right) which is the main contributor in the analysis, that the ratio is quite stable near
the diagonal for m(χ̃

0
1) ≈ 70−80 GeV.

From the figures one can see, that:

– The shape of the BDT output looks similar for all these points.

– The worst case is realised for the m(t̃1, χ̃0
1) = (250, 75) GeV signal model, which is an

on-shell decay with less than 2 GeV distance from the diagonal.

– For the 1 b-jet selection, the on-shell decay is more challenging than the off-shell one,
since the m(t̃1, χ̃0

1) = (250, 70) GeV signal model, which is about 7 GeV below the di-
agonal, has a signal-to-background ratio similar to the m(t̃1, χ̃0

1) = (250, 80) GeV one,
which is just about 3 GeV above the diagonal.
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Figure 8.11: Distributions of the BDT1 (left) and BDT2 (right) output for the 1 b-jet and 2 b-jet selection,
respectively. Several signal models for the top-squark mass m(t̃1) = 250 GeV are considered. The
diagonal is crossed for m(χ̃

0
1) ≈ 77.5 GeV, therefore m(χ̃

0
1) = 50, 60, 70, 75 GeV correspond to on-shell,

while m(χ̃
0
1) = 80, 100 GeV to off-shell decay modes. The signal-to-background ratio has the same be-

haviour for the signal models presented. The worst case appears to be for the m(t̃1, χ̃0
1) = (250, 75) GeV

signal model, i.e. for an on-shell decay right below the diagonal.

) [GeV]1
0χ

∼
m(

45 50 55 60 65 70 75 80 85 90 95 100 105

s
ig

n
a

l 
/ 
b

a
c
k
g

ro
u

n
d

 

0.2

0.4

0.6

0.8

1

1.2

BDT1 Interval

 [0.8, 0.9]

 [0.7, 0.8]

 [0.6, 0.7]

 > 80
miss
T > 80, ET > 40, m2 > 80, q1 4 jets, q≥=1 b­jet, 1 lep, 

) [GeV]1
0χ

∼
m(

45 50 55 60 65 70 75 80 85 90 95 100 105

s
ig

n
a

l 
/ 
b

a
c
k
g

ro
u

n
d

 

0.2

0.4

0.6

0.8

1

1.2

BDT2 Interval

 [0.8, 0.9]

 [0.7, 0.8]

 [0.6, 0.7]

 > 80
miss
T > 80, ET > 40, m2 > 80, q1 4 jets, q≥=2 b­jet, 1 lep, 

Figure 8.12: Signal-to-background ratio for the [0.6, 0.7], [0.7, 0.8], and [0.8, 0.9] intervals of the
BDT1 (left) and BDT2 (right) output for the 1 b-jet and 2 b-jet selection, respectively. Signal models
for the top-squark mass m(t̃1) = 250 GeV with m(χ̃

0
1) = 50, 60, 70, 75, 80, and 100 GeV are considered.

The dashed vertical black line represents the mass m(χ̃
0
1) ≈ 77.5 GeV, where the diagonal is crossed.

The signal models with masses below the line m(χ̃
0
1) = 50, 60, 70, 75 GeV correspond to on-shell, while

the masses above the line m(χ̃
0
1) = 80, 100 GeV to off-shell decay modes.
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– The separation power for the 2 b-jets signal region does not depend significantly on the
decay mode. The differences for the 2 b-jet selection between ratios for BDT2 > 0.4 are
similar within the statistical uncertainty for the signal points.

– The signal point exactly on the diagonal is not produced, but from the signal-to-back-
ground ratio for the [0.6, 0.7], [0.7, 0.8], and [0.8, 0.9] intervals of the BDT outputs, shown
in Figure 8.12, and taking into account that exactly on the diagonal the worst case is
realised for the on-shell decay scenario, one can conclude, that the result is within the 1σ

statistical uncertainty of the m(t̃1, χ̃0
1) = (250, 75) GeV signal model.

Since the hardest case is the on-shell decay mode, the exclusion on the diagonal, where all
three decay modes are available, can be conservatively estimated assuming the on-shell decay
mode with BR = 100%.

8.7 Validation of the BDT

One of the challenges of the BDT analysis is the validation of the BDT output. The data-MC
agreement cannot be validated in the signal region before unblinding.

The “default” approach for the one-lepton analysis consists of the following steps:

– Check for different preselection regions, that the mT variable correctly describes the data.

– Define a Cut Flow (CF) – the list of selection requirements for the Signal Region (SR)
based on the variables used.

– Define the same cut flow but without applying the mT requirement (CFmT). For the cut-
and-count analysis, where regions are defined by sequential application of the require-
ment (“cut”) for each variable, this is always possible. Usually the signal region includes
a high mT selection. In this notation, if, for example, for the signal region SR the selection
requirement is mT > 120 GeV, the same region can be described as:

SR = CF(mT, Emiss
T , . . .) = CFmT(Emiss

T , . . .) and mT > 120 GeV.

– Define the control (CR) and validation (VR) regions by relaxing the mT selection:

CR = CFmT(Emiss
T , . . .) and 60 GeV < mT < 90 GeV;

VR = CFmT(Emiss
T , . . .) and 90 GeV < mT < 120 GeV.

Usually, after relaxing the mT requirement to the 60 GeV < mT < 90 GeV, the number of
events passing the selection significantly increases due to semileptonic tt̄ decays, accordingly
the signal contamination is significantly suppressed.

The validation regions for the 1 b-jet (VR1-tN) and 2 b-jet (VR2-tN) selection are defined by
altering the mT > 80 GeV requirement of the corresponding preselection regions (PR1-tN and
PR2-tN, see Section 8.4.2) to the 60 GeV < mT < 80 GeV. One can see, that preselection and
validation regions do not overlap.

The distributions of the BDT variables for VR1-tN and VR2-tN validation regions are shown
in Figure 8.13. They show a good data-MC agreement, but there are almost no events for the
BDT > 0.6 region. Therefore, it is impossible to validate the BDT output in this region.
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Figure 8.13: Distributions for the BDT1 (left) and BDT2 (right) variable for the VR1-tN (1 b-jet) and
VR2-tN (2 b-jet) validation regions. For the validation region the mT > 80 GeV requirement of the
corresponding preselection region (PR1-tN and PR2-tN) is altered to the 60 GeV < mT < 80 GeV. The
W+ jets process is scaled by a normalisation factor of 0.76 with respect to the Monte Carlo cross section,
while for the tt̄ process the nominal Monte Carlo cross section is used. The error bands include only
the Monte Carlo statistical uncertainties.

Several approaches were checked to construct a control region based on the BDT output:

– The attempt to use the “default” approach mentioned above for the BDT output faces
the problem that the mT variable is not detachable from the BDT.

– As an alternative approach one can try to remove the mT variable from the BDT training
and apply a separate selection on it, but this decreases the separation power of the BDT,
since the mT variable contributes significantly.

One can reinterpret a definition of the control and validation regions as a shift of the mT vari-
able. The definition of CR and VR mentioned above, can de equivalently redefined as:

SR = CF(mT, Emiss
T , . . .);

CR = CF(mT + 60 GeV, Emiss
T , . . .) and mT < 90 GeV;

VR = CF(mT + 30 GeV, Emiss
T , . . .) and mT < 120 GeV.

Following this strategy, the validation of the BDT output can be performed for the shifted
variable mT + ∆mT , i.e. for the BDT(mT + ∆mT, Emiss

T , . . .) distribution. For validation regions,
the mT is about 80 GeV, while for the BDT > 0.6 region, which is the most important region for
the analysis, the mT distribution peaks around 120 GeV (see Figure 8.20). Therefore, for the
current analysis ∆mT = 40 GeV is chosen. The BDT output, for the shifted mT parameter, is
referred to as BDTVR(mT + 40 GeV).

Figure 8.14 shows the distributions of the BDTVR(mT + 40 GeV) output for the validation
regions (top row). The comparison shows a good data-MC agreement. For the distributions
presented, the tt̄ production is normalised to the Monte Carlo cross section, while the W+ jets
production is scaled by a factor of 0.76 with respect to the Monte Carlo cross section.
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Figure 8.14: Distributions for different BDTVR variables for the VR1 (left) and VR2 (right) valida-
tion regions. The distributions for the BDTVR(mT + 40 GeV) (top), BDTVR(` × 2.0) (middle), and
BDTVR(Emiss

T × 1.5) (bottom) outputs are shown (for details, see text). The tt̄ and W+ jets process is
normalised by a factor of 1.0 and 0.76, respectively, to the corresponding Monte Carlo cross section.
The error bands include only the Monte Carlo statistical uncertainties.
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8.8 Signal selection

The approach proposed above has some inconsistency. The input variables used to calculate
the BDT output: Emiss

T , mT, m250
T , ∆m250

T , m(W250
lep ), m(t250

lep ), . . . are highly correlated. Therefore,
when mT is modified, for consistency, the variables which are correlated with mT, for example
m250

T and ∆m250
T = m250

T − mT, also have to be modified. Since the mT variable is calculated
based on the four-momenta of the lepton pµ(`) and the missing transverse momentum pmiss

T ,
instead of shifting mT one can scale separately each component and recalculate all variables.
Two additional validation approaches, based on the scaling of the pµ(`) and pmiss

T , are con-
sidered.

In the first approach, the four-momenta of the lepton pµ(`) is scaled by a factor of 2, while
the pmiss

T variable is not changed. The scaled lepton is defined as pµ(`′) = 2 · pµ(`). After
scaling, the mT = 80 GeV transforms to the m′T =

√
2 · mT ≈ 113 GeV. All analysis-related

variables are recalculated based on the scaled `′ lepton. The BDT output which corresponds
to the scaled input parameters, is referred to as BDTVR(`× 2.0).

The second approach scales the pmiss
T vector by a factor of 1.5, while the lepton momentum is

not changed. In case of the missing transverse momentum, the multiplication factor is chosen
to be smaller, due to the high preselection requirement Emiss

T > 80 GeV. The BDT output,
which corresponds to the scaled input parameters, is referred to as BDTVR(Emiss

T × 1.5).

Validations of a data-MC agreement for these two cases are shown in Figure 8.14 (middle and
bottom rows). A good agreement between data and Monte Carlo simulation is found.

8.8 Signal selection

The signal regions SR1-tN and SR2-tN are defined as regions for the 1 b-jet and 2 b-jet selec-
tions, respectively, for BDT > 0.4. The distributions of the BDT outputs for values greater that
0.4 are shown in Figure 8.15. One can see, that the signal-to-background ratio increases for
higher values of the BDT output.
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Figure 8.15: Distributions of the BDT output variables for BDT values above 0.4 region for the 1 b-jet
(left) and 2 b-jet (right) selections.
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To increase the exclusion power of the analysis, a shape-fit strategy is favoured with respect to
a cut-and-count approach. Each signal region is divided into nine bins with eight bins for the
interval [0.4, 0.8] and one bin covering the [0.8, 1.0] interval.

8.9 Background estimation

Since the dominant Standard Model background of the analysis are tt̄ and W+ jets production,
they are normalised in control regions. All other backgrounds are normalised to the predicted
cross sections from simulation.

8.9.1 Control regions

The control regions CR1-tN and CR2-tN are defined for the 1 b-jet and 2 b-jet selections based
on the BDT1 and BDT2 variables, respectively. Each control region is divided into 17 bins
to use a shape-fit approach. The interval [−0.8, 0] is divided into 16 bins, with the same bin
width, as used in the signal regions, while the interval [−1,−0.8] is considered as one bin.
Taking into account, that the 2 b-jet region is dominated by the tt̄ process, the CR2-tN region
can be considered a tt̄ control region, and CR1-tN as a W+ jets control region.

8.9.2 Multijet background

The multijet background for the tN diagonal analysis is estimated separately for electrons and
for muons. An estimation for the electron channel is performed with two different approaches,
with the Exponential Extrapolation approach and with the Matrix Method. For the muon
channel only the Exponential Extrapolation approach is used.

For detailed descriptions for both approaches, as well as for the definitions which are used in
the following, the reader is referred to Chapter 9.

Fake leptons in the 1 b-jet and 2 b-jet selections are estimated for the FLR1-tN and FLR2-tN
regions, respectively. The selection criteria for these regions are defined as follows:

– The one-lepton event cleaning cuts, as described in Section 6.2.3;

– Exactly one signal electron or muon, according to the estimate, with pT > 25 GeV, and
no other baseline leptons;

– At least four jets with pT > 25 GeV;

– Exactly 1 b-jet or exactly 2 b-jets (for the FLR1-tN or FLR2-tN selection, respectively);

– Leading and sub-leading light jets: pT(q1) > 80 GeV, pT(q2) > 40 GeV;

– Emiss
T > 80 GeV;

– mT > 60 GeV;

– BDT1 > 0 or BDT2 > 0 (for the FLR1-tN or FLR2-tN selection, respectively).

178



8.9 Background estimation

The selection uses a missing transverse momentum trigger with an 80 GeV threshold on trig-
ger level without any isolation requirement. This trigger is fully efficient (the efficiency is
above 99%) for offline-reconstructed Emiss

T values above 150 GeV. To correct the trigger ineffi-
ciencies below 150 GeV for simulated events, correction factors are applied.

Estimation of fake electrons

The multijet background contribution for the electron channel is estimated with two different
approaches: with the Exponential Extrapolation and with the Matrix Method.

Exponential Extrapolation estimation

To employ the fake electron estimation approach (see Section 9.2), an isolation parameter ξ
and loose and tight electrons have to be defined.

The isolation parameter ξ is defined as pcone 0.2
T /pT, where the pcone 0.2

T is the track isolation
variable with ∆R = 0.2 GeV, see Section 3.2. A loose electron is defined as a baseline electron,
while for a tight electron a definition of a signal electron without the isolation requirement
ξ < 0.1 is used, see Section 6.2.1.

The distribution of the isolation parameter ξ for loose and tight electrons for the 1 b-jet and
2 b-jet selections, for the FLR1-tN and FLR2-tN region, respectively, are shown in Figure 8.16.
Each distribution is fitted by an exponential function e−αξ+β in the [0.1, 0.7] region. The fit
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Figure 8.16: Distribution of the pcone 0.2
T /pT isolation parameter for loose and tight electrons for the

1 b-jet (left) and 2 b-jet (right) selection for the FLR1-tN and FLR2-tN regions (for details, see text). Each
distribution is fitted by an exponential function e−αξ+β in the [0.1, 0.7] interval.

results with the corresponding extrapolation to the signal electron region (ξ < 0.1) are presen-
ted in Table 8.3. Only statistical uncertainties are shown. Since the estimate is based only on
tight electrons and an exponential function overestimates the fake electrons background, no
additional systematic uncertainties are included (see Section 9.2). One can see, that for both
the FLR1-tN and the FLR2-tN regions, the contribution of the fake electrons with a confidence
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Loose electrons Tight electrons

Region α β Nloose
data α β Ntight

data Nfake QCD [%]

FLR1-tN (1 b-jet) 5.7± 0.5 5.3± 0.1 2398 8.1± 1.4 3.6± 0.4 1946 26± 9 1.3± 0.5
FLR1-tN (2 b-jet) 6.4± 0.7 4.8± 0.2 1783 7.5± 1.5 3.6± 0.4 1423 27± 9 1.9± 0.6

Table 8.3: Results of the fit of an exponential function e−αξ+β to the distribution of the isolation para-
meter ξ = pcone 0.2

T /pT for loose and tight electrons. The fit performed for the FLR1-tN and FLR2-tN
regions in the [0.1, 0.7] interval. Only statistical uncertainties are presented.

level of 95% found to be less than 3%.

Matrix Method estimation

To use the Matrix Method, see Section 9.1, the loose-to-tight conversion coefficients for real
(εreal) and fake (εfake) electrons have to be estimated.

The εreal coefficient is estimated from tt̄ Monte Carlo samples, while for the εfake estimation
a data-driven approach is used. The coefficients are estimated for the FLR1-tN and FLR2-tN
regions.

Figure 8.17 shows a ratio between tight and loose electrons as a function of the isolation para-
meter ξ for the FLR1-tN and FLR2-tN regions. The value of εfake is estimated as a tight-to-loose
ratio from the [0.1, 0.7] interval. The uncertainty on εfake is estimated as the statistical uncer-
tainty of the ratio, taking the correlation between the loose and tight electrons into account.
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Figure 8.17: The ratio between tight and loose electrons as a function of the isolation parameter ξ for the
FLR1-tN (left) and FLR2-tN (right) regions. The value of εfake is estimated from the [0.1, 0.7] interval.
The uncertainty corresponds to the statistical uncertainty of the ratio.

The uncertainty on εreal is estimated by summing in quadrature the statistical and the elec-
tron identification, scale and resolution systematic uncertainties. The results are presented in
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8.9 Background estimation

Table 8.4.

Region Stat. Scale Resolution ID efficiency Total

FLR1-tN (1 b-jet) 0.07% 0.06% 0.02% 0.15% 0.18%
FLR1-tN (2 b-jet) 0.07% 0.11% 0.03% 0.17% 0.22%

Table 8.4: Uncertainties on the εreal coefficients. Systematic uncertainties are the electron identification,
scale and resolution uncertainties. The total uncertainty is estimated by summing in quadrature the
statistical and systematic uncertainties.

The results for εreal and εfake with the corresponding matrix method estimation of the real
(Nreal) and fake (Nfake) electrons for the FLR1-tN and FLR2-tN regions are presented in Table 8.5.
The number of fake electrons Nfake is estimated using the equation 9.2. The uncertainty of the
Nfake takes into account the correlation between Nloose

data and Ntight
data .

Region εreal εfake Nloose
data Ntight

data Nfake QCD [%]

FLR1-tN (1 b-jet) 0.831± 0.002 0.11± 0.02 2398 1946 7± 13 0.4± 0.7
FLR1-tN (2 b-jet) 0.829± 0.002 0.24± 0.04 1783 1423 22± 9 1.5± 0.6

Table 8.5: Results of the Matrix Method for the FLR1-tN and FLR2-tN regions. The total uncertainties
are shown.

For both estimates the contamination of the background from the QCD processes is found to
be below 3% with a confidence level of 95%.

Estimation of fake muons

To employ the fake muon estimation approach (see Section 9.3), an isolation parameter ζ and
loose and tight muons have to be defined.

The isolation parameter ζ is defined as pcone 0.4
T − pcone 0.2

T , where pcone 0.2
T and pcone 0.4

T are the
track isolation variables with ∆R = 0.2 GeV and 0.4 GeV, respectively, see Section 3.3. A
loose muon is defined as a signal muon without an isolation requirement and with the relaxed
overlap removal selection ∆R(µ, jet) from 0.4 to 0.2, see Section 6.2.2. A tight muon is defined
as a signal muon without an isolation requirement.

The multijet background contribution for the muon channel in the 1 b-jet and 2 b-jet selection
is estimated for the FLR1-tN and FLR2-tN regions, respectively.

The distributions of the parameter ζ for loose and signal muons for FLR1-tN and FLR2-tN
regions, denoted as hloose(ζ) and hsignal(ζ), respectively, are shown in Figure 8.18. An expo-
nential function e−αζ+β′ is fitted to the hloose(ζ). The estimated fit parameter α is used to fit
e−αζ+β to the hsignal(ζ). Both functions are fitted in the [30, 120] GeV interval.

The results of the fit and the estimated numbers of fake signal muons Nsignal
fake are presented in

Table 8.6. For the uncertainty estimation for Nsignal
fake the α and β parameters are conservatively
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Figure 8.18: Distributions of the parameter ζ for loose and tight muons, denoted as hloose(ζ) and
hsignal(ζ), respectively, for the FLR1-tN (1 b-jet, left) and FLR2-tN (2 b-jet, right) regions.

considered to be correlated. Due to the large statistical uncertainty, no additional systematic
uncertainties are assigned, but even with an additional uncertainty of 100%, the results show,
that for both regions the contribution from the multijet background is negligible, with respect
to other uncertainties, see Section 8.10.

Region α β β′ Nsignal
fake QCD [%]

FLR1-tN (1 b-jet) 0.033± 0.005 0.9± 0.3 3.4± 0.3 15± 8 0.7± 0.4

FLR1-tN (2 b-jet) 0.027± 0.004 0.3± 0.2 3.2± 0.3 10± 4 0.6± 0.3

Table 8.6: Fit results and estimation of fake signal muons Nsignal
fake for the FLR1-tN (left) and FLR2-tN1

(right) regions.

8.10 Systematic uncertainties

8.10.1 Strategy to estimate shape-fit uncertainties

The tN diagonal analysis significantly benefits from a shape-fit. Therefore, some challenges
related to the estimation of shape-fit uncertainties have to be discussed.

Shape variation

The following model of shape variation is considered. A nominal shape is denoted as f0(x),
while a shape shape variation as δ f (x). It is assumed, that the variation of the shape f (x)
depends on a random parameter α, which is usually distributed according to a Gaussian prob-
ability density distribution. The variation fα(x) is defined as

fα(x) = f0(x) + α · δ f (x). (8.21)
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8.10 Systematic uncertainties

As an example of such a variation the Jet Energy Scale or the b-tagging systematic uncertainties
can be considered. The statistical framework used for the analysis properly handles such vari-
ations. It can also take into account an asymmetric behaviour of the shape variations.

Shape uncertainty

Another type of shape uncertainty, which is often also considered as a shape variation, but
has a completely different nature, is the uncertainty related to the factorisation or renormalisa-
tion scale variations of some process or an uncertainty estimated as a difference between the
samples generated with two different Monte Carlo generators.

For example, for the factorisation and renormalisation scale variations of the tt̄ production, an
official recommendation is to vary the corresponding scales from the nominal by a factor of 0.5
and 2.0. It is assumed, that such an approach will reasonably estimate the uncertainties due to
missing higher order contributions.

Often an uncertainty is estimated as a difference between two generators. For example, the
uncertainty related to the parton shower modelling for tt̄ production is estimated as the differ-
ence between the POWHEG+PYTHIA and POWHEG+HERWIG samples. By including this un-
certainty in the analysis, the results get independent of the generators are used. However, this
does not mean that the results are consistent if another, a third, generator is employed.

A model for this type of uncertainties can be described as follows. A distribution modelled
by a Monte Carlo generator is denoted as f0(x), while the true distribution is denoted as f (x).
The shape difference is then defined as

δ f (x) = f (x)− f0(x). (8.22)

The shape uncertainty ∆F is estimated as the difference between distributions F1(x) and F2(x)
generated using two different generators

∆F = F1(x)− F2(x). (8.23)

It is assumed, that the true shape variation |δ f (x)| can be majorated by |∆F(x)|:

|δ f (x)| < |∆F(x)| . (8.24)

If the uncertainty depends on a parameter α, it can be rewritten as:

|δ fα(x)| < |α · ∆F(x)| . (8.25)

The main challenge for such a type of uncertainties is, that the true distribution is not known.
The approach to use ∆F(x) as a shape variation, i.e. δ f (x) = ∆F(x) may cause a significant
underestimation of the uncertainty. An example of such an underestimation is given in the
following.
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Underestimation of the shape uncertainty

In this section it is shown, that a |δ f (x)| < |∆F(x)| shape uncertainty has to be considered as
inequality and cannot be modelled as a fα(x) = f0(x) + α · ∆F(x).

As an example, distributions shown in Figure 8.19 are considered. The goal is to exclude a
signal model with the signal-to-background ratio shown as the red line. For the exclusion
a shape-fit approach is used. The relative shape uncertainty δ f (x)/ f0(x) between the true
distribution and the background is shown as the blue line.
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Figure 8.19: An example of a shape uncertainty estimation. The red line shows a signal-to-background
ratio, the green line represents a flat ±15% shape variation of the background, and the blue line corres-
ponds to the ratio between the true distribution and the background.

In the first case the shape uncertainty is estimated as a flat uncertainty of ±15%. The +1σ
variation of the background is shown as a green line. The shape uncertainty is considered
correlated between bins.

In the second case the shape uncertainty of a +1σ variation is assumed to be the difference to
the true shape (blue line), which is everywhere less than 15%, but looks similar to the signal
shape (red line).

For this example δ f (x) < ∆F = 15%. In the [−1, 0.5] interval for the +1σ variation the flat
uncertainty (green line) is larger than the expected signal. This significantly decreases the
CLs+b with respect to the same +1σ variation for the ideal shape (blue line). Therefore, the
probability to mimic the signal (red line) is much higher for the true uncertainty variation
(blue line), than for the simplified flat shape (green line) which overestimates the uncertainty
in the whole interval.

The conclusion is that interpreting a shape uncertainty as a shape variation may cause an
underestimation of systematic uncertainties.
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8.10 Systematic uncertainties

Estimation approach

It is assumed that the shape difference δ f (x) between the true distribution and the generated
Monte Carlo samples is overestimated |δ f (x)| < |∆F(x)|, where ∆F(x) is the estimated uncer-
tainty.

Since δ f (x) is not known, one can consider all possible shape variations |δ f (x)| < |∆F(x)| and
chose one, which gives the most conservative result.

This approach allows to avoid underestimation of uncertainties, but it has some disadvant-
ages:

– It is difficult to determine, which δ f (x) variation has to be used;

– The worst shape uncertainty variation scenario may be over-conservative;

– The worst case can be signal model dependent.

One of the reasons, why an increase of an uncertainty improves the result is that in some
regions the relative uncertainty δ is higher than the signal-to-background ratio λ. Therefore,
by increasing the uncertainty, the difference |δ− λ| also increases, which leads to a decrease of
the probability to observe this variation, i.e. the corresponding CLs value will decrease.

This will allow to improve exclusion limits of the analysis. In case, when δ < λ, by increas-
ing the uncertainty, the difference is decreasing, and the probability for this variation is also
increasing. This will lead to increase of the CLs value, therefore the exclusion limits of the ana-
lysis will worsened. To avoid cases, where an overestimation of the uncertainty significantly
improves the result, one can select only region, where λ > δ.

For the current analysis the theoretical uncertainties are estimated as the difference between
two generators or scale variations. Therefore, to avoid an underestimation of the uncertain-
ties, only signal regions with a signal-to-background ratio larger than the total theoretical un-
certainty are used. For the m(t̃1, χ̃0

1) = (250, 75) GeV signal model, and in case of a ±10%
uncertainty, this approximately corresponds to the BDT > 0.4 region for both the 1 b-jet and
2 b-jet selections.

The shape of the signal-to-background ratio for all signal models is a monotonic function. It re-
mains similar for signal models along the diagonal, see Figure 8.4. One can see, that the signal-
to-background ratio increases, for signal models away from the diagonal, see Figure 8.11.
Based on these observations, for all signal models the same signal region is used.

The shape fit is performed under the assumption of δ f (x) = ∆F(x). Taking into account,
that this may underestimate a theoretical uncertainty, the results are cross-checked for the
diagonal signal models near to the exclusion borders for different signal models. A cross-check
is performed under the assumption that in the signal region (BDT > 0.4) the total theoretical
uncertainty can be estimated by a linear function, which is parametrised as

δ f (x) = β(α · x + 1− α). (8.26)

The CLs values are calculated for uncertainty variations for different positive α slopes, while
keeping the same maximal uncertainty δ f (1) = β. The results are compared with the one
estimated by the nominal analysis.
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8.10.2 Experimental uncertainties

The experimental uncertainties are estimated using an official package from the ATLAS SUSY
Working Group. The following experimental uncertainties are included:

Luminosity uncertainty
The dominant tt̄ and W+ jets backgrounds are normalised in control regions. For all
other backgrounds, the total contribution for each bin is less than 10%. Therefore, the
integrated luminosity uncertainty of ±2.8% is added to the cross-section uncertainty of
each process.

Pileup uncertainties
An uncertainty on pileup reweighting is obtained by scaling the average number of in-
teractions per bunch crossing µ up and down by ±10%.

Jet energy scale and resolution
The systematic uncertainty is estimated by varying the jet energy scale by ±1σ of the
uncertainty on the jet energy scale coherently for all jets in the event. The uncertainty on
the jet energy scale is estimated using the software provided by the ATLAS Jet/Etmiss
Working Group.

Jet energy resolution
The jet resolution uncertainty is estimated by applying a smearing to the pT of each jet,
which depends on the η and pT parameters of the jet. The shape uncertainty is estimated
as the difference between the variation and the nominal shapes. The shape variation is
symmetrised.

Emiss
T soft term

The uncertainties are estimated by varying the scale and resolution of the Emiss
T soft term

(see Section 3.6).

b-tagging efficiency
The systematical uncertainty on the b-tagging efficiency is estimated by varying the b-
tagging scale factors, which depends on the η, pT, and the flavour, within the uncer-
tainties of the measured tagging efficiencies and mistagging rates. The uncertainties are
estimated separately for b-, c-, and light-jets and treated as uncorrelated.

Lepton uncertainties
For the one-lepton analysis the lepton identification, energy scale and resolution and
trigger efficiency uncertainties are usually below ±1%, therefore for this analysis they
are neglected.

Almost all experimental uncertainties have up and down variations, which are used to model
the corresponding shape variation in an asymmetric way. For those uncertainties, which have
only one variation, for example the jet energy resolution uncertainty, the shape variation is
symmetrised.

8.10.3 Theoretical uncertainties

In this section the estimation of theoretical uncertainties is presented.
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8.10 Systematic uncertainties

The most significant region for the analysis is BDT > 0.7, see Figure 8.5. Due to a lack of
events in this region, the theoretical uncertainties on the shape variation are affected by a high
statistical uncertainty. To improve the precision of the uncertainty estimate, it is assumed, that
the systematic uncertainty as a function of the BDT output can be estimated by a smooth curve.
It is further assumed, that over short intervals this curve can be estimated by a second order
polynomial P2(x) = a2x2 + a1x + a0. Since the uncertainty as a function of the BDT output has
a shape, which is more complex than the second order polynomial, it cannot be estimated by
fitting P2(x) in the whole [−1, 1] interval.

Therefore, for the current analysis each theoretical uncertainty is estimated by fitting a second
order polynomial P2(x) separately to the [−1, 0.4] and [−0.2, 1] intervals. The corresponding fit
results are referred to as {ai} and {bi} coefficients, respectively. The fit regions overlap, but on
the plots the corresponding fit results are shown for the [−1, 0.2] and [0.2, 1] intervals, which
have no overlap. One can argue, that the uncertainty curve is discontinuous for BDT = 0.2. In
the analysis, only the [−1, 0] and [0.4, 1] intervals are used, therefore, the curve in the [0, 0.4]
interval is not involved in the analysis, and can be replaced by any other smooth curve without
affecting the results.

For each systematic uncertainty one of types of uncertainty (normalised uncertainty, symmet-
rised uncertainty or symmetrised full difference) is used (see Section 4.8).

Since the tt̄ and W+ jets backgrounds are normalised in the TCR1-tN and TCR2-tN control re-
gions, for these processes uncertainties on transfer factors (see Section 4.6) as a function of the
BDT output are estimated. For this, all variations are normalised in the [−1, 0] interval.

In addition, in each figure, the distribution of the BDTVR(mT + 40 GeV) and BDTVR(`× 2.0)
outputs, which are used for the BDT validation, see Section 8.7, are also shown. These distri-
butions have smaller statistical uncertainties in the BDT > 0.6 region. They are not involved in
the fit and are shown only for comparison.

Uncertainty estimates on particle level

Some uncertainties are estimated on particle level, without taking into account detector effects.
At particle level, a sharp cut-off of the mT distribution appears around 80 GeV, while when
including the detector simulation it is smoothed out and moves to 90−100 GeV, see Figure 3.21.
For this analysis, events passing the BDT > 0.6 requirement mainly have the mT value about
120 GeV, see Figure 8.20. Therefore, the calculation of the BDT output on particle level results
in very few events in the signal region. This affects all theoretical uncertainties of the W+ jets
production, which are estimated on particle level.

This problem affects the factorisation and renormalisation scale uncertainties of the tt̄ produc-
tion, which are also estimated on particle level. For the BDT > 0.6 requirement on particle
level, most of the semileptonic decays are rejected, and mainly dileptonic decays with a had-
ronically decaying τ lepton pass the selection. On particle level the latter have one lepton
and three neutrinos and can easily give mT ≈ 120 GeV. Therefore, for the tt̄ production, the
BDT > 0.6 requirement on particle level mainly accounts for the dileptonic decay mode.

One way to still estimate an uncertainty on particle level is to add an additional resolution
smearing to the jets and to recompute the missing transverse momentum. Jets are smeared
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Figure 8.20: The mT distribution after the BDT1 > 0.6 (1 b-jet, left) and BDT2 > 0.6 (2 b-jet, right) selection.
Both distributions are peaked around the mT ≈ 120 GeV.

based on equation 3.23, where only the term related to the sampling nature of the calorimeter
is kept

σpT

pT
=

a
√

pT
, a = 1.3

√
GeV, (8.27)

The parameter a is calculated for pT measured in GeV and estimated from the Figure 3.13,
where for jets with pT = 25 GeV the resolution is about 26%, while for pT = 200 GeV is
about 9%. In the following, for all uncertainties estimated on a particle level, the jet smearing
approach is used.

tt̄ production

Parton shower and initial and final state radiation uncertainties on the tt̄ production are es-
timated on detector level, based on samples including the ATLFAST-II fast detector simulation.
For these uncertainties, to decrease statistical fluctuations, the number of events is increased
by relaxing the selection on the two leading light jets q1 and q2 to pT(q1) > 60 GeV and
pT(q2) > 25 GeV. The factorisation and renormalisation scale uncertainties are estimated on
particle level with jet smearing and without relaxing any selection requirements. Since the tt̄
process is normalised in the control regions, all uncertainties are estimated on the correspond-
ing transfer factors.

– Generator uncertainties
Following the general one-lepton analysis approach, the uncertainty related to the choice
of the generator is not included in the total tt̄ uncertainty due to a bad data-MC agree-
ment for the MC@NLO and ALPGEN generators, see details in Section 6.6.3.

– Scale variations
Uncertainties related to the choice of the factorisation and renormalisation scales are
estimated on particle level by varying the corresponding scales by factors of 0.5 and 2.
The transfer factor uncertainties as a function of the BDT output are shown in Figure 8.21.
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Figure 8.21: Transfer factor uncertainties on the factorisation (top) and renormalisation (bottom) scale
variations for the tt̄ production as a function of the BDT output for the 1 b-jet (left) and 2 b-jet (right)
selections.

– Parton shower
Parton shower uncertainties for the BDT1 and BDT2 selections are estimated on the de-
tector level simulation as a symmetrised full difference between the POWHEG+HERWIG

and nominal POWHEG+PYTHIA samples. The parton shower uncertainty as a function
of the BDT output for the 1 b-jet and 2 b-jet selections is shown in Figure 8.22.
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Figure 8.22: Parton shower uncertainty as a function of the BDT output for the tt̄ production for the
1 b-jet (left) and 2 b-jet (right) selections.

– Initial and final state radiation
The uncertainty is estimated on the detector level simulation as a symmetrised uncer-
tainty of the tt̄ production samples generated with ACERMC for higher and lower par-
ton shower activity. The transfer factor uncertainties as a function of the BDT output are
shown in Figure 8.23.

All theoretical uncertainties are considered to be uncorrelated. The dominant uncertainty on
the tt̄ production is the ISR/FSR uncertainty, which is about ±8% for the signal regions. The
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Figure 8.23: Transfer factor uncertainties on the initial and final state radiation as a function of the BDT
output for the tt̄ production for the 1 b-jet (left) and 2 b-jet (right) selections.

parton shower uncertainty is the sub-dominant uncertainty and is below ±5%. The scale vari-
ation uncertainties are small, about ±2%.

W+jets production

All uncertainties are estimated on particle level. The W+ jets process is normalised in the con-
trol regions. Therefore all uncertainties are estimated on the corresponding transfer factors.

– Scale variations
Three different scale variations are considered. The systematic uncertainty, related to
the matrix element and parton shower matching scheme is estimated by varying the
CKKW jet matching parameter from the nominal 20 GeV to 15 GeV and 30 GeV. The
factorisation and renormalisation scales are varied by factors of two from the nominal
value. Figure 8.24 shows the transfer factor uncertainties as a function of the BDT output.

– Finite number of partons
This uncertainty is related to the number of partons used in the hard scattering. Samples
with four and five extra partons generated at matrix element are compared on particle
level, see the Figure 8.25.

All uncertainties are considered to be uncorrelated. Due to the low number of events in the last
bin [0.6, 1], the estimation of the uncertainty is dominated by the statistical component.

The uncertainties on the W+heavy flavour composition is estimated following the ATLAS
SUSY Working Group recommendations. The normalisation of the W+ jets background is
driven by the 1 b-jet control region (CR1-tN), since the requirement of two b-tagged jets signi-
ficantly suppresses the W+ jets background contribution in the CR2-tN control region. Since
the signal and control regions for the 1 b-jet selection (SR1-tN and CR1-tN) have the same
number of b-tagged jets, no additional uncertainty related to the W+heavy flavour compos-
ition is assigned. Following the recommendations for the 2 b-jet selection an additional un-
certainty of ±24% related to the W+heavy flavour composition is assigned for the signal and
control regions (SR2-tN and CR2-tN). A contribution of the W+ jets background in the SR2-tN
signal region is very small (less than 3%), therefore, this uncertainty does not affect the final
results.
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Figure 8.24: Transfer factor uncertainties as a function of the BDT output for the W+ jets production.
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Figure 8.25: Transfer factor uncertainties related to the finite number of partons at matrix element as a
function of the BDT output for the W+ jets production.

Single top production

All uncertainties on the single top production are estimated on detector level, based on samples
generated with the ATLAS full simulation. To decrease the statistical uncertainty, the num-
ber of events is increased by relaxing the selection on the two leading light jets q1 and q2 to
pT(q1) > 60 GeV and pT(q2) > 25 GeV.
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– Generator and parton shower
The generator uncertainties are estimated by a comparison of samples generated with
POWHEG and MC@NLO interfaced to HERWIG+JIMMY for parton showering. The par-
ton shower uncertainties are estimated by a comparison to the POWHEG generated events
interfaced to PYTHIA or HERWIG+JIMMY for parton showering. Figure 8.26 represents
the generator and parton shower uncertainties for the Wt-channel.
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Figure 8.26: The generator (top) and parton shower (bottom) uncertainties for the Wt-channel for the
single top production. The uncertainties as a function of the BDT output are shown for the 1 b-jet (left)
and 2 b-jet (right) selections.

The combined generator and parton shower uncertainties for the s-channel process are
estimated as the difference between POWHEG+PYTHIA and MC@NLO+HERWIG samples,
see Figure 8.27.
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Figure 8.27: The combined generator and parton shower uncertainties for the s-channel for the single
top production. The uncertainties are shown as a function of the BDT output for the 1 b-jet (left) and 2
b-jet (right) selections.

– Interference with ttbar
Uncertainties related to the single top Wt-channel interference with the next-to-leading
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order tt̄ production are estimated by comparison of the diagram removal (DR) and diagram
subtraction (DS) samples [96]. The results are shown in Figure 8.28.

BDT1 (1 b­jet)

­1 ­0.8 ­0.6 ­0.4 ­0.2 0 0.2 0.4 0.6 0.8 1

U
n

c
e

rt
a

in
ty

­1

­0.5

0

0.5

1

BDT

 2.0)×BDT(lep 

 + 40 GeV)TBDT(m

Symmetrised full difference for single top Wt­channel interference with ttbar.

Powheg (DS vs DR)

symmetrised full difference

single top: Wt­channel interference with ttbar

BDT

 2.0)×BDT(lep 

 + 40 GeV)TBDT(m

(x) in [­1, 0.4]2Fit P

(x) in [­0.2, 1]2Fit P

BDT2 (2 b­jet)

­1 ­0.8 ­0.6 ­0.4 ­0.2 0 0.2 0.4 0.6 0.8 1

U
n

c
e

rt
a

in
ty

­1

­0.5

0

0.5

1

BDT

 2.0)×BDT(lep 

 + 40 GeV)TBDT(m

Symmetrised full difference for single top Wt­channel interference with ttbar.

Powheg (DS vs DR)

symmetrised full difference

single top: Wt­channel interference with ttbar

BDT

 2.0)×BDT(lep 

 + 40 GeV)TBDT(m

(x) in [­1, 0.4]2Fit P

(x) in [­0.2, 1]2Fit P

Figure 8.28: Uncertainty on the interference between single top Wt and tt̄ production for the 1 b-jet
(left) and 2 b-jet (right) selections. A comparison is performed between the diagram removal (DR) and
diagram subtraction (DS) samples.

– Initial and final state radiation
Initial and final state radiation uncertainties for single top process are presented in Fig-
ure 8.29. The uncertainties are estimated as symmetrised uncertainties between the
ACERMC with higher and lower parton showering activity.
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Figure 8.29: Uncertainties resulting from the ISR/FSR modelling as a function of the BDT output for
the single top production for the 1 b-jet (left) and 2 b-jet (right) selections.

other background processes

The total contribution of the tt̄W and tt̄Z, diboson, and Z+ jets production in both signal re-
gions (SR1-tN and SR2-tN) is less than 2% in each bin, while in the CR1-tN and CR2-tN control
regions is less than 5% and 1%, respectively.

A detailed study of theoretical uncertainties for the tt̄W and tt̄Z, and diboson production is
presented in Appendix C. The study shows, that estimate of theoretical systematic uncertain-
ties for the BDT > 0.6 region is mainly dominated by the statistical fluctuations.

Taking into account, that the tt̄W and tt̄Z, diboson, and Z+ jets background processes are neg-
ligible, to decrease a number of fit parameters, and to improve the stability of the fit, the
corresponding theoretical uncertainties are not included. Instead, a conservative uncertainty
of ±80% is applied to the corresponding Monte Carlo cross sections.

193



8 Searches for the top squark at
√

s = 8 TeV, t̃1 → tχ̃0
1, ∆m(t̃1, χ̃0

1) ≈ m(t)

Cross-section uncertainties

The tt̄ and W+ jets processes are normalised in the TCR1-tN and TCR2-tN control regions.
Following the one-lepton analysis, see Section 6.6.3, for the single top production a cross-
section uncertainty of ±6.8% is assigned.

As it was mentioned above, the tt̄ + W/Z, diboson and Z+ jets production have a negligible
contribution, and due to a high statistical uncertainty on the estimates, the individual theor-
etical uncertainties are neglected. Instead, for each process a high conservative uncertainty of
±80% is assigned to the cross section.

PDF uncertainties

For the published one-lepton shape-fit analysis (SRtN1_shape), which targets the “near the
diagonal” region for the t̃1 → tχ̃0

1 decay mode, the PDF uncertainties for the tt̄ and W+ jets
processes are estimated to be below ±3%, while for the non-dominant backgrounds (single
top, diboson, tt̄ + V and Z+ jets) PDF uncertainties are below ±6%.

Taking into account, that for signal regions only the tt̄ and W+ jets production is relevant, for
the current analysis PDF uncertainties are neglected.

8.10.4 Signal uncertainties

Both the published zero- and one-lepton analyses for the t̃1 → tχ̃0
1 decay include only cross-

section uncertainties for the signal.

To study ISR/FSR and scale variation uncertainties, the corresponding systematic variations
were generated for m(t̃1, χ̃0

1) = (180, 1) and (350, 170) GeV signal models. Since both are near
to the diagonal, where the analyses have no sensitivity, it was decided to estimate the ISR un-
certainty based on the difference between the HERWIG++ and MADGRAPH generators.

For both published analyses the difference between the HERWIG++ and MADGRAPH gener-
ators were estimated for m(t̃1, χ̃0

1) = (350, 170) and (400, 100) GeV signal models. The differ-
ences are found to be compatible with zero within 1−2σ for all signal regions. Based on this
observation, to avoid double counting of the statistical uncertainty, the ISR systematic uncer-
tainty was not included in the zero- and one-lepton analyses. Some arguments against such
an approach are:

– Neglecting the ISR/FSR uncertainties for low m(t̃1) masses (below 250 GeV) based on
the comparison between two generators for higher masses (350 GeV and 400 GeV) might
not be sufficient, especially near to the tN diagonal region, where an ISR/FSR jet signi-
ficantly improves the signal acceptance.

– The shape-fit approach uses multiple bins and may significantly benefit from applying a
variation of 1σ statistical uncertainty of each bin coherently for all bins.

– Even if both generators give similar (within 1σ) results, this does not mean that both are
not affected by ISR/FSR uncertainties.
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Cross-section uncertainty

The cross-section uncertainty is calculated following the prescriptions in Ref. [110]. Figure 6.18
shows the direct top-squark pair production cross section and the corresponding uncertainty
as a function of top-squark mass. The cross-section uncertainty results from αs, factorisation
and renormalisation scale variations and PDF uncertainties.

The analysis is expected to be sensitive to signal models with 180 GeV < m(t̃1) < 500 GeV,
and for this region the cross-section uncertainty for top-squark pair production is below±15%.
Therefore, this number is used as a conservative estimate for the presented analysis.

PDF uncertainty

The PDF uncertainty related to the total direct top-squark pair production cross section is
already included in the signal cross-section uncertainty (see Figure 6.18). An additional PDF
uncertainty related to the signal region selection is neglected.

Initial and final state radiation

The presented analysis significantly relies on from the recoil jet signature, and, therefore it is
sensitive to the ISR/FSR uncertainties. Following the official recommendations, the uncertain-
ties for each signal model generated with HERWIG++ are estimated by varying parameters in
the corresponding samples generated with MADGRAPH+PYTHIA.

The factorisation and renormalisation scales variation, as well as the ISR and FSR model-
ling uncertainties are estimated on particle level by varying the relevant parameters in the
MADGRAPH generator by factors of 0.5 and 2.0 from the nominal. The estimation is based on
the officially produced signal variations for the m(t̃1, χ̃0

1) = (180, 1) and (350, 170) GeV signal
models (about 7 GeV below the tN diagonal) and privately generated ISR and FSR variations
with a large number of events for the m(t̃1, χ̃0

1) = (190, 15), (210, 35), and (230, 55) GeV signal
models (about 2 GeV below the tN diagonal).

Since these variations are already included in the cross-section uncertainty, only uncertainties
related to the BDT output are estimated to avoid double-counting. For this, the distributions of
the BDT output, used to estimate the uncertainty, are normalised in the [−1, 1] interval. These
uncertainties are summed up in quadrature and treated as a signal shape variation in addition
to the cross-section uncertainty.

The effect of ISR uncertainties is presented in Figure 8.30, while effect on the BDT output from
the FSR uncertainties are shown in Figure 8.31.

The results from the scale variation uncertainties for the m(t̃1, χ̃0
1) = (180, 1) and (350, 170) GeV

signal models are shown in Figure 8.32. Due to the large statistical fluctuations, it is hard to es-
timate this uncertainty for the 1 b-jet region. Therefore it is estimated to be below ±5%, based
on the 2 b-jet region.

The total uncertainty for the m(t̃1, χ̃0
1) = (180, 5) and (350, 170) GeV signal models is estimated

by summing up in quadrature the ISR, FSR and scale variation uncertainties. For the private
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Figure 8.30: Uncertainties on the BDT output resulting from the initial state radiation (ISR) uncertainties
for the 1 b-jet (left) and 2 b-jet (right) selections. From top to bottom: the first two rows show the
uncertainties for m(t̃1, χ̃0

1) = (180, 1) and (350, 170) GeV signal models. Due to a low number of
events a large bin size is used. The bottom rows correspond to the m(t̃1, χ̃0

1) = (190, 15), (210, 35) and
(230, 55) GeV signal models.
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Figure 8.31: Uncertainties on the BDT output resulting from the final state radiation (FSR) uncertainties
for the 1 b-jet (left) and 2 b-jet (right) selections. From top to bottom: the first two rows show the
uncertainties for m(t̃1, χ̃0

1) = (180, 1) and (350, 170) GeV signal models. Due to a low number of
events a large bin size is used. The bottom rows correspond to the m(t̃1, χ̃0

1) = (190, 15), (210, 35) and
(230, 55) GeV signal models.
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Figure 8.32: Uncertainties on the BDT output resulting from the scale variation uncertainties for the
m(t̃1, χ̃0

1) = (180, 1) and (350, 170) GeV signal models for the 1 b-jet (left) and 2 b-jet (right) selections.
Due to the low number of events, a large bin size is used.

production, the m(t̃1, χ̃0
1) = (190, 15), (210, 35) and (230, 55) GeV signal models, the scale

variation uncertainties are not generated. Therefore, the total uncertainty includes only the
ISR and FSR uncertainties.

Table 8.7 shows the total theoretical uncertainty for the [0, 0.2], [0.2, 0.4], [0.4, 0.6], and [0.6, 1]
intervals for different signal models.

In general, the ISR/FSR and scale uncertainties have to be estimated for each signal model sep-
arately. Since variations are only available for a few signal models, the same total uncertainty
is used for all signal models.

It is assumed, that for the control regions the signal uncertainty can be neglected, while for
the signal region (the [0.4, 1] interval) it can be approximated as a linear function of the BDT
output f (x) = α · x + β. Since for the control region the theoretical uncertainty is set to zero, it
is assumed that f (0) = 0, therefore β = 0.

To estimate the theoretical uncertainty in the signal region, the uncertainties for each bin are
averaged over the m(t̃1, χ̃0

1) = (190, 15), (210, 35) and (230, 55) GeV signal models and the
1 b-jet and 2 b-jet selections. For the [0.4, 0.6] and [0.6, 1] intervals the estimated values are
about 0.03 and 0.06, respectively. Based on these values the α parameter is conservatively
estimated as α = 0.1, which corresponds to 4% for BDT = 0.4 and to 8% for BDT = 0.8.

This approach overestimates the total uncertainty for the m(t̃1, χ̃0
1) = (350, 170) GeV and is

consistent with the total ISR/FSR uncertainties for the m(t̃1, χ̃0
1) = (190, 15), (210, 35) and

(230, 55) GeV signal models. For the present analysis, the total ISR/FSR uncertainty is ac-
counted for in addition to the signal cross-section uncertainty.
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8.11 Results

1 b-jet selection

m(t̃1, χ̃0
1) [GeV] [0, 0.2] [0.2, 0.4] [0.4, 0.6] [0.6, 1]

(180, 5) 0.19± 0.08 0.25± 0.11 0.26± 0.14 0.57± 0.30
(350, 170) 0.01± 0.04 0.06± 0.04 0.03± 0.05 0.04± 0.07

(190, 15) 0.03± 0.02 0.02± 0.02 0.01± 0.03 0.02± 0.05
(210, 35) 0.02± 0.02 0.02± 0.02 0.06± 0.03 0.10± 0.05
(230, 55) 0.01± 0.02 0.03± 0.02 0.04± 0.03 0.06± 0.04

2 b-jet selection

m(t̃1, χ̃0
1) [GeV] [0, 0.2] [0.2, 0.4] [0.4, 0.6] [0.6, 1]

(180, 5) 0.03± 0.06 0.05± 0.07 0.14± 0.11 0.14± 0.18
(350, 170) 0.03± 0.03 0.05± 0.03 0.02± 0.03 0.04± 0.05

(190, 15) 0.01± 0.01 0.02± 0.01 0.04± 0.02 0.06± 0.03
(210, 35) 0.03± 0.01 0.06± 0.02 0.02± 0.02 0.06± 0.04
(230, 55) 0.03± 0.01 0.04± 0.01 0.01± 0.02 0.03± 0.03

Table 8.7: The total relative uncertainty for signal models for different intervals of the BDT output for
the 1 b-jet (top) and 2 b-jet (bottom) selections. The total uncertainty for the m(t̃1, χ̃0

1) = (180, 5) and
(350, 170) GeV signal models includes scale, ISR and FSR uncertainties, while for the privately pro-
duced m(t̃1, χ̃0

1) = (190, 15), (210, 35) and (230, 55) GeV signal models only ISR and FSR uncertainties
are included.

8.11 Results

The normalisations of the tt̄ and W+ jets backgrounds (µtt̄ and µW , respectively) are considered
as floating parameters in the fit. For all other processes fixed cross sections are considered. The
uncertainties on cross sections are accounted for as separate nuisance parameters.

Each theoretical uncertainty for tt̄, W+ jets and single top production is considered as an
independent shape variation. The contributions from the tt̄W and tt̄Z, diboson and Z+ jets
production are negligible. Therefore, to improve the fit stability, instead of accounting for
theoretical uncertainty, a cross-section uncertainty of ±80% is assigned for each process (see
Section 8.10.3).

Each detector uncertainty enters the fit as an independent shape variation. The jet energy scale
uncertainty is considered as one uncertainty and is not broken down into components.

8.11.1 Background-only fit

The background-only fit is performed without a signal model assumption. For the fit only the
CR1-tN and CR2-tN control regions are used. The results are extrapolated to the signal and
the validation regions. The uncertainties on the nuisance parameters after the fit (pull plot)
are shown in Figure 8.33.

There are several nuisance parameters which are constrained, i.e. the uncertainties on the
parameters after the fit are smaller than before the fit. The most constrained parameters are
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Figure 8.33: Uncertainties of the nuisance parameters after the fit.

related to the jet energy scale and resolution, the b-tagging modelling, and to the ISR/FSR
modelling of the dominant tt̄ background. Some possible arguments why these parameters
are overconstrained are the following:

– For the jet energy scale (JES) the shape variation is estimated based on the total jet energy
uncertainty without being broken down into components, i.e. instead of fitting several
nuisance parameters, only one parameter is used with the total uncertainty obtained by
summing up in quadrature the uncertainties of each component. Some JES parameters
may vary a shape simultaneously in different directions. This increases the total uncer-
tainty of the JES, but cannot be followed by one-parametric simplified model. Therefore,
the fitted parameter can be constrained. Studies performed in the context of the one-
lepton analysis [3] showed that the shape-fit analysis is not very sensitive to the details
of the implementation of the JES uncertainty and the obtained CLs values are similar.

– The same is true for the jet energy resolution (JER). The ATLAS Jet/Etmiss Working
Group provides only a total uncertainty, while the resolution effect depends on several
parameters. Therefore, the shape variation cannot be modelled perfectly.

– Another constraint of an experimental uncertainty is the b-tagging uncertainty. This un-
certainty also cannot be exactly modelled with one nuisance parameter, since it is based
on the uncertainties of the measured b-tagging efficiencies and mistag rates. For the
1 b-jet and 2 b-jet selections for tt̄ events the relative normalisation is driven by the b-jet
tagging efficiency, therefore the uncertainty might be constrained. In addition, the shape
variation is affected by the change of the flavour composition due to the Wbb samples.
This is especially important for the 1 b-jet selection, since the W+ jets composition signi-
ficantly changes as a function of the BDT output (see Figure 8.34). For the current ana-
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lysis it is assumed that the relative flavour composition does not change for the 1 b-jet
selection. This also may lead to an imperfect estimation of the shape variation.

– For the current analysis, for all theoretical uncertainties the shape variations are approx-
imated with a second order polynomial, which is correct only up to some extent. There-
fore, one should expect some constraining of nuisance parameters.

– The most significant theoretical uncertainty for the current analysis is the ISR/FSR un-
certainty. It is assumed, that the shape variation due to this uncertainty can be estim-
ated as the difference between the tt̄ samples, generated with higher and lower parton
shower activity. This approach might overestimate the real ISR/FSR shape variation.
Therefore, after the shape-fit the resulting uncertainty on the nuisance parameter might
be constrained.

Since these uncertainties have a large impact on the current analysis, a mismodelling of any
of them will lead to a shift of other parameters to compensate the variation. This cannot be
modelled by the proposed model. In general one can see that regardless of the constraint, the
central values of parameters are close to the nominal value.

The normalisation parameters µtt̄ and µW for the tt̄ and W+ jets processes are found to be

µtt̄ = 1.01± 0.08 and µW = 0.82± 0.12. (8.28)

The normalisation for W+ jets production µW is a bit low. Nevertheless, the data-MC agree-
ment of the BDT1 variable for the 1 b-jet selection (see Figure 8.34) confirms, that mismodelling
mainly affects the normalisation of the W+ jets process and not the shape.

The numbers of expected events and the fitted results for the CR1-tN and CR2-tN control
regions are shown in Tables 8.8 – 8.11. The corresponding distributions of the BDT1 and BDT2
outputs are shown in Figures 8.34 and 8.35. The results for the SR1-tN and SR2-tN signal
regions are listed in Tables 8.12 and 8.13. The corresponding distributions for BDT1 and BDT2
outputs are shown in Figures 8.36 and 8.37. The distributions for signal regions show good
agreement between data and the Monte Carlo prediction.

The results for the VR1-tN and VR2-tN validation regions are listed in Tables 8.14 and 8.15.
The corresponding distributions for the BDT1 and BDT2 outputs are presented in Figures 8.38
and 8.39. The distributions for the VR1-tN validation region for the 1 b-jet selection show some
mild discrepancy for the [0, 0.2] interval, which is within 2σ of the expected background. For
the [0.2, 0.4] interval, near the signal region, the distributions for both selections show good
agreement between data and the Monte Carlo prediction.
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1) ≈ m(t)

Bin’s left
border

Expected Monte Carlo events for the CR1-tN control region (1 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

−1.00 1156± 221 207± 30 855± 187 39± 8 1± 1 31± 26 23± 18
−0.80 589± 126 182± 25 350± 102 27± 6 1± 1 17± 13 12± 9
−0.75 699± 133 251± 35 390± 95 33± 8 1± 1 15± 12 9± 8
−0.70 794± 138 324± 47 405± 88 40± 8 2± 1 16± 13 9± 7
−0.65 845± 150 383± 60 389± 88 42± 9 2± 2 19± 16 11± 9
−0.60 917± 139 441± 65 393± 71 52± 10 2± 2 17± 14 12± 10
−0.55 935± 193 489± 75 362± 107 52± 14 2± 2 16± 14 15± 12
−0.50 981± 178 537± 88 357± 88 56± 12 3± 2 19± 15 11± 8
−0.45 973± 160 553± 88 336± 66 55± 13 2± 2 17± 15 10± 8
−0.40 997± 174 597± 99 315± 67 59± 15 3± 2 16± 13 7± 6
−0.35 972± 181 602± 100 287± 72 57± 14 3± 2 16± 14 7± 6
−0.30 950± 180 592± 98 269± 77 58± 12 3± 2 19± 15 10± 8
−0.25 902± 182 581± 102 247± 73 53± 13 3± 2 13± 11 5± 4
−0.20 867± 156 574± 96 223± 53 49± 14 3± 3 10± 9 6± 5
−0.15 817± 159 552± 98 200± 61 46± 11 3± 3 12± 10 4± 3
−0.10 787± 143 511± 97 212± 48 46± 11 3± 2 12± 10 3± 3
−0.05 703± 146 493± 90 149± 53 41± 13 3± 2 11± 9 6± 5

Table 8.8: Expected number of events for the Standard Model processes, predicted from the Monte Carlo
simulation for the CR1-tN control region (1 b-jet selection). The numbers in the first column present the
left border of each interval. All intervals are [x, x + 0.05]. The normalisation is done in the CR1-tN and
CR2-tN control regions.

Bin’s left
border

Expected Monte Carlo events for the CR2-tN control region (2 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

−1.00 162± 26 108± 14 39± 14 11± 4 1± 1 2± 2 1± 1
−0.80 157± 22 108± 15 34± 12 9± 3 1± 1 3± 3 3± 2
−0.75 206± 33 147± 23 42± 16 13± 4 1± 1 2± 2 1± 1
−0.70 277± 41 215± 30 38± 15 20± 6 1± 1 2± 2 1± 1
−0.65 337± 54 265± 38 42± 21 25± 7 2± 1 3± 2 1± 1
−0.60 415± 66 333± 51 49± 20 27± 8 2± 1 3± 2 2± 1
−0.55 486± 75 390± 54 59± 26 29± 11 2± 2 3± 3 1± 1
−0.50 540± 94 449± 71 56± 23 29± 9 2± 2 2± 2 2± 1
−0.45 577± 100 495± 78 41± 25 34± 10 3± 2 4± 4 1± 1
−0.40 611± 104 514± 83 54± 24 35± 10 3± 2 2± 2 4± 3
−0.35 620± 106 536± 91 43± 15 35± 10 3± 3 2± 2 1± 1
−0.30 629± 105 540± 92 47± 15 33± 9 3± 3 3± 3 2± 2
−0.25 619± 107 529± 89 49± 17 33± 10 3± 3 3± 3 1± 1
−0.20 591± 98 515± 86 37± 12 31± 9 3± 3 2± 2 2± 1
−0.15 582± 101 500± 84 42± 16 32± 10 4± 3 2± 2 3± 2
−0.10 526± 100 458± 86 33± 12 27± 9 3± 3 2± 2 1± 1
−0.05 504± 83 433± 75 36± 11 28± 9 3± 2 3± 3 1± 1

Table 8.9: Expected number of events for the Standard Model processes, predicted from the Monte Carlo
simulation for the CR2-tN control region (2 b-jet selection). The numbers in the first column present the
left border of each interval. All intervals are [x, x + 0.05]. The normalisation is done in the CR1-tN and
CR2-tN control regions.
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Figure 8.34: The distribution of the BDT1 output for the CR1-tN control region (1 b-jet).

Bin’s left
border

Observed
events

Fitted events of the BDT1 output for the CR1-tN control region (1 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

−1.00 920 944± 28 200± 17 655± 50 37± 6 1± 1 30± 23 21± 17
−0.80 534 535± 14 173± 13 306± 25 28± 4 1± 1 16± 13 11± 9
−0.75 629 620± 10 239± 18 323± 25 32± 5 1± 1 16± 12 9± 7
−0.70 706 680± 14 297± 20 317± 27 37± 5 2± 1 19± 15 8± 7
−0.65 790 759± 11 363± 24 326± 29 41± 5 2± 1 18± 14 10± 8
−0.60 801 800± 16 422± 27 301± 33 46± 7 2± 2 18± 14 11± 9
−0.55 847 838± 17 465± 28 290± 32 50± 8 2± 2 18± 14 13± 11
−0.50 854 877± 17 501± 29 292± 31 52± 7 2± 2 20± 15 10± 8
−0.45 909 889± 14 531± 30 279± 30 56± 7 3± 2 12± 9 9± 7
−0.40 884 866± 17 546± 29 242± 29 50± 8 3± 2 19± 15 7± 5
−0.35 833 868± 14 554± 29 233± 29 56± 8 3± 2 16± 13 7± 5
−0.30 816 841± 16 553± 29 209± 29 51± 9 3± 2 16± 12 9± 8
−0.25 799 817± 20 555± 28 189± 31 51± 8 3± 2 15± 12 5± 4
−0.20 768 780± 11 537± 27 178± 25 45± 8 3± 2 11± 9 6± 5
−0.15 756 749± 16 505± 25 182± 25 44± 7 3± 2 11± 9 4± 3
−0.10 702 687± 17 487± 23 137± 27 46± 8 3± 2 12± 9 3± 2
−0.05 655 666± 12 463± 22 144± 21 39± 8 3± 2 11± 8 6± 5

Table 8.10: Results for the background-only fit for the CR1-tN control region (1 b-jet selection). The
numbers in the first column present the left border of each interval. All intervals are [x, x + 0.05]. The
normalisation is done in the CR1-tN and CR2-tN control regions.
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Figure 8.35: The distribution of the BDT2 output for the CR2-tN control region (2 b-jet).

Bin’s left
border

Observed
events

Fitted events of the BDT2 output for the CR2-tN control region (2 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

−1.00 168 155± 6 105± 6 33± 8 12± 3 1± 1 2± 2 1± 1
−0.80 153 152± 5 103± 5 34± 8 10± 2 1± 1 2± 2 3± 2
−0.75 198 195± 5 148± 6 28± 7 16± 3 1± 1 2± 2 1± 1
−0.70 236 258± 7 202± 9 35± 8 17± 5 1± 1 1± 1 1± 1
−0.65 337 344± 7 271± 11 44± 10 24± 6 1± 1 3± 3 1± 1
−0.60 404 415± 8 328± 12 54± 12 27± 6 2± 1 3± 2 2± 1
−0.55 475 458± 9 392± 16 30± 11 29± 7 2± 2 3± 2 1± 1
−0.50 513 509± 11 437± 14 36± 11 31± 7 2± 2 2± 2 1± 1
−0.45 520 562± 10 480± 16 43± 11 33± 8 3± 2 3± 2 1± 1
−0.40 605 600± 8 504± 17 50± 13 37± 8 3± 2 4± 3 3± 3
−0.35 635 602± 11 529± 16 31± 8 35± 8 3± 2 3± 2 1± 1
−0.30 592 600± 10 523± 15 36± 9 34± 8 3± 3 2± 2 2± 2
−0.25 619 599± 11 522± 15 40± 10 31± 8 3± 3 3± 2 1± 1
−0.20 579 582± 10 509± 15 34± 8 31± 8 3± 3 3± 2 2± 1
−0.15 528 538± 13 472± 14 26± 8 32± 8 4± 3 2± 2 3± 2
−0.10 534 525± 12 456± 14 28± 7 32± 7 3± 2 4± 3 1± 1
−0.05 493 477± 8 412± 11 33± 8 27± 8 3± 2 2± 1 1± 1

Table 8.11: Results for the background-only fit for the CR2-tN control region (2 b-jet selection). The
numbers in the first column present the left border of each interval. All intervals are [x, x + 0.05]. The
normalisation is done in the CR1-tN and CR2-tN control regions.
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Figure 8.36: The distribution of the BDT1 output for the SR1-tN signal region (1 b-jet).

Bin’s left
border

Observed
events

Fitted events of the BDT1 output for the SR1-tN signal region (1 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.40 183 177.9± 5.7 138.5± 6.5 23.6± 4.1 11.2± 2.3 1.5± 1.2 2.4± 1.9 0.8± 0.7
0.45 140 141.2± 6.2 106.9± 5.5 21.7± 4.1 9.1± 2.4 0.8± 0.7 1.5± 1.2 1.2± 1.0
0.50 108 103.9± 4.1 81.1± 3.9 12.9± 2.7 6.8± 2.1 0.9± 0.7 1.2± 1.1 1.0± 0.8
0.55 73 81.5± 3.0 61.3± 3.0 12.6± 2.4 5.3± 1.7 0.5± 0.4 1.1± 0.9 0.6± 0.5
0.60 62 50.9± 2.4 40.8± 2.6 3.8± 1.2 5.0± 1.3 0.4± 0.3 0.8± 0.7 0.3± 0.2
0.65 37 31.0± 2.1 25.9± 1.9 3.5± 0.7 1.2± 1.0 0.2± 0.2 0.1± 0.1 0.2± 0.1
0.70 15 19.0± 1.5 16.6± 1.4 1.2± 0.6 1.0± 0.4 0.1± 0.1 0.0± 0.0 0.0± 0.0
0.75 13 11.2± 1.0 9.6± 0.9 0.7± 0.5 0.8± 0.3 0.1± 0.1 0.0± 0.0 0.0± 0.0
0.80 3 4.9± 0.6 4.3± 0.6 0.3± 0.1 0.2± 0.2 0.0± 0.0 0.0± 0.0 0.0± 0.0

Bin’s left
border

Monte Carlo expected events for SR1-tN (1 b-jet) signal region

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.40 198.5± 40.5 148.5± 32.1 33.5± 8.8 11.5± 3.4 1.2± 1.0 2.7± 2.3 0.9± 0.7
0.45 157.6± 31.7 115.2± 25.1 28.5± 6.2 9.2± 3.8 1.1± 0.9 2.2± 2.4 1.3± 1.1
0.50 117.5± 23.7 87.6± 18.1 18.9± 4.5 7.9± 2.5 0.8± 0.7 1.1± 1.5 1.1± 0.9
0.55 80.7± 19.9 64.4± 12.6 8.6± 8.5 5.5± 1.9 0.6± 0.5 0.9± 0.9 0.7± 0.5
0.60 55.2± 11.9 43.5± 9.2 7.0± 3.0 3.6± 2.1 0.4± 0.3 0.3± 0.6 0.3± 0.2
0.65 33.8± 7.1 27.6± 6.6 2.9± 1.0 2.6± 1.6 0.2± 0.2 0.5± 0.6 0.2± 0.1
0.70 20.5± 5.3 17.6± 4.0 1.8± 1.2 1.0± 0.5 0.1± 0.1 0.0± 0.2 0.0± 0.0
0.75 10.8± 3.3 9.9± 2.4 0.2± 1.0 0.5± 0.4 0.1± 0.1 0.0± 0.0 0.0± 0.0
0.80 5.7± 1.3 5.0± 1.2 0.3± 0.2 0.3± 0.2 0.0± 0.0 0.0± 0.0 0.0± 0.0

Table 8.12: Results for the background-only fit for the SR1-tN signal region for the BDT1 variable (1 b-jet
selection). The numbers in the first column present the left border of each bin interval. All intervals,
except the last, are [x, x + 0.05], the last interval is [0.8, 1].
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Figure 8.37: The distribution of the BDT2 output for the SR2-tN signal region (2 b-jet).

Bin’s left
border

Observed
events

Fitted events of the BDT2 output for the SR2-tN signal region (2 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.40 153 158.4± 5.4 140.6± 5.8 7.6± 2.7 7.8± 2.0 1.3± 1.1 0.6± 0.5 0.5± 0.4
0.45 140 127.7± 4.1 114.5± 4.8 3.7± 1.1 7.0± 1.8 1.2± 0.9 0.8± 0.6 0.5± 0.4
0.50 76 100.6± 3.8 91.7± 4.3 2.5± 0.8 4.7± 1.6 1.0± 0.7 0.6± 0.4 0.2± 0.1
0.55 85 78.5± 3.0 72.3± 3.3 1.5± 0.5 3.7± 1.2 0.6± 0.5 0.3± 0.2 0.1± 0.1
0.60 55 55.8± 2.6 50.5± 2.5 1.1± 0.7 3.3± 1.1 0.5± 0.4 0.3± 0.2 0.0± 0.0
0.65 35 39.0± 1.9 35.0± 1.9 1.2± 0.4 2.2± 0.7 0.3± 0.2 0.0± 0.0 0.3± 0.2
0.70 23 23.6± 1.2 21.6± 1.2 0.5± 0.3 1.3± 0.4 0.1± 0.1 0.0± 0.0 0.0± 0.0
0.75 10 11.1± 0.9 10.6± 0.9 0.0± 0.0 0.3± 0.2 0.1± 0.1 0.0± 0.1 0.0± 0.0
0.80 6 4.5± 0.5 4.1± 0.5 0.0± 0.0 0.3± 0.1 0.0± 0.0 0.0± 0.0 0.0± 0.0

Bin’s left
border

Monte Carlo expected events for SR2-tN (2 b-jet) signal region

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.40 163.1± 32.1 145.8± 26.0 6.9± 6.7 7.3± 3.3 1.4± 1.1 1.1± 1.0 0.6± 0.4
0.45 130.7± 25.0 118.2± 23.1 3.8± 1.3 6.4± 2.3 1.2± 1.0 0.6± 0.6 0.5± 0.4
0.50 107.6± 18.1 97.0± 16.3 3.2± 1.2 5.6± 2.1 0.9± 0.7 0.8± 0.7 0.2± 0.1
0.55 79.5± 15.8 72.6± 14.5 1.6± 1.2 4.3± 1.5 0.6± 0.5 0.2± 0.3 0.1± 0.1
0.60 60.5± 11.4 54.1± 10.7 2.3± 1.5 3.5± 1.3 0.4± 0.3 0.2± 0.2 0.0± 0.0
0.65 40.4± 7.8 36.9± 7.2 0.8± 0.9 2.0± 0.8 0.4± 0.3 0.1± 0.1 0.3± 0.2
0.70 23.0± 4.9 22.1± 4.2 0.1± 0.4 0.7± 0.8 0.2± 0.1 0.0± 0.0 0.0± 0.0
0.75 11.3± 2.6 10.4± 2.5 0.2± 0.2 0.5± 0.3 0.1± 0.1 0.2± 0.3 0.0± 0.0
0.80 4.5± 1.1 4.2± 1.1 0.0± 0.0 0.2± 0.1 0.0± 0.0 0.0± 0.0 0.0± 0.0

Table 8.13: Results for the background-only fit for the SR2-tN signal region for the BDT2 variable (2 b-jet
selection). The numbers in the first column present the left border of each bin interval. All intervals,
except the last, are [x, x + 0.05], the last interval is [0.8, 1].
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Figure 8.38: The distribution of the BDT1 output for the VR1-tN validation region (1 b-jet).

Bin’s left
border

Observed
events

Fitted events of the BDT1 output for the VR1-tN validation region (1 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.00 623 588± 24 427± 24 113.8± 19.4 31.7± 4.3 2.4± 1.9 9.1± 7.1 3.9± 3.2
0.05 576 549± 23 401± 23 101.0± 16.2 34.4± 3.6 2.7± 2.1 6.4± 4.9 2.9± 2.4
0.10 543 482± 15 363± 21 78.0± 8.8 26.7± 3.9 2.5± 2.0 8.4± 6.7 3.9± 3.2
0.15 475 440± 17 337± 20 64.5± 9.0 26.6± 3.2 2.2± 1.8 5.5± 4.3 3.9± 3.2
0.20 368 386± 14 291± 17 62.0± 7.3 22.9± 2.7 2.1± 1.6 5.8± 4.6 2.5± 2.0
0.25 335 336± 12 252± 15 53.4± 6.8 20.4± 2.4 1.9± 1.5 6.0± 4.7 2.1± 1.7
0.30 284 278± 11 216± 13 37.8± 5.3 16.5± 1.9 1.7± 1.4 4.3± 3.3 1.7± 1.4
0.35 227 240± 8 177± 11 41.5± 5.2 15.4± 1.7 1.5± 1.2 2.5± 2.1 2.3± 1.9

Bin’s left
border

Monte Carlo expected events for VR1-tN (1 b-jet) validation region

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.00 652± 140 459± 83 140.5± 53.9 37.4± 9.0 3.0± 2.4 8.1± 6.6 4.3± 3.4
0.05 608± 123 428± 79 131.3± 43.5 33.9± 8.3 2.6± 2.1 8.7± 7.4 3.2± 2.5
0.10 536± 98 395± 68 95.7± 24.6 33.4± 7.6 2.6± 2.1 5.8± 5.6 4.2± 3.4
0.15 486± 88 354± 68 90.6± 18.0 28.4± 6.1 2.4± 2.0 6.1± 5.1 4.3± 3.4
0.20 424± 80 314± 59 79.1± 15.9 22.3± 6.4 2.0± 1.6 4.4± 3.7 2.7± 2.1
0.25 361± 78 265± 55 65.7± 18.5 20.6± 6.1 1.9± 1.6 5.2± 4.5 2.3± 1.9
0.30 301± 62 225± 45 47.4± 17.3 20.1± 3.1 1.8± 1.5 4.8± 4.1 1.9± 1.5
0.35 257± 45 190± 40 45.6± 5.2 14.3± 4.3 1.6± 1.3 3.3± 3.1 2.5± 2.0

Table 8.14: Results for the background-only fit for the VR1-tN validation region for the BDT1 variable
(1 b-jet selection). Numbers in the first column present the left border of each bin interval. All intervals
are [x, x + 0.05].
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Figure 8.39: The distribution of the BDT2 output for the VR2-tN validation region (2 b-jet).

Bin’s left
border

Observed
events

Fitted events of the BDT2 output for the VR2-tN validation region (2 b-jet)

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.00 425 435± 12 382± 12 22.3± 3.5 25.7± 2.8 3.1± 2.5 1.4± 1.1 0.3± 0.2
0.05 424 404± 16 354± 15 22.1± 3.3 21.6± 3.1 2.9± 2.2 3.0± 2.5 0.3± 0.2
0.10 394 362± 11 319± 10 18.2± 3.0 19.4± 2.3 3.0± 2.4 1.6± 1.3 1.6± 1.3
0.15 319 329± 10 288± 11 17.0± 2.1 18.8± 1.7 2.7± 2.2 1.1± 0.9 1.2± 0.9
0.20 309 279± 13 248± 11 11.7± 2.9 15.5± 1.9 2.5± 1.9 0.9± 0.7 0.4± 0.3
0.25 260 248± 9 219± 9 11.5± 1.8 13.8± 2.1 2.3± 1.8 0.4± 0.3 0.7± 0.6
0.30 221 219± 8 196± 7 8.1± 2.6 11.3± 1.9 2.1± 1.6 1.0± 0.9 0.5± 0.4
0.35 187 190± 7 168± 7 8.4± 1.8 10.8± 1.7 1.6± 1.2 0.9± 0.8 0.5± 0.4

Bin’s left
border

Monte Carlo expected events for VR2-tN (2 b-jet) validation region

SM Total tt̄ W+ jets single top tt̄ + V diboson Z+ jets

0.00 457± 88 396± 73 32.2± 9.7 23.7± 6.6 3.1± 2.5 1.8± 1.6 0.3± 0.2
0.05 414± 79 365± 68 20.5± 7.8 24.3± 5.1 2.9± 2.4 0.7± 1.5 0.3± 0.3
0.10 372± 73 323± 63 22.4± 6.1 20.6± 5.0 2.6± 2.1 1.6± 1.3 1.7± 1.4
0.15 338± 64 294± 56 18.3± 5.6 20.3± 3.6 2.8± 2.2 1.2± 1.0 1.3± 1.0
0.20 304± 59 264± 50 19.2± 6.9 16.6± 4.1 2.5± 2.0 0.9± 0.8 0.4± 0.3
0.25 256± 57 225± 47 12.7± 6.5 14.6± 4.0 2.3± 1.8 0.8± 0.9 0.8± 0.6
0.30 223± 45 199± 38 9.1± 5.9 12.1± 2.9 1.8± 1.5 0.6± 0.6 0.6± 0.4
0.35 190± 38 167± 35 9.0± 2.4 10.4± 3.4 1.6± 1.3 0.7± 0.7 0.6± 0.4

Table 8.15: Results for the background-only fit for the VR2-tN validation region for the BDT2 variable
(2 b-jet selection). Numbers in the first column present the left border of each bin interval. All intervals
are [x, x + 0.05].
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8.11.2 Interpretation

The background-only fit shows good agreement between data and the expectation from the
Monte Carlo simulation, and no excess of events in the high BDT output region is seen. There-
fore one can set 95% CL exclusion limits in the (t̃1, χ̃0

1) mass plane.

The exclusion limits are determined for two simplified decay modes:

– t̃1 → tχ̃0
1, on-shell decay with BR = 100%;

– t̃1 → bWχ̃0
1, off-shell (3-body) decay with BR = 100%.

The fit to calculate the exclusion limits uses all control and signal regions to calculate the CLs
value. Two different CLs values are calculated:

– An expected CLs value (CLexp
s ) is calculated under the assumption of no signal, and for the

“data” in the signal regions (SR1-tN and SR2-tN) replaced by the total fitted background
expectation.

– An observed CLs value (CLobs
s ) is calculated using the data in all signal regions.

The results of the expected and observed CLs values in percent are shown for different signal
models in Figure 8.40. A signal model is considered excluded at 95% CL if the corresponding
CLs is below 5%. For each figure the gray dashed line shows the corresponding exclusion
contour at 95% confidence level.

The expected and observed CLs values for the nominal signal cross section for signal models
with a ∆m ≈ 3 GeV below the diagonal are listed in Table 8.16.

m(t̃1, χ̃0
1) [GeV] Expected CLs Observed CLs

(180, 5) 0.0588 0.0433
(190, 15) 0.0467 0.2098
(210, 35) 0.0261 0.0180
(230, 55) 0.0084 0.0045
(240, 65) 0.0071 0.0020
(250, 75) 0.0060 0.0025
(260, 85) 0.0104 0.0071
(270, 95) 0.0092 0.0039
(300, 125) 0.0251 0.0203
(325, 150) 0.0847 0.0533
(350, 175) 0.1797 0.1345
(375, 200) 0.2976 0.3023
(400, 225) 0.4668 0.3537

Table 8.16: The expected and observed CLs values for the nominal signal cross section for signal models
with a ∆m ≈ 3 GeV below the diagonal

The results of the tN diagonal analysis based on data corresponding to an integrated lumi-
nosity of Lint = 20.3 fb−1 of

√
s = 8 TeV are presented in Figure 8.41. All exclusion limits are
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Figure 8.40: Expected limits of the tN diagonal analysis based on data corresponding to an integrated
luminosity of Lint = 20.3 fb−1 of

√
s = 8 TeV. The t̃1 → tχ̃0

1 and t̃1 → bWχ̃0
1 (3-body) decay modes are

considered. Both decays are assumed to have a BR of 100%. The expected (top) and observed (bottom)
CLs values are shown for each signal model in percent. The black dashed line shows the corresponding
exclusion contour at 95% CL. The limits include all uncertainties except the uncertainty on the signal
cross section.
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shown at 95% confidence level. The limits include all uncertainties except the uncertainty on
the signal cross section (PDF and scale variations).
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Figure 8.41: Exclusion limits at 95% of the tN diagonal analysis based on data corresponding to an
integrated luminosity of Lint = 20.3 fb−1 of

√
s = 8 TeV. The t̃1 → tχ̃0

1 and t̃1 → bWχ̃0
1 (3-body) decay

modes are considered. Both decays are with BR = 100%. The dark blue dashed line corresponds to
the expected limits. The yellow band includes all uncertainties except the uncertainty on the signal
cross section. The red solid line corresponds to the observed limits. The red dashed line represents
±1σ variation of the signal cross-section uncertainty.

Exclusion gap

The analysis leaves a gap around the m(t̃1, χ̃0
1) = (190, 15) GeV signal point. There are two

different mechanisms involved in the appearance of this gap.

For signal models with lower top-squark masses, the corresponding cross section is getting lar-
ger. Under the assumption that along the diagonal the kinematical properties do not change,
one should expect an increase of the signal-to-background ratio proportional to the increased
cross section.

This is not the case for the current analysis. Figure 8.42 shows the comparison of the signal-
to-background ratio as a function of the BDT output for different signal models around the
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(190, 15) point of the mass plane. One can see, that when the top-squark mass decreases, the
signal-to-background ratio increases in the control region (BDT < 0), but decreases in the signal
region (BDT > 0.4). This behaviour is similar for both the 1 b-jet and 2 b-jet selections.
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Figure 8.42: Distributions of the BDT1 (1 b-jet selection, left) and BDT2 (2 b-jet selection, right) output.
The signal models are for the top-squark masses m(t̃1) = 180, 190, 200, 210 GeV, for on-shell top decays
near the diagonal.

When moving from m(t̃1) = 210 GeV to 190 GeV along the diagonal, the increase in cross
section of the top-squark pair production is not enough to compensate the drop of the accept-
ance in the signal region due to the change of the kinematical properties. The number of signal
events in the control region is increasing, but this is not enough to recover the drop of the sep-
aration power, since it is mainly driven by the signal region. Therefore, the exclusion power
of the analysis decreases.

With a further decrease of the top-squark mass from m(t̃1) = 190 GeV to 180 GeV, the signal-
to-background ratio decreases further in the signal region, and keeps increasing in the control
region, reaching up to 10% in some bins. This allows to increase the separation power due to
the shape-fit in the control region. Therefore, for low top-squark masses, m(t̃1) < 180 GeV,
the analysis mainly benefits from the increase of the cross section, rather than from differences
in kinematic properties between the signal and tt̄ background events.

One can see, that for signal models with a top-squark mass above 200 GeV, the signal conta-
mination in the control region is less than 6%. Therefore a precise modelling of the shape in
the control region does not play a significant role, and the shape fit in this region is mainly
used to constraint fit parameters, rather than to perform the exclusion.

This is not the case for the signal models for the 180−200 GeV diagonal region. For these
signal models the sensitivity in the signal region is decreased and the analysis relies on the
precise modelling of the shape, therefore, the results are not reliable to set exclusion limits.
To cover the 180−200 GeV diagonal gap, a dedicated analysis has to be developed. In order
to estimate the exclusion limits more precisely, additional intermediate signal models for this
region would have to be generated.
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Default 4-bin reweighting

For a comparison, the exclusion contour using the default 4-bin tt̄ reweighting (see Section 7.1)
is shown in Figure 8.43. One can see, that an agreement along the diagonal between the ex-
pected and observed exclusions is a bit worse, but in general the results are consistent.
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Figure 8.43: Results of the tN diagonal analysis using the default 4-bin reweighting. Results are shown
for Lint = 20.3 fb−1 data at

√
s = 8 TeV. Exclusion limits are shown at 95% CL. The dashed and

solid lines correspond to the expected and observed limits. Limits include all uncertainties except the
uncertainty on the signal cross section (PDF and scale). The t̃1 → tχ̃0

1 and t̃1 → bWχ̃0
1 (3-body) decay

modes are considered. Both decays are with BR = 100%.

Cross-check

A cross-check for the tN diagonal analysis is performed based on the approach proposed in
Section 8.10.1. To simplify the cross-check, it is assumed, that the total theoretical uncertainty
in the signal region can be estimated by a linear function

f (x) = β(α · x + 1− α), (8.29)

where x = BDT1 or BDT2, depending to which signal region is used. In this notation the
uncertainty for f (1) = β, while if α = 1, the uncertainty for f (0) = 0.

For the cross-check, control regions for the 1 b-jet and 2 b-jet selections are defined as corres-
ponding BDT intervals of [−1, 0] with one bin. The same signal regions as for the analysis are
used. Theoretical uncertainties are considered only for the tt̄, W+ jets and single top produc-
tion. All other processes are neglected, since their contributions are negligible.
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The tt̄ and W+ jets production is normalised in control regions. The total theoretical uncer-
tainty for single top production in control region is set to ±50%. Theoretical uncertainties for
the tt̄, W+ jets and single top production in the signal regions are considered as fully correl-
ated shape variations estimated by linear functions with the slope parameter α. In general,
since in the signal regions the tt̄ production is dominant, there is no significant difference to
how the W+ jets and single top theoretical uncertainties are included. Nevertheless, treating
the uncertainties as uncorrelated may slightly improve the result. Therefore, in a conservative
approach, all theoretical uncertainties are considered as fully correlated.

For tt̄ production for the 1 b-jet and 2 b-jet signal regions the β parameters for the total theor-
etical uncertainties are estimated to be β1 = 15% and β2 = 13%, respectively. This estimation
is based on the distributions of the parton shower and ISR/FSR uncertainties, see Figures 8.22
and 8.23. The W+ jets and single top contributions in the signal regions are negligible. There-
fore, to be conservative, β = 80% is used.

Table 8.17 shows the expected and observed CLs values for the m(t̃1, χ̃0
1) = (210, 35) and

(300, 125) GeV signal models for different slope parameters α = 0.6, 0.8, 1.0, 1.2, 1.4. For
comparison, the results from the tN analysis are shown in the last line.

Slope m(t̃1, χ̃0
1) = (210, 35)GeV m(t̃1, χ̃0

1) = (300, 125)GeV

α Expected CLs Observed CLs Expected CLs Observed CLs

0.6 0.019 0.022 0.019 0.018
0.8 0.038 0.043 0.020 0.020
1.0 0.039 0.044 0.021 0.022
1.2 0.018 0.022 0.035 0.039
1.4 0.017 0.020 0.020 0.022

tN Result 0.026 0.018 0.025 0.020

Table 8.17: The expected and observed CLs values for the m(t̃1, χ̃0
1) = (210, 35) and (300, 125)GeV

signal models for different slope values α of the total theory systematic uncertainty. For comparison,
the results from the tN analysis are shown in the last line.

The worst CLs value for different signal models may occur for different α parameter. For
example, the worst CLs value for the m(t̃1, χ̃0

1) = (210, 35)GeV signal model is for α = 1.0,
while for the m(t̃1, χ̃0

1) = (300, 125)GeV signal model it corresponds to α = 1.2. One can see
a consistency of the results of the tN analysis with both reference models. An improvement of
the CLs for the tN analysis is related to the shape fit in the multibin control regions.

8.11.3 Conclusions

The analysis presented excludes the interval from 200−300 GeV along the diagonal. The ded-
icated variables, which are developed for the analysis are sensitive in the diagonal region. The
sensitivity of the variables increases for higher top-squark masses, therefore, the same vari-
ables can be used for

√
s = 13 TeV analyses, where they are expected to have even higher

separation power.
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The analysis is sensitive to both on- and off-shell decay modes, therefore it can cross the di-
agonal and signal models can be excluded from both sides. This simplifies the estimate of
the significance exactly on the diagonal, where on-shell, off-shell and mixed decay modes are
possible. The estimate of the relative branching ratio of these decay modes, which might be
quite challenging, is not needed.

The results of the presented analysis have been cross-checked for the m(t̃1, χ̃0
1) = (210, 35)

and (300, 125) GeV signal models near the diagonal for different assumptions on the shapes
of the total systematic uncertainty. The results for both reference signal models are found to
be consistent with the results of the tN diagonal analysis.

Top-squark masses above 300 GeV are not excluded due to a too low number of events in the
signal region. Therefore, an increase of the integrated luminosity will increase the exclusion
limits. An optimisation of the analysis for

√
s = 13 TeV data will also significantly benefit

from an increased signal cross section with respect to the tt̄ production cross section.

This is not the case for the top-squark masses below the 200 GeV, which are not excluded by
this analysis. In this region, even with a higher integrated luminosity, the proposed analysis
will have a poor exclusion power.

For the top quark cross-section measurements [121], the observed limit is 177 GeV, while
for spin correlation measurements [122] the expected and observed results are 178 GeV and
191 GeV, respectively. This means, that at the moment no analysis exists, which is expected to
exclude signal models along the diagonal with top-squark masses around 180−200 GeV.

The exclusion gap for the m(t̃1, χ̃0
1) = (190, 15)GeV signal model for t̃1 → tχ̃0

1 grid shown in
Figure 8.44 (left plot) is consistent with the exclusion gap for m(t̃1, χ̃±1 , χ̃0

1) = (190, 120, 60)GeV
signal model for the ATLAS t̃1 → bχ̃±1 gaugino universality grid (right plot). In case of some
excess for the m(t̃1, χ̃0

1) = (190, 15)GeV signal model, it might be visible as the excess for the
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8 Searches for the top squark at
√

s = 8 TeV, t̃1 → tχ̃0
1, ∆m(t̃1, χ̃0

1) ≈ m(t)

m(t̃1, χ̃±1 , χ̃0
1) = (190, 120, 60)GeV, since both signal models have the same m(t̃1) and the same

final states, including two neutralinos.

On the other side, the gap for both grids might be due to the overlap of two different exclusion
mechanisms. For m(t̃1) < 180 GeV the exclusions for both decay modes may benefit from a
high top-squark pair production cross section, while for m(t̃1) > 200 GeV they might profit
from a difference between kinematic properties.

For the intermediate region 180 GeV < m(t̃1) < 200 GeV, a decrease of the cross section can-
not be compensated by an increase of the separation power due to the difference in kinematic
properties. This leads to the gap in the exclusion.

Therefore, it will be necessary to develop dedicated analyses to exclude the 180−200 GeV
interval along the diagonal. For further studies, it will be important to generate samples for
additional signal models along the diagonal.
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CHAPTER 9

Multijet background estimation,
an alternative approach

For one-lepton SUSY searches, signal regions with at least one lepton and high Emiss
T are used.

This makes it difficult to estimate the multijet background (QCD) based on Monte Carlo simula-
tion, since the rejection for QCD background is very high. To have a reasonable estimation of
the multijet background, a huge number of multijet events has to be simulated. On the other
hand, due to a high rejection of the multijet background, the contribution in the signal regions
is small and it is often sufficient to estimate an upper limit.

A multijet event can pass the lepton filter if:

– A jet is misidentified as a lepton (mainly as an electron), so-called misidentified lepton;

– A real lepton is produced from a weakly decaying b or c hadron, referred to as a lepton
from heavy flavour decays;

– An electron is produced in a photon conversion, referred to as a photon conversion electron.

All these types of leptons are collectively referred to as fake leptons.

To estimate the multijet background, data-driven approaches are used. One such approach,
which is used in the one-lepton SUSY searches, is the so-called Matrix Method approach [124].
It is briefly described below. The typical limitations of the method are also highlighted.

An alternative data-driven Exponential Extrapolation approach for the estimation of the fake
lepton background is proposed in this chapter. Various aspects of this approach are dis-
cussed in the following. A verification and cross-check with the Matrix Method is also per-
formed.
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9 Multijet background estimation, an alternative approach

9.1 Matrix Method

This data driven approach for the fake electron estimation uses two definitions of electrons:
loose and tight with probability coefficients, that the loose electron satisfies the tight criteria
εreal, εfake separately for real and fake electrons. The real and fake electron contamination is
evaluated according to the following equations:

Nloose = Nloose
real + Nloose

fake ,

Ntight = Ntight
real + Ntight

fake = εrealNloose
real + εfakeNloose

fake ,
(9.1)

where Nloose and Ntight are a number of loose and tight electrons in the signal region, respect-
ively. These numbers can be directly measured from the data.

The goal is to evaluate the number of fake electrons Ntight
fake . The method consists of the follow-

ing steps:

– Evaluate εreal and εfake in some control region CR;

– Transfer these coefficients to the signal region SR;

– Solve the linear equations 9.1.

Solving equations 9.1 gives the following solution:

Ntight
fake =

εfake

εreal − εfake
(εrealNloose − Ntight). (9.2)

It should be noted that the signal region is involved in the evaluation of a number of fake
electrons Ntight

fake , via a number of tight electrons in the signal region Ntight.

The main challenges of the Matrix Method are to determine:

– Appropriate control region CR;

– Correct transfer of coefficients from CR to SR;

– Reliable scheme for cross-checking the results.

The coefficients εreal and εfake may depend on the electron parameters (pT, η) as well as on
other factors, related to the whole event (Emiss

T , jets pT, etc.). Therefore, it is not easy to prove
that the coefficients evaluated from control regions are applicable for the signal region, since
this always involves some additional assumptions about the transfer mechanism.

9.2 Estimation of fake electrons

The Exponential Extrapolation approach solves some of the challenges mentioned above.
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9.2 Estimation of fake electrons

9.2.1 Exponential Extrapolation

In the following example the isolation variable ξ is defined as ξ = pcone 0.2
T /pT, and signal elec-

trons are defined to be isolated with ξ < 0.1.

The distribution of the isolation variable ξ, which is referred to as h(ξ), can be splitted in two
part, for real and fake electrons, h(ξ) = hreal(ξ) + hfake(ξ). Figure 9.1 shows the distribution of
the isolation variable ξ for data.
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Figure 9.1: Distribution of the isolation variable ξ for data.

The examination of this and related plots suggests the following assumptions:

– The hfake(ξ) can be described by an exponential function A · e−αξ ;

– Fake electrons dominate in the region ξ > 0.2.

Based on these assumptions the following steps for fake electron estimation are defined:

– Fit A · e−αξ to the data in the [0.2, 0.5] interval;

– Extrapolate the exponential function to the [0, 0.2] interval;

– Estimate the number of fake electrons:

Nfake =
∫ 0.1

0
hfake(ξ)dξ. (9.3)

In the following sections, the correctness of these assumptions is verified and cross-checked
with the multijet Monte Carlo samples in regions with sufficient data, such that statistical
uncertainties are small. In the following, various aspects of this approach are discussed and
illustrated with examples.
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9 Multijet background estimation, an alternative approach

The hloose(ξ) and htight(ξ) distribution functions

As an example, the following region is considered:

– Exactly one electron with pT(e) > 25 GeV (no isolation requirement);

– At least two jets with pT(j1) > 25 GeV and pT(j2) > 25 GeV;

– Emiss
T > 100 GeV.

In the following all distributions are shown for data taken at
√

s = 8 TeV and corresponding
to an integrated luminosity of Lint = 20.3 fb−1.

Two electron definitions loose and tight, with no isolation requirement on ξ, are used. A signal
electron is defined as a tight electron with isolation ξ < 0.1. In the current analysis, loose
electrons are defined as baseline electrons, while tight electrons are defined as signal electrons
without fulfilling the pcone 0.2

T /pT < 0.1 isolation requirement (see Section 6.2.1).

Figure 9.2 shows the distributions of the isolation variable ξ for loose and tight electrons for
data and Monte Carlo samples. In all following plots, the curve labeled “SM Total” (for the
total Standard Model contribution) does not contain multijet (QCD) contribution, unless stated
otherwise.
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Figure 9.2: Distributions of the isolation variable ξ for loose (left) and tight (right) electrons.

Evaluation of εfake

From the data one can directly calculate the ratio

htight(ξ)

hloose(ξ)
=

htight
real (ξ) + htight

fake (ξ)

hloose
real (ξ) + hloose

fake (ξ)
=

εreal · hloose
real (ξ) + εfake · hloose

fake (ξ)

hloose
real (ξ) + hloose

fake (ξ)
(9.4)

The same ratio, but without the QCD contribution, is also available for Monte Carlo. Figure 9.3
shows the distribution of the htight(ξ)/hloose(ξ) ratio from data and Monte Cralo. The ratio
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9.2 Estimation of fake electrons

calculated for Monte Carlo does not include the QCD samples. From the figure one can see
that htight(ξ)/hloose(ξ) is flat in the [0.2, 0.5] interval for both data and Monte Carlo.
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Figure 9.3: Distribution of the ratio htight(ξ)/hloose(ξ) from data and Monte Carlo samples (the Monte
Carlo does not include QCD contributions)

Under the assumption, that hreal(ξ) and hfake(ξ) do not have exactly the same shape in this
region, one can conclude, that here the fake electrons dominate and one can evaluate

εfake = 0.323± 0.006. (9.5)

Evaluation of hreal(ξ), hfake(ξ) and εreal(ξ)

Using εfake, one can reconstruct the shape of hreal(ξ) ∼ htight(ξ) − εfake · hloose(ξ). Figure 9.4
shows the hloose(ξ), htight(ξ) and hreal(ξ) distribution functions in logarithmic and linear scales.
As one can see, that the contribution of real electrons for the ξ > 0.2 region is negligible.
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Figure 9.4: Reconstruction of hreal(ξ) and hfake(ξ) in log scale (left) and linear scale (right).
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9 Multijet background estimation, an alternative approach

Using this observation, htight
fake (ξ) is calculated by fitting A · e−αξ to the htight(ξ) in the [0.2, 0.5]

and extrapolating the result to the interval [0, 0.2]. Now, one can evaluate εreal as a function
of ξ, at least in the [0, 0.2] interval, where a sufficient number of events is available. Figure 9.5
shows the estimated values with uncertainties for εreal(ξ). They are found to be constant in
the [0, 0.2] interval.

             ξ
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

ti
g
h
t 
/ 
lo

o
s
e

0.6

0.7

0.8

0.9

1

1.1

1.2

)ξ(
real

ε
 = 0.847

real
ε

1­electron, jets: 25­25, MET > 100

 = 8 TeVs, ­1 = 20.00 fbintL

Figure 9.5: Estimated values of εreal as a function of ξ.

Fitting a constant in the [0, 0.2] interval, one can obtain

εreal = 0.847± 0.002. (9.6)

The evaluation for tt̄ events, generated by POWHEG+PYTHIA, gives

εMC
real = 0.846± 0.002. (9.7)

These results are consistent within the statistical uncertainties. Just for comparison, one can
check to how significant is the fake electrons contribution. Assuming, that there are no fakes
among signal electrons, one can estimate the corresponding εreal as the value of the tight-to-
loose ratio in the first bin

htight(0)/hloose(0) = 0.840± 0.002. (9.8)

One can see, that result is outside of 3σ from the both εreal and εMC
real estimates.

Base on these findings, one can use the following assumptions:

– Estimation of the εfake coefficient does not involve any assumption about the εreal;

– The εfake does not depend on ξ;

– The hfake(ξ) remains linear in logarithmic scale for all ξ;

– The area, where hreal(ξ) has non-zero values is small with respect to hfake(ξ).
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9.2 Estimation of fake electrons

The last two assumptions are verified in the following with Monte Carlo simulation. It should
be noted, that in the current case the contribution of the hreal(ξ) for the ξ > 0.2 region is
negligible (see Figure 9.4).

Estimation of fake electrons

Based on above observations, the number of fake electrons can be estimated by fitting the
function A · e−αξ to the htight(ξ) distribution function in the [0.2, 0.5] interval, where hreal(ξ) is
negligible, and extrapolating it to [0, 0.1], where hreal(ξ) dominates.

Figure 9.6 shows the distribution of the isolation variable ξ for loose and tight electrons in the
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Figure 9.6: Distribution of the isolation variable ξ for loose and tight electrons in the data.

data. The results of the exponential fits to the data are:

Aloose = (4.36± 0.16)·103, αloose = 5.01± 0.11,
Atight = (1.44± 0.09)·103, αtight = 5.11± 0.20.

(9.9)

Integration in the [0, 0.1] interval gives the fake electron estimation

Ntight
fake = (5.64± 0.05)·103. (9.10)

One can see, that the slopes αloose and αtight are in agreement. Based on these fit results one can
calculate

εfake = Atight/Aloose = 0.330± 0.024, (9.11)

which is also in agreement with the value estimated from the htight(ξ)/hloose(ξ) ratio.
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9 Multijet background estimation, an alternative approach

Combined fit

In case enough tight electrons are available in the fit interval, one can directly fit an exponen-
tial function e−αξ+β to the distribution of the isolation variable ξ for tight electrons htight(ξ).
When the number of available tight electrons is limited, a Combined Fit approach can be used.
This approach benefits from the simultaneous fit of both the distributions for loose and tight
electrons with the same α slope.

The hloose(ξ) and htight(ξ) are statistically dependent, since all tight electrons fulfil loose cri-
teria. To make the fit statistically independent, the hdiff(ξ) = hloose(ξ)− htight(ξ) is considered,
i.e. distribution of the isolation variable ξ for loose electrons, which do not fulfil the tight selec-
tion criteria. These electrons, in the following, are referred to as loose-not-tight electrons.

In a combined fit approach exponential functions e−αξ+β and e−αξ+β′ are fitted to the htight(ξ)
and hdiff(ξ) distribution functions, respectively. Uncertainties related to the use of the same
slope α can be estimated as the relative difference between αloose and αtight, which is about 2%
for the example shown in Figure 9.6, while for some other examples shown in the following,
it can reach up to 10%, see Table 9.2.

Usually, a combined fit approach is useful for regions where the statistical uncertainty of the
exponential fit is dominant. Therefore, for these regions, the systematic uncertainty related to
the difference between the slopes can be safely neglected.

The number of fake signal electrons for the combined fit is estimated as

Nfake =
∫ 0.1

0
e−αξ+βdξ. (9.12)

As an example of the combined fit approach one can see the estimation of fake electrons back-
ground for the SR-bC signal region of the bC analysis, see Section 6.5.2.

9.2.2 Validation

The validation of the method is done in two different ways: the main assumptions and results
are validated using both multijet simulated samples and multijet enriched regions in data.

Linearity validation with data

The goal of this validation is to cross-check the assumption that the distribution of the isolation
variable can be approximated by an exponential function.

To this extent, a QCD enriched region is chosen with the following preselection:

– Exactly one electron with pT(e) > 25 GeV (no isolation requirement);

– At least three leading jets with pT(j1,2,3) > 80, 40, 30 GeV;

– Veto on b-tagged jets.
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9.2 Estimation of fake electrons

To avoid distortions of the distribution of the isolation variable, electron and missing trans-
verse momentum triggers without isolation requirements are used.

The distributions of the isolation variable ξ for loose and tight electrons after the application
of preselection requirements are shown in Figure 9.7. The Monte Carlo does not contains any
multijet contributions. As one can see, for ξ > 0.2 the contamination of processes other than
multijet production is less than 1%. The multijet background can therefore be estimated as

hQCD(ξ) = hdata(ξ)− hMC(ξ). (9.13)
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Figure 9.7: Distributions of the isolation variable ξ for loose (left) and tight (right) electrons. No QCD
samples are included in the Monte Carlo.

The distributions of Emiss
T for loose and tight electrons after the preselection without applying

the requirements on the isolation variable are shown in Figure 9.8.

The region with Emiss
T < 30 GeV is enriched with fake electrons. Figure 9.9 shows the hloose

QCD(ξ)

and htight
QCD(ξ) distribution functions for preselected events with Emiss

T < 30 GeV. One can see,
that distributions can be estimated by an exponential function and have similar slopes for
loose and tight electrons.

To be more precise, an exponential function slightly overestimates the real distribution near
zero. This may cause some problems, if one wants to exactly estimate the multijet contribu-
tion, but if one can prove with an exponential assumption, that the multijet contribution is
negligible, the results stay valid for real multijet contributions too.

For all checks performed in the following, the main goal is to validate, that an exponential
approach never underestimates the real multijet distribution. Therefore it can be used to set
upper limits on the multijet contamination.

The validation is performed in the following way. The distribution function hQCD(ξ) is fitted
by an exponential function e−αξ+β in the [0.2, 1] interval. A number of fake signal electrons (i.e.
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9 Multijet background estimation, an alternative approach
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Figure 9.8: Distributions of Emiss
T for loose (left) and tight (right) electrons. No selection on the isolation

variable is applied. No QCD samples are included in the Monte Carlo.
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QCD(ξ) and

htight
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the corresponding exponential fit in the [0.2, 1] interval.

fake electrons with ξ < 0.1) is estimated separately based on the hQCD(ξ) and and the fitted

226



9.2 Estimation of fake electrons

exponential function as

NQCD =
∫ 0.1

0
hQCD(ξ)dξ and NFit =

∫ 0.1

0
e−αξ+βdξ. (9.14)

The statistical uncertainty is estimated for NFit and presented in the column “Stat.”, while the
systematic uncertainty is estimated as a relative difference (NQCD − NFit)/NFit and presented
in the column “Syst.”. A negative systematic uncertainty indicate, that the exponential ap-
proach overestimates the hQCD(ξ), therefore it fulfils the validation. The multijet background
for loose and tight electrons can be estimated as

hloose
QCD(ξ) = hloose

data (ξ)− hloose
MC (ξ) and htight

QCD(ξ) = htight
data (ξ)− htight

MC (ξ). (9.15)

The validation is performed for various selections on Emiss
T , mT and pT(e) variables.

Validation for mT bins

To further enrich region with multijet events an additional Emiss
T < 30 GeV selection is applied

on top of the preselection requirements. Figure 9.10 shows the distribution of mT for loose
and tight electrons. No selection on the isolation variable is applied. The multijet Monte Carlo
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Figure 9.10: Distribution of mT for loose (left) and tight (right) electrons. No selection on the isolation
variable is applied. No QCD samples are included in the Monte Carlo.

samples are not included in the background processes. From the distributions one can see,
that the contribution from non-multijet processes for loose electrons is about 10%, while for
tight electrons it is about 25%.

Figure 9.11 shows the linearity validation of hloose
QCD(ξ) and htight

QCD(ξ) for different mT bins for the
preselection region with an additional Emiss

T < 30 GeV requirement.
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Figure 9.11: Distribution functions for the QCD estimate for loose and tight electrons, the hloose
QCD(ξ)

and htight
QCD(ξ), respectively, for preselected events with an additional Emiss

T < 30 GeV requirement.
Distributions are shown for the following mT bins: [0, 20], [20, 40], [40, 60], [60, 80] GeV.

The results of the fit of an exponential function e−αξ+β to the hloose
QCD(ξ) and htight

QCD(ξ) for the
region with preselection and Emiss

T < 30 GeV requirements are shown in Table 9.1.

Loose electrons Tight electrons

mT [GeV] α β Stat. Syst. α β Stat. Syst.

[0, 20] 6.3± 0.05 9.9± 0.02 2% −54% 6.7± 0.09 9.0± 0.03 3% −48%
[20, 40] 6.4± 0.05 9.9± 0.03 2% −48% 6.8± 0.10 8.9± 0.04 3% −40%
[40, 60] 6.6± 0.06 9.7± 0.02 2% −35% 7.2± 0.12 8.6± 0.05 4% −27%
[60, 80] 6.9± 0.08 9.3± 0.03 3% −24% 7.4± 0.17 8.2± 0.06 5% −8%

Table 9.1: Results of the fit of an exponential function e−αξ+β to the hloose
QCD(ξ) and htight

QCD(ξ) in the [0.2, 1.0]
interval. The results are shown for preselected events with an additional Emiss

T < 30 GeV requirement,
for the following mT bins: [0, 20], [20, 40], [40, 60], [60, 80] GeV.

Figure 9.12 shows the linearity validation of hloose
QCD and htight

QCD for different mT bins for the
preselection region with an additional 30 GeV < Emiss

T < 60 GeV requirement.

The results of the fit of an exponential function e−αξ+β to the hloose
QCD(ξ) and htight

QCD(ξ) for the
region with preselection and 30 GeV < Emiss

T < 60 GeV requirements are shown in Table 9.2.
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Figure 9.12: Distribution functions for the QCD estimate for loose and tight electrons, the hloose
QCD(ξ) and

htight
QCD(ξ), respectively, for preselection events with an additional 30 GeV < Emiss

T < 60 GeV require-
ment. Distributions are shown for the following mT bins: [30, 60], [60, 90], [90, 120], [120, ∞) GeV.

Loose electrons Tight electrons

mT [GeV] α β Stat. Syst. α β Stat. Syst.

[30, 60] 5.7± 0.04 10.0± 0.01 1% −41% 5.9± 0.08 9.0± 0.02 2% −36%
[60, 90] 6.2± 0.06 9.6± 0.02 2% −18% 6.8± 0.11 8.6± 0.03 3% −4%
[90, 120] 6.7± 0.08 9.3± 0.02 2% −27% 7.3± 0.16 8.2± 0.04 4% −29%
[120, ∞) 7.8± 0.13 8.8± 0.03 3% −22% 8.2± 0.25 7.7± 0.06 5% −34%

Table 9.2: Results of the fit of an exponential function e−αξ+β to the hloose
QCD(ξ) and htight

QCD(ξ) in the [0.2, 1.0]
interval. The results are shown for preselected events with an additional 30 GeV < Emiss

T < 60 GeV
requirement, for the following mT bins: [30, 60], [60, 90], [90, 120], [120, ∞) GeV.

Validation for pT(e) bins

Figure 9.13 shows the hloose
QCD(ξ) and htight

QCD(ξ) distribution functions for preselected events,
with an additional Emiss

T < 60 GeV requirement, for different pT(e) bins: [60, 100], [100, 140],
[140, 180], [180, 220] GeV. The corresponding fit results are shown in Table 9.3.

229



9 Multijet background estimation, an alternative approach

             ξ
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
a

ta
 ­

 M
C

10

210

310

410

5
10

610

710

(e) < 100 GeV
T

loose,   60 < p

(e) < 140 GeV
T

loose, 100 < p
(e) < 180 GeV

T
loose, 140 < p

(e) < 220 GeV
T

loose, 180 < p
(e) < 100 GeV

T
tight,     60 < p

(e) < 140 GeV
T

tight,   100 < p
(e) < 180 GeV

T
tight,   140 < p

(e) < 220 GeV
T

tight,   180 < p

1­lepton, jets 80­40­30, veto b­jet, MET < 60

 = 8 TeVs, ­1 = 20.3 fbintL

Figure 9.13: Distribution functions for the QCD estimate for loose and tight electrons, the hloose
QCD(ξ)

and htight
QCD(ξ), respectively, for preselection events with an additional Emiss

T < 60 GeV requirement.
Distributions are shown for the following pT(e) bins: [60, 100], [100, 140], [140, 180], [180, 220] GeV.

Loose electrons Tight electrons

pT(e) [GeV] α β Stat. Syst. α β Stat. Syst.

[60, 100] 5.3± 0.02 11.5± 0.01 1% −22% 5.5± 0.03 10.4± 0.01 1% −5%
[100, 140] 6.4± 0.03 10.9± 0.01 1% −36% 6.6± 0.05 10.0± 0.02 1% −26%
[140, 180] 7.5± 0.06 10.4± 0.02 1% −46% 7.6± 0.09 9.4± 0.03 2% −44%
[180, 220] 8.3± 0.09 9.7± 0.02 2% −52% 8.5± 0.16 8.8± 0.04 3% −58%

Table 9.3: Results of the fit of an exponential function e−αξ+β to the hloose
QCD(ξ) and htight

QCD(ξ) in the [0.2, 1.0]
interval. The results are shown for preselected events with an additional Emiss

T < 60 GeV requirement,
for the following pT(e) bins: [60, 100], [100, 140], [140, 180], [180, 220] GeV.

Validation for high Emiss
T

All checks done so far, used multijet enriched regions with Emiss
T < 60 GeV. Checking in

regions with high Emiss
T are quite challenging. The following example validates the linearity

for selection with high Emiss
T :

– Exactly one electron with pT(e) > 25 GeV (no isolation requirement);

– At least two jets with pT(j1) > 25 GeV, pT(j2) > 25 GeV;

– 100 GeV < Emiss
T < 140 GeV;

– mT > 360 GeV.
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9.2 Estimation of fake electrons

The distributions of the mT for loose and tight electrons without the isolation requirement is
applied for the selection above without the mT requirement are shown in Figure 9.14. One can
see, that the mT > 360 GeV region dominate by multijet events.
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Figure 9.14: Distribution of mT for loose (left) and tight (right) electrons. No selection on isolation
variable ξ is applied.

The distributions of the isolation variable ξ for the data and QCD estimate for loose and tight
electrons, and the ratio htight

QCD(ξ)/hloose
QCD(ξ) are shown in Figure 9.15. One can see, that in the

signal region (ξ < 0.1) the exponential fit overestimates the QCD estimate.
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9 Multijet background estimation, an alternative approach

Linearity validation with Monte Carlo

The validation of the linearity assumption for the multijet background is done with PYTHIA8
dijet samples. The samples are generated for different slices depending on the transverse
momentum of the 2→ 2 process, see Table 9.4.

Sample JZ0 JZ1 JZ2 JZ3 JZ4 JZ5 JZ6 JZ7

pT [GeV] [0, 20] [20, 80] [80, 200] [200, 500] [500, 1000] [1000, 1500] [1500, 2000] [2000, ∞)

Table 9.4: The pT slices for dijet Monte Carlo samples.

Due to the high cross section of the dijet process for low pT slices, the equivalent number of
events per unit luminosity is very low. The requirement of one electron, significantly sup-
presses the multijet background, therefore no event from the first three slices JZ0-JZ2 passes
even a loose selection. This makes it very difficult to properly estimate their contribution. A
proper estimation introduces very high statistical uncertainties even if no event passes the se-
lection from these slices. The number of multijet events has to be estimated using the Poisson
distribution. If no event passes the selection, with 95% probability the estimation gives 5% of
the generated event weight. Therefore the estimation of any value, for example εfake, becomes
completely impossible.

One approach is to neglect the contribution from the low pT slices and take into account only
higher pT slices to estimate properties for each slice separately. For the linearity validation,
each slice is studied separately. This implicitly assumes that the results can be extrapolated
to lower pT slices. Figure 9.16 shows distributions of the isolation variable for loose (left) and
tight (right) electrons for the following selection:

– Exactly one electron with pT(e) > 25 GeV (no isolation requirement);

– At least two jets with pT(j1) > 80 GeV and pT(j2) > 25 GeV.

No events from JZ0 and JZ1 survive the selection. For both types of electrons the distribution
near to ξ = 0 does not have any peak and can be estimated by an exponential function.

The plots in Figure 9.17 are showing the case where a selection on Emiss
T is applied:

– Exactly one electron with pT(e) > 25 GeV (no isolation requirement);

– At least two jets with pT > 25 GeV;

– Emiss
T > 100 GeV.

One can see, that for this selection, due to the low number of available Monte Carlo events, it is
difficult to make any conclusion about the behaviour of the JZ3 sample. For the JZ4 validation
shows that there is no peak near to zero.

The estimation of εfake (tight to loose ratio) for the selections described above are shown in
Figure 9.18. The left plot represents the selection without the Emiss

T requirement, while the
right plot corresponds to the high Emiss

T selection. For the first selection the εfake (tight to loose
ratio ) is below 0.2, while for region with high Emiss

T no conclusion can be made.
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Figure 9.16: Distribution of the isolation variable ξ for dijet samples for loose (left) and tight (right)
electrons. Selection: one electron with pT(e) > 25 GeV and at least two jets with pT(j1,2) > 80, 25 GeV.
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Figure 9.18: Distribution of the isolation variable ξ for multijet samples for one electron with
pT(e) > 25 GeV and at least two jets with pT(j1,2) > 80, 25 GeV (left) and for one electron with
pT(e) > 25 GeV, at least two jets with pT(j1,2) > 25, 25 GeV and Emiss
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9 Multijet background estimation, an alternative approach

Linearity uncertainty

The uncertainty on the exponential extrapolation can be defined using the following approach.
The isolation variable distribution h(ξ) is fitted with an exponential function e−αξ+β in the fit
region [0.1, 0.4]. The number of multijet events (fake electrons) in the signal region Nsig and
the number of events estimated from an exponential extrapolation Nexp are defined as

Nsig =
∫ 0.1

0
h(ξ)dξ and Nexp =

∫ 0.1

0
e−αξ+β(ξ)dξ. (9.16)

A systematic uncertainty is estimated as (Nsig − Nexp)/Nexp. An uncertainty on the expo-
nential extrapolation σNexp includes α and β uncertainties. The uncertainties are estimated for
different multijet slices for events passing the following selection:

– Exactly one electron with pT(e) > 25 GeV (no isolation requirement);

– At least three jets with pT(j1,2,3) > 80, 40, 30 GeV;

– Emiss
T > 20 GeV.

The distributions of the isolation variable ξ for different multijet slices are shown in Figure 9.19,
and the corresponding results are shown in Table 9.5. The results show that for the JZ3-JZ5
slices the exponential approach overestimates Nsig. The total contribution from JZ6 and JZ7 is
negligible (less than one event) and can be neglected.
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9.2 Estimation of fake electrons

Sample α β σNexp Syst.

QCD JZ3 5.5± 1.0 11.2± 0.2 20% −21%
QCD JZ4 8.4± 0.7 7.8± 0.1 11% −28%
QCD JZ5 9.6± 0.6 3.4± 0.1 10% −13%
QCD JZ6 9.4± 0.7 −7.1± 0.1 11% 29%
QCD JZ7 8.9± 0.7 −4.7± 0.2 12% 79%

Table 9.5: Fit results for different dijet slices JZ3-JZ7. Selection: one electron with pT(e) > 25 GeV, at
least three jets with pT(j1,2,3) > 80, 40, 30 GeV and Emiss

T > 20 GeV.

Validation with W → µν, τν samples

Another possible check of linearity can be done with the W → µν and W → τν samples. The
comparison is performed on the QCD JZ4-JZ6 slices and W+ jets samples for the W → µν
decay, where only fake electrons are expected. A comparison is done for the following event
selection region, which targets the SR-bC signal selection:

– Exactly one electron with pT(e) > 25 GeV (no isolation requirement);

– At least three jets with pT(j1,2,3) > 80, 40, 30 GeV;

– Emiss
T > 110 GeV.

The validation is shown in Figure 9.20, and the corresponding results are given in Table 9.6.
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Figure 9.20: Validation with the W → µν and W → τν processes and with different dijet slices JZ4-JZ7.
Selection: one electron with pT(e) > 25 GeV, at least three jets with pT(j1,2,3) > 80, 40, 30 GeV and
Emiss

T > 110 GeV.
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9 Multijet background estimation, an alternative approach

Sample α β σNexp Syst.

W → τν 5.9± 1.0 5.6± 0.2 16% 1725%
W → µν 7.9± 1.8 3.8± 0.4 33% 65%

QCD JZ4 8.3± 2.7 5.2± 0.6 44% −15%
QCD JZ5 10.0± 1.3 2.1± 0.3 20% −12%
QCD JZ6 9.7± 1.0 1.6± 0.2 16% 19%
QCD JZ7 8.6± 1.0 −5.6± 0.2 17% 111%

Table 9.6: Fit results for the W → µν and W → τν processes and for different dijet slices JZ4-JZ7.
Selection: one electron with pT(e) > 25 GeV, at least three jets with pT(j1,2,3) > 80, 40, 30 GeV and
Emiss

T > 110 GeV.

The slopes from the W → µν and W → τν decays for ξ > 0.1 are similar to the multijet slices
JZ4-JZ6. The peak in the first bin for W samples does not exist for the multijet slices.

Isolated electrons

Electrons produced from the W-boson decay on the generator level are referred to as isolated
electrons. The proposed Exponential Extrapolation approach assumes that a contamination
of isolated electrons for ξ > 0.1 region is negligible. As an example, distributions of the
isolation variable ξ for isolated electrons for the WCR-bC and TCR-bC control regions of the
bC diagonal analysis (see Section 6.5.1) are shown in Figure 9.21. The distributions confirm,
that for the ξ > 0.1 region the contamination of isolated electrons is negligible.
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Figure 9.21: Distributions of the isolation variable ξ for tight isolated electrons for the WCR-bC (b-jet
veto, left) and TCR-bC (at least 1 b-jet, right) control regions of the bC analysis. The distributions
confirm, that for the ξ > 0.1 region the contamination of isolated electrons is negligible.

Summary

Validation studies show that for all verified regions, an exponential fit overestimates the distri-
bution of the isolation parameter ξ for fake electrons. The overestimation may vary depending
on the selections applied. Therefore, the exponential fit can be used to prove, that the contribu-
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9.3 Estimation of fake muons

tion from the fake electron background is negligible. For a more precise estimation of hQCD(ξ)
further studies are needed.

The contribution of isolated electrons in the region ξ > 0.1 is negligible. For all considered
examples, this contribution as a function of the isolation parameter ξ is rapidly decreasing with
a very steep slope, which is much bigger than the α slope for the distribution of fake electrons
for ξ > 0.1. Therefore, the contamination of the fit region with isolated electrons can only
increase the fake electrons estimate. Due to this, uncertainties related to the contamination of
the fit region with real electrons, can be safely neglected.

A systematic uncertainty of the combined fit approach, related to use of the same slope α for
the loose and tight electron distributions can reach up to 10%. To state a lower uncertainty, the
corresponding study has to be performed separately for each region.

As a cross-check between the exponential extrapolation approach and the matrix method, one
can compare the fake electrons estimation for the bC and tN analyses, see Sections 6.5.2 and
8.9.2. The cross-check shows that the results are consistent.

9.3 Estimation of fake muons

An estimation of fake muons background based on a slightly modified Exponential Extrapol-
ation approach.

9.3.1 Exponential Extrapolation

In the following it is assumed that an isolation variable ξ for muons is defined as pcone 0.2
T . The

signal muons are defined to be isolated with ξ < 1.8 GeV. The distribution of the isolation
variable ξ, which is referred to in the following as h(ξ), can be splitted in two part, for real and
fake muons h(ξ) = hreal(ξ) + hfake(ξ).

Two definitions of muons are used. A loose muon is defined as a signal muon without the isol-
ation requirement and with the relaxed overlap removal requirement ∆R(µ, jet) from 0.4 to
0.2, see Section 6.2.2. A tight muon is defined as a signal muons without the isolation require-
ment. In the following, the distribution of the isolation variable ξ for loose and tight muons is
denoted as hloose(ξ) and htight(ξ), respectively.

The difference between these distributions hdiff(ξ) = hloose(ξ)− htight(ξ) can be defined as the
distribution of the isolation variable ξ for loose muons which do not pass the tight criteria. In
the following these muons are referred to as loose-not-tight muons. The equivalent definition for
the loose-not-tight muon is a loose muons with the 0.2 < ∆R(µ, jet) < 0.4 requirement.

As an example, in this section the following preselection region is considered:

– Exactly one muon with pT(µ) > 25 GeV (no isolation requirement);

– At least three jets with pT(j1,2,3) > 40, 25, 25 GeV;

– Exactly one b-tagged jet;

– Emiss
T > 80 GeV.
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9 Multijet background estimation, an alternative approach

The selection uses a missing transverse momentum trigger with 80 GeV requirement on the
trigger level without any isolation requirement. This trigger is fully efficient (efficiency is
above 99%) for offline-reconstructed Emiss

T values above 150 GeV. In order to correct the trigger
inefficiencies below 150 GeV, the corresponding correction factors are applied.

In the following all distributions are shown for data taken at
√

s = 8 TeV and corresponding
to an integrated luminosity of Lint = 20.3 fb−1.

Figure 9.22 shows the distributions of the isolation variable ζ for the loose, tight and loose-not-
tight muons, which are denoted as hloose(ξ), htight(ξ) and hdiff(ξ), respectively. The distribu-
tions are shown for data for the preselection region. It is assumed, that hdiff(ξ) is dominated
by fake and non-prompt muons produced within jets.
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Figure 9.22: Distributions of the isolation variable ξ for loose, tight and loose-not-tight muons for data
for the preselection region, are denoted as the hloose(ξ), htight(ξ) and hdiff(ξ), respectively.

One can see that for the isolation variable ξ an exponential extrapolation approach as used for
the electrons is not applicable. The problem is caused by two properties:

– The hloose(ξ) and htight(ξ) distribution functions have different slopes, which means that
either this region is not dominated by fake muons, or the ratio of tight-to-loose muons
depends on the isolation variable ξ;

– The hdiff(ξ) distribution function, which is assumed to be composed dominantly by fake
muons, cannot be estimated by an exponential function.

Therefore, to apply an exponential approach, a different variable, which has an exponential
behaviour for fake muons has to be found.
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9.3 Estimation of fake muons

The fake muons produced within jets have a higher track activity in the 0.2 < ∆R < 0.4
region around the muon. Therefore, for a fake muon estimation, a ζ = pcone 0.4

T − pcone 0.2
T

variable is considered. It was found, that the ζ variable has an exponential distribution in
regions dominated by fake muons. An additional advantage is that the ζ and ξ variables are
statistically independent.

Distributions of the ζ variable for loose and signal muons, denoted as hloose(ζ) and hsignal(ζ),
respectively, are presented in Figure 9.23. The signal muons are tight muons with ξ < 1.8 GeV.
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Figure 9.23: Distributions of the variable ζ for loose and signal muons for the preselection region for
data, denoted as the hloose(ζ) and hsignal(ζ), respectively.

For the fake muons background estimation, the following assumptions are used:

– The slopes in the [30, 120] GeV region for the hloose(ζ) and hsignal(ζ) distribution func-
tions are considered similar;

– The distribution of the variable ζ for fake muons, whith a good approximation can be
estimated by an exponential function.

The lower enge of the [30, 120] GeV interval is selected to suppress the contribution of the
real muons in the region. The slope α is estimated for loose muons by fitting the exponential
function e−αζ+β′ to the hloose(ζ). For signal muons the hsignal(ζ) distribution function is fitted
by the e−αζ+β function, where α parameter is fixed.

The number of fake muons is estimated as

Nsignal
fake =

∫ ∞

0
e−αζ+βdζ. (9.17)
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9 Multijet background estimation, an alternative approach

In general, one can also cut out the region ζ > 30 GeV from the signal muons definition, since
it is dominated by fakes.

9.3.2 Validation

Two validations are performed for the preselection region mentioned above. The first is a lin-
earity validation, which checks to what extent the distribution of the ζ for fake muons can be
approximated by an exponential function. Another is a slope validation, which tests the as-
sumption, that the slope α estimated for the distribution of the ζ for loose muons, is applicable
for the tight muons.

Linearity validation

Figure 9.24 shows the distributions of the variable ζ for loose, tight and loose-not-tight muons,
the hloose(ζ), htight(ζ) and hdiff(ζ) = hloose(ζ)− htight(ζ), respectively. An exponential function
e−αζ+β (red line) is fitted to the hloose(ζ) distribution function in the [30, 120] GeV region.
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Figure 9.24: Distributions of the variable ζ for loose, tight and loose-not-tight muons, referred to as
the hloose(ζ), htight(ζ) and hdiff(ζ), respectively, are shown for the preselection region. An exponential
function e−αζ+β (red line) is fitted to the hloose(ζ) distribution function in the [30, 120] GeV region.

The results of the fit are:

α = 0.027± 0.001, β = 6.90± 0.03. (9.18)

One can see that an exponential function with a good approximation describes the difference
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9.3 Estimation of fake muons

hdiff(ζ) with the exception of the two lowermost bins. These bins have some excess caused by
a real muon contribution, as outlined in the following.

To study exponentiality of a fake muons distribution, one has to suppress a contribution from
real muons. This is done by inverting the requirement on the isolation variable ξ. Figure 9.25
shows the distributions of the variable ζ for loose, tight and loose-not-tight muons for the
inverted isolation requirement ξ > 1.8 GeV. One can see, that the peak in the two lowermost
bins significantly decreased. An exponential function e−αζ+β is fitted to the hdiff(ζ) in the
[30, 120] GeV interval.
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Figure 9.25: Distributions of the variable ζ for preselected events with an inverted isolation requirement
ξ > 1.8 GeV for loose, tight and loose-not-tight muons, referred to as the hloose(ζ), htight(ζ) and hdiff(ζ),
respectively. An exponential function e−αζ+β (red line) is fitted to the hloose(ζ) distribution function in
the [30, 120] GeV region.

The results of the fit are:

α = 0.026± 0.001, β = 6.51± 0.04. (9.19)

The estimate of the slope α is consistent with the fit result without any isolation requirements.
Under the assumption, that the hdiff(ζ) distribution function does not distorted by real muons,
one can estimate the uncertainty on this approach as a relative difference between the num-
ber of fake muons Ndiff and Nfake, estimated for the hdiff(ζ) and fitted exponential function,
respectively.

The numbers are estimated as:

Ndiff =
∫ ∞

0
hdiff(ζ)dζ and Nfake =

∫ ∞

0
e−αζ+βdζ. (9.20)
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9 Multijet background estimation, an alternative approach

The systematic uncertainty is estimated as

Syst =
Ndiff − Nfake

Nfake
. (9.21)

For the current case, this uncertainty is estimated as about of ±7%.

A contamination of signal muons in a fit region leads to an overestimation of a number of
fake muons, therefore no additional systematic uncertainty is assigned to the choice of the fit
interval.

Validation of the slope

The next step is to validate the assumption, that the α slope estimated for loose muons is
applicable to the tight muons distribution.

Figure 9.26 shows the distribution of the variable ζ for loose muons with different ∆R(µ, jet)
overlap removal requirements, referred to as h∆R(ζ). The ∆R > 0.2 requirement corresponds
to the hloose(ζ), while the case ∆R > 0.4 represents the htight(ζ). Additionally, two intermediate
distributions for ∆R = 0.28 and ∆R = 0.35 are also shown.
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Figure 9.26: Distributions of the variable ζ for loose muons for preselected events with different
∆R(µ, jet) overlap removal requirements. The hloose(ζ) and htight(ζ) distribution functions correspond
to the ∆R = 0.2 and ∆R = 0.4, respectively. For each distribution, an exponential function e−αζ+β is
fitted in the [30, 120] GeV interval.

The results for the exponential fit in the [30, 120] GeV interval are shown in Table 9.7. One can
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see, that the α slope is increasing as a function of ∆R, which might be due to a relative increase
of a real muon contamination in the [30, 120] GeV fit region.

Distribution ∆R(µ, jet) α β

hloose
data (ζ) > 0.20 0.027± 0.001 6.90± 0.04

h0.28
data(ζ) > 0.28 0.029± 0.001 5.96± 0.06

h0.35
data(ζ) > 0.35 0.032± 0.002 5.07± 0.12

htight
data (ζ) > 0.40 0.033± 0.004 3.96± 0.22

Table 9.7: Fit results for distributions presented in Figure 9.26. For each distribution an exponential
function e−αζ+β is fitted in the [30, 120] GeV interval.

The slopes α for different ∆R are consistent within 1.5σ of the statistical uncertainty. From
the difference between the α for loose and tight distributions a systematic uncertainty can be
estimated as about ±20%.

Summary

The validation of the current example shows, that one can expect the uncertainty related to the
difference between the α slope estimate for the loose and tight muon distributions to be about
±20%. The approximation of the distribution for loose muons by an exponential function
(linearity validation) has an uncertainty of ±7%. It is assumed, that the same uncertainty is
applicable to the distribution of tight muons.

In general, for each analysis, the estimate of these two uncertainties has to be performed for
each region individually.

9.4 Conclusions

The exponential extrapolation approach can be used to estimate the fake lepton background in
the one-lepton analyses. Some features and advantages of the approach are highlighted:

– Fully data driven approach
There is no need to estimate εreal and εfake from the multijet samples, which usually do
not have enough amount of events, especially after tight analysis requirements.

– The same event topology
For the exponential extrapolation approach the estimation of fake leptons is based on
events with signal, tight and loose leptons (electrons or muons) which have the same
event topology (selection requirement related to the kinematics of objects). The selection
differs only in ξ for electrons, and in ξ and ζ for muons.

This is not the case for the matrix method approach used in the one-lepton analysis [3],
where the εreal and εfake coefficients are estimated for regions with a different topology.
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9 Multijet background estimation, an alternative approach

– Estimate only with tight leptons
In case of a sufficient number of events in the fit region, the contribution of fake leptons
can be estimated based only on tight leptons, i.e. the proposed approach does not need
loose leptons at all.

– Statistical independence
The fake electrons estimate uses events from the fake region (ξ > 0.1), which are statist-
ically uncorrelated with events from the signal region (ξ < 0.1).

For the estimate of fake muons, loose muons with ζ > 30 GeV are used. The overlap
with signal muons is negligible, therefore events are almost statistically uncorrelated.
Additionally, one can use only signal muons with ζ < 30 GeV to make the estimate
statistically uncorrelated.

– Accuracy of the estimate
The estimation of fake electrons for the bC and tN analyses shows that the results for
the exponential extrapolation approach and the matrix method are consistent within the
statistical uncertainties (see Sections 6.5.2 and 8.9.2).

The precision of the matrix method depends on the number of events in the signal re-
gion, since this number is involved in the fake leptons estimation, see equation 9.2. The
exponential extrapolation approach does use the signal region. Therefore, the accuracy
of the approach is independent of the amount of events in the signal region.

In addition, a difference between the estimation approach for the exponential extrapolation
and the Matrix Method can be used for a cross-check.
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CHAPTER 10

Summary and Outlook

During the Run-1 data taking period, the LHC delivered proton-proton collision data corres-
ponding to an integrated luminosity of about 5 fb−1 at

√
s = 7 TeV and 23 fb−1 at

√
s = 8 TeV

for physics analysis.

The last missing particle predicted by the Standard Model, the Higgs boson, was discovered
by both the ATLAS and CMS experiments, with a mass of about 125 GeV. After this discovery
there are no other predictions from the Standard Model, which may hint in the direction of
new physics.

Independently from the big success of the Standard Model, it is not the ultimate theory. The
dark matter problem motivates searches for heavy weakly interacting particles which are pre-
dicted in many physics scenarios beyond the Standard Model. Supersymmetry, if it is found,
may provide a solution to this problem, as well as to the hierarchy problem. Wide searches for
supersymmetry are performed in the ATLAS and CMS experiments, among which searches
for the top squark are important ones.

If supersymmetry is expected to solve the hierarchy problem, new particles should be found
in the 1 TeV mass range. In this context, it is important to cover all regions, where a light top
squark could be found.

The searches for a light top squark in the t̃1 → bχ̃±1 → bW±(∗)χ̃0
1 decay mode were performed

on data recorded at
√

s = 7 TeV with an integrated luminosity of 4.7 fb−1. The developed
analysis shows a better sensitivity to the compressed scenario for ∆m(t̃1, χ̃±1 ) ≈ 20 GeV with
respect to published ATLAS SUSY analyses. This analysis was re-optimised and performed
on
√

s = 8 TeV data.

The presented one-lepton analysis for the t̃1 → bχ̃±1 → bW±(∗)χ̃0
1 decay mode was developed

for the compressed scenario ∆m(t̃1, χ̃±1 ) ≈ m(b) and was performed based on data corres-
ponding to an integrated luminosity of 20.3 fb−1 recorded at

√
s = 8 TeV. The analysis is

published as part of the ATLAS SUSY searches for top-squark pair production in final states
with one lepton, jets and missing transverse momentum [3]. This analysis covers top-squark
masses for the diagonal region from 125 GeV to 350 GeV.
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The key difference of this analysis from other one-lepton analyses is the change of the domi-
nant background. Instead of attempts to increase the sensitivity for the compressed scenario,
while keeping the tt̄ process as the dominant background, in the analysis events with b-tagged
jets are vetoed. This allows to significantly suppress the tt̄ background, but makes the W+ jets
background the dominant one. In this case the main challenge is to suppress W+ jets events,
which, however, have less kinematical properties that can be exploited. The suppression of
the W+ jets background in the analysis is based on the existence of a hard ISR/FSR jet and
on signal model related kinematical properties. This analysis is the only SUSY analysis of
the ATLAS Collaboration covering the low top-squark mass diagonal region from 125 GeV
to 175 GeV.

The one-lepton analysis developed in this thesis for the t̃1 → tχ̃0
1 decay mode targets the very

challenging compressed scenario ∆m(t̃, χ̃0
1) ≈ m(t). This diagonal region stayed uncovered by

the SUSY searches of the ATLAS and CMS experiments at
√

s = 8 TeV data. The only progress
made in this area by the ATLAS experiment relies on analyses based on measurements of
the top-quark production cross section [121] and spin correlation [122], from which limits of
177 GeV and 191 GeV have been determined, respectively.

The presented analysis is based on an integrated luminosity of 20.3 fb−1 of data recorded
at
√

s = 8 TeV and covers on- and off-shell decays of the t̃1 → tχ̃0
1 decay mode for the

compressed scenario for top-squark masses in the 200 GeV to 300 GeV interval. A gap from
190 GeV to 200 GeV remains uncovered. Nevertheless, the analysis has a significant reach for
higher top-squark masses, which was not reachable by any other ATLAS and CMS analysis
so far. For top-squark masses above 300 GeV the exclusion is mainly limited by the statistical
uncertainty on the number of expected events. Therefore, for a higher luminosity or with an
increased centre-of-mass energy, the presented analysis can increase the exclusion limits.

The strategy and new kinematic variables developed for this compressed scenario can also
be applied for searches of top-squark pair production for fully hadronic and dileptonic final
states.

The increase of the LHC centre-of-mass energy to
√

s = 13 TeV significantly increases the
signal cross section for large top-squark masses. Even with an integrated luminosity of 3 fb−1

results may be comparable with the one based on data recorded at
√

s = 8 TeV.

It is important to mention, that searches in the region with low top-squark masses (below
250 GeV) are not strongly affected. In this mass range, the relative gain between the signal
and the tt̄ production cross sections is small. Therefore, the exclusion limits are mainly driven
by the amount of the integrated luminosity. Since during this year it is expected to collect
an integrated luminosity of about 20 fb−1 of data at

√
s = 13 TeV, the analyses based on the√

s = 8 TeV data will still play an important role for this region of phase space.

The LHC has started data taking at a centre-of-mass energy of
√

s = 13 TeV. The data that are
planned to be collected during the next few years, will be sufficient to discover or exclude top
squarks with masses up to about 1 TeV. Therefore, these years will be crucial for searches for
Supersymmetry, at least, for models motivated by the hierarchy problem.
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APPENDIX A

Background reweighting

In some analyses a mismodelling of a multijet distribution (Njets) is observed. One can attempt
to fix this disagreement by applying reweighting coefficients evaluated from a control region.
This approach may introduce even more mismodelling in a signal region. The following se-
lection represents an example, where fixing the slope of the multijet distribution for a control
region introduces an opposite slope for a signal region.

To decrease the multijet (QCD) contamination in this example only the muon channel is con-
sidered. To avoid a distortion of distributions due to a possible b-tagging scale factors mis-
modelling, no b-jet requirement is applied.

For this example, the following selection is used:

– Exactly one muon with pT(µ) > 25 GeV;

– At least three jets with pT(j1,2,3) > 80, 40, 30 GeV, others with pT > 25 GeV;

– Emiss
T > 120 GeV;

– mT > 120 GeV;

– HT > 300 GeV – Control Region (CR);

– Emiss
T /

√
HT > 7.0

√
GeV – Signal Region (SR).

The jet multiplicity (Njets) and Emiss
T /

√
HT distributions for the CR are shown in Figure A.1,

left and right plots, respectively. Using the CR one can introduce a bin-by-bin reweighting for
the jet multiplicity Njets, see Table A.1. In this example, the same reweighting is applied for
both tt̄ and W+ jets production.

Njets 3 4 5 6 7 8 9 10

Weight 1.01 0.93 0.83 0.79 0.79 0.85 0.54 0.65

Table A.1: Reweighting coefficients for jet multiplicity Njets estimated for the CR.
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Figure A.1: Distributions of the jet multiplicity (left) and Emiss
T /

√
HT (right) for the CR.

Figure A.2 shows the jet multiplicity distributions for signal region SR, before any reweighting
is applied and after the jet multiplicity reweighting.
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Figure A.2: Distributions of the jet multiplicity before (left) and after (right) reweighting for the SR.

One can see, that after the reweighting in the CR the jet multiplicity distribution (right plot) has
an opposite slope in the signal region SR, while the same distribution without any reweighting
(left plot) still have mismodelling, but within 10%. Hence, for this analysis a jet multiplicity
based reweighting is considered unacceptable.
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APPENDIX B

Data-MC comparison for t̃1→ bχ̃±1 analysis

In this section a comparison between the data and Monte Carlo is presented for the bC di-
agonal analysis at

√
s = 8 TeV. The Monte Carlo samples do not include multijet events.

Error bounds for all plots presents only the Monte Carlo statistical uncertainty. The normal-
isation factors for the tt̄ and W+ jets productions are applied according to the results of the
background-only fit.

Figures B.1 – B.7 shows data vs Monte Carlo comparison for control and verification regions of
the bC diagonal analysis. Distributions for the following kinematic variable are shown:

– Distributions of the jet multiplicity (Njet) for the tt̄ and W+ jets regions and number of
b-tagged jets (Nb-jet) for the tt̄ regions for jets with pT > 25 GeV requirement, are shown
in Figure B.1.

– Distributions of the pT of the leading jet (pT(j1)), sub-leading jet (pT(j2)) and lepton
(pT(`)) are shown for the W+ jets and tt̄ regions in Figures B.2 and B.3, respectively.

– Distributions of the Emiss
T , mT and HT are shown for W+ jets and tt̄ regions in Figures B.4

and B.5, respectively.

– Distributions of the ∆φ(j1, pmiss
T ) between the leading jet and pmiss

T , the ∆R(j1, `) between
the jeading jet and lepton and absolute value of the lepton pseudorapidity |η(`)| are
shown for W+ jets and tt̄ regions in Figures B.6 and B.7, respectively.

The (180, 174, 87), (250, 240, 120) and (350, 340, 170) signal models for the (t̃1, χ̃±1 , χ̃0
1) mass

plane are shown for comparison. The masses of t̃1, χ̃±1 and χ̃0
1 are given in GeV.

As one can see, for WCR-bC and TCR-bC control regions (especially for TCR-bC) some dis-
tributions have a slope, which is not a case for verification regions WVR-bC and TVR-bC.
Distributions in verification regions are consistent with data within systematical uncertain-
ties.
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Figure B.1: Distribution of the number of selected jets (Njet) for the WCR-bC (top left), WVR-bC (top
right), TCR-bC (middle left), and TVR-bC (middle right). The distribution of the number of b-tagged
jets (Nb-jet) for the TCR-bC (bottom left) and TVR-bC (bottom right). The error bars on data and
data/MC ratio points represent the 68% confidence interval.
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Figure B.2: Distributions of the leading jet pT (top), sub-leading jet pT (middle), and lepton pT (bottom)
for the WCR-bC (left) and WVR-bC (right). The error bars on data and data/MC ratio points represent
the 68% confidence interval.
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Figure B.3: Distributions of the leading jet pT (top), sub-leading jet pT (middle), and lepton pT (bottom)
for the TCR-bC (left) and TVR-bC (right). The error bars on data and data/MC ratio points represent
the 68% confidence interval.
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Figure B.4: Distributions of the Emiss
T (top), mT (middle), and HT (bottom) for the WCR-bC (left) and

WVR-bC (right). The error bars on data and data/MC ratio points represent the 68% confidence inter-
val.
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Figure B.5: Distributions of the Emiss
T (top), mT (middle), and HT (bottom) for the TCR-bC (left) and

TVR-bC (right). The error bars on data and data/MC ratio points represent the 68% confidence interval.
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Figure B.6: Distributions for the ∆φ(j1, Emiss
T ) (top), ∆φ(j1, `) (middle), and η(`) (bottom) for the WCR-

bC (left) and WVR-bC (right). The error bars on data and data/MC ratio points represent the 68%
confidence interval.
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confidence interval.
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APPENDIX C

Additional studies for t̃1→ tχ̃0
1 analysis

The tt̄W, tt̄Z, and diboson processes have negligible contribution for the tN diagonal analysis.
Therefore, instead of including theoretical uncertainties, a conservative uncertainty of 80% is
assigned to the cross sections of these processes.

The estimate of theoretical uncertainties for the tt̄W, tt̄Z, and diboson processes presented in
the following confirms, that for the current case this approach is applicable.

tt̄W and tt̄Z production

The scale variation uncertainties for tt̄W and tt̄Z process are estimated on particle level, while
the uncertainty on the finite number of partons in the matrix element is estimated using
samples with ATLAS full simulation.

– Scale variations
For the scale variations the following uncertainties are considered: the renormalisation
and factorisation scales are varied coherently by factor of 0.5 and 2.0 from the nominal;
the ISR and FSR uncertainties are estimated by varying of the αs parameter and relevant
parameter in PYTHIA showering model, respectively; and the matrix element to parton
shower matching scale for jets.

– Finite number of partons
This uncertainty is estimated as the difference between one-jet inclusive and two-jet in-
clusive samples.

Figure C.1 shows the renormalisation and factorisation scale, ISR, FSR, jet matching scale, and
the finite number of partons uncertainties, as a function of the BDT output.

One can see, that for the last bin [0.7, 1], for all sources of uncertainties the uncertainty estimate
does not exceed 20%. Therefore, the uncertainty estimate of 80% on the cross section can be
considered as a conservative approach.
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C Additional studies for t̃1 → tχ̃0
1 analysis
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Figure C.1: Uncertainties of the tt̄W and tt̄Z production for the 1 b-jet (left) and 2 b-jet (right) selections.
From top to bottom: the renormalisation and factorisation scale, ISR, FSR, jet matching scale, and the
finite number of partons uncertainties.
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Diboson production

All uncertainties for the diboson production are estimated on particle level.

– Scale variations
Three different scale variations are considered. The CKKW uncertainty is estimated by
varying the corresponding matching parameter. The factorisation and renormalisation
scales are varied by factor of 0.5 and 2.0 from the nominal value.
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Figure C.2: Uncertainties of the diboson production for the 1 b-jet (left) and 2 b-jet (right) selections.
From top to bottom: the CKKW matching parameter, factorisation scale, renormalisation scale, and the
finite number of partons uncertainties.
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C Additional studies for t̃1 → tχ̃0
1 analysis

– Finite number of partons
Finite number of partons uncertainty is estimated as a symmetrised full difference between
the samples with two extra partons and the nominal samples with three extra partons
included in the matrix element calculations.

The uncertainties as a function of the BDT output are shown for both selections in Figure C.2.
One can see, that for the last bin [0.6, 1], for the 1 b-jet selection uncertainty estimate for all
sources of uncertainty is less than 20%, therefore, the total uncertainty can be conservatively
estimated as below 80%. For the 2 b-jet selection the uncertainty dominates by the statistical
component (about 40%). Therefore, to estimate uncertainty one can use uncertainty values
from the [0.4, 0.6] bin. The uncertainty values in this bin are found to be below 20%. Therefore,
for both selections, a conservative total uncertainty estimate of 80% on the cross section can be
used.
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